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Abstract:
A detailed examination of the reaction of a cis-1,2 disubstituted platinacyclobutane with carbon
monoxide was performed. This examination was centered on two alkyl chloride products. Mass
spectral data, solvent effects, additive effects, and deuterium labelling studies were examined to
determine whether a cationic intermediate was present and if free HCl was necessary in the formation
of either product.

The studies pointed to at least two different mechanisms possible for each product, some explaining
data better than others. The seemingly great number of possible mechanisms facilitated by platinum is
discussed. 
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ABSTRACT

A detailed examination of the reaction of a cis-1,2 disubstituted 
platinacyclobutane with carbon monoxide was performed. This examination 
was centered on two alkyl chloride products. Mass spectral data, solvent 
effects, additive effects, and deuterium labelling studies were examined to 
determine whether a cationic intermediate was present and if free HCl was 
necessary in the formation of either product.

The studies pointed to at least two different mechanisms possible for each 
product, some explaining data better than others. The seemingly great 
number of possible mechanisms facilitated by platinum is discussed.
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INTRODUCTION

General

Organometallic chemistry has exhibited tremendous change since its 

early beginnings and has grown from a few novel compounds to a vast array 

of species offering a great variety of applications and uses. The large number 

of reported organometallic reactions and transformations have great utility in 

many areas o f chem istry: Catalysisj synthesis, reg ioselectiv ity  and

stereoselec tiv ity .

While many organometallic reactions involving platinum-group metals 

(platinum, palladium, iridium, rhodium, osmium and ruthenium) have been 

used extensively in industry, primarily in the area of homogeneous catalysis,

intensive study of organometallic compounds of these metals has occurred

only in the past two or three decades. Ironically, the first organotransition 

metal compound discovered of any type was one involving platinum, Zeise's

salt, K tCC^H ^PtC lg], discovered in 1827 by a Danish pharmacist, W. C. Zeise.1 

The first metal carbonyl compound discovered also involved platinum, 

[P tC l2 (C O ) 2 ] ,  prepared in 1868 by Schutzenberger.^ OrganoplatinUm  

compounds have often exhibited great stability, and this stability has been a 

contributing factor in the acceleration of research of these compounds due to 

the relative ease by which they may be studied.^

One class of organometallic compounds that has received considerable

attention in recent years is that of metallacyclobutanes. These compounds
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have been implicated in several transition metal catalyzed reactions, such as 

olefin m etathesis, olefin dim erization and polym erization, hydrocarbon 

cracking and isom erization , and skeleta l rearrangem ents of sm all 

strained-ring organic molecules.^’ ^  6

Many platinum(IV)metallacyclobutanes have been characterized.7 These 

compounds have often proven to be quite stable. Due to this stability they are 

not of themselves thought to be of catalytic interest. However, since 

m etallacyclobutanes are often invoked in many catalytic processes as 

previously mentioned, the platinacyclobutanes may potentially contain much 

information toward the understanding of the mechanisms of these processes, 

and, due to their stability, can be readily prepared and relatively easily 

handled. The remainder of the introduction will examine more closely the 

preparation, structures and reactions of platinacyclobutanes in general, and 

discuss possible decomposition-rearrangement mechanisms for the reaction 

of a specific platinum(IV)metallacyclobutane with carbon monoxide.

Platinum (TVl Metallacyclobutanes

Preparation

Two well-know n methods ex ist for the preparation of Pt(IV) 

metallacyclobutanes. The first platinacyclobutane complex, was reported in 

1955 by Tipper.8 He reported that hexachloroplatinic(IV) acid reacted with 

cyclopropane in acetic anhydride to give a compound with the empirical 

fo rm ula  P t C ^ ( C g H g ) ,  equation I , which gave a stable monomer, 

P tC ^ (C g H g )P y g , upon treatment with pyridine. Tipper's original synthesis, 

however, cannot be used to prepare substitued derivatives.



3

A more widely used and preferred method for the preparation of Pt(IV) 

platinacyclobutanes is one originally reported by McQuillin,9, 10 which uses 

Zeise's dimer, [Cl2Pt(C2H^)]2, as the platinum source, equation 2.

[Cl2Pt(C2H4)] 2 ■s»- Cl2Pt (2)

n

The reaction with Zeise's dimer is usually run in diethyl ether, although 

both te trahydrofu ran  (THF) and dichlorom ethane have been used 

successfully. THF is generally the solvent of choice for mechanistic and 

kinetic studies o f platinacyclobutane formation, as both reactants and 

products exhibit appreciable solubility. When the reaction is run in ether, the 

platinacyclobutanes are formed initially as yellow precipitates. This aids the 

visual monitoring of the reaction by watching for the disappearance of Zeise's 

dimer, which is orange.
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S tru c tu re

These initially precipitated complexes, or !PC's, are only slightly soluble 

in a few solvents with which they do not react. As a result, the !PC's are 

difficult to characterize. The !PC's are thought to be a tetrameric species in the 

solid state, with the structure shown in Figure I, which has been determined 

from spectroscopic evidence.11

Figure I. Proposed Platinacyclobutane Tetrameric Structure.

Cl

The tetrameric !PC’s form monomeric octahedral platinacyclobutanes 

upon reaction with a good nitrogen donor ligand, such as pyridine. These 

monomeric complexes are more easily studied due to their enhanced 

solubilities. These pyridine monomers exhibit the structure shown in 

Figure 2, with cis pyridine and trans chlorine ligands, as confirmed by x-ray 

crystallography for a number of compounds.1̂ * 1̂ ' 1̂
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Figure 2. General Structure of Platinacyclobutane Monomers.

To illustrate the scope and variety of platinacyclobutanes which have 

been characterized, a number of examples of tetrameric platinacyclobutanes 

(!PC's) prepared from Zeises dimer and cyclopropanes7 are given, Table I. 

Some of these structures are presented, Figures 3 and 4.

A great number of novel platinacyclobutane structures have been 

characterized by Jennings and coworkers. Figure 3, which include compound 

I, a platinacyclobutane wherein the platinum(IV) center is complexed to an 

olefinic part of the molecule, while being simultaneously chlorine-bridged to 

a formal platinum(II) center.1 Also included in Figure 3 are the first 1,2,3 

trisubstituted platinacyclobutanes to be characterized, compounds II  and 

I I I .  16

Figure 3. Three Novel Platinacyclobutanes.
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Table I. Tetrameric Platinacyclobutanes, {[PtC^cyclopropane)^}.

R
TtRC3H5IRClol1

Solvent mp (0C) Reference

H CH2Cl2 148 d 10,17
Me THF 18
Et Et2O 19
IPr Et20 19
Bu THF 18
nC6H13 Et2O 120 d 10, 20,21
PhCH2 . Et2O 123 d 10, 20,21
Ph Et2O 135 d 10,20,21,22
4-MeC6H4 Et2O 125 d 10,20,21,22
2-MeCgH4 Et2O 22
2-N02CgH4 Et2O

THF
148 d 10, 20,21

4-MeOC6H4 22
4-EtOC6H4 THF 22

R.R'_______ItRR1C3H1IRCl2I1

!,I-Me2 
trans-l,2-M&2
trans-l-Mc-2-Bu 
trans-l-Me-2-Ph 
trans-l,2-Fh2 
ds-l,2-Ph2
trans-1,2- (4-MeCgH4)2 
Compound IV 
Compound V 
Compound VI

Et2O1THF
Et2O, THF
Et2O
THF
Et2O
Et2O
Et2O
Et2O
Et2O
Et2O

18.19
18.19 
10, 20, 21 
18
10, 20,21 
23 
18
24.25.26 
24,25, 26
24.25.26

R.R'.R" ItRR1RnC3H3IRCl2I1

1,1,2-M eg Et2O 18
Compound II Et2O 16
Compound III Et2O 16
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Figure 4. Additional Platinacyclobutane Tetrameric !PC's.

Spectroscopic data has aided in the suggestion of the tetrameric 

structure for the !PC's. First, the platinum -halide infrared stretching

freq u e n c ie s  fo r all com pounds o f the p o ly m eric  fo rm u la

{[PtX 2(CH 2CH 2CH 2)]n }, X = Cl or Br, are virtually constant and are very similar 

to the frequencies observed for [M egPtX]^, a known tetrameric species.11

Unfortunately, 1H NMR spectral data cannot be directly obtained for the

tetrameric !PC's, due to their negligible solubility in common NMR solvents.

However, a great deal of 1H NMR spectral data has been amassed for the

monomeric species, obtained by reacting the IPC with strongly coordinating 

n itrogen- or phosphorus-con tain ing  ligands, such as pyridine or 

trialky !phosphines. Coupling constants between 1 ^ P t  ancj protons attached to 

the platinacyclobutane skeleton aid in structure elucidation, especially in the 

resolution of isomer mixtures.2®’ 21, 22 Couplings of 52-120 Hz have been 

observed for 2 J(PtCH) for the ring protons, and 0-44 Hz for 2J(PtCCH). As a 

result, the ring protons can be identified as either a -  or p - to the platinum in 

noncomplicated spectra. Alkyl groups attached a -  or (3- to platinum can be 

similarly distinguished by the relative Pt-H coupling constant magnitudes.
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Of som ew hat greater u tility  in determ ining platinacyclobutane 

structures is NMR spectroscopy. The Spectra are generally simple, and the

Pt-C coupling constants are readily obtained.18’ 22> 25» 26 The identity of

carbons a -  or p -  to platinum are easily determined from the coupling 

constants, with 1J(PtC) ranging from 250-500 Hz and 2J(PtCC) from 40-200 Hz. 

This marked difference in coupling constants greatly aids in the assignment

of 13C resonances in platinacyclobutane spectra.

X-ray data has only been obtainable for the monomeric species, but 

nonetheless these data significantly enhance the understanding of the 

structure of the central platinacyclobutane ring, Table 2. Several structural 

conclusions can be reached. In the platinacyclobutanes, the C j-C 2  and C2-C3 

bond distances are longer than in their parent cyclopropanes, with the 

difference roughly equivalent to the bond length difference between 

cyclopropanes and cyclobutanes.2^ Also, the C ^ C g  distance is considered too 

long for any significant bonding interaction to . occur.12, 12 These data

combine to support the proposed platinacyclobutane structure.

All compounds studied exhibit puckering in the platinacyclobutane ring, 

measured by the dihedral angle between the two planes defined by C2C3 and 

P tC jC 3 . The puckering ranges from O0 to 30°. The reason for this puckering 

may be explained by a Pt-C2 bonding interaction, but cyclobutanes also 

exhibit this puckering. Since no nonequivalence of axial and equatorial 

substituents on the ring has been reported, one may logically conclude that 

the barrier to ring inversion is small, as is the case with cyclobutanes.2^
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Table 2. Structural Data for Platinacyclobutane Monomers.

