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ABSTRACT

A new methodology for the homologation of alkenes was examined. 
Novel platina(IV)cyclobutanes were prepared by the reaction of platinum(ll) in 
the form of Zeise’s dimer with a variety of substituted cyclopropanes. The 
alkenes formed from the thermal decomposition of the platina(IV)cyclobutanes 
were characterized and yields of chain extended and ring expanded products 
were determined. Mechanistic techniques have been employed in an effort to 
determine the pathway for the alkene homologation process. Included in these
mechanistic studies were; 2H and.13C isotopic labeling studies, determination 
of kinetic isotope effects, acquisition and analysis of thermodynamic 
parameters, ligand exchange experiments, and solvent effects. Conclusions 
based on results were used to develop a plausible reaction mechanism.
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INTRODUCTION

Discovery and Structure of Platinanvtovclobutaries

The history of Platina(IV)cyclobutanes began in 1955 with a discovery by 

Tipper1. Inspired by the work of Walsh2 which suggested that there are 

similarities in electron delocalization between cyclopropanes and olefins, 

Tipper reasoned that it. might be possible to synthesize metal-cyclopropane 

complexes similar to complexes known to exist for metal-alkenes. Tipper 

reported that cyclopropane reacted with hexachloroplatinic acid, H2PtCI6, in 

acetic anhydride to form a brown solid with composition C3H6CI2Pt, which on 

treatment with pyridine (Py) gave a white compound [PtCI2(C3H6)(Py)2] (Figure

I). The white substance was later identified as a platina(IV)cyclobutane.3"5

Figure 1. Discovery of Platina(IV)cyclobutanes.

tipper’s method for the preparation of platina(IV)cyclobutanes is limited 

by the use of hexachloroplatinic acid and was found not to be useful in the 

preparation of substituted analogous.6 A more general synthetic route,

discovered by McQuiIIin, involved the reaction of cyclopropane derivatives with

Zeise’s Dimer (Figure 2).7

Py



+ [CIgPtCgHjjg

Zeise's Dimer

2

R R

A < D PtCl2 4

Figure 2. General Method for Platina(IV)cyclobutane Synthesis.

The reaction of Zeise’s Dimer with cyclopropane can often be monitored 

visually by the disappearance of the orange colored Zeise’s Dimer and the

formation of the yellow initially precipitated complexes (IPC).8 An IPC is only 

sparingly soluble in any solvent in which it does not react and the first attempts

to characterize it were made by R.D. Gillard in 1969.9

Gillard proposed two possible structures for an IPC derived from 

cyclopropane based on IR, mass spectrum and x-ray powder diffraction and the 

analysis of monomers derived from reactions of the IPC with good donor

ligands like pyridine (Figure 3).

Cl

2

Figure 3. Possible Structures of Tetrameric Platina(IV)cyclobutanes.
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Gillard further argued that structure 1 (Figure 3) was most probable 

based on an analysis of the products derived from the reaction of the I RC. with 

dioxane. Dioxane attack trans to the methylene groups in structure 1 would 

give either compound 3 or 4, where as similar attack on structure 2 would give 

only compound 4 (Figure 4).

Figure 4. Reactions of Tetrameric Platina(IV)cyclobutanes with Dioxane.

Gillard found that the IR spectrum due to the product resulting from the 

reaction of the I RC. with dioxane is virtually identical with the spectrum of other 

complexes containing dioxane in the chair conformation and also with the 

spectrum of free dioxane which is known to have a chair conformation. It was 

therefore concluded that the dioxane derivative has the bridging chair form and

that the I RC. is most likely structure I.

Treatment of the I.RC.’s with pyridine or a variety of other coordinating 

ligands produces monomeric platina(IV)cyclobutanes PtX2(C3H6)L2 where x =

Cl or Br. These monomeric complexes are easily isolated and are readily 

soluble in many common solvents including chloroform, methylene chloride,

Cl

Cl
3 4
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benzene and acetonitrile. Due to the enhanced solubilities relative to the 

tetrameric complexes, the monomers have been well characterized. With few 

exceptions, X-ray crystal structure analysis has shown them to be octahedral 

complexes with the cyclopropane moiety trans to the pyridine or other 

coordinating ligands (L) and the halogens are trans to one another as shown in 

Figure 6.3"5

5

Figure 5. Structure of Monomeric Platina(IV)cyclobutanes.

Synthesis of Platina(IV)cyclobutanes

The most versatile and frequently used method for preparing substituted 

platina(IV)cyclobutanes is reaction of cyclopropanes with Zeise’s Dimer. In this 

method, diethyl ether is the most frequently used solvent, but tetrahydrofuran, 

chloroform and methylene chloride have also been employed successfully.10 

Tetrahydrofuran has mild ligating abilities with platinum and provides increased 

solubility of both the starting materials and the products.

The platina(IV)cyclobutane monomers are stable when X = Cl or Br and L 

is an oxygen or nitrogen-donor ligand. Replacement of the platinum bound 

ligands (L) have been observed in the order; tetrahydrofuran, pyridine, 4- 

methylpyridine, and ethylene diamine. All of these displacement reactions were 

observed to occur without the elimination of the cyclopropane.11 When strong 

ligands with a high trans-effect, such as tertiary phosphines are coordinated to
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platinum, the cyclopropane is usually eliminated. Bulky nitrogen donor ligands 

such as 2-methylpyridine or 2,6-dimethylpyridine or weakly coordinating 

ligands have been known to induce decomposition to form alkene or ylide 

complexes.

The platina(IV)cyclobutane complexes formed from the reaction of 

substituted cyclopropanes with Zeise’s Dimer are of the three general types: 

monosubstituted, PtX2(C3H5R)L2; disubstituted, PtX2(C3H4RR1)L2; and 

trisubstituted, PtX2(C3H3RR1R11)L2. Table I gives examples of well 

characterized compounds of the type PtX2(C3H5R)L2.

Table 1. Platina(IV)cyclobutanes of the Type PtX2(C3H5R)L2.12

R

L R L R

Py
Py
Py
Py
Py
Py
Py
Py
Py
Py
Py
Py
Py
Py

2-Mea 
2-Et 
2-i-Pr 
2-Bu
2-CH2COMe
2-CH2OH
2-CHMeOH
2-CHMe2OH
1- Ph
2- Ph
2-PhCH2 
I -P-MeC6H4 
2-p-MeC6H4

2-o-MeC6H4a

i/2(tmed) I-Ph
i/2(tmed) 2-Et
i/2(phen) 2-Me
THF 2-Mea
THF 1-Ph
THF 2-Ph
THF 1 -p-MeC6H4

4-Mepy I-Ph
4-Mepy 2-Ph
2- Mepy 2-Ph
3- Mepy 2-Mea
i/2(bipy) I-Ph
i/2(bipy) 2-Ph
i / 2(bipy) 2-CH2OMs

a Found as a mixture with the substituent at the 1 and 2 position.
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The relative reactivity of monosubstituted cyclopropanes was compared 

by competitive reactions of cyclopropanes with Zeise’s Dimer.13 These studies 

gave the reactivity sequence R = H-C6H13 > PhCH2 > Rh > O-NO2C6H4. 

Cyclopropanes with R = CN, COCH3, and CO2CH3 gave no reaction. This 

reactivity sequence implies that the platinum functions as an electrophile and 

that the cyclopropane displacement reaction depends on the electron donor 

capacity of the cyclopropane ring. This phenomenon was confirmed in a later 

study where aryl substituted cyclopropanes gave the reactivity order 4-EtOC6H4 

»  4-MeC6H4 > Rh > 4-FC6H4.14

Table 2 provides examples of platina(IV)cyclobutanes of the type 

PtX2(C3H4RR1)L2 resulting from the treatment of 1,1-disubstituted 

cyclopropanes with Zeise’s Dimer. In all of these cases, only the formation of 

2,2-disubstituted isomer was observed even though the 1,1-disubstituted 

isomer has been implicated as a reaction intermediate.

Table 2. 2,2-disubstituted Platina(IV)cyclobutanes.12

J______________ B_______________ BL

Py Me Me
Py Me CH2OH
Py Me CH2OMs
Py Ph CH2OMs
i/ 2(bipy) Me Me
i/ 2(bipy) Ph CH2OMs
i/2 (phen) Me Me
i/2(tmed) Me Me
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Tables 3 and 4 give examples of disubstituted platina(IV)cyclobutanes, 

PtX2(C3H4RR1)L2 resulting from the treatment of 1,2-disubstituted 

cyclopropanes with Zeise’s Dimer. Table 3 shows both trans 1,2- and trans 1,3- 

platina(IV)cyclobutanes. In the case of trans 1,2-diaryl substituted 

cyclopropanes, formation of both the trans 1,2- and trans 1,3- 

platina(IV)cyclobutane isomers were observed. The trans 1,2- 

dialkylcyclopropanes gave only the trans-1,2-dialkyl platina(IV)cyclobutane 

isomer as the isolated product. Table 4 gives examples of a variety of cis 

disubstituted platina(IV)cyclobutanes. Except for the diphenyl substituted case, 

the platinum resides in the least substituted position forming the cis 1,2- 

disubstituted platina(IV)cyclobutane as the stable product.

Table 3. Trans 1,2- and 1,3-disubstituted Platina(IV)cyclobutanes.12

R

L___________ B_______________ R"

Py Me Me
Py Ph Pha
Py Me Ph
Py Ph Me
Py Me n-Butyl
4-(t-Butylpy) Ph Pha
4-(t-Butylpy) P-MeC6H4 P-C6H4
i / 2(phen) Me Me
CD3CN Me Me
PhCN Me Me
2-Mepy Me Me

a Found as a mixture with the 1,3-disubstituted isomer.
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Table 4. Cis 1,2- and 1,3-disubstituted Platina(lV)cyclobutanes.12

Homplex_______ .___________________  Complex

PtCfePx,

d
PtCfeL2

a: Found as a mixture with the 1,3-disbustituted isomer, b: L=4-Mepy, 2,5-diMepy, 3,6-diMepy, 
Aniline, p-CI-Aniline, DMAP1 2-Mepyrazine, en, bipy. c: L=Py1 (4-pyridyl)carbinol. d: L=Py, bipy.
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Platina(IV)CycIobutanes of the type PtX2(C3HRR1R11)L2 are presented in 

table 5 and were synthesized from the reaction of 1,2,3-trisubstituted 

cyclopropanes and Zeise’s Dimer.

For all three of the general types of platina(IV)cyclobutanes just 

mentioned, insertion of platinum into the cyclopropane derivatives has been 

shown to proceed with retention of the stereochemistry of the cyclopropane 

substituents. In addition, reactions of platina(IV)cyclobutanes which eliminate 

cyclopropanes always occur with the retention of the platina(IV)cyclobutane 

stereochemistry.

Table 5. 1,2,3-trisubstituted Platina(IV)cyclobutanes.12

Complex Complex

Q

ICH2CH

PtCI2Py2

a L=Py, DMAP, bipy, en b L=Py, bipy, en
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Characterization of PiatinaflV)cvclobutanfis 

Infrared Spectroscopy

As mentioned previously, LR. spectroscopy was used by Gillard to 

elucidate the structure of the tetrameric platina(IV)cyclobutanes by analysis of 

the products derived from reactions with dioxane. Previous to that time, LR. 

spectroscopy was used to verify the opening of the cyclopropane ring for the 

first platina(IV)cyclobutanes synthesized.15 It was argued that if the 

cyclopropane ring formed an edge complex to platinum, its' local symmetry 

would be largely preserved. Consequently, the edge-complexed 

cyclopropanes should show bonds similar to free cyclopropane. Since this was 

not observed, it was concluded that the cyclopropane ring had indeed been 

opened. Table 6 contains LR. data for a tetrameric and monomeric 

platina(IV)cyclobutanes and for comparison, free cyclopropane.15

Table 6. Infrared Data of Platina(IV)cyclobutanes and Cyclopropanes.

Band Orioin IEt(C3H6)^ l2J4 Pt(C3H6)Gl2Py2 GgH6

C-H 3025m, 2954m 2992w, 2938m 3103, 3028
2984sh 2917m

CHz deformation 1414m 1437sh 1442
CHz wag 1255s, 1237sh 1238w
CH2 twist 1165w 1217m
ring deformation 1149s, 1125w 1134w, 1087w 1029
CH2 rock 1087vs, 1022vw 1038s
ring deformation 981m 980vw 869
CH2 rock 948m, 890w 

663w,b
976w, 892w

ring deformation 563m
(mainly. Pt-C)
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Platinum-195 is a spin 1/2 NMR active isotope with a natural abundance 

of 33.7%. As a result, NMR spectroscopy is often the preferred technique for the 

study of platinum complexes. Platinum shows significant, couplings to

commonly observed organic nuclei such as 1H, 13C, 31P, and 15N. A spin 1/2 

nuclei bound to platinum will appear as a central resonance of relative intensity 

of 66.3% with high field and low field satellites each with a relative intensity of 

16.8%. The frequency difference between the satellites is the coupling constant 

to the platinum-195. Since all 3 peaks will show multiplicities due to the typical 

proton-proton couplings, it is often possible to assign a nucleus by observing a 

single unobscured platinum-195 satellite.

Probably the most useful aspect of the proton NMR analysis, of 

platina(IV)cyclobutanes is the platinum-proton couplings constants., These 

platinum couplings or satellites not only help to prove the presence of platinum 

in the molecule but also give useful information about the position of the metal 

in the ring and the position of ring substituents. Characteristic couplings 

between platinum and protons range from 70 to 110 Hz for 2Jpt H, 0 to 50 Hz for

3Jpt,H, and 0 to 10 Hz for 4Jpt h.12 Proton NMR analysis is often limited for 

complicated molecules due to the fact that resonances and couplings can be 

obscured by overlapping resonances.

13C NMR

Analysis of platina(IV)cyclobutanes using 13C NMR spectroscopy seldom 

suffers from the problems of resonance overlap often encountered for the 

corresponding proton spectrum. As a result, proton decoupled 13C NMR is an 

excellent elucidation technique for these complexes. Figure 6 gives
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characteristic carbon NMR resonance ranges for platina(IV)cyclobutane 

carbons.12 For carbons within the platina(IV)cyclobutane ring, platinum-carbon 

coupling constants have been reported in the ranges of 335 to 460 Hz for 1Jpt c 

and 80 to 130 Hz for 2Jpt c . Cyclopropane ring substituent carbons show 

couplings to platinum on the order of 0 to 25 Hz for 2Jpt c and 0 to 65 Hz for

3JPt1C-

0-(-1 5 )

Pt

____ J H - 1 2 )

35-45
X

40-50

0-(-1 5 )

Figure 6. Characteristic 13C NMR Resonances for Platina(IV)cyclobutanes.

Analysis of 13C NMR spectroscopy data is especially useful for 

distinguishing between isomers of platina(IV)cyclobutanes. For example, 

isomers that are substituted at either the 1 or 2 position are distinguished from 

one another by the fact that the platina(IV)cyclobutanes with substituents in the 

1 position yield 3 unique carbon resonances, while substituents in the 2 

position produce only 2 carbon ring resonances, due to symmetry. This type of 

discernment is also useful to distinguish between 1,2 versus 1,3 disubstituted 

platina(IV)cyclobutane isomers.

X-Rav Crystallography

X-ray crystallography analysis of platina(IV)cyclobutanes has been a 

valuable tool for the structural determination of platina(IV)cyclobutanes and as 

mentioned previously, this method was used to prove the monomeric pyridine
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complex, Figure 5, to have cis pyridines and trans chlorines. Furthermore, it has 

been determined by X-ray crystallography that the C1-C3 distance ranges 

from2.37 to 2.60A which when compared to a range of 1.501 to 1.524A for 

cyclopropane bond distances, conclusively dismisses any possibility of an edge 

bound complex. The length of the platina(IV)cyclobutane ring carbon-carbon 

bonds C1-C2 and C2-C3 in these complexes range from 1.48 to 1.82A. The Pt- 

C2 distances ranging from 2.60 to 2.71 A is too large to suggest any significant 

trans annular bonding in most cases.

Most of these complexes show a coplanarity between the platinum, the 

two alpha carbons C1 and C3 and the pyridine ligands (L), which are 

perpendicular to the two trans chlorines. An interesting feature of these 

complexes is the dihedral angle derived from the planes formed by C1-Pt-C3

and C1-C2-C3. This ring puckering has been observed to be as high as 29° 

and when a bidentate ligand like bipyridine is coordinated to platinum, the 

pucker is generally near zero. The barrier to inversion of the puckered 

platina(IV)cyclobutane ring is believed to be small (1.4 Kcal/mole),. since no ring 

conformers have been distinguished in solution.16

Mechanism of formation of PlatinaflVVcvcIobutanes

The formation of platina(IV)cyclobutanes from the reaction of Zeise’s 

Dimer with cyclopropanes has been studied extensively. Kinetic studies have 

revealed that the reaction follows second order kinetics and is first order with 

respect to both Zeise’s Dimer and cyclopropane.14 The three major pathways, 

“polar intermediates”, “platinum(IV)-alkene intermediates”, and “solvent 

coordinated intermediates” have been considered as possibilities for the
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formation of platina(IV)cyclobutanes in tetrahydrofuran and are shown in 

Figures 7, 8, and 9 respectively.

Ar

Pt00 +
+CHAr CHAr

r HVlp1X  \

CH2
pt /C H  

CH2

Figure 7. Platina(IV)cyclobutanes via Polar Intermediates.

X  Z c lX  Z C I
Pt Pt 

Z  N Z  X z ,
Cl Cl

-2 (C2H4)

s = coordinating solvent

S

dimerization 
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Figure 8. Platina(IV)cyclobutanes via PIatinum(IV)-AIkene Complexes.

Figure 9. Platina(IV)cyclobutanes via Solvent Coordinated Intermediates.
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It was determined that the rate of platina(IV)cyclobutane formation 

increases, with solvent polarity following the sequence acetonitrile > acetone >

tetrahydrofuran > 1,4-dioxane.14 The observed solvent effect implies that the 

reaction proceeds through a polar intermediate or transition state (Figure 7). 

However, there are two arguments against this mechanism. First, there is no 

observed loss of stereochemistry as would be anticipated from the subsequent 

freedom of rotation about the carbon-carbon bond if a polar intermediate was 

present. Second, reactions of Zeise’s Dimer with arylcyclopropanes 4- 

XC6H4C3H where X=OMe or H did not show rate differences that would be 

consistent with an ionic intermediate or transition state.

The “platinum(IV)-alkene intermediates” and “solvent coordinated 

intermediates” pathways shown in Figures 8 and 9 both invoke the coordination 

of a nucleophilic cyclopropane to an electrophilic platinum center to yield an 

edge complex. This is followed by the opening of the cyclopropane ring to yield 

the platina(IV)cyclobutane. It is not known which of these two steps is rate 

limiting. The pathway shown as Figure 9 has long been favored over the 

pathway of Figure 8 because it was suggested that platinum(IV) is unable to 

coordinate to olefins and therefore intermediate complex 6 is unlikely. However, 

a platina(IV)cyclobutane that contains a platinum olefin bond has been

synthesized by Jennings.17 In addition, Sonoda reported a 

platina(IV)cyclobutane intermediate that retains its coordination with ethylene 

during the oxidative addition of the cyclopropane.18
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Chemistry of PlatinanVIcyclobutanes 

The Puddephatt Rearrangement

Platina(IV)CycIobutanes have been shown to undergo a rather unique 

isomerization process referred to as the Puddephatt Rearrangement due to the 

fact that it was first recognized and reported by R.J. Puddephatt in 1976.19 

Puddephatt characterized a mixture of two isomeric platina(IV)cyclobutane 

monomers from the reaction of Zeise’s Dimer (Z.D.) with phenylcyclopropane 

followed by the addition of two equivalents of pyridine (Figure 10).

7 8

Figure 10. The Puddephatt Rearrangement.

Initial analysis of the above reaction revealed that the product mixture 

consisted of predominantly complex 7. When the mixture was warmed at 50°C 

in chloroform for 45 min. an equilibrium between complexes 7 and 8 was 

established with a final isomeric ratio of I to 2.3, respectively. Furthermore, at 

lower temperatures, isomer 7 was more stable relative to isomer 8 than at

higher temperatures implying a positive AH0 for the conversion of complex 7 to 

complex 8 and therefore a positive AS0 is required.20

The isomerization process is retarded by the presence of excess pyridine 

and the approach to equilibrium follows first order kinetics with respect to the
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concentration of free pyridine.20 In addition, bidentate ligands such as NNN’N’- 

tetramethylenediamine completely inhibits the isomerization process. These 

observations indicate that the isomerization proceeds through an intermediate 

resulting from the reversible dissociation of a ligand.

For monosubstituted cyclopropanes with electron donating substituents, 

initial insertion of platinum occurs at the more substituted position giving 

platina(IV)cyclobutane isomer 9 of Figure 11 and then a subsequent equilibrium 

is established by isomerization of compound 9 to the more stable isomer 10.19 

1,2-diaryl substituted cyclopropanes behave in a similar manner. That is, 

insertion occurs initially to form the 1,3-disubstituted platina(IV)cyclobutane and 

then an equilibrium is established by isomerization to the 1,2-diaryl isomers.

Figure 11. The Isomerization of Platina(IV)cyclobutanes.

For monosubstituted cyclopropanes with alkyl substituents, only isomer 

10 is observed and it is believed that the initial insertion of platinum occurs at 

the least substituted bond of the cyclopropane. However, there is evidence that 

indicates that the Puddephatt Rearrangement occurs rapidly in these cases and 

therefore, it is not possible to determine unambiguously the initial point of 

insertion of platinum into the cyclopropane ring.21 An analogous ambiguity 

exists for 1,1-disubstituted cyclopropanes which yield only the 2,2-disubstituted 

platina(IV)cyclobutane isomers.

R

R

9 10
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Initial studies of deuterium labeled phenyl cyclopropane proved that the 

Puddephatt rearrangement does not occur through a phenyl migration since the 

isomerization yielded no isomers where the phenyl substituent is bound to a 

non-deuterated carbon (Figure 12).20 Furthermore, no significant crossover 

products were observed when the rearrangement was allowed to occur in the 

presence of deuterium labeled cyclopropane and it was therefore concluded 

that the process occurs intramolecularly without dissociation of the

cyclopropane 22 This was further supported by kinetic studies that showed the 

reaction to be first order in platina(IV)cyclobutane 20

Figure 12. Phenyl Migration and the Puddephatt Rearrangement.

PtCI2Py2 does not react with cyclopropanes and no incorporation of 

external chlorine was observed when the isomerization was carried out in the

presence of radioactive chloride ion.22 Given the above information, it was 

concluded that the Puddephatt rearrangement begins with a reversible 

dissociation of pyridine followed by isomerization to yield a 5 coordinate, 16-

electron complex of square pyramidal geometry.23’24 For the steps following 

ligand dissociation, there have been three alternative mechanisms proposed
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and these are shown as equations A, B, and C (Figure 13). Equation A involves 

the formation of an intermediate alkene-carbene complex resulting from a 2+2

cycloreversion.25 The carbene-olefin intermediate in this reaction pathway is 

analogous to a step proposed in olefin metathesis reactions catalyzed by 

transition metals.26 However, there are several serious objections to this 

mechanism.

Equation A. The Alkene-Carbene Mechanism.

Equation B. The Edge Migration Mechanism.

Equation C. The Concerted Mechanism.

Figure 13. Puddephatt Rearrangement Mechanisms.
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The thermal decomposition of platina(IV)cyclobutanes does not yield a 

significant amount of ethylene or RCH=CH2 as might be predicted if Equation A 

was the correct pathway.27 Also, it may be expected that the intermediates 

would undergo alkene exchange but no external alkenes have been shown to 

be incorporated into the platina(IV)cyclobutane. Furthermore, this mechanism 

requires a concerted rotation about the' alkene and carbene during the 

isomerization process if the stereochemistry is to be preserved. It is not obvious 

why the rotation should be concerted and it has been shown that the rotation 

around metal olefin bonds is facile while rotation around platinum carbon bonds 

is not. Finally, studies on the isomerization of complexes derived from cis- or 

trans-1-phenyl-2-deuteriocyclopropane showed retention of stereochemistry.27

The key step in the mechanism shown as Equation B is the formation of 

an edge complex which is followed by an edge to edge migration and 

subsequent oxidative addition to give the isomeric compound. Results of 

crossover experiments give evidence against this mechanism. That is, when 

the isomerization is carried out in the presence of deuterium labeled 

cyclopropane, no significant amount of the deuterium labeled cyclopropane is 

incorporated into the platina(IV)cyclobutane.22

The mechanism as shown in Equation C proceeds through a concerted 

process where initial puckering of the ring is followed by bond formation 

between the beta-carbon and platinum. Simultaneously, a bond is formed 

between the alpha-carbons and platinum followed by a collapse to the other 

isomer. In summary, since no arguments necessarily eliminate any of the three 

proposed mechanism, all three will remain valid until additional discriminatory 

evidence is obtained.
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Formation of n-Allyl Platinum Complexes

The Ttallyl complexes have been proposed as intermediates in the 

formation of alkene complexes and alkenes from platina(lV)cyclobutanes.28’11 

Furthermore, n-allyl complexes have been inferred as intermediates in catalytic 

hydrogenations and in the isomerization of olefins.29-30 McQuiIIin reported the 

formation of a rallyl platinum(ll) complex from the heating of 

phenylcyclopropane PtCI2 complexes in carbon tetrachloride (Figure 14).6 The 

ring opening of cyclopropanes to yield n-allyl complexes has been shown to be 

unidirectional. Although n-allyl platinum(ll) complexes are thought to be formed 

as intermediates in other systems, they have been isolated only when the 

platina(IV)cyclobutane contained aryl substituents.

+ Z.D.
Jh(H) 
—  Ph

— PtCI 2 4

CCL4 Ph

(H)Ph
+ HCI

Figure 14. PIatinum(II) n-allyl Complex.

The formation of n-allyl palladium chloride complexes have been studied 

as a prototypical transition metal in the mechanistic analysis of n-allyl 

formation.31 The first step in the mechanism involves a n-complexation of the 

metal with the olefin. Subsequent insertion of the metal into the carbon- 

hydrogen bond may then occur either through removal of the proton by a metal 

bound ligand, direct metal insertion, or by the removal of a proton by an external 

base. These three possible mechanisms are shown in Figure 15.



22

A) Removal by Metal B) Direct Metal Insertion C) External Base 
Bound Ligand Removal of H+

Figure 15. Possible Mechanisms for Metal n-allyl Formation.

Formation of Alkene-Platinum Complexes

The first example of the isomerization of a platina(IV)cyclobutane to yield 

a platinum-alkene complex was reported by Cushman and Brown in 1978.32 It 

was shown that 1,1,2-trimethylcyclopropane undergoes reaction with Zeise’s 

Dimer to produce an insoluble yellow complex believed to be complex 11 of 

Figure 16. The addition of pyridine at low temperatures yields the stable 

monomeric platina(IV)cyclobutane 12 which formed the platinum-alkene 

complex 13 when warmed to room temperature.

Figure 16. Platinum-Alkene Complex from a Platina(IV)cyclobutane.

Alkenes are ligands in numerous transition metal compounds and alkene 

complexes are involved in many reactions which are promoted or catalyzed by 

transition-metal compounds. The bonding of an alkene to a metal has been 

described as a synergistic bond composed of both a sigma and n component.33
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The sigma component results from an interaction between the alkene n-

electrons with the empty dsp2 orbital of the metal. The n component consists of 

an interaction of the empty i f  orbital of the olefin with a filled metal d orbital. 

This latter type of bonding is often referred to as back-bonding. Both bonding 

components are depicted in Figure 17.

(em pty) ( f ille d )

Sigma Component

+

d tt*
( f ille d ) (em pty)

TTComponent Combined Interactions

Figure 17. Platinum-Alkene Bonding Orbitals.

Depending on the nature of the olefin and the metal, bonding extremes 

can be visualized. For example, if the sigma component is minimized while 

back-bonding is maximized the hybridization of the olefinic carbons changes to 

sp3 and the complex can then be described by platina(IV)cyclopropane 

complex 14 of Figure 18. Conversely, if the sigma component is maximized and 

the back-bonding is minimized, the structure shown as complex 15 is realized. 

An olefin which is also a n acceptor generally prefers the orientation about the 

metal-olefin axis which maximizes the overlap between its empty n* orbital and 

a filled metal d orbital. Therefore, olefin ligands often have an orientation 

perpendicular to the coordination plane of a planar complex as illustrated with 

Zeise’s salt (Complex 16).
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Figure 18 Platinum-Alkene Bonding Extremes and Orientation.

Alkene Production

Both tetrameric and monomeric platina(IV)cyclobutanes will decompose 

under relatively mild conditions to yield alkenes (Figure 19).13'32 In general, 

the formation of the less substituted olefins dominate. In instances where either 

cis or trans isomers can be formed, the cis isomer is usually favored. The 

decomposition of platina(IV)cyclobutanes to produce alkenes proceeds by an 

initial ligand dissociation, followed by hydrogen abstraction to produce a 

platinum bound olefin from which the alkene may be liberated.

X

Figure 19. Examples of Alkenes from Platina(IV)cyclobutanes.

Due to the fact that an unsymmetrically substituted cyclopropane has 

three unique ring bonds, there exists the potential to form as many as three 

unique platina(IV)cyclobutanes upon reaction of the cyclopropane with Zeise’s
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Dimer (Figure 20). In addition, the platina(IV)cyclobutane monomers are often 

capable of undergoing a rearrangement between the bonds of the 

cyclopropane referred to previously as the Puddephatt rearrangement. 

Consequently, alkene products may be observed from all of the platinacyclic 

isomers and not necessarily from those isomers which are isolated and 

characterized.

Figure 20. The Reaction of Platinum with an Unsymmetrical Cyclopropane.

The platina(IV)cyclobutane from which direct decomposition occurs can 

be determined by analysis of the resulting alkene products. However, 

determining the amount of alkene resulting from the decomposition of any one 

platina(IV)cyclobutane isomer may be difficult due to the possibility of

subsequent platinum catalyzed olefin rearrangements.34 The alkene product 

distribution can be affected by both the steric and electronic factors of the 

platinum bound ligands, the solvent, temperature, and various other factors.27
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Proposed Mechanisms for Alkene Formation

Decompositions of Platinafiyteyclohutanfis

As previously mentioned, platina(IV)cyclobutanes rearrange to olefin 

complexes, and thus may eventually eliminate olefins. When the 

decomposition of platina(IV)cyclobutanes was first studied, there was some 

controversy as to whether this occurred through the initial transfer of an alpha

hydride or a beta hydride.32-35-36 The alpha and beta mechanisms are 

exhibited in Figure 21 by the decomposition of platina(IV)cyclobutane 17.

Figure 21. The Alpha and Beta Elimination Mechanisms.

After the dissociation of a platinum bound ligand to give complex 17, the 

beta mechanism proceeds through the abstraction by the metal of a beta 

hydride to give the n-allyl metal hydride complex 18. Subsequent reductive 

elimination of the platinum hydride from complex 18 yields the platinum alkene 

complex 19 which can subsequently liberate the free alkene 20 upon the re

association of the ligand.
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It must be noted that from this point forward, the phrase “beta elimination" 

will not be used to refer to a phenomenon but will be used to refer specifically to 

the direct transfer of a beta hydride as just described.

Similar to the beta mechanism, the initial step in the alpha mechanism is 

the reversible loss of a ligand to provide the open coordination site on the 

platinum of structure 17. Ligand dissociation is followed by a 1,2-hydride shift 

from the alpha position of 16 to the platinum to yield complex 21. The platinum 

bound hydride of 21 is then transferred to the alpha carbon by a reductive 

elimination resulting in platinum-carbon bond cleavage to give complex 22; 

Subsequently, a 1,2-hydride shift from the beta to the alpha carbon of complex 

22 to give the alkene complex 23 which upon re-association of the ligand 

liberates the alkene 20.

The beta mechanism has support from the fact that n-allyl intermediates 

similar to complex 18 have been implicated by several researchers as catalytic

intermediates.37'39 Furthermore, there have been reports of reactions of 

transition metals with cyclopropanes resulting in ally! hydride complexes. For 

example, it was suggested that the formation of the iridium ally! hydride 26 from 

the reaction of Ir(I) complex 24 with phenylcyclopropane proceeded through the

irida(lll)cyclobutane intermediate 25 (Figure 22).40 However, there was no 

direct evidence for irida(lll)cyclobutane 25 and it could be alternatively 

' postulated that a C-H bond on the phenylcyclopropane, is attacked before the C- 

C bond. The only evidence for the direct formation of an allyl hydride complex 

from a platina(IV)cyclobutane is the formation of the phenyl substituted 

platinum(ll) n-allyl complexes shown in Figure 14.
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Figure 22. Iridium Allyl Hydride.
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Additional support for the beta mechanism was provided from isotopic 

labelling studies. Figure 23 shows the mechanism for the decomposition of 

platina(IV)cyclobutane 27 to yield alkenes 29 and 31 as reported by

Jennings.41 It was proposed that the platina(IV)cyclobutane intermediates 28 

and 29 undergo a beta hydride elimination as implied by the isotopic labeling 

patterns observed in the resulting alkenes 29 and 31.

Katz conducted a similar isotopic labeling study using a Rh(I) catalyst.42 

Although alkene 31 was not observed, Katz suggested a beta hydrogen 

elimination from a Rhoda(lll)cyclobutane intermediate analogous to the 

platina(IV)cyclobutane intermediate put forward by Jennings for the formation of 

alkene 29.

It must be noted that the mechanisms proposed by Jennings and Katz 

involve the transfer of a beta hydride that is not on a beta carbon within the 

metallacyclobutane ring as was demonstrated for jc-ally formation in the beta 

elimination mechanism in Figure 21. The difference between beta hydrogens 

on carbons within the platina(IV)cyclobutane ring and those on 

platina(IV)cyclobutane alpha carbon substituents may be significant since beta 

hydride elimination requires a coplanar relationship between a platinum orbital 

and the beta hydrogen.
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Figure 23. Mechanistic Study by Jennings.

Several studies have been done which support the alpha mechanism. 

Puddephatt argued in favor of the alpha mechanism based on the deuterium 

labeling patterns found in the products derived from the decomposition of 

platina(IV)cyclobutanes 32 and 33 of Figure 24.36 The different deuterium 

labeling patterns that would be anticipated in the resulting alkenes for both the
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alpha and beta mechanism are also shown in Figure 24. Puddephatt reported 

that for the decomposition of both platina(IV)cyclobutanes 32 and 33, the 

alkenes isolated show deuterium labeling patterns consistent with the alpha 

mechanism.

CD2
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ZC\
Me CH2Me

alpha CDHIi
/Cs

Me CHDMe

CD2it ^
/Cs

Me CHMe2
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Me

rvie J
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CDHIi
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Me CDMe2

Figure 24. Mechanistic Study by Puddephatt.

In a similar study, Parsons analyzed the decomposition of the deuterium 

labeled platina(IV)cyclobutane 34 as shown in Figure 25.43 Parsons reported 

the isolation of the deuterium labeled alkene 35 which is consistent with the 

alpha mechanism. In addition, Parsons reported a primary kinetic isotope effect

of kH/kD = 3.6 at 570C for the decomposition of deuterated and non-deuterated 

platina(IV)cyclobutanes 34. In this labeling study, the observed isotope effect 

supports the alpha mechanism since only the alpha mechanism requires the 

transfer of a deuterium.



31

Oy beta alpha

Figure 25. Mechanistic Study by Parsons.

Reactions of Cyclopropanes with Rhodium Catalysts

In addition to rhodium being an excellent catalyst to facilitate the 

cyclopropanation of alkenes, rhodium also has been utilized to effect the 

isomerization of cyclopropanes to alkenes.44 As with platina(IV)cyclobutanes, 

rhoda(lll)cyclobutanes have been isolated and characterized as well as invoked 

as intermediates in various reactions. In general, rhoda(lll)cyclobutane 

intermediates are not stable and consequently rhodium does not provide as 

useful a reaction model for the study of metallacyclobutane decompositions as 

does platinum. However, there have been several mechanistic studies where 

rhoda(lll)cyclobutanes have been invoked as intermediates for the reaction of

Rh(I) catalyzed isomerization of cyclopropanes to alkenes.38-42 Fundamentally, 

the mechanistic routes proposed in these cases for the decomposition of 

rhoda(lll)cyclobutanes to form alkenes have been presented in the previous 

section.
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RESULTS AND DISCUSSION 

Statement of Problem

Metallacyclobutanes have been proposed as intermediates in a number 

of- organometallic transformations including alkene polymerization,45 

metathesis46 and ring-opening reactions.37 The chemistry of 

platina(IV)cyclobutanes provides a useful reaction model for these 

transformations since platinum often exhibits slow reaction rates and forms 

stable platina(IV)cyclobutane intermediates.

Initial investigations into the mechanism of alkene formation from the 

decomposition of platina(IV)cyclobutanes produced conflicting results and 

generated competing claims as to the mechanism.36 Although this early 

controversy has been largely resolved, questions remain. Due to the lack of 

systematic mechanistic studies, the isomerization pathway for polysubstituted 

platina(IV)cyclobutanes is not fully understood. In particular, the pathway 

responsible for the formation of ring expanded or chain extended alkenes 

generated from platina(IV)cyclobutanes is unclear.

In addition, the recent synthesis of. a variety of cis-disubstituted 

platina(IV)cyclobutanes has prompted a renewed interest in the development of 

a methodology that utilizes platina(IV)cyclobutanes to effect the ring or chain 

homologation of olefins.12 That is, the homologation of alkenes by the method 

of cyclopropanation followed by platinum isomerized ring cleavage through a 

platina(IV)cyclobutane intermediate.
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In this thesis, the efforts to explore and further elaborate the utility and the 

mechanism of transition metal catalyzed rearrangements of cyclopropanes to 

alkenes will be presented. Novel platina(IV)cyclobutanes have been 

synthesized and characterized. The alkenes formed from the isomerization of 

these platina(IV)cyclobutanes have been characterized. The possibility of a 

new methodology for the homologation, of alkenes was examined.