No.
Alkyl Groups 
Ri R-i R-j Lo Pt-Ci Pt-Co

Bond Distances, A 
Pt-Co Ci -Co Co-Co In i* L

I) H H H p y 2 2.04 2.69 2.19 1.48 1.82 2.55

2) H Pb H P y2 2.06 2.60 2.11 1.59 1.48 2.39

3) H H Ph P y2 2.05 2.62 2.17 1.59 1.71 2.60

4) H H H bipy 2.07 2.76 2.07 1.63 1.63 -

5) H CH3 CH2OH P y 2 2.04 2.68 2.04 1.54 1.55 2.35

6) Py monomer of V 2.06 - 2.09 1.63 1.55 -

7) Compound I 1.97 2.59 2.05 1.54 1.54 -

No.
D ihedral

Angle Q
Bond Angles 
_____ M_____ 6 References

D 12° 74° 101° 99° 10, 17

2) 28° 70° 102° 90° 10, 20, 21

3) 22° 76° 104° 91° 10, 20, 21

4) O0 72° 96° 96° 27

5) 1° 70° 99° 96° 28

6) - 70° 97° 95° 24,25, 26

7) - 72° 101° 95° 15
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Since the Pt-C bonds are much longer than the C-C bonds, the ring strain 

in the platinacyclobutane ring should be less than in cyclobutane.29 To 

illustrate, the -C2-C3 bond angle in platinacyclobutanes is from 100°-104°, 

compared to approximately 90° in cyclobutane, and would be closer to the 

10 9 .5 °  for tetrahedral sp^ carbon. Therm ochem ical studies on the 

decomposition of platinacyclobutanes have been performed to determine the 

magnitude of ring s tra in .^ ' 31 Although the errors in these determinations 

are difficult to estimate, an approximate strain energy of about 50 kJ/mole has 

been determined. This compares to strain energies of 115 and 111 kJ/mole for 

cyclopropane and cyclobutane, respectively. These strain energy differences 

can be explained by the long Pt-C bonds allowing for relief of angle strain in 

the cyclobutane ring. Also, since the platinum(IV) center is octahedral, the 

natural bond angles are 90° instead of 109.5° for tetrahedral sp^ carbon.

B onding

A bonding model for platinacyclobutane based on overlapping Walsh 

orbitals of cyclopropane with appropriate platinum orbitals was proposed, by 

M c Q u il l  i n . 2®’ 21 The model is comprised of donation from the filled 

cyclopropane orbitals to vacant p-orbitals of platinum combined with a 

backbonding component from a filled d-orbital of platinum to the vacant 

antibonding molecular orbital of cyclopropane, Figure 5. This synergistic 

relationship is an analogy of the Dewar-Chatt-Duncanson model of bonding in 

m eta l-o le fin  com plexes.^2, ^3 McQuillin's model allows for the complete 

spectrum from a platinacyclobutane structure to platinum -cyclopropane 

complexes, and all intermediate structures between, depending upon the 

relative magnitudes of the two bonding components. Therefore, if the
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backbonding component is weak, the structure is best represented by a 

platinum -cyclopropane complex, while if  backbonding is strong, the 

cyclopropane will oxidatively add to the platinum and a platinacyclobutane 

structure is formed.

Figure 5. Cyclopropane-Platinum Orbital Interactions.

Platinum -Cyclopropane Insertion Mechanism

The mechanism of platinum insertion into cyclopropane is known to 

follow second-order kinetics, being first-order in both platinum and 

cyclopropane. A general reaction mechanism has been postulated which 

invokes an interm ediate "edge-bound" platinum -cyclopropane complex, 

equation 3, which has never been observed.-^4
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The reaction is affected by electronic perturbations on the cyclopropane 

ring, as shown by comparative studies of different substituted cyclopropanes. 

E lectron-donating substituents on the cyclopropane enhance reactivity, 

possibly by further enabling the cyclopropane to donate electron density to 

platinum, thus increasing the likelihood of insertion.34

Platinacyclobutanes are formed with retention of stereochemistry about 

the cyclopropane ring.7 This seems to eliminate ionic species as possible 

intermediates, as free rotation about C-C would cause a loss of stereochemistry. 

Conversely, increased solvent polarity increases reaction rate, indicating 

some polarity in the intermediate, but this polarity effect may reflect the 

ligand environment about platinum and not the insertion intermediate at all.

The Puddcphatt Rearrangement

Insertion of platinum always occurs at the most substituted C-C bond of 

c y c lo p r o p a n e .T h i s  was not realized for many years due to a rapid molecular 

rearrangement of many platinacyclobutanes, equation 4. This rearrangement 

is commonly called the Puddephatt rearrangem ent, and four different 

mechanisms have been proposed, Figure 6. A criterion shared by all the 

mechanisms is that the platinacyclobutane monomer must first undergo 

dissociation of a pyridine ligand before the rearrangement may occur.

/. Cl
P y I . i x x

Cl

x R (4)
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Figure 6. Mechanisms of the Puddephatt Rearrangement.

(D)
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In mechanism (A), an olefin-metallocarbene complex is formed as an 

intermediate. This mechanism is noteworthy because its intermediate is 

similar to one proposed for the olefin metathesis reaction.5 However, much 

data contradicts this mechanism. None of the expected thermolysis products 

are o b s e r v e d , 55, ^  and no metathesis products are o b s e r v e d . 37, 38 jn 

addition, since the olefin intermediates proposed would be expected to exhibit 

relatively free rotation, cis-trans isomerization would be expected, and this, 

too, is not o b s e r v e d . 37

Due to energetic arguments, mechanism (B) has been eliminated, since 

the calculated stabilization energy of binding cyclopropane edgewise to 

platinum is less than 12 kcal/mole.39

So far, the best model for explaining all the experimental data is 

mechanism (C), originally proposed by Puddephatt.35 It involves a process 

whereby C-C and Pt-C bond cleavage and formation occur in a concerted way.

Mechanism (D) came about as an extension of Puddephatt's proposed 

mechanism. Developed by H offm ann,39, 40 it too depicts an intermediate 

wherein all carbons are bound to platinum and are unable to rotate. Isolobal 

analogy was used to examine the transition state. Cyclobutyl cation was used as 

an isolobal analogy to the coordinatively unsaturated platinacyclobutane, 

equation 5.

Pt (5 )
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The transition state of mechanism (D) was calculated by Hoffmann, in an 

attempt to more specifically elaborate the transition state geometry. With the 

isolobal analogy between platinacyclobutane and cyclobutyl cation, the 

pattern of the Puddephatt rearrangement should be related to the pattern of 

rearrangem ents in the cyclobutyl/cy cl opropy lcarbiny I cation system ,41 

Figures 7 and 8. The asymmetric platinum-cyclopropane complex, C ',  is 

analogous to the nonclassical bicyclobutonium cation, C . In both cases 

rearrangement is facile, making the three CH2 groups in each system equal. 

F urtherm ore , if  A ' can rearrange to C ' ,  then an a - s u b s t i t u t e d

p la tin acy c lo b u tan e  could easily  rearrange to a P - s u b s t i t u t e d  

platinacyclobutane via a substituted C ' and retain required stereochemistry. 

The symmetric structures shown, D and D ', are inaccessible, so C and C  must 

interconvert via short-lived transition states B and B 1, respectively. By 

performing this work, not only was a better understanding of this particular 

rearrangem ent reached, but a more direct correlation  between an 

organom etallic rearrangem ent, the Puddephatt rearrangem ent, and an 

organic rearrangem ent, the cyclobu ty l-cyclop ropy l carbinyl  cation 

rearrangement, was reached as well.

Figure 7. Possible Structures in the Cyclobutyl/Cyclopropyl Carbinyl 
Cation System.

c y clo b u ty l
cation

c y clo p ro p y l carb iny l 
cation

n o n c lass ica l 
b icyc lobu ton ium  cation

tricyc lobu ton ium
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Figure 8. Possible Structures in the Pt(Py)C^CgH^) System.

A' B' C' D'
platinacyclobutane ethylene/methylene asymmetric cyclopropane symmetric

complex complex cyclopropane complex

Reactions

Platinacyclobutanes can undergo many chemical transformations. Of 

these, the most simple one which can be envisioned, merely the reverse of 

platinacyclobutane formation by oxidative-addition, is reductive-elimination 

by platinum, equation 6, to give the starting cyclopropane and a platinum 

sp ec ies .7, ^7, 42 This reaction is believed to be initiated by the loss of a ligand 

by platinum.

Cl

> i O
Cl

The platinum may also transfer an a -  or P - hyd r i de  from the 

platinacyclobutane ring to an empty coordination site on platinum.43 This 

vacant site results from the loss of a ligand before the hydride transfer. 

Indeed, the use of a chelating ligand, such as 2, 2’-bipyridine, effectively

red-elim

ox-add
PtL2Cl2 • A ( 6 )
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halts these p a t h w a y s . 44 A different product is obtained from each type of 

hydride transferred. Platinum carbenes (with the two resonance structures 

shown) are the result of a -hyd ride  transfer,45- 46 equation 7, while p -h y d rid e  

transfer gives rise to platinum tt-ally l complexes,47- 48 equation 8.

Still another possible reaction pathway in platinacyclobutane chemistry 

is heterolytic cleavage of Pt-C bonds. This can be envisioned to occur if a 

nitrogen donor ligand is replaced by a strong tt-acid  ligand, such as carbon 

monoxide. Bonding between transition metals and Tt-acid ligands is very 

strong. A synergistic combination of a-donation  and backbonding, similar to 

that of metal-olefin complexes, is exhibited. There is electron donation to the 

p-orbital of the metal from the lone pair of electrons on the carbon of carbon 

monoxide in a ct- fashion, and the metal delocalizes its excess electron density 

from a filled d-orbital into the empty Tt * antibonding orbital of carbon 

monoxide through backbonding,5 Figure 9.
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Figure 9. Platinum-Carbon Monoxide Bonding Interaction.

Carbon monoxide is known to exhibit a strong trans influence, and would 

be expected to weaken the Pt-C o-bond trans to it as a result,49 equation 9. This 

effect may ultimately result in reductive-elimination of cyclopropane, alkene 

formation if (!-elim ination is facile, or rearrangement products if the 

hydrocarbon portion of the platinacyclobutane is part of a skeleton that is 

sensitive to hydrocarbon formation.

Some prior work by Jennings and Ekeland24, 50 was designed to examine 

just such a carbocation-sensitive hydrocarbon, the norbornyl system. The 

norbornyl skeleton is especially susceptible to a cationic rearrangement, 

called a Wagner-Meerwein rearrangement,5 1 equation 10.
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History of the Reaction Studied

The platinacyclobutane IPC used in the reaction with carbon monoxide 

was compound 2, formed from the reaction of hydrocarbon I and Zeise's dimer 

in refluxing ether,50 equation 11.

Zeise's dimer

Et2O
reflux, 3 h

Reaction of 2 with carbon monoxide gave an interesting array of 

product s ,  equat i on 12. Hydrocar bon I is simply the result of 

reductive-elim ination of the original cyclopropane. The ring expanded 

olefinic product, 3, is the result of a Puddephatt rearrangement followed by 

P-hydride transfer to give a Pt n -a lly l complex which loses platinum to give 

the olefinic product. Compound 4, however, cannot be explained by such 

straightforward pathways. It appears to result from the norbomyl system
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responding to a cationic intermediate. Ekeland postulated and confirmed the 

ionic nature of this reaction by showing that methoxide ion was captured 

when the experiment was run in 1:1 MeOHrCHClg solvent.50 Two mechanistic 

pathways were proposed, shown in Figure 10, and are based on deuterium and 

^ C  labelling experiments, as well as solvent effects. The 1^C NMR spectral data 

showed conclusively that the 13C labelled CH2 group of the cyclopropane 

moiety of I became the methyl group in 4.

In this mechanism, the first step involves coordination of CO which 

solubilizes the platinacyclobutane and results in heterolytic cleavage of a Pt-C 

bond. Since there are two unequal Pt-C bonds which could potentially be 

broken, the mechanism diverges into two separate pathways, (a) and (b), at

this point. One bond cleavage, (b), gives a I0 carbocation; the other, (a), 

generates a 2° carbocation. Although the 2° carbocation would be logically

thought to be much more stable than the I 0 carbocation, each could quickly

undergo a 1,2-hydride shift to give similar 3° carbocations of greater stability. 

The next step, a W agner-M eerwein rearrangem ent, is seemingly a

high-energy process, as it involves bond migration from a 3° to a 2° cationic 

center. However, this process may be metal-facilitated in this case. The newly
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Figure 10. Proposed Mechanism for the Formation of 4.
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generated 2° cation either captures chloride ion or chloride is transferred 

from the platinum center. Then, the platinum reductively eliminates the 

alkyl chloride. An unknown source of a hydrogen is invoked in the final 

reductive-elimination step. This reaction has been examined in greater detail; 

solvent effects and an alternative mechanism will be discussed in a later 

section.

An additional product formed in the reaction of 2 with CO was only 

identifiable as having a molecular formula of C g H j 3 Cl, equivalent to an adduct 

of HCl and the starting hydrocarbon, I .  The structure of this compound has 

now been determined; its structure and proposed mechanistic pathways for its 

formation will be discussed in a later section.
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STATEMENT OF PROBLEM

M etallacyclobutanes are important as intermediates in organometallic 

reactions, and can undergo chemical transformations that are of synthetic 

utility and mechanistic interest.

Platinum(IV)metallacyclobutanes lend themselves to study due to their 

enhanced stability over metallacyclobutanes of other transition metals. The 

isolation of these platinum (IV)m etallacyclobutanes and careful study of 

reaction conditions and their effect on products formed can lead to a greater 

understanding of mechanistic pathways for these specific reactions, and, in 

turn, for other organometallic reactions which invoke metallacyclobutanes as 

in te rm ed ia tes .

The goal of the research presented herein was to perform a detailed 

examination of the reaction of a specific platinum(IV)metallacyclobutane and 

carbon m onoxide, a reaction originally investigated by Jennings and 

Ekeland.^O  The reaction will be studied in terms of identification of products 

and interpretation of solvent and deuterium labelling effects to confirm or 

refute mechanistic pathways proposed in the past and propose new pathways' 

if possible.
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EXPERIMENTAL

Instrumentation

The I H NMR spectra were obtained on a Bruker WM-250 NMR 

spectrometer. Nominal mass spectra were obtained on a VG/MM16F (Vacuum 

Gas/ Micro Mass) spectrometer. Analytical GC (Gas Chromatography) data were 

taken on a Varian 3700 series GC interfaced to the mass spectrometer. Some 

product ratios were obtained by integrating total ion current produced by 

peaks eluting off the capillary GC interfaced to the mass spectrometer. 

Preparative GCs were accomplished on an Aerograph Autoprep series 2700. 

Chromatography columns were as follows: 10' x 3/8" 10% SE-30 on Chromosorb 

W -NAW (preparative), 10' x 3/8" 10% carbowax 30M on Chromosorb

W-AW(preparative), 20' x 3/8" 30% SE-30 on Chromosorb W(preparative), 15 

metre SE-30 capillary (MM16F).

Methods and Chemicals

The following chemicals were purchased from Aldrich and used without 

further purification: norbornylene, D iazald™ , 99.5% CHg GD, N,N,N ',N '

tetram ethylethylenediam ine, norcamphor, p-toluenesulfonylhydrazide, 2.6 M 

n-butyl lithium in hexanes, sodium methoxide, benzenesulfonylhydrazide, 

lithium  aluminum hydride, bicyclo[3.2.1]octan-2-one, copper(II) sulfate 

pehtahydrate, calcium hydride, benzophenone, and sodium metal.



25

The following chemicals were purchased from Baker and used without 

further purification: chloroform , toluene, benzene, m ethylene chloride,

pyridine, methanol, thionyl chloride, ethanol, ethyl brom ide, potassium 

carbonate, sodium chloride, sodium hydroxide, potassium hydroxide, potassium 

cyanide, sodium sulfate, tri ethyl amine, concentrated hydrochloric acid, 

glacial acetic acid, and concentrated nitric acid.

Diethyl ether was purchased from Baker and distilled from CaHg prior to

use.

Pentane was purchased from EM Science and used without further 

p u rif ica tio n .

Palladium acetate was purchased from Strem Chemicals.

Chloroform-d, 99.8%, was purchased from Norell.

DgO, 99.8%, was purchased from Stohler Isotope Chemicals.

Platinum was on loan from Johnson-Matthey Inc. in the form of 

hexachloroplatinic(IV ) acid.

All hydrocarbon substrates were purified by preparative GC prior to 

reaction with Zeise's dimer.

Synthesis of Substrates

Preparation of Zeise's Dimer

Zeise's dimer, ([PtC lg(CgH ^)Jg), was prepared from HgPtCl^. in 10% HCl 

under 100 psi ethylene in a Parr Series 4000 pressure reaction apparatus.1® 

The reaction was run for 3-5 days. The Zeise's dimer was extracted with

to luene.
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Synthesis of Compound I

Compound I  was synthesized via the procedure of Kdttwitz52 with the 

following modification. After the reaction was complete, the mixture was 

filtered to remove any solid Pd0 and then the ethereal solution was passed 

through a short silica gel column to remove any undissolved Pd(OAc)2 and 

hydrocarbon polymer. The reaction mixture was rotoevaporated to remove 

excess solvent and the substrate, I ,  was isolated by preparative GC. Compound I 

was produced from norbomylene, 9.

Spectral Data for Compound I

1H NMR: (CDCl3) C1, C5, 2.20(brs, 2H); C2, C4 , 0.65(dd, 2H, J = 6.5, 3.2); C3(syn),

0.27(dt, 1H, J = 6.5, 3.2); C3(anti), -0.12(dt, 1H, J = 6.5, 6.5); C6, C7 , 

1.15 to 1.45(m, 4H); Cg, 0.55(br d, 1H, J = 11); C8, 0.90(dm, 1H, J = 11). 

MS, m/e (relative intensity): M+ 108 (6), 93 (28), 91 (13), 80 (53), 79 (100), 78 

(16), 77 (27), 67 (40), 66 (55), 63 (4), 55 (5), 54 (50), 53 (11), 51 (12), 

41 (24).

Synthesis of 2 from I

To a suspension of 0.500 g (0.850 mmol) of [(C2H4)PtCl2I2 in 10 ml dry Et2 O 

was added 0.280 g (2.59 mmol) of I .  The mixture was magnetically stirred under 

reflux for three hours, during which time the bright yellow solid of the 

platinum complex, 2, replaced the burnt orange of Zeise's dimer. After the 

reaction was complete, the Et2 O solution was evaporated to near dryness under 

a stream of N2 . The yellow solid was then triturated with two washings of
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pentane. After the final pentane wash, the solid was dried under I ^ . 50 The 

yield was 0.605 g (95%).

Reaction of Platinacvclobutane 2 with CO

A mixture of 10 mg of 2 (2.2 x 10~5 mol) in I ml solvent (C H ^C ^, CHClg, 

CgH^,' MeOH, EtOH, or EtBr) was reacted under 80 psi CO for 24 hours in a Parr 

Series 4000 pressure reaction apparatus. In some samples one drop of an 

additive (cone. HC1, EtgN, H^O, D^O, or glacial HOAc) was added to the reaction

mixture prior to reaction under CO. After 24 hours, the volatile portion was

analyzed by GC-MS using standard addition techniques. The reaction proceeded 

to 82% completion in CH2CI2 (no additive). A complete profile of yields and 

products is shown in Tables 4 and 5.

Spectral Data for Compound 3

1H NMR: (CDCl3) 5.80(m, 1H); 5.35(m, 1H); 2.3(m, 2H); 1.9 to 1.2(m, 8H).

MS, m/e (relative intensity): M+ 108 (29), 93 (23), 91 (10), 80 (39), 79 (100), I l

(23), 67 (32), 66 (52), 65 (8), 54 (16), 53 (7), 51 (10), 41 (18).

Spectral Data for Compound 4

1H NMR: (CDCl3) C2, 3.83(dddd, 1H); C4 , 2.24(br s, IR); Cg(endo), 2.08(ddd, IR);

Cg(exo), 1.95(dddd, IR); Cg(exo), 1.65(br d, IR); Cy(syn, Cl), 

1.65(ddd, IR); Cg(endo), 1.60(dm, IR); Cg(exo), 1.57(m, IR); Cg, 

1.24(s, 3H); C5(endo), 1.20(m, IR); C7(anti, Cl), l.l(m , IR).

MS, m/e (relative intensity): (M+2)+ 146 (I), M+ 144 (3), 129 (4), 109 (5), 108 

(3), 95 (3), 93 (7), 82 (12), 81 (100), 80 (8), 79 (11), 77 (6), 67 (29), 55 

(6), 53 (9), 41(14).
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Synthesis of Compound 19

In a 50 ml round-bottomed flask, 0.0445 g LiAlH^ (1.17 mmol) was 

suspended in 10 ml E t20. In a separate vessel, 0.253 g bicyclo[3.2.1]octan-2-one, 

18, (2.04 mmol) was dissolved in 10 ml I ^ O .  The ethereal ketone solution was 

added dropwise to the LiAlH^ suspension and stirred magnetically for two 

hours. One ml of H^O was added to the reaction mixture dropwise and allowed to 

stir for 5-10 minutes. The solution was added to 10 ml 10% H^S O4 and stirred. 

The ether layer was separated and the aqueous layer was extracted with two 10 

ml portions of I ^ O .  The ether laters were combined, dried over K ^C O 3 and 

rotoevaporated. A waxy solid, 19, was collected (0.248 g, 97% yield).

Spectral Data for Compound 19 Itwo isomers I 

1HNMR: (CDCl3) (one isomer):-3.65(m, IR); 2.2 to 1.2(m, 12H).

(one isomer): 3.92(m, 1H); 2.2 to 1.2(m, 12H).

MS, m/e (relative intensity): (one isomer): M+ 126 (17), 108 (27), 93 (26), 83

(15), 82 (50), 81 (17), 80 (100), 79 (42), 78 (7), 77 (12), 69 (23), 67 

(94), 66 (27), 58 (30), 57 (36), 55 (19), 54 (19), 41 (51).

(one isomer): M+ 126 (10), 108 (84), 93 (42), 83 (30), 82 (31), 81 

(26), 80 (72), 79 (90), 78 (30), 77 (12), 69 (15), 66 (43), 58 (9), 57 

(23), 55 (49), 54 (56), 41 (74).

Synthesis of Compound 5

To 0.100 g (0.794 mmol) of 19, 0.1 g (0.84 mmol) of SOCh^ was added 

dropwise and allowed to sit in an ice-water bath overnight. 1H NMR spectral 

data showed a mixture of isomers of 5. The yield was essentially quantitative.
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Spectral Data for Compnnnd 5

1H NMR: (CDClg) (one isomer): 4.13(br dd, 1H); 2.4(m, 2H); 2.2 to 1.2(m, I OH).