A variety of mechanistic techniques have been employed in an effort to 

determine the pathway for the alkene homologation, process. Included in these

mechanistic studies were; 2H and 13C isotopic labeling studies, determination 

of kinetic isotope effects, acquisition and analysis of thermodynamic 

parameters, ligand exchange experiments, and solvent effects. Conclusions 

based on results were used to develop a plausible reaction mechanism.
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Synthesis and Characterization of 
Cyclopropanes and Platina(IV)cvclobutanes

Synthesis of Cyclopropanes 
using Diazo Reagents

The cyclopropanes shown in Figure 26 were synthesized by a standard 

procedure involving palladium(ll)acetate catalyzed reactions of the parent 

alkenes with diazomethane.47

36

39

O

N -H

Figure 26. Synthesis of Cyclopropanes using Diazo Reagents.

For the phthalimide cyclopropane 37, exo and endo isomers were 

formed in a ratio of 3.2 to 1, respectively. Separation of the endo and exo 

isomers was achieved by fractional recrystallization and the stereochemistry of 

the two isomers was confirmed by X-ray crystallography. As was anticipated for 

the cyclopropanation of the norbornene, only the exo derivative 41 was 

formed.47
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Although the reagents and basic procedure for the synthesis of each of 

the above cyclopropanes was the same, variations in the amount of 

palladium(ll)acetate catalyst, equivalents of diazomethane relative to alkene, 

and total time for reaction were necesary. These differences are further 

elaborated in the experimental section.

Figure 27 shows isotope labeled cyclopropanes that were prepared by 

the cyclopropanation method just described. However, for compounds 42, 43 

and 44, deuterated water was used during the cyclopropanation procedure to 

introduce the deuteriums onto the cyclopropane ring. The percent deuteration 

ranged between 88% and 92% for each compound. Compound 45 was

obtained by the use of 13C enriched diazald during the cyclopropanation 

procedure.

Figure 27. Synthesis of Isotopic Labeled Cyclopropanes.

Deuterium labeled cycloprop[a]acenaphthylene 46 was synthesized by 

reaction of cycloprop[a]acenaphthylene 36 with I equivalent of n-butyllithium in 

absolute ether (Figure 28). The mixture was allowed to stir at room temperature
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for several days and then quenched with D2O. Several cycles of the n- 

butyllithium and D2O were made and proton NMR integrations revealed that 

95% deuteration was achieved at each position.

Figure 28. Synthesis of Deuterated Cyclopropane 46.

The methyl substituted cyclopropane 47 of Figure 29 was synthesized by 

palladium(ll)acetate catalyzed reaction of acenaphthylene with diazoethane.48 

A syn to anti substitution ratio of the two isomers was determined to be I to 5.5, 

respectively. The assignment of the stereochemistry for the two isomers was 

based on proton NMR analysis and magnetic anisotropy arguments. The 

methyl group protons of the syn isomer lies inside of the anisotropic shielding 

cone of the acenaphthylene system and consequently resonates further upfield 

than the methyl of the anti isomer. The methyl protons of the syn isomer 

resonates at 0.4 ppm and the anti methyl protons resonate at 1.2 ppm.

Figure 29. Synthesis of tri-substituted Cyclopropanes.

Compound 48 was synthesized by rhodium(ll)acetate catalyzed reaction
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of ethyl diazoacetate with acenaphthylene.49 A syn to anti ratio of I to 1.7 was

determined by proton NMR analysis. The alcohol 49 was synthesized by the

reduction of compound 48 with lithium aluminum hydride in anhydrous diethyl

ether. Compound 50 was synthesized by reaction of the alcohol 49 with acetic

anhydride in methylene chloride. The ratio of syn to anti isomers observed for

the ethyl ester 48 was preserved in compounds 49 and 50.

Synthesis of Cyclopropanes 
using Simmons-Smith Reagents

The cyclopropanes shown in Figure 30 were synthesized using standard 

Simmons-Smith cyclopropanation methods. The procedure involves treatment 

of the alkene with CH2I2 and a Zn-Cu couple.50

Figure 30. Synthesis of Cyclopropanes using Simmons Smith Reagents.

Deuterated compound 54 was synthesized by deuteration of the parent 

alkene indene 55 prior to the cyclopropanation (Figure 31). Sodium metal and 

deuterium oxide were added to a solution of indene in anhydrous THF and 

maintained at reflux for 24 hours. The deuterated indene was isolated by 

several extractions of the reaction mixture with diethyl ether. A deuteration of 

96% was achieved at each position.
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Figure 31. Synthesis of Deuterated Cyclopropane 54.

Synthesis of Platinanv^cvclobutanes

The general method discovered by McQuiIIin for synthesizing 

platina(IV)cyclobutanes was used in the formation of the platinum(IV) 

complexes shown in Figure 2. A mixture of Zeise’s dimer and cyclopropane 

was allowed to react in diethyl ether or THF either at room temperature or at 

reflux. The reaction was allowed to continue until all of the orange colored 

Zeise’s dimer had disappeared and the yellow colored initially precipitated 

complex (IPC) had been formed.8 The IPC was washed with several portions of 

pentane to eliminate any excess cyclopropane. The IPC was then placed in 

diethyl ether and an excess of coordinating ligand such as pyridine (Py) was 

introduced. The tetrameric IPC is broken into its monomeric analog within three 

to five hours of exposure to the excess coordinating ligand. The monomeric 

platina(IV)cyclobutane was then precipitated with the addition of pentane to the 

diethyl ether solution and further purified with several pentane washes.
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QP tC l2P y2

Figure 32. Platina(IV)cyclobutanes Formed by McQuillin’s Method.

When a mixture of endo and exo cyclopropanes 37 was reacted with 

Zeise’s dimer in diethyl ether for several days, a similar ratio of endo and exo 

platina(IV)cyclobutanes were formed (Figure 33). It was found that the exo 

cyclopropane reacted rapidly with Zeise’s dimer while the endo isomer reacted 

slowly. Consequently, a kinetic separation of the endo and exo 

platina(IV)cyclobutanes was possible.

Figure 33. Platina(IV)cyclobutane Isomers endo-59 and exo-59.

In the case of the syn and anti tri-substituted methyl cyclopropane 47, the 

syn isomer was isomerized quite rapidly by Zeise’s dimer to an alkene without
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forming a room temperature stable platina(IV)cyclobutane. The anti isomer 

reacted slowly with Zeise’s dimer to form a stable platina(IV)cyclobutane 58 

which was isolated and characterized.

For platina(IV)cyclobutane 62 an equilibrium was established between 

the 1,2 and 1,3 cis di-substituted platina(IV)cyclobutane isomers. The reaction 

of Zeise’s dimer with cis 1,2-diphenyl cyclopropane followed by the addition of 

pyridine resulted in the initial isolation of a mixture that contained predominantly 

the cis 1,3 substituted isomer. Continued stirring in either diethyl ether or 

chloroform resulted in the isomerization of the cis 1,3 substituted isomer to give 

a mixture which was predominantly the cis 1,2 substituted isomer. 

Characterization of PlatinaflVIcvcIobutanes

The structure of platina(IV)cyclobutanes and the position of the platinum 

in the cyclopropane was determined by proton and carbon NMR spectroscopy 

as well as by X-ray crystallography. The proton NMR chemical shift values and 

the platinum-proton coupling constant data for the protons contained in the 

platina(IV)cyclobutane ring are summarized in Table 7.

Except for the phthalimide derivative 59, all of the complexes shown in 

Table 7 have a feature of their proton NMR spectrum that permits definitive 

discrimination between the possible platina(IV)cyclobutane isomers formed 

from the reaction of the substituted cyclopropanes with platinum. That is, when 

the platinum resides between carbons 1 and 3, the benzylic proton bound to 

carbon 3 shows coupling only to the proton on carbon 2 and the platinum. 

Therefore, the benzylic proton bound to carbon 3 appears as a doublet between 

4.6 and 5.3ppm with platinum-proton coupling constants ranging from T l2 to 

117Hz.

The carbon NMR chemical shift values and the platinum-carbon coupling



41

constant data for the carbons contained in the platina(IV)cyclobutane ring are 

summarized in Table 8. The platina(IV)cyclobutane ring 13C NMR resonances 

were assigned by analyzing platinum-carbon coupling constant and chemical 

shift data in conjunction with 13C NMR DEPT experiments.

For example, discrimination between platina(IV)cyclobutane ring carbons

1 and 3 can be made by analysis of the 13C NMR DEPT 135 experiment. The 

DEPT 135 experiment shows the CR carbon 1 resonance as opposite in phase 

to the CH2 carbon 3 resonance. In addition, carbon I resonances occur upfield 

from carbon 3 resonances by as much as 17 ppm.

The platinum-carbon 13C NMR coupling constants were used to 

discriminate platina(IV)cyclobutane ring carbon 2 from carbons 1 and 3. 

Carbons 1 and 3 are directly bound to platinum and consequently show large 

platinum-carbon coupling constants typically between 330 and 460 Hz. Carbon

2 is one carbon bond further removed from the platinum and shows platinum- 

carbon coupling constants ranging between 80 and 130 Hz.

Platina(IV)cyclobutanes 55, 57, 58 and 59 were crystallized by dissolving 

each complex in chloroform and slowly diffusing in pentane. X-ray 

crystallography data revealed that in all cases, the pyridin'es are cis to one 

another and trans to the platina(IV)cyclobutane carbons. The chlorines were 

always shown to be trans to one another and perpendicular to the plane as 

defined by the pyridihes, platina(IV)cyclobutane ring carbons and the platinum.

The bond length and bond angle data for platina(IV)cyclobutane atoms 

contained in the platina(IV)cyclobutane ring are summarized in Table 9. The 

platina(IV)cyclobutane ring often has a pucker as defined by the angle formed 

between the C1-Pt-C3 plane and the C1-C2-C3 plane. Pucker angles of
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5.9°, 2.5°, 2.6° and 2.5° were found for complexes 55, 57, 58 and 59 

respectively. For complex 55, the platinum is tilted toward the aromatic ring of 

the indene and for complexes 57, 58 and 59, the platinum is tilted away from the 

respective non-platinacyclobutane ring atoms of each substrate.
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Table 7. Proton NMR data for Platina(IV)cyclobutane Ring Protons.

Complex

o y

3 ,PtClzPyz

PyzCIzPtv

PtCI2Py2

H1 (2 jPt-H) 

2.82,3.18(82,75)

2.71,3.15(83,79)

3.12,3.41(81,80)

3.67(92)

1.6-3.4(om) 

2.68,3.31(81,76)

2.68,3.11(86,78)

2.88,3.87(84,77)
5.51(114)a

H2

3.70

3.40

4.87

4.56

4.08

3.72

4.79
3.48,3.51

a=1,3 disubstituted isomer. om=overlapping multiplets

hS(2j Pph)

4.68(115)

4.82(1 14)

5.08(113)

5.29(117)

4.61(112)

4.76(1 15)

5.23(116)
5.51(114)
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Table 8. Carbon NMR data for Platina(IV)cyclobutane Ring Carbons.

Complex C1(1Jr -C) C2(2Jpw3) C3(1Jpw3)

3 ,PtCI2Py2

C r y -4.71(349)

-11.0(352)

48.2(102) 10.7(355)

42.2(103) 6.1(339)

, V T r

-4.5(366)

6.4(387)

H-N I I t tcl2py2 exo -8.9(349)
1 endo -10.3(348)

O 59

PyaCIzP

-12.3(359)

55.3(107) 5..5(364)

64.0(107) 10.7(373)

43.1(102)
39.0(105)

-.9(384)
-3.5(383)

44.6(108) -.8(355)

11.5(353)

Rh' 62 
a= 1,3 disubstituted isomer

-8.6(364)
10.2(353)a

42.2(103) 6.4(334)

51.7(110)
40.1(118)

14.9(354)
10.2(353)
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Table 9. Bond Length and Bond Angle Data for Platina(IV)cyclobutanes.

Bond Distances (A) Bond Angles (°)

Pt-Ci Pt-C3 Ci-Cz Cz-C3 Ci-Pt-C3 Ci - Cz- C3 Pt-Ci-Cz

Cd?'"*
55

2.05 2.06 1.55 1.54 70 99 95

Py2CI2Pt 7
Mf 2.03 2.03 1.53 1.50 70 100 95

57

Py2CI2P t -

Mf 2.06 2.07 1.52 1.56 70 101 95j
58

0
Il

PtClzPyz
2.05 1.97 1.56 1.54 70 97 95

r  ^ ^ 2
O exo-59
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Investigations into the Homologation of AIkmnAR

It has been shown that both monomeric and tetrameric 

platina(IV)cyclobutanes will decompose under relatively mild conditions to yield 

alkenes. A few examples were provided in the introduction (Figure 19). The 

formation of alkenes from platina(IV)cyclobutanes inspired an investigation to 

determine the scope and utility of a general methodology aimed at affecting the 

homologation of alkenes. That effort is essentially contained in this chapter.

The general scheme that was envisioned to produce homologated 

alkenes is shown in Figure 34. This methodology involves cyclopropanation of 

the alkene followed by platinum insertion into the cyclopropane to form a 

platina(IV)cyclobutane. Subsequent decomposition of either the monomeric or 

tetrameric platina(IV)cyclobutane liberates the homologated alkene.

homologation P t-in sertio n

R

Figure 34. Homologation Methodology for Chain Extensions.

In a similar manner, the methodology was envisioned to be applicable 

with cyclic systems (Figure 35). The overall goal of the methodology therefore
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is extension of the chain or ring by one carbon with retention of the alkene 

moiety. Furthermore, substituted cyclopropanating reagents may be used to 

introduce functionality in the starting cyclopropane which will be carried through 

to the homologated product and may influence the reaction course. Moreover, it 

would broaden the useful scope of the reaction.

cyclopropanation

homologation

decomposition

C7
P t-in sertio n

Figure 35. Homologation Methodology for Ring Expansions.

As mentioned in the introduction for the reaction of platinum with 

substituted cyclopropanes (Figure 20), the platina(IV)cyclobutane monomers 

are often capable of undergoing the Puddephatt rearrangement. Consequently, 

alkene products may be observed from all of the platinacyclic isomers and not 

necessarily from those isomers which are isolated. However, it’s only when 

decomposition occurs when platinum is in the most substituted position of the 

cyclopropane that chain or ring expansion occurs. For an unsymmetrically 

substituted alkene, this rearrangement or decomposition process provides the 

potential to form as many as 6 unique alkene products although this is seldom 

observed.
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Reactions of Five Membered Rings.

The homologation methodology described above was applied to 

acenaphthylene (Figure 36). The tetrameric platina(IV)cyclobutane was 

isolated and various attempts at obtaining ring expansion products from its 

decomposition were unsuccessful. However, when the pyridine ligated 

monomer was decomposed by heating in either benzene or chloroform, only 

the desired ring expanded product phenalene was formed.

Figure 36. Ring Expansion of Acenaphthylene to Phenalene.

It’s interesting to note that complex 57 was isolated and characterized 

and either or both compounds 65 and 66 would have been anticipated from its 

decomposition (Figure 37). Since neither of these products was observed, it is 

argued that the Puddephatt rearrangement occurs from complex 57 to complex 

67 prior to the decomposition to form phenalene.

63 36 57 64

57 65 66

67 64

Figure 37. Alkenes from the Decomposition of Complexes 57 and 67.
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Figure 38 also shows the methodology as applied to acenaphthylene but 

with the addition of a methyl group to the cyclopropane ring. Methyl substituted 

acenaphthylene gives two isomers. The syn isomer 47a where the methyl 

group is in the face of the aromatic system and the anti isomer 47b where the 

methyl group is up and away from the aromatic system (Figure 39).

Figure 38. Homologation of Methyl Substituted Cycloprop[a]acenaphthylenes.

It was determined that the syn isomer 47a reacted quickly with Zeise’s 

dimer in diethyl ether to give the ring expanded product 68 without forming a 

stable platina(IV)cyclobutane intermediate. The anti isomer 47b reacted slowly 

with Zeise’s dimer in diethyl ether and a stable tetrameric

platina(IV)cyclobutane was isolated. Upon the addition of pyridine, the 

monomeric platina(IV)cyclobutane 58b was isolated and characterized. 

Complex 58b was decomposed in refluxing benzene and only the ring 

expanded product 68 was observed.
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Figure 39. Reactions of Cyclopropane Isomers 47a and 47b with Zeise’s dimer.

The difference in reactivity between the syn and anti isomers 47a and 

47b towards platinum is attributed to the fact that the syn isomer has an 

unhindered face and the platinum can therefore more readily enter into the 

center bond of the cyclopropane. Substitution of platinum into one of the other 

bonds would appear to be more sterically encumbered. This is not proved but 

is educated conjecture.

Compounds 48, 49 and 50 of Figure 40 gave no ring expanded products. 

In fact, none of the three compounds formed a stable platina(IV)cyclobutane. 

This was not totally surprising since there are only few examples of the 

formation of platina(IV)cyclobutanes from the reaction of Zeise’s dimer with 

1,2,3-trisubstituted cyclopropanes. Attempts at reaction at room temperature 

resulted in no reaction. However, at elevated temperatures in either 

chloroform or benzene, the cyclopropanes were consumed. No discernible
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products were obtained and it was concluded that either polymerization or 

degradation was occurring.

Figure 40. Reactions of Zeise’s Dimer with Tri-Substituted Cyclopropanes.

Cyclopropanated inden#e was reacted with Zeise’s dimer in diethyl ether 

followed by the addition of 2 equivalents of pyridine and complex 55 was 

formed (Figure 41). Complex 55 was heated in refluxing chloroform and 

products from all three possible platina(IV)cyclobutane isomers were obtained. 

Alkenes 69, 70, 71 and 72 were isolated in a ratio of 1.8/2.7/1/11.2 respectively. 

The major component of the product solution was the desired ring expanded 

alkene 72 which comprised 67% of the total product mixture.

Figure 41. Alkenes from the Decomposition of Complex 55.
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The reaction of cyclopropanated indene with [(C6H5)3Pj3RhCI in 

refluxing toluene gave only the ring expanded alkene 72 in quantitative yield. 

In addition, complete conversion to the ring expanded compound 72 was 

achieved with only 10% of the rhodium catalyst relative to the cyclopropane.

Compound 51 was reacted with Zeise’s dimer in chloroform and 

cyclohexene was formed in 60% conversion with the remainder of the products 

being unidentifiable (Figure 42). No platina(IV)cyclobutane intermediate was 

observed.

Figure 42. Reaction of Cyclopropane 51 with Zeise’s dimer.

The initial investigations into the application of the alkene homologation 

methodology to five membered rings were encouraging. Ring expansions to six 

membered rings were achieved with conversions from 60% to quantitative. 

However, when electron withdrawing substituents were present on the 

cyclopropane ring, none of the desired homologated products were isolated. 

Reactions of Six Membered Rings.