(one isomer): 4.01(ddd, 1H), 2.4(m, 2H), 2.2 to 1.2(m, I OH).

MS, m/e (relative intensity): (one isomer): (M+2)+ 146 (2), M+ 144 (6), 118 (3), 

116 (6), 109 (32), 108 (53), 95 (7), 93 (11), 82 (34), 81 (39), 80 (61), 

79 (49), 77 (15), 67 (100), 66 (41), 55 (10), 53 (17), 41 (33).

(one isomer): (M+2)+ 146 (2), M+ 144 (6), 118 (3), 116 (7), 109 (32), 

108 (44), 95 (5), 93 (8), 82 (31), 81 (42), 80 (57), 79 (39), 11 (11), 67 

(100), 66 (32), 55 (10), 53 (13), 41 (27).

Synthesis of Compound 14

Norcamphor, 12, (4.423 g, 40.2 mmol) was dissolved in 5 ml MeOD. To this 

solution 2.18 g anhydrous MeONa (40.4 mmol) was added and the resulting 

solution was allowed to stir overnight. The MeONa was neutralized with HC1, 

and the norcamphor extracted with CH2CI2. The CH2CI2 was dried over K^COg 

and rotoevaporated until only norcamphor remained. . The procedure was 

repeated with fresh MeOD and MeONa. Dideuteriated norcamphor, 13, (3.18 g), 

analyzed by ^H NMR, was recovered (86% yield, 64% D, both positions).

Dideuteriated norcamphor, 13, (0.995 g, 9.03 mmol) was dissolved in 7 ml 

MeOH. To this solution was added 2.01 g p-toluenesulfonylhydrazide (10.79 

mmol). The resulting suspension was magnetically stirred and heated gently 

in a hot water bath for ten minutes, until all solids had dissolved. The solution 

was cooled in an ice-water bath for two hours. The solid formed was vacuum 

filtrated, giving 2.177 g of 14 (86% yield, 53% D, both positions). The product 

was analyzed by ^H NMR.
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Spectral Data for Compound 14

1H NMR: (CDCl3) 7.8(d, 2H, J = 8); 7.3(d, 2H, J = 8); 2.85(br s, 0.47H); 2.5(m, 0.47H);

2.4(8, 3H); 2.1 to 1.3(m, 8H).

Synthesis of Compound 17 fShapiro Reaction! ^4, 55

Compound 14, (0.439 g, 1.58 mmol) was suspended in 5 ml of TMEDA and 

cooled to -45°C for 30 minutes. To this suspension 2.5 ml 2.5M nBuLi in hexanes 

(6.25 mmol) was added slowly by syringe. The -45° C temperature was 

maintained for two hours, then allowed to come to room temperature over six 

hours. Over this time, the mixture changed color from orange to olive-green. 

The slurry was then cooled to O0 C and allowed to sit for fifteen minutes. MeOD 

(or D2O) was added dropwise until no further reaction could be observed. This 

mixture was stirred for ten minutes, then extracted with pentane/water. The 

pentane layer was washed with two 10 ml portions of water, two 10 ml portions 

of saturated CuSO4 solution, and one 5 ml portion of brine. The pentane layer 

was dried over K ^C O 3 . The deuteriated norbornylene, 15, was formed in 15% 

yield, and contained 45% D average at each of the two positions.

To minimize further evaporative loss of 15, the entirety of the pentane 

solution was submitted to the cyclopropanation procedure of Kdttwitz-*2 cited 

p rev iously .

After cyclopropanation, the dideuteriated cyclopropane, 16, was reacted 

with Zeise's dimer in refluxing ether to give 17, which was then reacted with 

CO under pressure in the same fashion as was 2. The mass spectral data of the 

deuteriated analogs of 4 and 5 produced from this latter reaction are listed in 

Tables 7 and 8.
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Synthesis of Compound 11

Norbornylene, 9, was cyclopropanated according to the procedure of 

Kottwitz outlined before,-*2 with one exception. The KOH solution was dissolved 

in D2O, not H2O. The dideuteriated cyclopropanated product, 10, (88% D in both 

positions) was reacted with Zeise's dimer in refluxing ether for three hours. 

The product, 11, was obtained in 83% overall yield from the two reactions, 

with 81% D incorporation in each of the two positions. Compound 11 was then 

reacted with CO under pressure in the same fashion as was 2. The mass spectral 

data of the deuteriated analogs of 4 and 5 produced from this latter reaction 

are listed in Tables 7 and 8.
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RESULTS AND DISCUSSION 

Identification of the Unknown Product

In the reaction of 2 with CO, four major products were observed by 

E k c la n d ,50 equation 13. Three were identifiable: a ring-expanded olefinic 

product, 3; the starting hydrocarbon, I ;  and a rearranged alkyl chloride, 4. 

The fourth major product could not be isolated, and was only identifiable as 

having a molecular formula of C gH j^C l1 equivalent to the addition of HCl to I.

unknown 
HCl adduct

( 1 3 )

Upon redoing the experiment, the same difficulty in the isolation of this 

unknown compound was encountered. However, from the mass spectral data, a 

few conclusions could be reached. First, no obvious methyl loss, or (M-15)+ 

peak, was observed. This peak was clearly discernible from the mass spectral 

data of 4, an alkyl chloride which does possess a methyl group. This seemed to 

rule out a methyl norbornyl chloride as a possibility, if only similar bicyclic 

alkyl chlorides (i.e., compound 4) were considered as possible structures. 

Since the known rearrangement product, 4, still maintained the norbornyl 

skeleton although it underwent a rearrangement, it seemed reasonable to 

suggest that carbon skeleton of this new compound would be similar to that of



the starting hydrocarbon. Since another known product, 3 , possessed a 

bicyclo[3.2.1]octane skeleton, a chlorobicyclo[3.2.1]octane seemed a reasonable 

structure to synthesize and compare its mass spectrum with that of the 

unknown product.

The first attempt to synthesize the unknown product proved successful, 

resulting in 5, 2-chlorobicyclo[3.2.1]octane, Figure 11. Both exo and endo 

isomers were formed in this synthesis, and were inseparable by preparative 

GG

Figure 11. Synthesis of Compound 5.
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This inseparable mixture did not prove as detrimental as feared. Upon 

closer examination of the capillary gas chromatogram of the reaction mixture 

of 2 with CO, Figure 12, two peaks could be seen where only one compound had 

previously been believed to occur. These two peaks were similar to those 

observed in the capillary gas chromatogram of the reaction mixture of the 

synthesis of 5, Figure 13. Moreover, the mass spectral fragmentation patterns 

of each peak in the pair observed from the reaction mixture of 2 with CO were 

almost identical to each other, and were exactly the same as those observed 

from the synthesis of 5, Table 3. This showed that the unknown product was an 

epimeric mixture of 5 . The specific identity of each epimer was not

determ ined .
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Figure 12. Capillary GC Trace of the Reaction Mixture of 2 with CO in CHClg.

I S T B R I  CH T l "
C f l L l S

Figure 13. Capillary GC Trace of the Reaction Mixture of the Synthesis of 5.

CE2A. 5 7 5 - 8 0 5  Xl CAL: CALlS
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Table 3. Mass Spectral Data of the Epimers of 5.

5 (from 2 + CO) 5 (synthesized)

m/e 1st Peak 2nd Peak I st Peak 2nd Peak

146 2a 2 2 2
144 6 6 6 6
118 3 3 3 3
116 6 6 6 7
109 32 31 32 32
108 51 45 53 44

■ 95 7 6 7 5
93 10 9 11 8
91 4 5 4 5
82 33 31 34 31
81 40 41 39 42
80 60 56 61 57
79 49 40 49 39
78 10 10 . 10 9
77 14 12 15 11
68 9 7 9 7
67 100 100 100 ■ 100
66 41 34 41 32
65 8 8 9 8
55 10 10 10 10
53 17 12 17 13
41 32 28 33 27

a % of base peak.

Solvent and Additive Effects

The reaction of 2 with CO was run in many solvents to determine the 

effect, if any, of solvent upon the relative yields of the various products. In 

addition, various additives were combined with the solvents to alter the 

reaction conditions and further affect the relative yields of the products, 

equation 14. Tables 4 and 5 summarize the results from the use of various 

solvents and additives with compound 2.



36

Products ( 1 4 )

Since the molecular formulas of both 4 and 5 were equivalent to an HCl 

adduct of the starting hydrocarbon, I ,  an examination of the products of the 

reaction of HCl with I was necessary. Table 6 shows the relative yields of the 

four products previously examined in this reaction.

From the relative yields of products from the reaction of I with HCl, 

(Table 6: Ik, 3k) it was reasonable to suggest that HCl was reacting with I 

(produced in the reaction of 2 with CO) to give alkyl chloride products. 

Compound 4 was only formed in very small, almost negligible yield, when 

most of I had been consumed in the reaction. If the only source of compound 

4 was reductive-elimination of I from 2 followed by reaction of this I with 

HC1, then only a very small amount of 4 would be expected to form. Since 4 is a 

major product from the reaction of 2 with CO under certain reaction 

conditions (e.g.,Tables 4 and 5: la, lc, lh), it was concluded that the reaction of 

I with HCl could not account for the large amounts of 4 produced. Logically, 

then, the platinum center was playing a direct role in the rearrangement of 2 

to 4.

In the formation of 5 , however, the results were not so easily 

interpretable. Compound 5 was a major product in the reaction of I with HCl
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Table 4. Reactions of 2 with CO Under Different Conditions, by SolvenLa

b Relative Yields by Product
No. Solvent Additive 3 I 4 5

Ia CH2Cl2 10.4 8.8 23.2 34.4
lb Al2Ogc 

HC1(1 drop)
8.2 5.7 19.7 38.1

Ic 6.6 - 25.6 43.8
Id HCl(H) dps.) - - 16.6 75.1
Xe EtgN 3.3 76.4 7.7 1.2
If H2O 9.2 54.6 8.2 0.2
Ig D2O 7.0 63.4 1.4 0.4
Ih HOAc 9.1 3.7 34.2 25.5
2a CHCl3 - 7.2 16.0 2.1 34.4
2b Al2Ogc 9.1 7.5 17.6 27.5
2c HC1(1 drop) 8.2 11.7 3.5 34.6
2d HCl(K) dps.) 6.7 - 14.1 28.5
2e EtqN 3.9 43.1 - -
2f H2O 9.9 56.6 0.5 -
2g D2O 6.2 53.5 5.3 1.6
2h HOAc 14.6 24.7 21.6 9.2
3a Et2O - - - 94.7 - -
3c HC1(1 drop) 3.4 77.9 0.3 10.1
3d HCl(K) dps.) 2.7 - 2.6 69.8
3e EtgN - 91.9 - -
3f H2O 0.4 97.5 - -
3h HOAc 0.9 94.5 - -
4a C6H6 - 14.0 10.6 14.6 27.3
4c HC1(1 drop) 3.9 2.6 7.1 54.1
4e EtgN 9.1 59.5 - -
4f H2O 3.5 55.4 3.2 2.6
4g D2O 6.9 51.9 7.6 3.1
4h HOAc 10.7 38.4 16.7 14.2
5a MeOH - - 99.2 - -
Sc HCl 5.3 62.7 3.1 2.6
Se
6a