In 1972, McQuiIIin reported that the decomposition of complex 73 yielded 

alkenes 74, 75 and 76 in a 2/2/1 ratio, respectively (Figure 43).13 Although the 

ring expanded alkene 76 was the minor component, the reaction prompted the 

investigation into the ring expansion of other six membered ring systems.

51

73 74 75 76
Figure 43. Decomposition of Complex 73 as Reported by McQuiIIin.
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The phenalene that was obtained by the previously described 

homologation of cycloprop[a]acenaphthylene was subsequently 

cyclopropanated to give compound 39 (Figure 44). For cyclopropane 39, 

reaction with Zeise’s dimer formed a stable platina(IV)cyclobutane. However, 

the monomer resulting from the addition of two equivalents of pyridine was not 

stable and decomposed in chloroform at room temperature.

Figure 44. Reaction of Cyclopropane 39 with Zeise’s dimer.

The resulting solution contained a mixture of compounds 39, 68, 78 and 

a small amount of unidentified products. The ratio of compounds 39, 68 and 78 

was 2 to 1.5 to 1 respectively. Attempts to obtain homologated alkenes from the 

reaction of cyclopropane 39 with [(Ph)3P2]Rh(CO)CI were unsuccessful as well 

and the cyclopropane was unaffected.

Complex 56 yielded alkenes 79 and 80 in a ratio of 1.4 to I when 

decomposed in refluxing chloroform and when decomposed in benzene, gave 

compounds 81 and 80 in a ratio of I to 1.6 (Figure 45). Both the reaction in 

chloroform and in benzene formed a small amount of products that were not 

characterized but showed no alkene resonances in the proton NMR spectra. 

No reaction was observed when the homologation reaction was attempted with 

[(Ph)3P2JRh(CO)CI.
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benzene

Figure 45. Decomposition of Complex 56 in Chloroform and Benzene.

Since compounds 79 and 81 are isomers, It may be argued that the 

difference between the chloroform and benzene reactions are not significant 

and that a thermal isomerization or a platinum facilitated 1,3-hydride shift is 

occurring between compound 79 and 81. However, when a mixture of 

compounds from either the benzene or the chloroform reaction was heated in 

the presence of PtCI2Py2 for several hours, there was no isomerization or 

change in product ratios observed. Furthermore, the ratio of compounds formed 

from the chloroform and benzene reactions do not reflect an isomerization 

between compounds 79 and 81.

Since none of the above reactions with six membered rings produced the 

desired ring expanded product, it was thought that the benzylic methylene 

protons trans annular to the platina(IV)cyclobutane ring may be sterically 

hindering the platinum from entering the center bond of the cyclopropane which 

is necessary for ring expansion. Therefore, an analog containing a heteroatom 

in that position was synthesized which could potentially ligate to the platinum 

and promote its entry into the center bond of the cyclopropane.
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Cyclopropane 40 was reacted with Zeise’s dimer in diethyl ether followed 

by the addition of 2 equivalents of pyridine and the stable 

platina(IV)cyclobutane 60 was isolated and characterized (Figure 46). 

Unfortunately, the decomposition of platina(IV)cyclobutane 60 in refluxing 

chloroform resulted in a myriad of unidentifiable products. The complex 60 was 

allowed to decompose at room temperature over a several day period with 

similar results.

Figure 46. Formation of Complex 60.

In the introduction, it was suggested that platinum behaves as an 

electrophile when reacting with cyclopropanes and therefore, it may also be 

argued that the position of the platinum in the cyclopropane from which 

decomposition occurs is influenced by the electronics of the cyclopropane. In 

an effort to determine if the electronic character of the platina(IV)cyclobutane 

ring can be influenced in such a way as to effect the selective formation of 

alkenes, cyclopropane 38 was synthesized (Figure 47).

Cyclopropane 38 formed the stable platina(IV)cyclobutane monomer 61 

upon reaction with Zeise’s dimer followed by the addition of 2 equivalents of 

pyridine (Figure 47). The decomposition of complex 61 in chloroform yielded 

predominantly an insoluble and uncharacterizable black substance. The 

consolidation of several pentane extractions of these substances followed by 

evaporation of the pentane gave compound 83.
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Py2CI2Pt

CH3O

I )Zeise's dimer 

2) Py

CHCI3

CH3O
38 61 83

Figure 47. Formation and Decomposition of Complex 61.

Since alkene analogs 79 and 81 from complex 56 were not observed 

from the above reaction, it is reasonable to conclude that the increased 

electronic character of the benzylic cyclopropane bond due to the para methoxy 

substituent promoted the formation of alkene 83 over those alkenes originating 

from other platina(IV)cyclobutane isomers.

As mentioned, it is decomposition of platina(IV)cyclobutanes in which 

platinum resides in the center bond of the cyclopropane that gives rise to the 

ring expansion products. Consequently, it was speculated that the platinum 

could be induced to enter the center bond of the cyclopropane by strategic 

placement of a ligating substituent within the substrate. Figure 4 shows the 

theoretical platina(IV)cyclobutane intermediate 84 envisioned for this strategy.

O H

O O
37 84 85

Figure 48. Theoretical Platina(IV)cyclobutane Intermediate 84.

Cyclopropane 37 was obtained as a mixture of exo and endo isomers 

37a and 37b in a ratio of 3.2 to I respectively. Both the exo and endo isomers
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formed stable monomeric platina(IV)cyclobutanes which when decomposed in 

refluxing chloroform gave only the exocyclic methylene compound 86 (Figure 

49). The desired ring expanded alkene 85 was not observed. Furthermore, 

attempts to effect the ring expansion process using [(Ph)3P2JRh(CO)CI were 

unsuccessful and both cyclopropane isomers remained in tact.

0 O n
1)Zeise's dimer PtCI2Pyz benzene
2) Py

37a,b 59a,b 86

Figure 49. Formation and Decomposition of Complexes 59a and 59b.

The platina(IV)cyclobutane monomer resulting from the reaction of the 

exo cyclopropane 37a with Zeise’s dimer followed by the addition of pyridine 

was later crystallized. Crystallography data showed that the conformation 

adopted by the cyclohexane ring of the platina(IV)cyclobutane complex was not 

conducive to the ligating scenario theorized in Figure 48. A representation of 

the crystal structure is shown as complex 59a of Figure 50.

o o

Figure 50. Conformations of Platina(IV)cyclobutanes 59a and 87.

For platina(IV)cyclobutane 59a, the exo relationship between the 

phthalimide ring and the platina(IV)cyclobutane ring gives an endo relationship
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between the phthalimide ring and the platina(IV)cyclobutane ring if the 

Puddephatt rearrangement occurs from complex 59a to complex 87. This endo 

relationship makes coordination of the nitrogen to the platinum impossible.

For the endo platina(IV)cyclobutane 59b, the Puddephatt rearrangement 

to complex 88 results in the desired exo relationship between the phthalimide 

ring and the platina(IV)cyclobutane ring (Figure 51). However, if the 

cyclohexane ring adopts the same boat conformation as found for the exo 

complex 59a, the coordination of the nitrogen to the platinum would be 

hindered.

Figure 51. Conformations of Platina(IV)cyclobutanes 59b and 88.

In summary, preliminary attempts at ring expansions from 6 to 7 

membered rings using the methodology described were not successful and 

additional attempts to form the homologation products by directing the platinum 

into the center bond of the cyclopropane by internal ligation also failed. 

However, a variety of alkenes were generally not formed and a methodology 

could potentially be developed to affect the selective formation of other alkene 

derivatives.

Homologation of Cis and Trans diphenyl Cyclopropanes.

The reaction of trans 1,2-diphenylcyclopropane with Zeise’s dimer 

followed by the addition of pyridine resulted in predominantly the 1,3 substituted



complex 91 (Figure 52). If the complex remained in solution, isomerization of 

complex 91 to complex 90 occurred forming a mixture of the two isomers. When 

this mixture was decomposed in refluxing benzene, alkene 92 was formed 

along with a significant amount of reductive elimination to the parent 

cyclopropane giving a ratio of 2.3 to 1 in favor of compound 92.

59

. A 1)Zeise's dimer
%

Ph^ '''Rh 2 )p y  
89

PtCIgPyg

Ph

n"J— PtCl2
, r

V
V

PtCI2Py2

J

benzene

+  P h ^ x --P h
89

Figure 52. Decomposition of trans diphenyl platina(IV)cyclobutanes 90 and 91.

Cis 1,2-d ipheny Icyclo pro pane formed a m ixture of 

platina(IV)cyclobutanes also (Figure 53). The tetrameric platina(IV)cyclobutane 

was placed in pyridine-d5 and analyzed by proton NMR spectroscopy. A ratio of 

4 to I was determined for monomeric complexes 62 and 94 with the 1,2-isomer 

62 being dominant. The excess pyridine was removed and the mixture of 

monomeric complexes was stirred at room temperature in diethyl ether for 

several days with no significant change in the platina(IV)cyclobutane isomeric 

ratio.



60

I )Zeise's dimer A Rhvx"

v- %Rh 2 )p y Sx'
n  + n
1— PtCl2Py2 v l— PtCI2Py2

V
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J

benzene

,A,
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Figure 53. Decomposition of cis diphenyl platina(IV)cyclobutanes 62 and 94.

Decomposition of the mixture of complexes 62 and 94 in refluxing 

benzene gave products 93, 95, 92 and 96 in a ratio of 3.6/6/1/3.4 respectively. 

In order to understand the differences in product formation between the cis and 

trans diphenyl complexes, consideration of steric and electronic factors are 

important.

The steric and electronic factors affecting the equilibrium between 

complex 97 and complex 98 have been studied (Figure 54).20 The steric effects 

for complexes 97 and 98 were studied by space-filling (CPK)51 models and 

these studies revealed that for isomer 97, the phenyl group was 

conformationally locked due to steric interaction with the pyridine and chloride 

ligands on the platinum. In contrast, the phenyl group of isomer 98 was not 

constrained particularly if the phenyl group occupied an equatorial position.
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& pO—ph
97 98

Figure 54. Equilibrium of Complexes 97 and 98.

The equilibrium established for para substituted phenyl derivatives 

showed that isomer 97 is favored by electron releasing substituents.20 In 

addition, when pyridine was replaced with methylpyridine or when the phenyl 

substituent was replaced with 2-tolyl, the equilibrium was shifted towards 

isomer 98. The relative stabilities of the diphenyl substituted 

platina(IV)cyclobutane isomers have been determined by molecular modeling 

studies to be trans-1,2 > trans-1,3 > cis-1,3 »  cis-1,2-diphenyl.20

The formation of alkenes observed in Figures 52 and 53 from the 

diphenyl substituted complexes reflect the order of relative complex stabilities 

listed above. That is, for the decomposition of the mixture of trans complexes 90 

and 91, the alkenes formed originated exclusively from the more prevalent 

trans-1,2 isomer 90 and the decomposition of the mixture of cis complexes 62 

and 94 gave products predominantly from the cis-1,3 isomer 94. However, 

since the relative energy barriers leading to alkene formation must also be 

considered, direct inferences about alkene production cannot be made based 

on complex stability information.

Decomposition of IPG’s

The tetrameric platina(IV)cyclobutanes (IPG’s) shown in Figure 55 were 

decomposed in refluxing benzene. For each of the tetrameric complexes, 

methyl derivatives were the only products isolated. The position of the platinum
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in the platina(IV)cyclobutane rings of the IPG’s is assumed to be the same as 

that of the initially isolated pyridine monomers for each complex. Since the 

IPO’s have not been successfully characterized the position of the platinum is 

somewhat speculative. However, the formation of methyl derivatives is 

consistent with the assumption.

Figure 55. Alkenes from Tetrameric Platina(IV)cyclobutanes 99, 100 and 101.

The selective formation of methyl derivatives from the tetrameric 

complexes is interesting given that the corresponding monomers for each 

complex yielded different products. This finding not only provides a potentially 

useful method for the addition of methyl groups to alkenes, but may also 

facilitate a means to affect product selectivity by strategic decomposition of 

either the tetramer or the monomer. Also, it implies that the tetrameric 

platina(IV)cyclobutanes may not be capable of undergoing the Puddephatt 

rearrangement as do their monomeric counterparts.
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Mechanism

When platina(IV)cyclobutane 55 was decomposed in refluxing 

chloroform, alkenes were formed originating from all three possible 

platina(IV)cyclobutane isomers 55, 104 and 106 (Figure 56). Alkenes derived 

from platina(IV)cyclobutane 55 comprised a total of 27% of the product mixture. 

Only 6% of the products originated from complex 104 and the majority of the 

products originated from complex 106 which yielded 67% of the ring expanded 

alkene 72.

Cxy-
69(11%) 70(16%)

Puddephatt Rearrangement

PtCI2Py2

104

Puddephatt Rearrangement

71(6%) 105(0%)

Figure 56. Decomposition of Platina(IV)cyclobutane 55.
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It was believed that this reaction provided an excellent opportunity to 

study the mechanism of platina(IV)cyclobutane isomerizations to alkenes since 

alkenes are produced originating from all three platina(IV)cyclobutane isomers. 

Therefore, it would be possible to simultaneously study the reaction 

mechanisms involved in forming alkenes analogous to those found by Parsons, 

Jennings, Katz and Puddephatt.

At this point, it may be useful to recall a relevant feature of the 

Puddephatt rearrangement. The Puddephatt rearrangement allows for the 

formation of alkenes derived from platina(IV)cyclobutane isomers that are not 

necessarily those isolated. For example, in Figure 56 it is only 

platina(IV)cyclobutane 55 that is isolated but the formation of alkenes 71 and 72 

is assumed to be derived via the Puddephatt rearrangement of 

platina(IV)cyclobutane 55 to the less stable complexes 104 and 106 prior to 

their decomposition.

In the mechanistic studies that follow, only the platina(IV)cyclobutanes 

from which decomposition to form alkenes occurs will be shown and the 

Puddephatt rearrangement from the isolated isomer to the isomer responsible 

for alkene formation will be assumed. Furthermore, consistent with the 

discussion provided in the section “The Puddephatt Rearrangement” contained 

in the introduction, it will be assumed that no deuterium scrambling or loss 

occurs as a result of the Puddephatt rearrangement.

The mixture of alkenes produced during the above reaction was 

analyzed by proton NMR and GC-mass spectroscopy. ,The proton NMR 

spectrum acquired for a sample containing a mixture of alkenes 69, 70, 71 and 

72 is shown in Figure 57.
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Figure57 Proton NMR Spectrum of Alkenes 72, 70, 69 and 71.
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For compound 72, the protons Ha, Hb, He and Hd appeared at 6.5, 6.05, 

2.35 and 2.8ppm, respectively. Protons Hbr Hd and He were resolved from all 

other alkene proton resonances and their integration values could be 

determined directly. Proton-proton correlation, experiments revealed that proton 

Hg of compound 69 occurred at the same frequency as proton Ha and 

consequently, the integration values for both of these two protons could not be 

obtained directly.

The protons Hf and He of compound 70 were found unencumbered at 

5.1 and 3.7ppm, respectively. Consequently their integration values could be 

determined directly. For compounds 69 and 71, only proton Hp was completely 

resolved. Baseline separation was not achieved between methyl protons Hk 

and Hn or the methylene protons Hm and Hr.

Samples containing alkenes.69, 70, 71 and 72 were analyzed by GC-

mass spectroscopy as a mixture. The GC trace showed complete base line

separation for each of the alkene components. The assignment of alkenes 70

and 72 to their corresponding peaks in the GC trace was made by comparing

the relative GC peak intensities with those determined by proton NMR

integrations. Discrimination between the GC peaks for alkenes 69 and 71 were

made by acquiring an additional GC trace on the same sample after it had been

spiked with compound 69.

Decomposition Studies of 
Complexes 55a and 55b

By decomposing deuterium labeled platina(IV)cyclobutanes 55a and 55b 

(Figure 58) it should be theoretically possible to discriminate between the alpha 

and beta mechanisms for the formation of all the alkene products shown in 

Figure 56.
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D, .PtCI2Py2

55a 55b

Figure 58. Deuterium Labeled Platina(IV)cyclobutanes 55a and 55b.

Figure 59 shows the anticipated deuterium labeled alkenes from the 

decomposition of platina(IV)cyclobutane 55a. This experiment should 

differentiate between the alpha and beta mechanisms for the formation of 

compounds 70a or 70b (compound 70, figure 56). However, it is not expected 

to provide discriminating information about the formation of alkene 69a since 

both the alpha and beta mechanisms are expected to give the same product.

PIatina(IV)CycIobutane 55a was 90% deuterated at each of the positions 

shown in Figure 59 giving a total deuterium content of 81% d2. Complex 55a 

was decomposed in refluxing chloroform and the resulting products were 

analyzed by proton NMR and GC- mass spectroscopy.

69a
Figure 59. Decomposition of Complex 55a.

70b
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Although it was realized that spectroscopic analysis of compound 69a 

would provide no discriminatory data with regard to the active pathway, 

spectroscopic interpretations were made to verify the expected results. Due to 

the difficulty in obtaining base line separation between the proton NMR 

resonances of the methyl derivative 69a and other alkene proton NMR 

resonances, proton NMR spectroscopy could not be used to determine the 

position of the deuteriums for compound 69a. However, GC-mass spectral data 

of this alkene revealed a molecular ion of mass 132 and a major loss of mass 

17 while the mass spectral data of the non-deurated analog (69) showed a 

molecular ion of mass 130 and a major loss of mass 15. The major loss of mass 

17 from deuterated alkene 69a implies the loss of a methyl group containing 

two deuteriums as was anticipated for this product.

For 70a and 70b, proton NMR integrations gave a ratio of 3.9 to 1.0 for 

the benzylic protons relative to the terminal methylene protons (He to Hf of 

Figure 57) for the.production of exocyclic methylene compound. The theoretical 

proton NMR integration ratio given 81%-d2 total deuteratidn is 2.7 to 1.0 for the 

products anticipated via the alpha mechanism and 21.1 to 1.0 for the products 

anticipated for the beta mechanism. The observed ratio of 3.9 to 1.0 apparently 

favors the alpha mechanism as the pathway for the decomposition of 55a.

The GC-mass spectral data of the exocyclic methylene compound 70a or 

70b showed a molecular ion of mass 132 and a major loss of mass 16. The 

major loss of mass 16 implies either the loss of a CH2D or a CD2 fragment. The 

mass spectral data for the non-deuterated analog revealed a molecular ion of 

mass 130 and a major loss of mass 15. This would indicate the loss of a CH3 

group and therefore supports the loss of a CH2D fragment from alkene 70a as 

that responsible for the loss of mass 16. Thus, the alpha mechanism is again



69

implicated. However, since the mode of fragmentation for this compound has 

not been definitively established and both the alpha and the beta pathways 

could conceivably yield a product capable of giving a loss of mass 16, 

conclusions based on the mass spectral data are speculative.

Since platina(IV)cyclobutane 104a is derived from complex 55a via the 

Puddephatt rearrangement, it also is 90% deuterated at each of the positions 

shown in Figure 60 giving a total deuterium content of 81%-d2. The theoretical 

deuterium labeled alkenes for the alpha and beta mechanisms are also shown.

1 05a

1 05a

Figure 60. Decomposition of Complex 104a.

The exocyclic methylene derivatives 105a or 105b were not observed. 

Compound 71a was formed and although it was realized that NMR 

spectroscopic analysis of this compound would provide no discriminatory data 

with regard to the active pathway, mass spectroscopic interpretations were 

made to verify the expected results.

The mass spectral data of deuterated alkene 71a revealed a molecular 

ion of mass 132 and a major loss of mass 17 while the mass spectral data of the
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non-deurated analog showed a molecular ion of mass 130 and a major loss of 

mass 15. Therefore, the major loss of 17 from deuterated isomer implies the 

loss of a methyl group containing two deuteriums as was predicted for this 

product.

Since platina(IV)cyclobutane 106a is also derived from complex 55a via 

the Puddephatt rearrangement, it too is 90% deuterated at each of the positions 

shown in Figure 61 giving a total deuterium content of 81%-d2. The theoretical 

deuterium labeled ring expanded alkenes for the alpha and beta mechanisms 

are also shown in Figure 61.

107a

PtCl2Py2

106a

107b
Figure 61. Decomposition of Complex 106a.

D

D

Only the conjugated alkene, compound 72a or 72b was isolated from 

platina(IV)cyclobutane 106a (Figure 61) and it was found to give a relative 

proton NMR integration ratio of I / I /2/3 for protons Ha, Nb, He and Hd, 

respectively (Figure 57). The proton integration ratios differ with both the ratio of 

1.0/1.0/10.5/10.5 as would be anticipated for the products originating from the 

alpha mechanism and the ratio of 5.3/1.0/6.3/10.5 expected for the products 

formed from the beta mechanism. The inconsistency of the proton NMR 

integration ratios prompted a careful analysis of the mass spectral data.
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The mass spectral data showed a molecular ion at mass 131 and a major 

loss of mass 15. The non-deuterated analog showed a mass spectral 

fragmentation pattern of molecular ion of mass 130 with a major loss of mass 

15. Comparison of these data suggests a loss of deuterium from the alkene 

since a molecular ion of mass 132 would have been anticipated for its formation 

from di-deuterated complex 106a. The unexpected loss of deuterium either 

during or subsequent to the decomposition of the platina(IV)cyclobutane made 

direct conclusions about the alpha and beta mechanisms from this complex 

impossible.

Figure 62 shows the anticipated deuterium labeling patterns if the alpha 

and beta mechanisms as previously described are applied to the 

decomposition of the tri-deuterated platina(IV)cyclobutane 55b. Complex 55b 

was 96% deuterated at each position giving a total deuteration of 88%. Unlike 

the decomposition of complex 55a, the decomposition of complex 55b should 

discriminate between the alpha and beta mechanism for the formation of alkene 

69b or 69c. However, it is not expected to give any differentiating information 

about the pathway for the formation of alkene 70c since both the alpha and beta 

pathways should give the same product.

Figure 62. Decomposition of Complex 55b
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The methyl derivative 69b or 69c formed from the decomposition of 

complex 55b in refluxing chloroform. gave mass spectral data showing a 

molecular ion of mass 133 and a major loss of mass 16 to give a fragment ion of 

mass 117. The fragmentation pattern is consistent with the loss of a methyl 

group containing one deuterium and is therefore consistent with formation of 

alkene 69b from the alpha mechanism. As previously mentioned, the proton 

NMR integration values were difficult to interpret because of resonance overlap 

of the methyl group with resonances of other alkenes formed in the reaction.

The above reaction also yielded the exocyclic methylene product 70c 

which showed a relative proton integration value of 1.0 to 1.7 for the benzylic 

protons relative to the terminal methylene protons (He to Hf of Figure 57). The 

ratio of 1.0 to 1.7 is in good agreement with the predicted proton NMR 

integration values of 1.0 to 1.8 for this product.

The mass spectral fragmentation pattern of alkene 70c showed a. 

molecular ion of 133 with a major loss of mass 15 to mass 177. The major loss 

of mass 15 implies either the loss of a CH3 or a CHD fragment. The loss of 

either a CH3 or a CHD fragment was somewhat puzzling since a mass 

fragmentation mechanism that would generate either of these fragments from 

compound 70c was not obvious. However, the mode of fragmentation for this 

compound has not been definitively established and therefore any conclusions 

based on the GC-mass spectral data are speculative.

Since platina(IV)cyclobutane 104b is derived from complex 55b via the 

Puddephatt rearrangement, it also is 96% deuterated at each of the positions 

shown in Figure 63 giving a total deuterium content of 88%-d3. The reaction 

should be useful in discriminating between alkene products 71b and 71c while 

formation of the exocyclic methylene is not expected.
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Figure 63. Decomposition of Complex 104b.

CHD

CDg
105c

It was found for the above reaction, that the methyl derivative isolated 

was consistent with the alpha mechanism. That is, the mass spectral 

fragmentation pattern showed a molecular ion of mass 133 and a major loss of 

mass 15. The loss of mass 15 is consistent with the loss of a methyl with no 

deuteriums as expected for compound 71b. Proton NMR was not a possible 

tool for analysis of this compound due to resonance overlap of the protons of 

interest with other proton resonances.

The decomposition reaction shown in Figure 64 should be useful in 

differentiating between the alpha and beta mechanisms for the ring expanded 

conjugated alkenes 72c or 72d while formation of the non-conjugated alkene 

107c is not expected. Since platina(lVjcyclobutane 106b is derived from 

complex 55b via the Puddephatt rearrangement, it too is 96% deuterated at 

each of the positions shown in Figure 64.

The conjugated alkene 72c or 72d was isolated from the decomposition 

reaction (Figure 64) and it was found to give a relative proton NMR integration 

ratio of 1/1/1/2 for protons Ha, Hb, He and Hd (of Figure 57) respectively. These
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proton integration ratios differ with both the ratio of 12.5/12.5/13.0/1.0 as would 

be anticipated for the products originating from the alpha mechanism and the 

ratio of 1.0/25.0/50.0/2.0 as would be expected for the products formed from the 

beta mechanism. The apparent inconsistency of the proton NMR integration 

ratios prompted a careful analysis of the GC-mass spectral data.

Figure 64. Decomposition of Complex 106b.

The GC-mass spectral data showed a molecular ion at mass 131 and a 

major loss of mass 15. The non-deuterated analog showed a mass spectral 

fragmentation pattern of molecular ion of mass 130 with a major loss of mass 

15. Comparison of these data suggests a loss of deuterium from compound 72c 

or 72d since a molecular ion of mass 133 would have been anticipated for its 

formation from tri-deuterated complex 106b. As with the formation of alkene 

72a or 72b from the di-deuterated complex 106a, the unexpected loss of 

deuterium either during or subsequent to the decomposition of the complexes 

made conclusions about the alpha and beta mechanisms impossible.
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In summary, the mechanistic conclusions that can be made regarding the 

thermal decomposition of 55, 104 and 106 using the data from the 

decomposition of deuterated complexes 55a and 55b are shown in Figure 65. 

All of the alkene products shown in Figure 65 show a deuterium labeling pattern 

consistent with what would be anticipated for the alpha mechanism except the 

ring expanded alkene 72.

Puddephatt Rearrangem ent

70

Figure 65. Summary of Results for Decomposition of Complexes 55a and 55b.

For the formation of alkene 72, the position of the deuteriums were not 

determined and it was concluded that deuterium was being lost from the 

substrate during or subsequent to the decomposition of the 

platina(IV)cyclobutane. The inability to determine the mechanistic pathway 

responsible for ring expansion, inspired the mechanistic investigations of 

another substrate. Therefore, cycloprop[a]acenaphthylene was chosen for 

investigation.
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Decomposition Studies of Platinafmcvclohutanes 67a and 67h

When platina(IV)cyclobutane 57 was thermally decomposed in refluxing 

chloroform, only phenalene 64 was produced. Since neither alkene 65 or 66 

was formed, it was assumed that a Puddephatt rearrangement occurred from 

the stable platina(IV)cyclobutane 57 to complex 67 prior to the decomposition to 

form 64 (Figure 66).

Puddephatt
Rearrangment

Figure 66. Decomposition of Platina(IV)cyclobutane 57.

As mentioned in the previous section, only the platina(IV)cyclobutane 

from which decomposition to form alkenes occurs will be shown and the 

Puddephatt rearrangement from the more stable isomer to the isomer 

responsible for alkene formation will be assumed. Also, it will be assumed that 

no deuterium scrambling or loss occurs as a result of the Puddephatt 

rearrangement.
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The proton NMR spectrum of the phenalene obtained from the above 

reaction is shown in Figure 67. Protons H1 are degenerate and appear as a 

singlet at 4.1 ppm. Alkene protons H2 and H3 are found at 6.1 and 6.6ppm, 

respectively.

H1

“H  ' ' ' ' 1 ' ‘ ' I ..................... I ............................ I ...........................I '
8 . 0  7 . 0  6 . 0  5 . 0  4 . 0

PPM

Figure 67. Proton NMR Spectrum of Compound 64
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By decomposing the deuterium labeled platina(IV)cyclobutane 67a 

(Figure 68), it should be theoretically possible to discriminate between the 

alpha and beta mechanisms for the formation of phenalene 64a or 64b (Figure 

68). PIatina(IV)CycIobutane 67a was 92% deuterated at each of the positions 

shown in Figure 68 giving a total deuterium content of 85% d2. Complex 67a 

was decomposed in refluxing chloroform and the resulting products were 

analyzed by proton NMR and GC-mass spectroscopy.

Proton NMR analysis did not clearly reveal the position of the deuteriums 

in the phenalene and it was suspected that either a rearrangement of the 

phenalene or a loss of deuterium from the phenalene was occurring during or 

subsequent to the decomposition process resulting in scrambling or loss of the 

deuteriums in the phenalene.

In order to determine whether the deuteriums remained in the phenalene 

throughout the course of the reaction, mass spectral data was acquired on the 

phenalene that was obtained from the above reaction. The abundance of the 

molecular ion of mass 168 confirmed that the deuteriums remained in the 

molecule since the mass spectral data of the non-deuterated analog gave a 

molecular ion of 166.
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Several possible rearrangement processes of the phenalene which 

would rationalize the proton scrambling were proposed. One possibility is that 

the platinum residue forms an allylplatinum hydride complex by removing a 

methylene proton from the phenalene (Figure 69). The n-ally complex can then 

isomerize between the three equivalent resonance structures. The stability of 

the phenalene cation could facilitate this isomerication process. If the 

isomerization between resonance structures is followed by a reductive 

elimination, a selective positional scrambling of the deuteriums would be 

expected (compound 64c).

Figure 69. Proposed Phenalene Isomerization Process.

If the above isomerization process was occurring, a relative proton NMR 

integration ratio of 2.51/1/1.25 would be anticipated for protons I, 2, and 3, 

respectively (Figure 70). In fact, the experimentally observed relative proton 

NMR integration ratio for positions 1,2 and 3 were found to be 2.48/1/1.29 

respectively (Figure 70). This is in good agreement with the theoretical ratios 

and therefore supports the proposed isomerization process.
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Figure 70. Deuterium Scrambling in Phenalene.

In an attempt to verify the mode of rearrangement of the phenalene, 

compound 57a was synthesized with a 13C label in the platina(IV)cyclobutane 

ring (Figure 71). When the 13C labeled complex 57a was decomposed by 

heating in chloroform, the resulting phenalene 64d showed a 13C enrichment in

three positions. The position of the 13C label in the phenalene is also 

consistent with the isomerization process proposed in Figure 69.

chloroform

Figure 71. 13C Rearrangement in Phenalene.

Although the decomposition of complex 67a should yield different 

compounds for the alpha and beta mechanism, the isomerization process 

would render them equivalent (Figure 72). In an effort to determine the initial 

position of the deuteriums in the phenalene prior to the isomerization process, 

the decomposition of platina(IV)cyclobutane 67a was carefully monitored by
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proton NMR spectroscopy and the integration values for positions 1, 2 and 3

were recorded during the course of the reaction (Figure 72).

2 I
1.76 1.69
1.94 1.60

F i l l 2.17 1.55
2.08 I.SC
2.28 1.37

anticipated ratio 
2.51/1/1.25

2.48 1.29

Figure 72. Determination of Deuterium Positions in Phenalene.

The monitoring of the resonance for carbon 1 by proton NMR 

spectroscopy revealed the initial presence of a deuterium at that position. Thus, 

it supports the labeling pattern in the phenalene expected for the beta 

mechanism. The relative proton NMR integration areas for resonance I began 

below the final relative anticipated value of 2.51 indicating a deuterium at 

position 1 and then increased approximately to that value as the isomerization 

of the phenalene proceeded (Figure 72).

The monitoring of resonance 3 by proton NMR revealed the initial 

presence of a proton at that position and consequently, it also supports the 

labeling pattern in the phenalene expected for the beta mechanism. The 

relative proton NMR integration areas for resonance 3 began above the final 

relative anticipated value of 1.29 indicating a proton at position 3 and then 

decreased approximately to that value as deuteriums were scrambled into the 

position by the isomerization of the phenalene (Figure 72).
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It was concluded that the formation of phenalene from the decomposition 

of di-deuterated platina(IV)cyclobutane 67a occurs in a manner consistent with 

the beta mechanism. These results are in contradiction with the alpha 

mechanism as proposed by Parsons and Puddephatt and clearly excludes the 

alpha mechanism as a possible pathway for ring expansion.

To verify the above result, deuterium labeled platina(IV)cyclobutane 67b 

was synthesized and decomposed in refluxing chloroform (Figure 73). Figure 

73 shows the anticipated deuterium labeling patterns in the resulting phenalene 

64e or 64f.

Figure 73. Decomposition of Complex 67b.

PIatina(IV)CycIobutane 67b was 95% deuterated at each of the positions 

shown in Figure 73 giving a total deuterium content of 90%-d2. Complex 67b 

was decomposed in refluxing chloroform and the resulting products were 

analyzed by proton NMR spectroscopy.

For the decomposition of complex 67b, the final theoretical relative 

proton NMR integration ratios in the resulting phenalene for resonances 1, 2 

and 3 assuming complete isotopic scrambling are shown with the 

experimentally observed relative proton integration ratios (Figure 74). The 

agreement between the anticipated and observed proton integration ratios 

gives additional support for the proposed isomerization of the phenalene.
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anticipated ratio 
1.46 /1 /.73

Figure 74. Deuterium Scrambling in Phenalene.

Furthermore, the relative proton NMR integration areas for resonance 1 

began below the final relative anticipated value of 1.46 indicating a deuterium 

at position 1 and then increased approximately to that value as the 

isomerization of the phenalene proceeded (Figure 75). This observation can be 

rationalized if either the alpha or beta mechanism were active since both

pathways initially place a deuterium in position 1. Therefore, it is not possible to

make any mechanistic conclusions based on this result.

Figure 75. Determination of Deuterium Labels in Phenalene.

The relative proton NMR integration areas for resonance 3 began below 

the final relative anticipated value of .73 indicating a deuterium at position 3 and



then increased approximately to that value as deuteriums were scrambled from 

the position by the isomerization of the phenalene (Figure 75). This observation 

is consistent with the initial presence of a deuterium at position 3 and therefore 

supports the labeling pattern in the phenalene as predicted for the beta 

mechanism.

In summary, the results obtained from the decomposition of deuterium 

labeled platina(IV)cyclobutanes 67a and 67b clearly excluded the alpha 

mechanism as a possible pathway for ring expansion. Furthermore, the 

deuterium labeling pattern in the products was consistent with the beta 

mechanism and consequently further mechanistic study was required to 

ascertain if the beta mechanism was indeed the pathway responsible for ring 

expansion.

Kinetic Studies on PlatinafIV^cvclobutanes 57b and 57c.

The deuterium labeling studies described in the previous section 

suggested that the alpha mechanism is not a viable pathway for ring expansion. 

In addition, it can be argued that the initial transfer of an alpha hydride from 

complex 108 would require the formation of a sp2 hybridized strained ring 

juncture which is considered to be thermodynamically unfavorable (Figure 76).

84

Figure 76. Formation of sp2 Flybridized Strained Ring Juncture.
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However, additional evidence was required before the alpha mechanism 

could be definitively excluded as a possible pathway for ring expansion. Kinetic 

experiments were designed to determine if a primary kinetic isotope effect 

would be observed for the formation of ring expanded products. Similar 

experiments were performed by Parsons for the formation of the exocyclic

methylene 111 (Figure 77)43. She reported a primary kinetic isotope effect of

kH/kD = 3.6 at 57°C for the decomposition of platina(IV)cyclobutane 110 and

that the deuterium labeling pattern in the resulting alkene 111 was consistent 

with the alpha mechanism.

Figure 77. Isotopic and Kinetic Labeling Study Reported by Parsons43.

Cycloprop[a]acenaphthylene was selected for kinetic rate experiments 

since it was shown to yield only the ring expanded product phenalene and 

consequently any potential confusion brought about from competing 

mechanisms or products would be minimized (Figure 78).

H

kH/kD = 3.6

110 111

(D)H (D)H H(D)

(D)

57,57b 67,67b 64,64f

Figure 78. Kinetic Isotope Experiment for Complexes 57 and 57b.
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For the decomposition of each platina(IV)cyclobutane 57 and 57b, a line 

was generated by plotting the natural log of the change in the proton NMR 

integration areas of the platina(IV)cyclobutane resonances versus the time in 

seconds (Figure 79). A least squares analysis method was used to produce a 

linear regression. The overall reaction was first order and the slope of the line 

gave the value of the rate constant.
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Figure 79. Example of Kinetic Rate Data for Complexes 57 and 57b.

Several kinetic trials were performed for the decomposition of each 

complex and linear correlation coefficients of 0.993 or better were realized for 

each kinetic trial. The average rate constant for the deuterated

platina(IV)cyclobutane 57b was found to be 3.26x1 O*5 ± 0.11 and the non- 

deuterated complex 57 gave an average rate constant of 3.43x1 O’5 ± 0.09. The

D) y =  1.57 - 3.09e-5x
H) y = 0.18 - 3.21e-5x
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kH/kD was calculated to be 1.05 indicating that there was no primary kinetic 

isotope effect for the decomposition of complex 57b with deuteriums in the 

alpha position.

The absence of a primary kinetic isotope effect suggests that either the 

alpha mechanism is not the active pathway for ring expansion or that the 

deuterium is not transferred during the rate determining step. In addition, 

according to the data obtained from deuterium labeling experiments, the alpha 

mechanism as proposed by Parsons and Puddephatt has to be excluded as a 

possible pathway for the ring expansion of cycloprop[a]acenaphthylene.

However, the question remains whether or not the beta mechanism 

shown in Figure 21 of the introduction chapter is a valid alternative. In a 

previous section, the decomposition of deuterated complexes 67a and 67b was 

shown to give a deuterium labeling pattern in the resulting phenalene 64b and 

64f consistent with the beta mechanism (Figures 68 and 73).

If the beta mechanism was indeed the active pathway for ring expansion, 

then a primary kinetic isotope effect would be expected for the decomposition of 

complex 67a since it contains deuteriums beta to the platinum in the 

platina(IV)cyclobutane ring (Figure 80). Kinetic data were acquired for the 

decomposition of deuterated and non-deuterated complexes 67 and 67a.