EtgN
MeOH/CHClg (50:50) 2.8

84.4
91.1

7a P en tan e - 4.3 70.5 2.5 7.5
7c HC1(1 drop) . 6.6 12.3 12.6 37.4
8a EtBr - - 69.4 28.5 2.2
8c HC1(1 drop) 9.1 24.5 3.7 54.1
9a . EtOH - - 100 - -
9c HClfl dmn) 5.8 73.7 4.0 5.0

aAll reactions run for 24 h @ 80 psi CO. bOne drop of additive unless otherwise noted.
CSolvent was run through basic alumina column.
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Table 5. Reactions of 2 with CO Under Different Conditions, by Additive.a

No. Additive Solvent 3
Relative Yields by Product 
I 4 S

Ic HC1(1 drop) CH2Cl2 6.6 25.6 43.8
2c CHCl3 8.2 11.7 3.5 34.6
3c Et2O 3.4 77.9 0.3 10.1
4c C6H6 3.9 2.6 7.1 54.1
5c MeOH 5.3 62.7 3.1 2.6
7c P en tan e 6.6 12.3 12.6 37.4
8c EtBr 9.1 24.5 3.7 54.1
9c EtOH 5.8 73.7 4.0 5.0
Id HC1(10 dps.) CH2Cl2 - - 16.6 75.1
2d CHCl3 6.7 - 14.1 28.5
3d Et2O 2.7 - 2.6 69.8
Ie EtgN CH2Cl2 3.3 76.4 7.7 1.2
2e CHCl3 3.9 43.1 - -

3e Et2O - 91.9 - -

4e C6H6 9.1 59.5 - -

Se MeOH - 84.4 - -

I f H2O CH9Cl9 9.2 54,6 8.2 0.2
2 f CHCl3 9.9 56.6 0.5 -

3f Et2O 0.4 97.5 - -

4f C6H6 3.5 55.4 3.2 2.6
Ig D2O CH2Cl2 7.0 63.4 1.4 0.4
2g CHCl3 6.2 53,5 5.3 1.6
4g C6Hg 6.9 51.9 7.6 3.1
Ih HOAc CH2Cl2 9.1 3.7 34.2 25.5
2h CHCl3 14.6 24.7 21.6 9.2
3h Et2O 0.9 94.5 - -

4h CHLc____ 10.7 38.4 16.7 14.2
aAll reactions run for 24 h @ 80 psi CO. *5One drop of additive unless otherwise noted.

Table 6. Reactions of I  Under Different Conditions, by Additivea

' Relative Yields by Product
No. Additive Solvent 3 I  4 S

Ij None CH9Cl9 89 .8 0.6 0.6
2j None CHCl3 - 9 6 .8 . 0 .7 -

3j None Et2O 0 .7 7 6 .6 - -

Ik HC1(10 dps.) CH2Cl2 6.6 2.5 0.4 32.4
3k H C in n  dns.l EtoO 3.6 9.2 0.8 29.1

aAll reactions run for 24 h @ 80 psi CO.



39

(Table 6: Ik, 3k). However, there were other major products formed, as would 

be predicted from all possible additions56- 57 of HCl to I ,  equation 15. The 

number of major products observed was four, but only 5 was indentifiable. If 

the four products observed were indeed the four predicted, then compounds 5, 

6, 7 and 8 were all produced in comparable yields in this reaction.

( 1 5 )

While addition of HCl to I could explain some of the production of 5, if it 

were the only explanation, compounds 6, 7 and 8 would be expected to be 

major products as well. They were not. However, in cases where a large 

amount of HCl was added to the solvent in reactions of 2 with CO, 5 was by far 

the major product, and much of it must be explained by HCl reacting with I 

produced by the decomposition of 2. It may be concluded, then, that 5 arose 

from both reaction of I with HCl and through a rearrangment of 2, probably 

initiated by coordination of CO to the platinum(IV) center.

Tricthylamine (Table 5: le, 2e, 3e, 4e, 5e) was added to the solvents to 

scavenge any HCl present in the solvent. While EtgN did effectively quench 

the production of 4 and 5, it did not appear to be because of HCl being taken 

up. Rather, because of the large amounts of I formed, it appears that Etg N is 

coordinating to the platinum and promoting reductive-elimination, evinced

by the formation of a green species, apparently a platinum-amine complex.
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This seems probable as nitrogen-bearing ligands are known to strongly 

coordinate to platinum.58 Coordination of EtgN to the platinum in 2 would not 

be expected to have led to the same products as coordination of CO, as EtgN does 

not have the same backbonding capacity and would not facilitate heterolysis 

of the trans Pt-C bond as greatly, due to its lower trans influence.

When H2O (Table 5.: If, 2f, 3f, 4f) or D2O (lg, 2g, 4g) was added to the 

reaction mixture, yields of both 4 and 5 were reduced. Also, in each of these 

cases, the relative yield of 4 was greater than that of 5. The H^O and D2O may 

have been effectively lowering the concentration o f any HCl produced by or 

present before the reaction. Also, the H2O and D2O, although they are weak

ligands, may have been competing with CO for coordination sites on platinum, 

helping facilitate formation of I  over formation of 4 or 5.

Acetic acid (Table 5: lh, 2h, 3h, 4h) had the effect of making 4 in greater

relative yield than 5 while not appreciably affecting their combined yields. 

In other words, their positions were reversed. The water present was probably 

predominantly tied up in solvation of acetic acid, and thus would not be 

competing with CO for platinum coordination sites to so great an extent. Acetic 

acid itself probably just acts as a slightly polar solvent and would not affect 

the reaction as much as HCL With very little, if any, HCl present, one might 

say that all the 5 formed in the reaction with HOAc present came from the

reaction of 2 with CO and not from HCl reacting with I .  This may have given 

an estimate regarding the relative importance of each route in the formation 

of 5.

When the reaction of 2 with CO was run in a weakly coordinating solvent 

of relatively low polarity like CH2CI2 (Table 4: la, lb, lc, Id, le, If, lg, lh),
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C H C lg (2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h), or benzene (4a, 4c, 4e, 4f, 4g, 4h), the 

form ation of the alkyl chlorides 4 and 5 was favored. If a cationic 

intermediate was formed in the production of either 4 or 5, these solvents 

would help solvate the cationic center to an extent without competing with CO 

for coordination sites on platinum and forcing reductive elimination of 

compound I.

Pentane (Table 4: 7a, 7c) has low polarity, but little, if any, solvating 

ability to help stabilize a cationic intermediate. Little 4 or 5 was produced, and 

I  was the favored product.

Diethyl ether (Table 4: 3a, 3c, 3d, 3e, 3f, 3h) also has low polarity, but the 

oxygen in ether has the ability to coordinate to the platinum center and 

compete with the coordination of CO. An oxygen-bearing ligand like ether

would have a very weak trans influence compared to CO, and would not be 

expected to promote heterolytic cleavage of the trans Pt-C bond to any extent. 

Likewise, any ensuing rearrangements would also be hindered, and only 

reductive-elimination might be expected. As a result, I  was the major product, 

with no 4 or 5 formed at all, unless HCl was added.

Methanol (Table 4: 5a, 5c, 5e) and ethanol (9a, 9c), both of high polarity, 

could more strongly coordinate to platinum and effectively compete with the

coordination of CO. Both MeOH and EtOH are oxygen-bearing ligands, as was 

E t2 0 , with very low trans influence. Therefore, reductive-elimination would 

be expected for the same reasons as for E t20, only to a greater extent due

to the enhanced coordinating abilities of MeOH and EtOH over that of Et20. As a

result, I  was the only product observed in additive-free MeOH or EtOH (Table 4: 

5a, 9a).
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The dominant formation of I  in so many varying solvent types seemed 

puzzling. It was reasonable to suggest that the coordination of so lven t. 

effectively competed with the coordination of CO, possibly to the extent of 

forcing reductive-elim ination of I  due to the low trans influence of the

oxygen-bearing ligands compared to that of CO. This suggestion was evinced 

by the fact that I  was the only product observed when the reaction was run in 

E t20, MeOH or EtOH without the presence of additives (Table 4: 3 a, 5a, 9a).

Pentane (Table 4: 7a), however, seemed to be an anomaly. Compounds 4 

and 5 were formed in addition to I , but in poor yields. Perhaps this had 

something to do with the lack of coordinating ability exhibited by pentane. It 

seemed, overall, that solvents of low polarity and of weak, but not nonexistent, 

coordinating ability were required to increase the yields of 4 and 5. Low 

polarity seemed necessary, as high polarity and strong coordinating ability

usually work in tandem. However, some degree of coordinating ability seemed 

necessary, and two reasons were thought to be possible: to help solvate any 

polar (presumably cationic) intermediate, and to temporarilty occupy a vacant 

coodination site on any coordinatively unsaturated platinum center in an 

intermediate. The latter rationale, however, is not deemed a necessity in other 

similar processes.

Finally, ethyl bromide (Table 4: 8a, 8c) proved interesting as a solvent. 

Ethyl brom ide is known to oxidatively add to platinum  to give

ethylbromoplatinum complexes, and would be expected to greatly interfere 

with the coordination of CO. However, the reaction of 2 with CO run in EtBr 

yielded the largest observed ratio of 4 to 5 of all solvents tested (Table 4: 8a).

Apparently the CO coordinated faster than EtBr could oxidatively add to
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platinum, and EtBr merely acted as a good solvent of medium polarity and low 

coordinating ability. In other words, EtBr behaved much as did CH2CI2, CHClg 

and benzene; both I  and 4 were produced in good relative yields in EtBr. Also, 

since platinum begins as a formal Pt(IV) in the IPC, it would be very difficult 

to oxidatively add EtBr to it.

The question remained whether CO was reacting with the platinum

center to give the products described, or free HCl was reacting with the

platinacyclobutane. There seemed to be three potential sources of HCl: the 

solvent, decomposition of 2, or the Zeise’s dimer.

To see if HCl was the reactive species, 2 was suspended in CHClg and a. few 

drops of concentrated HCl were added. After twenty-four hours the products 

were examined. The reaction mixture was quite similar to that observed in the 

reaction of I  with HCl (Table 6: Ik, 3k), with the following relative yields of 

products: 3, 2.0%; I ,  56.3%; 4, 1.3%; 5, 24.2%. Thus, it is reasonable to suggest 

that the HCl or Hg O presen t in  the concen trated  acid forced

reductive-elim ination of I ,  which went on to react with HCl and give the

products observed. It was concluded, then, that CO was indeed the reactive 

species present and not HC1, at least for the formation of 4.

Use of Deuterium-Labelled Substrates

To further examine the possible mechanistic pathways for the formation

of 4 and 5, two deuterium-labelled platinacyclobutanes were synthesized. 

The first, and . the simpler, synthesis was that of compound 1 1 , the 

4,4-dideuteriated derivative of 2, Figure 14.
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Figure 14. Synthesis of Compound 11.

D

Zeise's dimer

Pd(OAc)2

Synthesis of the second labelled platinacyclobutane, 17, proved more 

difficult. After rejecting other possible syntheses due to nonreactivity or low 

yield, a synthesis involving the Shapiro reaction54, 55> 56 was finally settled 

upon, Figure 15. Here, too, however, the yield of the step producing the 

2,3-dideuterio norbornylene, compound 15, was only 15%.

Figure 15. Synthesis of Compound 17.