57,57c 67,67a 64,64b

Figure 80. Kinetic Isotope Experiment for Complexes 67 and 67a.
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For the decomposition of each platina(IV)cyclobutane 67 and 67a, a line 

was generated by plotting the natural log of the change in the proton NMR 

integration areas of the platina(IV)cyclobutane resonances versus the time in 

seconds (Figure 81). A least squares analysis method was used to produce a 

linear regression. The overall reaction was first order and the slope of the line 

gave the value of the rate constant.
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Figure 81. Example of Kinetic Data for Complexes 67 and 67a.

Several kinetic trials were performed for the decomposition of each 

complex and linear correlation coefficients of 0.992 or better were realized for 

each kinetic trial. The average rate constant for the deuterated

platina(IV)cyclobutane 67a was found to be 3.20x10'5 ± 0.12 and the non-

deuterated complex 67 gave an average rate constant of 3.43x10'5 ± 0.09. The 

kH/kD was calculated to be 1.07 and it was therefore concluded that there was

D) y = 1.42 - 3.02e-5x
H) y = 0.18 - 3.21 e-5x
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no primary kinetic isotope effect for the decomposition of complex 67a with 

deuteriums in the beta position.

The absence of a primary kinetic isotope effect was somewhat surprising 

and prompted the consideration of two possible explanations. The absence of 

a primary kinetic isotope effect could be explained within the confines of the 

proposed beta elimination mechanism if either ligand (Py) dissociation or the 

Puddephatt rearrangement were rate limiting since both of these steps occur 

prior to the deuterium transfer. A second possibility is that a mechanism yet to 

be proposed is responsible for ring expansion and the beta mechanism is not 

an accurate model.

In order to resolve which of these two explanations would most 

accurately explain the results, additional experiments were conducted. 

Experiments were performed to determine if ligand dissociation could be the 

rate limiting step for the ring expansion process and activation parameters were 

acquired in an effort to ascertain the character of the rate limiting step.

Pyridine Exchange Experiment

In order to determine if the loss of pyridine that occurs prior to the 

Puddephatt rearrangement is the rate limiting step for ring expansion, 

platina(IV)cyclobutane 57 was placed in chloroform at room temperature and 2 

equivalents of pyridine-d5 relative to platinum were added (Figure 82).

57 112

Figure 82. Pyridine-d5 Exchange Experiment.
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The platinum bound pyridine resonances are found at different chemical 

shift values than the resonances of free pyridine and consequently, it was 

possible to determined by proton NMR integrations the extent of incorporation of 

the free pyridine-d5 into complex 112. The platinum bound pyridine proton 

NMR resonances were decreased by approximately half within several minutes 

of the addition of the 2 equivalents of pyridine-d5. Since the ring expansion 

process occurs considerably slower, it was concluded that the initial loss of 

pyridine could not be the rate limiting step for the ring expansion process. 

Activation Parameters for the Decomposition of Complex 57.

Decompositions of complex 57 were performed and monitored at 

different temperatures and rate constants for each temperature were

determined. Data was acquired over temperature extremes of 305°K and 

335°K giving rate constants over a temperature range of 30°K. A graph was 

then generated by plotting the natural log of the quotient of the rate constants 

divided by the temperature for which the rate constants were determined versus 

the inverse of the temperature (Figure 83). A linear regression was generated 

by a least squares analysis of the data and an equation of a line was 

determined.
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Figure 83. Eyring Plot for the Decomposition of Complex 57.

An enthalpy of activation of 24 Kcal/mole was calculated from the slope 

of the line and an entropy of activation of 0 eu was determined from the 

intercept of the line. Typically, the enthalpy of activation data is not informative 

regarding mechanism. Although, associative reactions tend to give lower 

enthalpy of activation values than dissociative reactions. In addition, for 

dissociative reactions, the enthalpy of activation can be used as a measure of 

the bond strength with respect to the dissociating component.

The entropy of activation is useful in determining the mechanism. An 

entropy of activation below -10 indicates an associative reaction and a value of 

+10 or higher is characteristic of a dissociative reaction. Values between these 

two limits can be difficult to interpret due to possible contributions from solvent 

reorganization, especially when charged metal complexes and polar solvents 

are involved.

y = 23.32 - 1.24e+4x R*2 = 0.992

A H ^  = 24  Kcal/mole

A  S J = 0 eu
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Unfortunately, the entropy of activation of -1eu found for this system falls 

in the difficult to interpret range of -10 to +1 Oeu. The decomposition process 

being studied could potentially form a charged metal complex intermediate and 

consequently, there exists the potential for a significant contribution from solvent 

reorganization. Consequently, no mechanistic conclusions based on entropy of 

activation data could be made at this time.

Kinetic Studies using IYPhIcPI2RhfCQICI.

In an effort to gain further insight into the nature of the rate limiting step, it 

was decided to study the transformation of cycloprop[a]acenaphthylene to 

phenalene using ((Ph)3P)2Rh(CO)CI. There is evidence suggesting that

rhodium(l) does not undergo the Puddephatt rearrangement but oxidatively 

adds directly into the center bond of the cyclopropane.41 Therefore, the use of 

a rhodium (I) catalyst would allow for the elimination of the Puddephatt 

rearrangement as a possible rate limiting step. Similar mechanistic studies to 

those conducted with platinum were performed using ((Ph)3P)2Rh(CO)CI.

Deuterium labeled cycloprop[a]acenaphthylene 44 and the non- 

deuterated analog 36 were reacted with ((Ph)3P)2Rh(CO)CI (Figure 84). 

Standard solutions of both the cyclopropane and the rhodium(l) catalyst were 

prepared in deuterated chloroform. A portion of the standard cyclopropane 

solution was combined with a portion of the standard rhodium (I) catalyst 

solution in a 5ml NMR tube such that the mixture was 20% in rhodium (I) catalyst 

relative to the cyclopropane. The mixture was placed in a proton selective NMR 

probe equipped with a variable temperature unit and heated at a constant 

temperature. The decomposition process was monitored by observing the 

phenalene and cycloprop[a]acenaphthylene proton NMR resonances.
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Figure 84. Kinetic Isotope Experiment using ((Ph)3P)2Rh(CO)CI.

For the rhodium(l) facilitated ring expansion of deuterated cyclopropane 

44, the final theoretical relative proton NMR integration ratios in the resulting 

phenalene for resonances 1,2 and 3 assuming complete isotopic scrambling 

are shown with the experimentally observed relative proton integration ratios 

(Figure 85).

antic ipated  ratio  
2.51/1 /1 .25

observed ratio  
2.53 /1 /1 .23

Figure 85. Deuterium Scrambling in Phenalene using ((Ph)3P)2Rh(CO)CI.

The good agreement between the anticipated and observed proton 

integration ratios confirm that the deuterium labeling pattern in the resulting 

phenalene is the same as that observed for platinum. That is, the rhodium(l) 

facilitated ring expansion affords a deuterium labeling pattern found in the 

phenalene consistent with the beta mechanism. Furthermore, Paquette 

conducted similar deuterium labeling studies and also found that the ring 

expansion occurs in a manner consistent with the beta mechanism.52
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In addition, for the ring expansion of each cyclopropane 36 and 44, a line 

was generated by plotting the natural log of the change in integration areas of 

the cyclopropane proton NMR resonances versus the time in seconds (Figure 

86). A least squares analysis method was used to produce a linear regression 

and the slope of the line gave the value of the rate constant. Several trials were 

performed with each of the cyclopropanes 36 and 44 and linear correlation 

coefficients of 0.994 or better was realized for each kinetic trial.

3 

2 

I

ln[area]
0 

-I 

-2

Figure 86. Example of Kinetic Data using ((Ph^P^Rh(CO)CI.

The average rate constant for the ring expansion of deuterated 

cyclopropane 44 was found to be 2.10x10"4 ±0.12 and the non-deuterated 

analog 36 gave an average rate constant of 2.12x10'4± 0.09. The kH/kD for

H) y = 3.27 - 2.14e-4x

D) y = 3.03 - 2.06e-4x

((Ph)3P)2Rh(CO)CI

10000 20000

time(sec)



this experiment was calculated to be 1.01 and it was therefore concluded that 

there is no primary kinetic isotope effect for ring expansion with deuteriums in, 

the beta position using rhodium(l) as the ring expansion catalyst.

Given the elimination of the Puddephatt rearrangement as a possible 

rate limiting step for the rhodium(l) facilitated- ring expansion process, the 

absence of a primary kinetic isotope effect was surprising. This result led us to 

suspect that the beta mechanism was not an accurate representation of the ring 

expansion process and that a new mechanism must be considered.

In an attempt to further elaborate the nature of the ring expansion

process, additional experiments were conducted. Specifically, activation

parameters were determined in order to obtain information about the character

of the rate limiting step using ((Ph)3 P)2 Rh (CO) Cl.

Activation Parameter for the Rina Expansion 
of Cyclopropane 36 using (YPhLPLRhfCO)CI

The rhodium(l) facilitated isomerizations of cycloprop[a]acenaphthylene 

to phenalene were performed and monitored at different temperatures and rate 

constants for each temperature were determined. Data were acquired over 

temperature extremes of 293% and 334°K giving rate constants over a

temperature range of 410K. A graph was then generated by plotting the natural 

log of the quotient of the rate constants divided by the temperature at which they 

were determined versus the inverse of the temperature (Figure 87). A linear 

regression was calculated by a least squares analysis method of the data and 

an equation of a line was determined.

95
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Figure 87. Eyring Plot for Ring Expansion using ((Ph)3P)2Rh(CO)CI.

An enthalpy of activation of 31 Kcal/mole was calculated from the slope 

of the line and an entropy of activation of +21 eu was determined from the 

intercept. As previously mentioned, the enthalpy of activation data is not useful 

in determining mechanism. An entropy of activation of +21 eu is clearly 

indicative of a dissociative reaction mechanism. Since there were no steps in 

the beta mechanism that could account for an entropy of activation of +21 eu that 

had not been previously eliminated as rate limiting, a new mechanism had to be 

considered to explain the ring expansion process.

Proposed Mechanism for Ring Expansion

At this point, a brief review of the key experimental findings with respect 

to the study of the ring expansion process may be helpful. First, for ring 

expansions facilitated by either platinum or rhodium, the deuterium labeling

y = 34.41 - 1.56e+4x RA2 = .991

A H j  = 31 Kcal/mole

((Ph)3P)2Rh(CO)CI



97

pattern in the resulting alkenes were consistent with the beta mechanism. 

Second, there was no primary kinetic isotope effect observed for deuterium 

labeling in any position of the cyclopropane ring using either platinum or 

rhodium. Third, the rapid exchange of pyridine on the platina(IV)cyclobutane 

ring clearly eliminated ligand dissociation as a possible rate limiting step. 

Fourth, activation parameters obtained using rhodium (I) suggested a 

dissociative reaction mechanism.

Considering this information, a different mechanism was proposed for 

ring expansion than that established by Parsons and Puddephatt for the 

formation of the exocyclic methylene. In fact, this new mechanism differs from 

both the alpha and beta pathways previously described in the introduction and 

is demonstrated using platinum in Figure 88.

Figure 88. Proposed Mechanism for Ring Expansion.
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The proposed mechanism begins with the loss of a pyridine from the 

platinum of complex 113. The loss of pyridine is necessary to facilitate the 

Puddephatt rearrangement of the .platina(IV)cyclobutane 114 such that the 

platinum enters into the center bond of the cyclopropane to give complex 115. 

The Puddephatt rearrangement is then followed by platinum-carbon bond 

dissociation to yield complex 116. The. ring expansion process then proceeds 

by a 1,2-hydride shift from the position alpha to the platinum to the benzylic 

cation to form the platinum-alkene complex 117. Finally, re-associatibn of the 

pyridine to the platinum affords the ring expanded product phenalene.

The new mechanism provides for a deuterium labeling pattern in the 

resulting phenalene that is consistent with the observed experimental results. It 

is being, suggested that for platinum, the rate limiting step is either the 

Puddephatt rearrangement or platinum-carbon bond dissociation. For rhodium, 

the entropy of activation data points to rhodium-carbon bond dissociation as the 

rate limiting step.

In addition, the proposed mechanism accounts for the absence of a 

primary kinetic isotope effect for both rhodium and platinum facilitated ring 

expansions since for each metal, the deuterium transfer would be occurring 

subsequent to the rate limiting step. Although the proposed mechanism 

adequately accounts for the observed experimental results, further evidence 

was required to confirm its occurrence.

Solvent Effects

For reactions having polar or ionic intermediates, an increase in solvent 

polarity is often paralleled by an increase in reaction rate. It. was believed that 

this phenomenon may be useful in verifying if the rate limiting step for platinum 

and rhodium, facilitated ring expansions are consistent with those suggested in
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the previous section. For platinum, it was suggested that either the Puddephatt 

rearrangement or platinum-carbon bond dissociation was the rate limiting step 

and for rhodium, the entropy of activation data has implicated rhodium-carbon 

bond dissociation as the rate limiting step.

Standard concentrations of platina(IV)cyclobutane 57 were allowed to 

decompose in different solvents at 40°C. Decompositions were performed in 

methanol, acetonitrile and chloroform and the rates of decomposition were 

monitored and determined by the methods previously described. The rate of 

reaction in these solvents followed the order: chloroform > methanol >

acetonitrile. The rate constants were found to be 3.43x10"5, 1.46x10"5 and 

1.33x10'5 for chloroform, methanol and acetonitrile respectively.

The fact that there was no significant change in reaction rate for the 

decomposition of complex 57 in the different solvents suggests an intermediate 

with minimal polar character. If platinum-carbon bond dissociation was the rate 

limiting step a polar intermediate would be formed and a significant 

dependence on solvent polarity would be expected. The Puddephatt 

rearrangement is believed to occur without the formation of a polar intermediate 

and therefore, a dependence on solvent polarity would not be expected.

Although the above experiments support the Puddephatt rearrangement 

as the rate limiting step for ring expansion, care must be taken in the 

interpretation of these results. The Puddephatt rearrangement requires an 

open coordination site on the platinum. The uncertain degree to which the 

different solvents are able to occupy a coordination site on the platinum can 

make conclusions based on solvent effects difficult.

Similar experiments were performed for the ring expansion of
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cycloprop[a]acenphthylene to phenalene using ((Ph)3 P)2 Rh(CO)CI. For 

rhodium(l), the evidence suggests that the Puddephatt rearrangement does not 

occur and the entropy of activation data supports a dissociative mechanism.

The rate constants for ring expansion using rhodium were determined to 

be 2.12x10-4, 1.26x10"5 and 4.62x1-5 at 40°C in solvents chloroform, 

tetrahydrofuran and benzene respectively. For rhodium(l), the reaction rate 

parallels the order of solvent polarity. A 3.7 fold increase in reaction rate was 

observed in going from benzene to tetrahydrofuran and a 17 fold increase in 

reaction rate was observed in going from benzene to chloroform.

The 17 fold increase in reaction rate from benzene to chloroform is 

significant given the modest difference in polarity between these two solvents. 

The dependence of reaction rate on solvent polarity provides additional 

evidence that rhodium-carbon bond dissociation is the rate limiting step for the 

rhodium(l) facilitated ring expansion. However, the same limitations that were 

described for the analysis of solvent effects for platinum apply for this case. 

Nucleophilic Addition.

If the platinum-carbon bond dissociation step shown in the mechanism 

proposed for ring expansion (Figure 88) was indeed occurring, a cation should 

be formed that would potentially be susceptible to nucleophilic attack. 

Although, attempts at nucleophilic addition failed for platina(IV)cyclobutane 57, 

methanol was successfully added to a similar system (Figure 89).

PXD  —v - — P t C k P y z
Ph

—-  I MeOH
v- —  PtCI2Py2 -------------

RH

OCH3

Ph/ ^N s / / 'x Ph + , A ,
90 91 119 92

Figure 89. Methanol Addition to Platina(IV)cyclobutane 91.
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The addition of methanol to complex 91 to give compound 119 supports 

a polar if not ionic platinum-carbon bond and therefore provides some evidence 

for the occurrence of the platinum-carbon dissociation step of the proposed 

mechanism. Furthermore, cationic pathways are known to occur in the 

chemistry of platina(IV)cyclobutanes. However, it is interesting to note that 

when methanol-d4 was used during the addition, the addition was shown to 

occur to give the 1-methoxy-3-dueterio product (Figure 90) and it is not clear if 

the methanol attacks the cationic carbon directly or if it is delivered from the 

platinum by a prior coordination to the platinum.

Figure 90. MethanoFd4 addition to Platina(IV)cyclobutane 91.

Although the mechanism of the methanol addition is not fully understood, 

it certainly implies that the platinum-carbon bond of interest has some cationic 

character giving support to the bond dissociation step in the proposed 

mechanism.

Ring Expansion of PlatinadVlcvclobutane 120.

As previously mentioned, activation parameters for the decomposition of 

platina(IV)cyclobutane 57 provided little mechanistic information. 

Consequently, it was decided to determine the activation parameters for the 

decomposition of another platina(IV)cyclobutane that was known to yield ring 

expanded products (Figure 91).

MeOD

91 119a
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PtCI2Py2

120 121

Figure 91. Ring Expansion of Platina(IV)cyclobutane 120.

Decompositions of complex 120 were performed and monitored at 

different temperatures and rate constants for decomposition at each 

temperature were determined. Data was acquired over temperature extremes 

of 305°K and 3350K giving rate constants over a temperature range of 30°K. A 

graph was then generated by plotting the natural log of the quotient of the rate 

constants divided by the temperature at which the rate constants were 

determined versus the inverse of the temperature (Figure 92). A linear 

regression was calculated by a least squares fit of the data and an equation of a 

line was determined.

-12 -----1-----------------------------------
y = 23.41 - 1.23e+4x R*2 = 0.996

ln(k/T)

-  I ZJ

A H j  = 25 Kcal/mole 

A  S J = 0 eu

0.0030 0.0035 0.0040

1/T

Figure 92. Eyring Plot for the Decomposition of Complex 120.
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An entholpy of activation of 24 Kcal/mole was calculated from the slope 

of the line and an entropy of activation of Oeu was determined from the intercept 

of the line. Recall that for the decomposition of complex 57 an enthalpy of 

activation of 24 Kcal/mole was found and an entropy of activation was 

determined to be Oeu. The fact that complex 57 and complex 120 produced 

virtually identical activation parameters implies that a similar phenomenon is 

occurring.

It is believed that if the rate limiting step is platinum-carbon bond 

dissociation then such similar parameters would be unlikely since the bond 

dissociation step for complex 115 would be thermodynamically favored by the 

formation of a benzylic cation. On the other hand, if the Puddephatt 

rearrangement occurs as a concerted non-polar process as suggested by 

Puddephatt, then it would be expected to find similar activation parameters for 

the decomposition of each complex 57 and 120. Therefore, it can be argued 

that the Puddephatt rearrangement is the rate limiting step for the platinum 

facilitated ring expansion process.

Rhodium(III) and the Puddephatt Rearrangement

A detailed discussion of the Puddephatt rearrangement has been 

presented in the introduction chapter. As mentioned, the Puddephatt 

rearrangement is a process involving platinum isomerization between the 

bonds of a cyclopropane (Figure 93).

R

122 123

Figure 93. Puddephatt Rearrangement of Platina(IV)cyclobutanes.
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There have been no reports of analogous metallacyclobutane 

isomerization processes for complexes containing transitions metals other than 

platinum(IV). It may be speculated that other transition metals which are known 

to effect similar chemistry with cyclopropanes to platinum also undergo the 

Puddephatt rearrangement but due to their fast reaction rates and infrequent 

formation of stable complexes the Puddephatt rearrangement has not been 

observed.

The transformation of compound 124 to compound 125 was shown to 

occur by reaction with either platinum or rhodium (Figure 94).41’42 Strong 

evidence has been reported that supports the occurrence of the Puddephatt 

rearrangement during the platinum facilitated isomerization of compound 124 to

compound 125.41 Therefore, this reaction offered an excellent opportunity to

investigate the possibility of a Puddephatt rearrangement occurring involving 

rhodium(lll).

Pt(II) or Rh(I)

124 125

Figure 94. Isomerization of Compound 124 by Platinum or Rhodium.

Jennings reported that the reaction of 2H and 13C labeled cyclopropane 

126 with Zeise’s dimer formed the tetrameric platina(IV)cyclobutane 127 (Figure 

95).41 Subsequent reaction of complex 127 with DMSO yielded compound 

128. It was reported that 66% of the 13C label present in the cyclopropane was 

found at position (a) of compound 128 and 33% of the 13C label was found at
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position (b). The percent distribution of deuterium at carbons (a) and (b) of 

compound 128 is shown in parentheses adjacent to the respective deuterium.

126 127 128

Figure 95. Isotope Labeling Study Reported by Jennings.

Figure 96 shows the mechanism proposed by Jennings for the 

decomposition of platina(IV)cyclobutane 127.41 Jennings argued that 66% of 

the decomposition reaction followed path A to give compound 131 and 33% of 

the reaction followed path B to give compound 134. The proposed mechanism 

adequately explains the observed isotopic labeling pattern found in compound 

128. The divergence of path A from path B occurs as a result of the Puddephatt 

rearrangement between compounds 129 and 132.
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Path A
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Figure 96.
131

Mechanism Proposed by Jennings.

Katz reported that the reaction of deuterium labeled cyclopropane 135 

with Wilkinson’s catalyst resulted in the formation of compound 136 without the

isolation of a stable rhoda(lll)cyclobutane intermediate (Figure 97).42 In 

explaining the observed deuterium labeling pattern in compound 136, Katz 

proposed a mechanism analogous to that reported as path A of Figure 96 by



Jennings. However, Katz suggested that the initial point of rhodium insertion 

occurred at the most substituted position of the cyclopropane.
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Figure 97. Deuterium Labeling Study Reported by Katz.

Since Katz did not report the formation of compound 134 from path B of 

the Jennings mechanism, it can be argued that rhodium did not undergo the 

Puddephatt rearrangement. Since Katz was not aware at the time of his 

experiments of the findings of Jennings for platinum, it was thought that further 

investigation was necessary to conclusively determine whether or not the 

Puddephatt rearrangement was occurring during the rhodium facilitated 

transformation.

The isomerization of 13C labeled compound 137 to compound 138 was 

carried out by reaction with the rhodium catalyst (Figure 98). The carbon NMR 

spectrum of compound 138 was analyzed and the position of 13C enrichment 

was determined. The carbon NMR resonance for carbon (a) appeared at 

121.9ppm and showed a significant 13C enrichment as determined by the 

dramatic peak intensity relative to the normal carbon intensities. Carbon (b) 

resonated at 27.7ppm and showed no relative increase in its peak intensity.
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Figure 98. Isomerization of Compound 137 with Rhodium.

The absence of the 13C label at position (b) of compound 138 supports 

the findings of Katz and indicates that the Puddephatt rearrangement is not 

occurring during the rhodium facilitated reaction.
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General

Chemicals

Chloroform-Cl1, benzene-d6, methanol-c^, pyridine-d5 acetonitrile-d3 and 

water-dg were purchased from Cambridge Laboratories and used for data 

acquisition and chemical reactions without further purification. Diethyl ether 

and tetrahydrofuran were distilled from sodium and benzophenone and used 

immediately after distillation. K2PtCI4 was obtained on loan from Johnson 

Matthey and was used in the preparation of Zeise’s dimer by the method of

Littecott83fred Rhodium and Palladium catalysts were purchased from Strem 

Chemicals. The following chemicals including all alkenes used in the formation 

of cyclopropanes were purchased from Aldrich and used without further 

purification: N-methyl-N-nitroso-p-toluene sulfonamide (Diazald), cis and trans 

diphenycyclopropane, methylene iodide, zinc dust. Cuprous chloride, lithium 

aluminum hydride and pyridine were purchased from Baker Chemicals. Silica 

gel chromatography was performed with grade 60, 230-400 mesh purchased 

from Merck.

Instrumentation

NMR data were acquired from either a Bruker AM500, WM250 or AC300 

and both proton and carbon spectra were referenced to the solvent used during 

the acquisition. Kinetic experiments were monitored by proton NMR and 

temperatures were controlled with a variable temperature unit installed on a 

proton selective probe. The variable temperature unit was calibrated by the
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temperature dependence of the chemical shifts of either methanol or ethylene 

glycol. Nominal and high resolution mass spectral data were acquired on a VG 

7070 mass spectrometer. Elemental analysis was performed by Galbraith 

Laboratories. X-ray crystallographic studies were performed using a Nicolet 

R3ME automated diffractometer and structural refinements were made using a 

SHELXTL program package.

Synthesis of Cyclopropanes

t

Synthesis of Cyclopropanes 36. 37a. 37b. 38. 39. 40 41

Compounds 36 through 41 were synthesized by the procedure described 

by Kottwitz47 in which diazomethane was added to an olefin in the presence of 

a catalytic amount of either Pd(II)(OAc)2 or [Rh(ll)(OAc)2]2. After the completion 

of the procedure described by Kottwitz, the ethereal solutions were passed 

through a short silica gel column to eliminate any dissolved Pd(II)(OAc)2 or 

[Rh(II)(OAc)2I2 catalyst. Crude yields of Compounds 36, 38, 39, 40 were 89, 67, 

54, 63% respectively with a significant amount of byproducts being formed. 

Further purification was achieved by fractional silica gel chromatography and 

purity was verified by TLC, GC-mass spectrometry and proton and carbon NMR 

spectrometry. Yields via silica gel chromatography were not optimized.

Compounds 37a and 37b were formed quantitatively and in a ratio of 3.2 

to 1 respectively. Product ratios were determined by proton NMR integrations 

and GC analysis. No further purification was required beyond, a short silica gel 

column to remove any dissolved catalyst as determined by GC-mass 

spectrometry and proton and carbon NMR spectrometry. Compound 41 was 

also produced quantitatively and further purified by fractional distillation. Purity
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was confirmed by comparison of boiling point and proton and carbon NMR 

spectra with values reported in the literature.

Spectral Data of Cvclooropanes 36. 37. 38. 39. 40 41 

Compound 36

1H NMR: (CDCI3) 7.35 to 7.56 (om, 6H); 3.01 (dd, 2H); 1.51(dt, IR); .77(dt, 1H). 

13C NMR: (CDCI3) 146.3; 136.5; 132.0; 127.3(2C); 122.7(2C); 119.3(2C); 27.0; 

23.9(2C). MS, m/e (relative intensity): 167(6.2), 166(M+,41.8), 165(100), 

163(14.9), 139(3.3), 82(25.7). Exact Mass Calculated for C13H10 166.0783; 

Found 166.0771. -

Compound 37a

1H NMR: (CDCI3) 8.91 (bs, IR); 2.91 (d, 2H); 2.50(dd, 2H); 1.19(m, 2H); .77(m, 

2H); .70(m,1H); - 02(dd,1H). 13CNMR: (CDCI3) 181.3(2C); 39.8(2C); 23.9(2C); 

12.3; 5.4(2C). MS, m/e (relative intensity): 165(M+,43,7), 137(11.5), 122(20.0), 

105(12.9), 98(63.1), 97(10.6) 94(56.3), 93(37.5), 91(18.2) 80(17.1), 79(100), 

78(13.2), 77(21.0), 68(57.0), 67(25.1) 66(31.6), 59(22.7), 57(25.2) 53(24.9). 

Exact Mass Calculated for C9H11O2N 165.0790; Found 165.0800.

Compound 37b

1H NMR: (CDCI3) 8.75(bs, IR); 2.93(m, 2H); 2.44(m, 2H); 1.04(m, 2H); .91 (m, 

2H); .78(dd,1H); .03(dd,1H). 13CNMR: (CDCI3) 180.6(2C); 40.4(2C); 24.5(2C); 

14.4; 8.6(2C). MS, m/e (relative intensity): 165(M+,38.8), 137(13.0), 123(13.4), 

122(21.3), 105(9.2), 98(64.9), 94(58.3), 93(36.3), 80(16.3), 79(100), 78(23.7), 

77(36.3), 68(36.4), 66(30.9), 59(47.3), 53(22.0). Exact Mass Calculated for 

C9H11O2N 165.0790; Found 165.0796.
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Compound 38

1H NMR: (CDCI3) 7.16(d,1H); 6.69(d,1H);. 6.59(s,1H); 3.77(s,3H); 2.55(m,1H); 

2.44(m,1H); 2.11(dd,1H); 1.87(m,1H); 1.71(m,1H); 1.52(m,1H); .80(dd,1H); 

•72(m,1H). 13CNMR: (CDCI3) 157.0, 135.0, 130.94, 128.9, 114.1, 111.4, 55.2, 

25.6, 22.3, 19.4, 14.6, 13.7, 8.0. MS, m/e (relative intensity): 174(M+,71.5), 

159(100), 144(43.8), 128(35.7), 115(49.8), 31(24.1), 77(20.2), 63(17.7),

51(23.1), 39(24.6). Exact Mass Calculated for C12H14O 174.1045; Found 

174.1036.

Compound 39

1H NMR: (CDCI3) 7.15 to7.71(om,6H); 3.43(d,2H); 2.27(ddd,1H); 1.81(m,1H), 

1.15(ddd,1H); .42(dd,1H). 13C NMR: (CDCI3) 137.4, 133.7, 1,32.0, 127.8,

125.9, 125.6, 125.4, 125.1, 124,8, 123.4, 28.2, 16.4, 15.8, 13.6. MS, m/e 

(relative intensity): 180(M+,67.2) 179(78.3), 178(28.7), 176(11.4), 166(18.5), 

165(100), 152(22.9), 151(8.4), 89(28.5), 88(10.8), 82.5(19,4).

Compound 41

1H NMR: (CDCI3) 2.20(s,2H); 1.39(m,2H); 1.23(m,2H); .91(dt,1H); .68(dd,2H);

.52(d,1H); .28(dt,1H); -.12(dd,1H). 13C NMR: (CDCI3) 35.4(2C), 29.5(2C), 26.2, 

14.5(2C), .8.

Synthesis of Cyclopropanes 47a.b

The mixture of compounds 47a and 47b were synthesized by the method 

described by Neilsen.48 A solution of KOH (34.5g, .61 mol), H2O (40ml), diethyl 

ether (350ml) were placed in a 500ml erlenmeyer flask and cooled to O0C in an 

ice bath. Solid portions of 1 -ethyl-3-nitro-1 -nitrosoguanidine (12.85g, .OSOmol) 

were slowly added. Upon completion of the addition, the ethereal layer was

I
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decanted and the aqueous KOH solution was washed several times with diethyl 

ether and the ether solutions were combined. The combined ether washings

were added to a cooled (O0C) solution containing acenaphthylene (2.43g, 

.016mol)f diethyl ether (400ml) and palladium acetate (.305g, .OOImol). The 

solution was warmed to room temperature and allowed to stir for several hours. 

After removal of the diethyl ether by rotoevaporation, compounds 47a and 47b 

were purified by silica gel chromatography with a 2 to 1 mixture of pentane and 

chloroform as the eluent. A mixture of isomers 47a and 47b were isolated in a 

ratio of 1 to 5.5 in 63% yield and purity was verified by TLC, GC-mass 

spectrometry and proton NMR.

Spectral Data of cyclopropanes 47a.b

Compound 47a 1 ,

1H NMR: (CDCI3) 7.60 to 7.35(om,6H); 3.11 (d,2H).; 1.81(m,1H); .43(d,3H). 13C 

NMR: (CDCI3) 142.4(2C), 139.1, 131.3, 127.8(2C), 122.7(2C), 120.9(2C),

29.4(2C), 27.1, 7.4. MS, m/e (relative intensity): 180(M+,24.3), 178(40.6), 

166(14.7), 165(100), 151(8.5), 89(15.9), 82(12.7), 76(9.7). Exact Mass

Calculated for C14H12 180.0939; Found 180.0933.

Compound 47b

1H NMR: (CDCI3) 7.60 to 7.35(om,6H); 2.78(d,2H); 1.20(d,3H); 1.08(m,1H). 

13C NMR: (CDCI3) 146.1(2C), 137.3, 131.9, 127.3(2C), 122.3(2C), 118.9(2C), 

35.8(2C), 32.6, 18.2. MS, m/e (relative intensity): 180(M+,26.5), 178(42.1), 

166(15.3), 165(100), 151(10.0), 89(18.7), 82(12.0), 76(10.3). Exact Mass

Calculated for C14H12 180.0939; Found 180.0939.

/
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Synthesis of Cyclopropanes 48. 49. 50

Compound 48 was synthesized by rhodium:(M)acetate catalyzed reaction 

of ethyl diazoacetate with acenaphthylene. A solution of diethyl ether and ethyl 

diazoacetate(17.3ml, . 164mol) was: added dropwise to a solution containing 

acenaphthylene (Sg, .033mol) and rhodium (I I)catalyst. The diethyl ether was 

removed by rotoevaporation and the crude mixture was purified by silica get- 

chromatography with benzene as the eluent. A syn to anti ratio of I to 1.7 was 

determined by proton NMR analysis.

Compound 49 was synthesized by reduction of the epimeric 

cyclopropane 48. A diethyl ether solution of compound 48 was added dropwise 

to a mixture of lithium aluminum hydride in diethyl ether and the reaction was 

allowed to stir at room temperature for 3 hours. The excess LAH was quenched 

with water and the aqueous phase was extracted 4 times with diethyl ether. The 

organic phases were combined and the solvent removed by rotoevaporation. 

The epimeric alcohols 49 retained the syn to anti ratio of I to 1.7 found for 

compound 48. Compound 49 was purified by silica gel chromatography with 

chloroform as the eluent. Cyclopropane 49 was isolated in 57% yield relative to 

compound 48 and purity was verified by TLC and proton NMR analysis.

Compound 50 was derived from the reaction of cyclopropane 49 with 

acetic anhydride. Cyclopropane 49 (2.04g, .01 mol) was stirred at room 

temperature for 8 hours in a methylene chloride (20ml) solution containing 

pyridine (.93ml, .OITmol) and acetic anhydride (1.47ml, .016mol). Pyridine salts 

were removed by several water washings of the methylene chloride solution 

and the cyclopropane was further purified by silica, gel chromatography with a 2 

to 1 mixture of benzene and pentane as the eluent. Purity was verified by TLC 

and proton NMR.



Spectral Data of cyclopropanes 48. 49. 50 

Compound 48anti

1H NMR: (CDCI3) 7.70 to 7.30(om,6H); 4.32(q,2H); 3.57(d,2H); 1:79(t,1H);

1.30(t,3H). 13C NMR: (CDCI3) 170.7,. 142.5(2C), 138.2, 131.3, ,127.1 (2C), 

123.5(2C), 121.1 (2C), 59.5, 38.7,. 30.1 (2C), 13.3.

Compound 48syn

1H NMR: (CDCI3) 7.70 to 7.30(om,6H); 3.70(q,2H); 3.45(d,2H); 2.53(t,1H);

.72(t,3H). 13C NMR: (CDCI3) 168.1, 140.3(2C), 136.2, 130.5, 127.2(2C),

123.7(2C), 120.4(2C), 60.5, 34.4, 32.0(2C), 14.0.

Compound 49anti

1H NMR: (CDCI3) 7.70 to 7.15(om,6H); 3.64(d,2H); 2.93(d,2H); 1.33(m,1H). 

13C NMR: (CDCI3) 144.8(2C), 137.1, 131.7, 127.2(2C), 122.7(2C), 119.4(2C), 

64.2, 41.8, 28.6(2C).

Compound 49syn

1H NMR: (CDCI3) 7.70 to 7.15(om,6H); 3.22(d,2H); 2.91 (d,2H); 1.97(m,1H). 

13C NMR: (CDCI3) 141.1(2C), 138.2, 130.1, 127.3(2C), 122.9(2C), 120.7(2C), 

57.8, 33.9, 28.4.

Compound SOanti

1H NMR; (CDCI3) 7.70 to 7.30(om,6H); 4.13(d,2H); 2.99(d,2H); 2.08(s,3H);

1.37(m,1H). 13C NMR: (CDCI3) 171.0, 144.3(2C), 136.9, 131,8, 127.3(2C), 

123.0(2C), 119.7(2C), 65.6, 37.6, 29.1 (2C), 20.9.

115
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Compound SQsyn

1H NMR: . (CDCi3) 7.70 to 7:30(om,6H); 3.35(d,2H); 3.23(d,2H); 1.99(m,1H); 

1.92(s,3H);.13C NMR: (CDCI3) 170.8, 1407(2C), 138.5, 129.3, 127.5(2C),

123.4(2C), 121.3(2C), 60.5, 30.1, 28.5(2C), 20.7.

Synthesis of Cydopropanes 51. 52. 53

Cyclopropanes 51, 52 and 53 were synthesized using Simmon-Smith 

procedures.50 A mixture of zinc dust (17g, .26mol) and cuprous chloride (2.58g, 

.026mol) in 40ml of dry diethyl ether was stirred and heated, at reflux under a 

nitrogen atmosphere for 30 minutes. The alkene (.lmol) and methylene iodide 

(10.5ml, .13mol) were added, and the mixture was maintained at reflux for 24 to: 

48 hours. Upon completion of the reaction, 20ml of water was added to quench 

any remaining active Zn-Cu couple and the diethyl ether and cyclopropane 

layer was decanted. The ethereal cyclopropane solution was washed several 

times with water. The cyclopropanes were purified by silica gel chromatography 

with pentane as the eluent. Yields were 62, 47, and 82% for compounds 51, 52, 

and 53 respectively. Purity was verified by TCL, GC-mass spectrometry and 

proton NMR.