I) MeOD/NaOMe

2) MeOD/NaOMe

N- NHTs
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Possible Mechanistic Pathways for the Formation of 5

Deuteriated analogs of 5 were produced from three sources: reaction of 

11 and 17 with CO, and reaction of 2 with CO in the presence of D2O. Mass 

spectral data of these three deuterium-labelled species along with the mass 

spectral data of nondeuteriated 5 are shown in Table 7.

Table 7 is divided into labelled subheadings of various m/e groupings. 

Figure 16 shows a scheme of reasonable mass spectral fragmentations for 5. 

The labels of each proposed ion correspond to the labelled subheadings in 

Table 7 (a, b, etc.). The numbers in parentheses in each subheading, when 

they appear, are the approximate percent deuterium calculated for each 

subheading, designed to quantitatively illustrate the amount of deuterium loss 

or retention in these fragmentations. The calculations are based on the 

assumption that the ratios of the peak heights remain constant throughout 

each subheading for each deuterium labelled species possible. Using this 

assumption, the relative amounts of each nondeuteriated, monodeuteriated and 

dideuteriated species present in . each subheading may be determined. 

However, this method can only apply to subheadings wherein all the possible 

ions are derived through losses of closely related fragments.

Figure 16 is divided into separate fragmentation schemes based on 

differing initial fragments lost. Scheme I begins with a loss of chlorine 

radical, resulting in the bicyclo[3.2.1]oct-2-yl cation. This cation is in 

equilibrium with a bicyclo[2.2.2]oct-2-yl cation via a Wagner-Meerwein 

re a r ra n g e m e n t.^ ' Either of these two cations may lose ethylene through a 

concerted process (not a retro Diels-Alder) to give a cyclohexyl diradical 

cation,, which quickly rearranges to give a cyclohexenyl cation. This
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Table 7. Mass Spectral Data of 5 and Its Deuteriated Analogs.

m/e S 2+Dn O
D-Labelled Source of 5 

(%D)a 11 f%mb 17 r%D)b

(a) 148 1.3 1.8
147 - 1.5 1.9 3.0
146 2.Oc 1.9 4.6 5.1
145 0.5 2.3 4.2 7.3
144 6.0 2.5 (45%) 1.0 (132%) 2.0 (114%)

(b) 120 - - 1.3 1.6
119 - 2.5 1.7 2.5
118 3.0 1.5 4.4 4.2
117 0.8 3.0 3.7 6.3
116 7.0 3.6 (43%) 1.7 (121%) 1.6 (1 14%)

(C) 111 _ 3.2 21.3 23.7
HO 3.6 19.7 32.0 38.2
109 32.0 32.4 41.9 47.3
108 43.0 25.6 18.3 4.4

(d) 97 _ _ 3.3 3.7
96 0.8 4.2 5.9 5.8
95 5.0 8.5 7.4 5.3
94 1.2 4.2 6.1 8.2
93 8.0 7.0 4.5 12.6

(e) 84 _ 2.5 10.8 11.5
83 2.6 18.7 36.2 37.7
82 31.0 34.1 71.9 57.5
81 42.0 53.6 45.2 73.4
80 57.0 63.1 52.6 73.4

(f) 70 _ 3.0 4.7 12.6
69 3.8 7.6 21.0 22.7
68 7.0 24.4 50.2 40.1
67 100 100 100 100
66 32.0 31.4 34.7 61.8
65 8.0 7.8 (15%) 5.1 (49%) 11.6 (47%)

aMonodeuteriated. bDideuteriated. cPercent relative to base.
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Figure 16. Proposed Mass Spectral Fragmentation Pattern of 5.
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Figure 16 (corn'd.). Proposed Mass Spectral Fragmentation Pattern of 5.
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cyclohexenyl cation, m/e 81, may arise through loss of more than one. possible 

candidate for ethylene, due to the Wagner-Meerwein rearrangement of the 

two bicyclooctyl cations. As a result, an accurate knowledge of which 

hydrogens are lost in this fragmentation could not be derived. By extension, 

the identity of the deuteriums lost in the deuteriated cases in this

fragmentation was also unknown. The initial loss on chlorine radical proceeds 

without loss of hydrogen (or deuterium).

Scheme II begins with an initial loss of H Cl, resulting in a

bicyclo[3.2.1]oct-2-enyl radical ion, with m/e 108. Loss of HCl in cyclic alkyl 

chlorides usually proceeds as a 1,3 elimination in mass spectrometry.^1, ^2, ^3 

As there  are three possible carbons bearing hydrogen [3- to the

chlorine-bearing carbon (i.e., the 4, 7 or 8 carbons, Figure 17), the identity of 

the hydrogen (or deuterium) lost in the elimination of HCl cannot be known 

with certainty. - The bicyclo[3.2.1]oct-2-enyl radical ion is then able to lose

ethylene to give, through rearrangement, cyclohexa-l,3-dienyl radical ion, 

m/e 80. This ethylene cannot be constrained to a loss of the Cg-Cy fragment. 

This is because the bicyclo[3.2.1]oct-2-enyl radical ion is thought to undergo

an intramolecular rearrangment to give octa-l,3,7-trienyl radical i o n . T h i s  

radical ion may then undergo a 1,3 hydride shift and concomitant loss of 

ethylene to give hexatriene radical ion, m/e 80. This radical ion, in turn, is set 

up to undergo a Cope rearrangement to give a cyclohexa-l,3-dienyl radical 

ion, maintaining m/e 80. As a result, the ethylene fragment lost to give m/e 80 

may be the Cg-Cy or the Cg-Cg fragment. Thus, an accurate knowledge of the 

hydrogens/deuteriums lost in this fragmentation cannot be derived.
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Figure 17. Numbering Scheme for Compound 5.

Scheme III begins with a loss of ethylene as mentioned in schemes I and 

II. This results in a chlorocyclohexenyl radical ion, m/e 116 (118). This is the 

only elimination which is invoked to arrive at this mass, corresponding to 

subheading (b). This loss is invoked in similar bicyclic systems.64, 65, 66 As 

there is only one particular fragment lost, a calculation of the deuterium 

content in subheading (b) can be obtained, as will be demonstrated. The 

chlorocyclohexenyl radical ion may then lose either chlorine radical or H O , 

giving either cyclohexyl cation, m/e 81, or cyclohexa-l,3-dienyl radical ion, 

m/e 80, respectively. Determination of which hydrogens/deuteriums lost 

within subheading (e) is further clouded by these latter fragmentations.

Scheme IV begins with the homolytic cleavage of the C 1-C2 bond, 

leaving a radical at C1 and a positive charge at a C2-CI double bond. This 

process is invoked in a similar system, 2-chlorobicyclo[2.2.1]heptane.66 This 

new radical ion, m/e 144 (146), is set up for a number of eliminations. First, it 

may lose vinyl chloride to give a methylcyclopentenyl radical ion, m/e 82, 

which may then lose a hydrogen radical to give methylcyclopentenyl cation, 

m/e 81. These two ions combine with others mentioned previously at m/e 81



and 80 to further obscure any interpretation of of deuterium losses in 

subheading (e). Second, the radical ion product of the C1-C 2 homolysis of the 

parent ion may lose chlorocyclopropane to give eye lopenteny I radical ion, 

m/e 68, which may subsequently lose hydrogen radical to give cyclopentenyl 

cation, m/e 67. Finally, a 1,3 hydride transfer followed by elimination of CH2 Cl 

radical could be envisioned. This would result in the formation of 

ethylcyclopentenyl cation, m/e 95. This elimination is modeled after the 

ethylene loss from octa-l,3 ,7-trienyl radical ion mentioned previously in 

scheme II.

Scheme V is brought into play as a speculative tool to explain the 

existence of the peaks at m/e 9.3 and 95, as is one of the fragmentations 

mentioned in scheme IV. These fragmentations involve losses of CH4CI and 

C H 2 Cl, respectively. Chlorine is known to be lost, as chlorine is not present in 

the m/e 93 and 95 peaks, as seen in the ratios of the intensities of these peaks. 

Also, if Cl were present, the losses of 51 and 49 mass units would have to be 

explained by C gH 1^, C4H3, CgH^g or C 4H ^, which are not reasonable. The 

difficulty lies in invoking a means by which a one carbon fragment is lost in 

a compound with no methyl groups. The two most likely candidates are loss of 

C H 2 Cl as one fragment to give m/e 95, and loss of HCl and a methyl group (via 

rearrangement) to give m/e 93.

One method for losing CH2 Cl was illustrated in scheme IV. A reasonable 

alternative to the initial C1-C 2 bond homolysis in scheme IV is a homolysis of 

the C2 -Cg bond to give a radical at Cg and a positive charge at a C2 -Cl double 

bond. This radical ion could undergo a hydride transfer and loss of CH2Cl
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radical as in scheme IV. The C2-C3 cleavage seems less likely than the -C2 

cleavage, due to the lesser stability of a I0 radical compared to a 2° radical.

The loss of 51 mass units, CH^Cl, is thought to occur by losses of CHg and 

HCl. The HCl loss must occur first, or an (M-15)+ peak, m/e 129, or loss of 

methyl, should have been observed. If HCl is lost initially, this results in the 

same bicyd o [3.2.1]oct-2-enyl radical ion, m/e 108, invoked in scheme II. To 

provide a methyl group for elimination, this radical ion must cleave a C-C 

bond. Two possiblities are illustrated: C^-Cy and C4-C5 homolysis. The products 

of these cleavages must transfer hydrogen radicals to provide dienes with 

ethyl groups attached to double bonds, to facilitate loss of methyl radical by a 

preferential allylic cleavage. Vinyl methyls do not show favorable cleavage in 

mass spectral fragmentations. The two m/e 93 ions shown differ greatly in the 

fragments lost, and extensive hydrogen radical migrations may be involved. 

Determination of the hydrogens (or deuteriums) lost is thus made very 

im prac tical.

The deuterium  percentages could be calculated for only a few 

subheadings. The percentages in subheading (a), which consists o f  the M+ and 

(M + 2)+ peaks, were obtained by separating out the peak intensity contribution 

for each degree of deuterium incorporation. For example, the m/e 144 peak in 

the D2O column has an intensity of 2.5 relative to base. The m/e 145 peak, 

( M + l )  + , has an intensity of 2.3. If we subtract 1.1% of the intensity of the M+ 

peak for each carbon present from the intensity of the (M +l)+ peak, one 

obtains 2.3 minus 0.22 or 2.1. This separates out the contribution form the

( M + l ) + peak. This number, 2.1, is then a good approximation of the 

contribution of the M+ peak of the monodeuteriated 5, which would have m/e
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145. From this, an approximate ratio of 2.1:2.5 for monodeuteriated to 

nondeuetriated, or 45% D, is obtained. This can be carried through to cover 

d ideuteria ted  species by subtracting the 3 7 Cl contribution of the 

nondeuteri ated species (32.5% of the M+ intensity) and the ^3 C contribution 

of the monodeuteriated species (8.8% of the calculated monodeuteriated M+ 

intensity) from the (M+2)+ intensity. This calculation may be confidently 

applied to the parent ion subheading, (a), as there are no single hydrogen 

losses invoked to cloud its interpretation.

Subheading (b) could also be calculated confidently. The only 

fragmentation invoked to obtain the m/e 116 (118) peaks was a loss of 28, 

thought to be ethylene. This ethylene fragment is believed to consist of Cg, Cq 

and the original hydrogens bound to them in 5 . As the fragmentation is 

limited to a known portion of the original molecule, the calculation of the 

deuterium percentage becomes straightforward. The fact that chlorine is still 

present on the ions in this subheading allows use of the same method of 

calculation as outlined for the parent ion, subheading (a).

Subheadings (c), (d) and (e), however, each invoke many varying 

pathways to arrive at the ions within. Due to this complexity, accurate 

knowledge of the fragments lost could not be derived. As a result, deuterium 

percentages were not calculated for these subheadings, as Table 7 illustrates.

Subheading (f) presented a challenge. Knowledge of the fragment lost 

could be inferred to be Cg, Cg and C4 from scheme IV. However, determination 

of the hydrogens lost is not so straightforward. The single hydrogen radical 

lost from m/e 68 to 67 could conceivable be any of those remaining in the m/e 

68 radical ion. A calculation of the deuterium content was attempted in spite of



this. This deuterium percentage is thought to be of importance as subheading 

(f) contains the base peak, m/e 67. The deuterium percentage was calculated 

by subtracting contributions of each deuteriated species as before. In this

case, however, the contributions are not isotopic. Instead, it is assumed that

the ratios of the intensities of the (M-77)+ , (M-76)+ and (M-75)+ peaks, shown 

for nondeuteriated 5 , are constant for each level of deuteriation. This 

assumption is risky at best, and this particular calculation cannot be weighed

as heavily as those obtained for subheadings (a) and (b).

When the reaction of 2 with CO was carried out in the presence of I ^ O , 

deuterium was incorporated into the 5 produced. In the fragmentation from

the parent ion (a) to ion (b), a loss of 28, it appeared as if  all the deuterium was 

retained. This suggests that no deuterium was incorporated into the 6 or 7

positions of 5 , where the ethylene fragment is likely lost. Figure 17. A

substantial loss of deuterium appeared to occur in the fragmentation from the 

parent ion (a) to the base peak (f), This could be interpreted to mean that 

approximately two-thirds of the original deuterium was located at the 2, 3 or 4 

positions. This would place the other third of the deuterium elsewhere in the

molecule. Since the 6 and 7 positions have already been ruled out by stronger 

evidence, the rest of the deuterium would be placed in the I, 5 or 8 positions by 

elimination. However, any conclusions drawn from this latter loss are suspect, 

and some deuterium scrambling at the time of incorporation seems probable.

The reactions of both deuteriated platinacyclobutanes, I i  and 17, with CO 

resulted in deuteriated analogs of 5 . The fragmentation that exhibited a 

substantial retention of deuterium in compounds was from the parent ion (a)

to ion (b), or loss of 28, with over 90% retention of deuterium in each case.
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This led to the conclusion that deuterium was probably not at the 6 or 7 

positions, where the ethylene fragment is likely lost. In the fragmentation 

from the parent ion (a) to the base peak (f) approximately three-fifths of the 

original deuterium was lost in both cases. This suggests that approximately 

three-fifths of the deuterium was present in the 2, 3 or 4 positions, placing the 

other two-fifths at the I, 5 or 8 position by elimination. However, this latter 

deuterium percentage was suspect, and any interpretation must be treated 

with skepticism. As a result, the only definite conclusion which could be 

drawn was that no deuterium was likely to be present at the 6 or 7 positions. 

Also, there appeared to be a split of the deuteriums betwe the C2-C3-C4 and the 

C f - C g - C s  fragments, with most of the deuterium seemingly located on the 

former of these two fragments.

Although the mass spectral data of the deuterium-labelled species was 

not very conclusive in these instances, four logical mechanistic pathways for 

the formation of 5 seemed plausible, and are illustrated in Figure 18.

The first proposed pathway, (E), only indirectly involves the platinum 

center, via reductive-elimination of I . The starting cyclopropane, I , then 

reacts with HCl to give 5 as one of the products. Deuterium incorporation could 

occur via this mechanism in D2O, assuming DCl is then present to add to I .  

Then, deuterium would be expected to be incorporated at position 4 of 5. With 

11 and 17 as the starting platinacyclobutanes, deuterium would necessarily be 

incorporated into any 5 produced. If 11 and 17 reductively eliminate 10 

(Figure 14) and 16 (Figure 15), respectively, the deuterium location in any 

deuteriated analog of 5 produced should be predictable. Reaction of 10 with 

HCl should give 5 with deuterium at the 3 position. Reaction of 16 with HCl
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Figure 18. Proposed Mechanisms for the Formation of Compound 5.
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should place one deuterium at both the 2 and 4 positions of 5. Scrambling of 

deuterium to other positions may conceivably occur, as the addition of HCl to I 

invokes a bicyclic cationic intermediate, which could rearrange.

The other three pathways each involve the platinum center directly. All 

three mechanistic pathways are preceded by a Puddephatt rearrangement of 

the platinacyclobutane, giving a different platinacyclobutane which places 

the platinum directly "beneath" the hydrocarbon skeleton.

Pathway (F) invokes heterolytic cleavage of a Pt-C bond as its first step. 

Ligands with strong backbonding ability such as CO have already been shown 

to facilitate this cleavage. This would result in the formation of a 2° 

carbocation, which captures chloride, either as free chloride ion or delivered 

from the platinum center. The final step involves reductive-elimination of the 

alkyl chloride, but leaves a source o f hydrogen unresolved. Deuterium 

incorporation from D2 O seemed to indicate water, present either in the solvent 

or the CO gas, as a possible source of hydrogen. Deuterium from D2 O would be 

expected to appear at the 4 position.

An a -h y d rid e  transfer is the first step in pathway (G); resulting in a 

platinum-carbene complex. This is followed by reductive-elimination and 

abstraction of hydrogen, much as in the final step of pathway (F). However, 

this is not the final step in pathway (G), as the platinum carbene still remains 

at this point. The final step involves transfer of chlorine and possible 

reductive-elimination of the alkyl chloride by platinum. Deuterium from D2 O 

would be expected to appear at the 2 position.

The final proposed pathway, (H), involves an initial P-hydride transfer, 

resulting in a platinum Tt-allyl complex. The Jt-allyl complex undergoes
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nucleophilic attack by chloride to give a platinum-olefin complex. This 

hydrido-olefin-platinum  complex then undergoes hydride-olefin insertion67 

to give a metal alkyl, which reductively eliminates the alkyl chloride, 

abstracting hydrogen from an unknown source, most likely water. Deuterium 

from D2 O would be expected to appear at the 4 position, or possibly the 3 

position if a Pt-Cg a -bond  formed during the hydride-olefin insertion.

Pathway (G) is less likely than pathway (H), as a -h y d rid e  eliminations 

are less common than P-hydride eliminations, or at least are invoked less 

often. However, the P-hydride elimination would result in a Pt(IV) jc-a lly l 

complex; there are very few examples of these in the literature.6  ̂ Both 

pathways (G) and (H) invoke a platinum-hydride complex as a necessary 

intermediate. Although none was observed by ^H NMR spectroscopy, the 

existence of such a complex may have been very fleeting, and unobservable 

in the time frame of the NMR spectrometer. As a result, the possible existence 

of these platinum-hydride complexes could not be eliminated.

The Pt-C heterolytic cleavage invoked in pathway (F) should be greatly 

facilitated by the coordination of CO trans to the Pt-C bond. Carbon monoxide is 

known to have a pronounced trans influence and should weaken the Pt-C 

bond considerably, possibly enough to promote cleavage. Both pathways (F) 

and (G) invoke cationic intermediates and are similar in that respect, whereas 

pathway (H) has no cationic intermediate. Pathway (H) is probably the least 

likely of the three, as the solvent data seems to point to a cationic 

intermediate. All four mechanisms proposed could adequately explain the mass
1

spectral data of the deuteriated species. None of these mechanisms would place 

deuterium in the 6 or 7 positions, as the mass spectral data seemed to indicate.
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The apparent split of deuterium between the C2 -C 3-C4 and C1-C 8-C5 fragments 

could be facilitated by mechanisms with cationic intermediates which have 

the potential to rearrange, such as mechanisms (E), (F) or (G). This deuterium 

sp lit could  also be fac ilita ted  by m echanism s which invoke a 

platinum-hydride complex, conceivably a platinum-deuteride complex from 

labelled substrates, as in mechanisms (G) and (H). Pathway (E) has been 

shown to occur when HCl is present, but compound 5 is still formed in the 

presence of HOAc (Table 5, Ih and 2h), which should have done away with the 

possiblity of the presence of HCl. This suggests a direct involvement of the 

platinum center throught a CO facilitated rearrangement of 2. The mass 

spectral data of the deuterium labelled analogs of 5 does not seem to favor any 

one of these three mechanistic pathways of direct platinum involvement, (F), 

(G) or (H), over the others. As a result, all these mechanistic pathways must 

still be considered as possibilities for the formation o f 5 . Perhaps the 

examination of the mechanistic pathways for compound 4 would help shed 

some light on the pathways for compound 5. '

Possible Mechanistic Pathways for the Formation of 4

Deuteriated analogs of 4 were produced from the same three sources as 

the deuteriated analogs of 5 discussed previously. Mass spectral data of these 

three deuterium-labelled analogs of 4 along with the mass spectral data of 

nondeuteriated 4 are shown in Table 8.

Table 8 is divided into labelled subheadings of various m/e groupings. 

Figure 19 shows a scheme for the mass spectral fragmentation pattern of 4, as 

proposed by Del P esco .^  The labels of each proposed ion correspond to the
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Table 8. Mass Spectral Data of 4 and Its Deuteriated Analogs.

m/e 4 2 + Dn O
D-Labelled Source of 4 

t%D!a 11 /% m b 17 f%D)b

( a ) 148 0.3 0.5 0.5
147 - 0.7 1.0 1.6
146 LOc 1.7 2.0 2.5
145 0.4 2.3 2.3 4.1
144 3.0 2.5 (45%) 0.8 (116%) 1.6 (100%)

(b) 132 - _ 1.4 0.8
131 1.3 1.4 1.3 3.8
130 0.4 0.9 3.2 1.9
129 4.0 5.2 (9%) 2.5 (60%) 6.3 (50%)

(c) 111 _ 1.1 1.2 1.4
HO 0.5 3.5 4.6 8.4
109 5.0 5.4 2.5 9.7
108 3.0 2.0 0.8 3.4

(d) 97 _ 0.4 1.2 1.1
96 0.3 2.0 2.9 3.8
95 3.0 5.3 1.8 4.1
94 0.8 2.2 4.0 4.8
93 7.0 8.6 3.5 7.5

(e) 84 _ 1.6 3.5 2.3
83 0.7 8.6 30.9 16.7
82 12.0 67.9 100 100
81 100 100 40.3 56.4
80 8.0 4.3 7.7 14.8
79 11.0 14.3 5.0 14.5
78 1.5 4.0 3.3 9.8

(f) 69 0.8 2.3 3.4 6.4
68 5.1 10.2 22.9 29.1
67 29.0 45.5 22.8 35.0

aMonodeuteriated. ^Dideuteriated. cPercent relative to base.
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Figure 19. Proposed Mass Spectral Fragmentation Pattern of 4.

m/e 129 (131)
m/e 68 (f)

m/e 109 (c)m/e 129 (131)
m/e 67

m/e 144 (146) CU, m/e 109
m/e 81 (e)

m/e 109m/e 144 (146)

m/e 93m/e 108

m/e 144 (146) m/e 95

m/e 82 m/e 81
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labelled subheadings in Table 8. The numbers in parentheses within 

each subheading, where they appear, are the approximate percent deuterium 

calculated  for each subheading. These percentages are designed to 

quantitatively illustrate the amount of deuterium loss or retention in each 

frag m en ta tio n .

The deuterium percentage was calculable with confidence only for 

subheadings (a) and (b). Subheading (a) contains the parent ion. No single 

hydrogen losses are invoked within this subheading, making the calculation 

of the deuterium percentage straightforward. The same procedure used for 

calculating the deuterium percentages for subheadings (a) and (b) in Table 7 

was applied in this instance as well.

Subheading (b) invokes a loss of m/e 15, or methyl radical. The methyl is 

thought to consist of the same carbon and hydrogens in all precursor ions 

envisioned in Figure 19. This makes the calculation of the deuterium 

percentage straightforward, as only one meaningful pathway results in 

formation of the ions at m/e 129 (131): loss of methyl group. The same method 

of calculation of the deuterium percentage for subheading (a) in Table 8 was 

applied to subheading (b) in the Table 8.

The other subheadings of Table 8, however, could not lead to meaningful 

calculations of deuterium percentages. This is because each of the ions could 

arise from many diverse fragmentation schemes. In addition, these schemes 

contain rearrangements and hydride transfers which further confuse any 

interpretation of deuterium content; As a result, no deuterium percentages 

were calculated or are shown for subheadings (c), (d), (e) or (f) in Table 8.
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In the reaction of 2 with CO in the presence of D2 0 , compound 4 

exhibited deuterium incorporation in its mass spectral data. In the losses from 

the parent ion (a) to ion (b), it was apparent from the deuterium percentages 

that a great majority of the deuterium had been lost in this fragmentation. 

There is a loss of 80% of the deuterium in this step. It is reasonable to suggest, 

then, that the deuterium was being incorporated into the methyl group. If we 

assume deuterium is incorporated by cleavage of the Pt-C bond, then this data 

supports pathway (a) of Figure 10. Pathway (b) would place deuterium at the 7 

position of 4, Figure 20. Pathway (a) must still be considered as the major 

pathway until more data is examined.

Figure 20. Numbering Scheme for Compound 4.

Use of deuterium -labelled platinacyclobutane 11 gave additional 

information toward selecting a mechanistic pathway for the formation of 4. If 

the pathways illustrated in Figure 10 were in operation, then deuterium would 

end up in the positions shown in Figure 21. As can be seen from the 

illustration, both pathways lead to the same deuteriated product, leaving both 

deuteriums on the methyl group.
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However, examination of the mass spectral data of the deuteriated analog 

of 4 produced from the reaction of 11 with CO posed a contradiction. The 

fragment ion that involved a loss of the original methyl group, [(b). Table 8, p. 

60], showed a loss of approximately half of the original deuterium present in 

the parent ion, (a). From this data, it was concluded that one of the two 

possible deuteriums was located on the methyl group, while the other was 

located elsewhere on the compound.

Figure 21. Location of Deuterium from 11 to 4 Via Pathways (a) and (b).

Since the deuterium labelling seemed to contradict the originally 

proposed pathways, a variation on these mechanistic pathways was in

order. These pathways, shown in Figure 22, differ from the pathways in 

Figure 10 primarily in their first step, which is a -h y d rid e  transfer rather 

than Pt-C heterolytic cleavage. Also, since there are two different hydrogens 

a -  to the platinum, two distinct pathways, (x) and (y), are possible within this
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mechanistic scheme. A platinum-hydride complex was not observed by 

NMR spectroscopy, but its existence may have been of such a short duration 

that it would not have been observable. The next two steps are the same as 

those found in pathways (a) and (b): a 1,2-hydride shift followed by a 

W agner-M eerwein rearrangem ent. However, after the rearrangem ent, a 

strained platinacyclobutane rem ains, containing both a bridge and a 

bridgehead carbon of the norbornyl skeleton. While this appeared strained, 

models constructed did not show it to be any more severely strained than the 

orig inal p latinacyclobutane, 2 . Once again, however, this intermediate 

platinacyclobutane is probably too short-lived to be observed by NMR 

spectroscopy. The next step involves reductive-elimination at the bridge 

carbon-platinum bond, resulting in C-H bond formation. This results in two 

similar intermediates, one from each pathway, and the final steps in each are 

chloride transfer, either of free chloride or chloride coordinated to platinum, 

and reductive-elimination with abstraction of hydrogen from an unknown 

source, as in pathways (a) and (b), probably water.

Pathway (x) could be envisioned to diverge, if  a Wagner-Meerwein 

rearrangement occurs before the 1,2-hydride shift. However, the ultimate 

product would not be of the same structure as 4. Instead, the reaction would 

produce 2 -(ex o )-ch lo ro -7 -(s ,yn)-m ethylbicyclo[2.2.1]heptane. This may 

indeed be one of the minor products. However, this mechanistic detour 

definitely does not account, for the formation of 4.

This revised mechanism resolved the disparity between each of the two 

sets of deuterium labelled analogs of 4 previously considered and the products 

predicted by pathways (a) and (b) [Figure 10, p.21]. The revised pathways, (x)
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Figure 22. Revised Mechanism for the Formation of 4.
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and (y), would each be expected to give the same deuterium labelling effect in 

4 from abstraction of deuterium from D2O, since the final intermediate in each 

pathway shows platinum bound to what will become the methyl carbon. Each 

pathway, then, can only place deuterium at the methyl group in the reaction 

of 2 with CO in the presence of D^O.

For the product resulting from the reaction of compound 11 with CO, two 

possibilities could arise from pathways (x) and (y), Figure 23. The deuteriated 

analog of 4 via pathway (x) is the same as expected from pathways (a) and (b) 

as mentioned previously. However, pathway (y) results in dideuteriated 4 

with one deuterium on the methyl group and one at the bridge (position 7). 

This would explain the mass spectral data, which shows only half the 

deuterium on the methyl group. Thus, pathway (y) is favored from substrate 

11 .

Another deuteriated platinacyclobutane substrate, 17 , was also used to 

examine possible pathways of formation of 4. Mass spectral data of the 

deuteriated analog of 4 produced from 17 appeared much the same as the data 

from the deuteriated analog of 4 produced from 11, and the same conclusions 

regarding a split in the deuteriums were drawn. Half the deuterium seemed to 

be located on the methyl group, while the other half was located elsewhere in 

the molecule. Figure 24 shows the deuterium labelling expected from the 

m echanistic pathways postulated thus far. Both pathways ■ (b) and (y) 

adequately explain the deuterium labelling observed in deuteriated 4 obtained 

from the reaction of 17 with CO. However, pathway (b) did not explain the 

deuterium split in the deuteriated analog of 4 produced in the reaction of 11

67

with CO.
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Figure 23. Location of Deuterium from 11 to 4 Via Pathways (x) and (y).

Figure 24. Location of Deuterium from 17 to 4 Via Pathways (a), (b), (x) and (y).
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It appears, then, that only pathway (y) adequately explains all three 

deuterium labelling studies in the formation of 4. Also, an intermediate 

cationic species was indicated by solvent effects, and by the methoxy 

compound produced when the reaction is run with MeOH present, as 

determined by E k e l a n d . ^  When the reaction of 2 with. CO was performed in 

the presence of H^O, MeOH or HOAc, there were products observed with the 

molecular ion masses appropriate (m/e 126, 140, or 168, respectively) for

hydroxy, methoxy or acetate derivatives of I  or 3. Their, exact structures, 

however, were not determined. Whether all these apparent hydroxy, methoxy 

and acetate derivatives .were formed from intermediate cationic species in the 

proposed mechanisms for the formation of 4 or 5 , or through another 

completely different means remains unresolved.

Other possibilities remained, and could not be overlooked. First, reaction 

of I  with HCl did produce some 4, but its yield was virtually negligible. Clearly, 

then, platinum did play a direct role in the formation of 4. Another possibility 

could have been P-hydride transfer and formation of a platinum j i - a l ly l  

complex before a Puddephatt rearrangement could occur, but any subsequent 

alkyl chloride products which could be envisioned would not be of the correct 

structural formula. Figure 25.

These other possibilities just presented did not, however, detract from 

the selection of pathway (y) as the most likely in, the formation of 4. This 

invocation of an a -h y d rid e  elimination in pathway (y) added weight to 

pathway (G) being the most likely mechanistic pathway for the formation of 5 

from the same reaction of 2 with CO, if any direct correlations are permitted.
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Figure 25. ^-Hydride Transfer in 2.
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SUMMARY AND CONCLUSIONS

In the reaction of 2 with CO in various organic solvents, many products 

were observed by capillary GC, four of which were identifiable. Two of these 

were alkyl chlorides, 4 and 5 , which clearly arose through different 

m echanistic pathways.

Compound 5 could be shown to come about through mere addition of HCl 

to the starting cyclopropane. However, the absence of or a decrease in the 

amounts of other accompanying HCl adducts in the reaction of 2 with CO led to 

the conclusion that the addition of HCl to I  could not account for all of 5 

present and that platinum must have directly played a role in its production. 

Mechanisms were proposed for the formation of 5, but none could be chosen 

as more likely than another. The interpretation of the mass spectral data of 

the deuteriated analogs of 5 did not aid in the selection of any one mechanism 

as the most reasonable.

Compound 4 was present only in negligible yield from the reaction of 

HCl with I ,  suggesting that the platinum species definitely was the major 

direct source of 4 through a molecular rearrangement of the hydrocarbon 

skeleton. Mechanistic pathways were proposed for the formation of 4. One of 

these was readily rationalized as the most likely through interpretation of the 

mass spectral data of the deuteriated analogs of 4. This pathway differed from 

those proposed by Ekeland in that the first step involved an a - h y d r id e  

transfer rather than heterolytic cleavage of a Pt-C bond.
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M echanistic pathways proposed for the formation of both 4 and 5 

invoked cationic or at least polar intermediates, so polar solvents should have 

facilitated the formation of each. This seemed to be the case, but, generally, as 

polarity of solvent increased, so apparently did its ability to coordinate with 

platinum and thus compete with the coordination of CO. The presence of 

hydroxy, methoxy or acetate derivatives of trapped cationic species from the 

reaction of 2 with CO in the presence of H^O, MeOH or HOAc, respectively were 

indicated by the mass spectral data, but were not rigorously investigated. Work 

previously performed by Ekeland, however, positively identified a methoxy 

derivative as one of the products when the reaction of 2 with CO was carried 

out in the presence of MeOH. This proved the existence of a cationic 

in te rm ed ia te .

Free HCl did not appear to be necessary in the reaction of 2 with CO to 

give 4 and 5. However, there may have been HCl present as an impurity in 

Zeise's dimer or the solvents, or HCl may have been produced as a byproduct 

from the decomposition of 2 in its reaction with CO. Free chloride ion or 

chloride coordinated to platinum seemed the only two reasonable sources of 

chlorine for incorporation into the alkyl chloride products.

The vast array of products formed from the reaction of 2 with CO called 

attention to the many different possible mechanistic pathways a transition 

metal center could be envisioned to facilitate in organometallic chemistry.
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