Spectral Data of Cyclopropanes 51. 52. 53 

Compound 51

Proton and carbon NMR data obtained for cyclopropane 51 were in excellent 

agreement with literature values.37 

Compound 52

1H NMR: (CDCI3) 7.25(t,1H); 6.90 to 7.20(om,3H); 2.54(om,2H); 2.13(qt,1H); 

1.92(m,1H); 1.77(m,1H); 1.58(m,1H); .87(dt,2H). 13CNMR: (CDCI3) 138.9,
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133.8, 128.5, 128.3, 125.9, 124.7, 25.4, 19.4, 15.4, 14.2, 8.2. MS, m/e (relative 

intensity): 144(M^,33i9), 129(100):, 128(52.2), 115(33.2), 102(4,9), 89(7.2), 

77(7.7), 51(15.4), 39(19.4). ' Exact Mass Calculated for C11H12 144.0939; 

Found 144.0938.

Compound 53

1H NMR: (CDCI3) 7.35 to 7.03(om,4H); 3.18(dd,1H); 2.93(d,1H); 2.35(m,1H); 

1.85(m,1H); 1.06(ddd,1H); .06(m,1H). 13C NMR: (CDCI3) 147.1, 141.9, 125.8,

125.4, 125.3, 123.3, 35.5, 23.9, 16.7, 16.0. MS, m/e (relative intensity): 

130(M+,100), 129(91.7), 128(58.5), 127(29.3), 115(71.4), 102(10.2), 89(7.3), 

77(14.4), 64(18.8), 63(18.0), 51(26.6), 50(11.99), Exact Mass Calculated for 

C10H10 130.0783 Found 130.0782.

Synthesis of Isotopic Labeled Substrates

Synthesis of Isotopic Labeled Substrates 42. 43. 44. 45

Substrates 42, 43, 44 and 45 were synthesized and purified using the 

same procedure described for their non-deuterated analogs with the following 

exceptions: NaOD and D2O were used in place of KOH and H2O to introduce 

the deuteriums onto substrates 42, 44. 13C labeled diazold was used to

introduce the 13C label into the cyclopropane of substrates 43 and 45. 

Cyclopropane 43 was formed quantitatively and compounds 42,44 and 45 

were formed in 80, 87 and 86% conversion respectively. Deuterium content 

and specific deuterium positions were determined by integration of the proton

NMR resonances. The location of 13C incorporation was determined by 13C

NMR.
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Synthesis of Isotopic Labeled Substrates 4fi anri 84

Deuterium labeled cycloprop[a]acenaphthylene 46 was synthesized by 

reaction of cycloprop[a]acenaphthylene 36 with 1 equivalent of n-butyllithium in 

absolute ether. The mixture was allowed to stir at room temperature for several 

days and then quenched with D2O. Several passes of the n-butyllithium and 

D2O were made and proton NMR integrations revealed that 95% deuteration 

was achieved at each.position.

Deuterated compound 54 was synthesized by deuteration of the parent 

alkene indene 55 prior to the cyclopropanation as described for the non- 

deuterated analog 53. Sodium metal and deuterium oxide were added to a 

solution of indene in anhydrous THF and maintained at reflux for 24 hours. The 

deuterated indene was isolated by several extractions of. the reaction mixture 

with diethyl ether. A deuteration of 96% was achieved at each position which 

remained during the cyclopropanation as verified by proton NMR integrations.

Formation of Platina(IV)cyclobutanes

The general method discovered by McQuiIIin for synthesizing 

platina(IV)cyclobutanes was used in the formation of the platinum(IV)

complexes.27. A mixture of Zeise’s dimer and cyclopropane were allowed to 

react in diethyl ether either at room temperature or at reflux. The reactions were 

allowed to continue until all of the orange . colored Zeise’s dimer had 

disappeared and the yellow colored initially precipitated complex (IPC) had 

been formed. The IPG’s were washed with several portions of pentane to 

eliminate any excess cyclopropane. The IPG’s were then placed1 in-diethyl 

ether and an excess of coordinating ligand such as pyridine (Py) was
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introduced. The tetrameric IPG’s were broken into their monomeric analogs 

within three to five hours of exposure to the excess coordinating ligand. The 

monomeric platina(IV)cyclobutanes were then precipitated with the addition of 

pentane to the diethyl ether solution and further purified with several pentane 

washes.

Spectral Data of Platina(IV)cvclobutanes 55. 56. 57. 58. 59. 60. 61. R2 

Compound 55

1H NMR: (CDCI3) (Jpt_H in Hz) 9.09(d,2H); 8.60(d,2H); 7.88(t,1H); 7.73(t,1H); 

7.45(t,2H); 7.30(t,2H); 7.17(t,1H); 7.10(d,1H); 6.86(t,1H); 6.61(d,1H); 4.68(d,1H) 

(115); 3.70(m 1H); 3.20(m,2H); 3.18(d,1H) (75); 2.82(t,1H) (82). 13C NMR: 

(CDCI3) (JPt_c in Hz) 149.5(2C), 148.7, 145.6, 138.2, 137.8, 126.3, 125.4, 

125.1 (2C), 124.7, 124.4, 48.2(102), 42.1, 10.7(355), -4.7(349). Anal. Calcd. for 

tetramer C10H10CI2Pt: C, 30.32; H, 2.54. Found: C, 29.55; H, 2.58.

Compound 56

1H NMR: (CDCI3) (Jpt.H in Hz) 9.11(d,2H); 8.55(bs,2H); 7.82(t,1H); 7.69(bs,1H); 

7.36(t,2H); 7.26(bs,2H); 7.13(t,1H); 6.92(d,1H); 6.83(t,1H); 6.48(d,1H);

4.82(d,1H) (114); 3.40(m,1H); 3.18(dd,1H) (79); 2.93(d,1H); 2.71 (dd,IH) (83); 

2.41 (d,IH); 1.64(d,1H) 1.40(m,1H). 13CNMR: (CDCI3) (JPt„c in Hz) 149.4(2C), 

143.0, 140.5, 137.8(2C), 129.3, 128.3, 125.6, 124.4(2C), 124.2, 42.2(103), 

28.4(30), 6.1(339),-11.0(352).

Compound 57

' 1H NMR: (CDCI3) (Jpt„H in Hz) 9.12(d,2H); 8.58(d,2H); 7.88(t,1H); 7.69(t,1H); 

7.63(d,1H); 7.61(d,1H); 7.46(t,1H); 7.44(d,2H); 7.31 (d, IH); 7.21 (d,2H);

7.19(t,1H); 6.72(dt,1H) 5.08(d,1H) (113); 4.87(m,1H); 3.41(dd,1H) (80);
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3.12(t,1H) (8-1) 13CNMR: (CDCI3) (JPt.c in Hz) 151.21, 14S.8(2C), 148.3, 139.7,

138.2, 131.1, 128.1, 127.9, 124.6(2C), 122.5, 121.8, 119.4, 118.7, 55.3(107), 

5.5(364), -4.5(366).

Compound 58

1H NMR: (CDCI3) (JPt.H in Hz) 9.02(d,2H); 8.76(d,2H); 7.88(t,1H); 7.72(t,1H); 

7.58(d,1H); 7.41 (om,3H); 7.30(om,4H); 7.13(t,1H); 6.68(d,1H); 5.29(d,1H) (117); 

4.56(1,IN); 3.67(1,1H) (92); .82(m,3H). 13C NMR: (CDCI3) (JPt_c in Hz)

153.7(2C), 151.4, 149.9(2C), 149.0, 138.2, 138.0,.137.0, 131,5, 127.8, 126.9, 

125.6(2C), 125.4(2C), 124.4, 123.9, 119.5, 117.5, 64,0(107), 23.4(23), 

10.7(373), 6.4(387).

Compound 59a

1H NMR: (CDCI3) (JPt„H in Hz) 8.89(d,2H); 8.82(bs,1H) 8.57(d,2H); 7.83(1,1 H); 

7.76(1,1H); 7.40(1,2H); 7.32(1,2H); 3.40. to 1.60(om,10H). 13C NMR: (CDCI3)

(JPt-c in Hz) 13C NMR: (CDCI3) (JPt_c in Hz) 180.1, 179.5, 149.4(2C), 

149.3(2C), 138.2, 137.9, 125,3(2C), 125.1 (2C), 39.0(105), 39.3, 39.0, 24.8(20), 

22.2(19), -3.5(383), -10.2(353). Anal. Calcd. for C19H21O2N3CI2Pt: C, 38.72; H, 

3.59. Found: C, 39.11; H, 3.84.

Compound 59b

1H NMR: (CDCI3) (JPt„H in Hz) 8.89(d,2H); 8.75(bs,1H) 8.57(d,2H); 7.83(1,1 H); 

7.76(1,1H); 7.40(1,2H); 7.32(1,2H); 3.40 to 1.60(om,10H). 13C NMR: (CDCI3)

(JPt-c in Hz) 180.1, 179.5, 149.4(2C)„ 149.3(2C), 138.2, 137.9, 125.3(2C), 

125.1 (2C), 43.1(102), 39.5, 39.4, 27.2(22), 26.0(18), -.9(384), -8.9(349). Anal. 

Calcd. for C19H21O2N3CI2Pt: C, 38.72; H, 3.59. Found: C, 39.11; H, 3.84.
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1H NMR: (CDCI3) (JPt.H in Hz) 9.11(d,2H); 8.55(d,2H); 7.89(t,1H); 7.72(t,1H); 

7.42(t,2H); 7.30(bs,2H); 7.11 (t,1H); ' 6.83(d,1H); 6.55(t,1H); 6.46(d,1H);

4.61 (d,IH) (112); 4.08(d,1H); 3.55(d,1H); 3.45(m,1H); 3.31(dd,1H) (76); 

2.68(dd,1H) (81). 13CNMR: (CDCI3) (JPt„c in Hz) 13C NMR: (CDCI3) (JPt.c in 

Hz) 153.8, 149.7(4C), 138.2, 137.8, 131.5, 129.4, 126.2, i25.1(4C)„ 121.2,

117.5, 70.1(33), 44.6(108), 29.7, -.8(355), -12,3(359).

Compound 61

1H NMR: (CDCI3) (JPt„H in Hz) 9.07(d,2H); 8.58(bs,2H); 7.84(t,1H); 7.77(t,1H); 

7.40(t,2H); 7.30(t,2H); 6.56(d,1H); 6.45(dt,1H); 6.34(dd,1H); 4.76(d,1H) (115); 

3.71 (s,3H); 3.36(m,1H); 3.11 (dd,IH) (78); 3.00(dd,1H); 2.68(dd,1H) (86); 

2.43(d,1H); 1.63(d,1H); 1.41(m,1H). 13C NMR: (CDCI3) (JPt„c in Hz) 13CNMR: 

(CDCI3) (JPt„c in Hz) 156.6, 149.2(4C), 141.8, 137.5(2C), 134.9, 124.5(4C), 

113.0, 111.9, 54.9, 42.2(103), 28.4(29), 27.8, 6.4(334), -11.5(353).

Compound 62

1H NMR: (CDCI3) (JPt„H in Hz) 9.07(d,2H); 8.45(d,2H); 7.72(t,1H); 7.65(t,1H);

7.50 to 6.70 (om,14H); 5.23(d,1H) (116); 4.79(m,1H); 3.87(dd,1H) (77); 

2.88(dd,1H) (84). 13C NMR: (CDCI3) (JPt.c in Hz) 149.8, 144.1, 143.0, 138.0,

131.3, 127.4, 126.4, 126.2, 125.3, 125.1, 124.8, 124.3, 51.7(110), 14.9(354), - 

8.6(364).

Compound 94

1H NMR: (CDCI3) (JPt„H in Hz) 9.07(d,2H); 8.45(d,2H); 7.72(t,1H); 7:65(t,1H);

7.50 to 6.70 (om,14H); 5.51(dd,2H) (114); 3.51 (m,1H); 3.48(m.1H). 13C NMR: 

(CDCI3) (JPt„c in Hz) 150.2, 146.2, 145.8, 138.6, 130.7, 127.8, 125.9, 125.6,

Compound 60
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124.9, 124.4, 123.8, 123.7, 40.1(118), 10.2(353).

Compounds 90.91

Proton and carbon NMR data obtained for platina(IV)cyclobutanes 90 and 91 

were in excellent agreement with literature values.12

Alkenes from the Thermolysis of PlatinafIVIcvcIobutanAs

PIatina(IV)CycIobutane-decomposition reactions were performed with 10-

20mg of complex in deuterated solvents whenever possible. Aliquats were

taken from the crude reaction mixture and analyzed directly by proton and

carbon NMR without purification. Crude product ratios were determined by

proton NMR integrations. Purification of product mixtures for GC-mass spectral

analysis were accomplished by removal of the reaction solvent by

rotoevaporatioh and then washing the remaining residue with several portions

of pentane. The pentane extracts were combined and run through a short silica

gel column with pentane as the eluent. Product ratios determined by GC-mass

spectral analysis were in good agreement with those determined by proton

NMR for the crude reaction mixtures.

Spectral Data for Alkenes 64.68.69.70.71.72 
78.79.80.81.83.86.92.95.96.103

Compound 64

1H NMR: (CDCI3) 7.57(t,1H); 7.51 (t,IR); 7.27(d,1H); 7.23(om,2H); 6,97(d,1H); 

6.59(dt,1H); 6.04(dt,1H); 4.06(bs,2H). 13C NMR: (CDCI3) 134.2, 133.6, 132.0,

129.5, 127.7, 127.6, 126.7, 126.2, 126.0, 125.0, 124.9, 122.1, 32.1. MS, m/e 

(relative intensity): 166(M+,47.4), 165(100), 164(15.1), 163(17.8), 83(9.6), 

82(24.5), 69(5.0), 63(4.7). Exact Mass for C13H10 166.0783; Found 166.0779.
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Compound 68

1H NMR: (CDCI3) 7.55(d,1H); 7.48(d,1H); 7.35(t,1H); 7.26(om,2H); 6.93(d',1H);. 

6.37(d,1H); 3.93(bs,2H); 1.93(bs,3H). 13C NMR: (CDCI3) 136.5, 134.7, 133.5, 

133:3, 126.4, 126.1, 125.9, 125.7, 125.0, 124.5, 123.2, 121.1. MS, m/e (relative 

intensity): 180(M+,64.6), 179(93.4), 178(25.8), 176(8.3), 166(14.5), 165(100), 

163(7.0), 152(6.8), 89(35.0), 82.5(14.6), 76(17.4), 75(5.0), Exact Mass 

Calculated for C14H12 180.0939; Found 180.0939.

Compound 69

1H NMR: (CDCI3) 7.50 to 6.95(om, 4H); 6.45(bs,1H); 3.28(bs,2H); 2.13(bs,3H). 

13C NMR: (CDCI3) 42.7, 16.7. MS, m/e (relative intensity): 130(M+,100),

129(65.5), 128(32.2), 127(14.8), 115(71.1), 65(9.1), 64(13.5), 63(11.8), 51(13.4). 

Exact Mass Calculated for C10H10 130.0783; Found 130.0780.

Compound 70

1H NMR: (CDCI3) 7.50 to 6.95(om, 4H); 5.51 (m,2H); 3.72(t,4H). 13C NMR:

(CDCI3) 107.8, 39.4. MS, m/e (relative intensity): 130(M+,100), 129(72.9), 

128(46.6), 127(21.3), 115(63.2), 77(12.1), 64(14.3), 63(13.1), 51(8.8). Exact 

Mass Calculated for C10H10 130.0783; Found 130.0784.

Compound 71

1H NMR: (CDCI3) 7.50 to 6.95(om, 4H); 6.22(m,1H); 3.33(t,2H); 2.20(m,3H). 

13C NMR: (CDCI3) 37.6, 13.0. MS, m/e (relative intensity): 130(M+,100),

129(60.9), 128(31.2), 127(17.3), 116(8.4), 115(74.4), 64(14.1), 63(9.7). Exact 

Mass Calculated for C10H10 130.0783; Found 130.0782.

Compound 72

1HNMR: (CDCI3) 7.50 to 6.95(om, 4H); 6.47(dt,1H); 6.03(dt,1H); 2.81(dt,2H);
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2.34(m,2H). 13C NMR: (CDCI3) 135.4, 134.1, 128.6, 127.8, 127.5, 126.8,

126.4, 125.9, 27.5, 23.2. MS, m/e (relative intensity): 130(M+,100), 129(84.3), 

128(54.2), 127(27.4), 115(56.2), 102(9.0), 77(11.9), 64(19.8), 63(12.7), 51(19.6), 

50(7.6). Exact Mass Calculated for C10H10 130.0783; Found; 130.0779. 

Compound 78

1H NMR: (CDCI3) 7.80 to 7.20(om, 6H); 5.12(s,2H); 3.81 (s,2H);. 13CNMR:

(CDCI3) 108.5, 39.4. MS, m/e (relative intensity): 180(M+,67.2), 179(78.3), 

178(28.7), 176(11.4), 166(18.5), 165(100), /152(22.9), 151(8.4), 89(28.5), 

88(10.8), 82(19.4).

Compound 79

1H NMR: (CDCI3) 7.40 to 6.99(om,4H); (dt,1H); 2.75(t,2H); 2.22(m,2H);

2.05(s,3H). 13CNMR: (CDCI3) 136.2, 135.9, 132.2, 127.3, 126.7, 126.3, 125.3,

122.8, 28.4, 23.2, 19.2.

Compound 80

1H NMR: (CDCI3) 7.40 to 6.99(om,4H); 4.88(s,1H); 4.84(d,1H); 3.55(s,2H);

2.87(t,2H). 13CNMR: (CDCI3) 145.5, 137.1, 136.5, 128.5, 128.4, 125.9, 125.6, 

108.2, 37.2, 31.9; 31.2.

Compound 81

1H NMR: (CDCI3) 7.40 to 6.99(om,4H); 5.48(s,1H); 4.93(s,1H); 2.83(dt,2H);

2.57(m,2H); 1.90(m,2H). 13C NMR: (CDCI3) 143.5, 137.3, 134.8, 129.2, 127.6,

125.6, 124.2, 107.8, 33.3, 30.5, 23.8.

Compound 83

1H NMR: (CDCI3) 8.95(d,1H); 6.71 (d,I R); 6.60(s,1H); 5.87(s,1H); 5.80(s,1H);
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3.73(s,3H); 3.44(s,2H); 2.82(t,2H); 2.43(t,2H). 13C NMR: (CDCI3) 158.3, 150.3, 

138.2, 136.1, 129.8, 114.2, 112.0, 110.4 52.6, 48.8, 32.0, 30.1.

Compound 86

1H NMR: (CDCI3) 8.94(bs,1H); 4.83(s,1H); 4.77(s,1H); 3.01(om,3H); 2.50(d,2H);

2.24(m,1H); 1.95(m,2H), 13C NMR: (CDCI3) 180.0, 179.8, 141.4, 111.7, 41.8,

40.8, 30.9, 27.9, 22.7.

Compound 92

1H NMR: (CDCI3) 7.60 to 7.00(om,10H); 5.56(s,1H); 5.08(s,1H); 3.89(bs,2H). 

13C NMR: (CDCI3) 142.5, 114.5, 41.6. MS, m/e (relative intensity):

194(M+,100), 193(68.5); 179(53.8), 178(41.1), 167(11.2); 165(19.3); 117(29.3), 

116(49.1), 115(72.7), 103(31.9), 91(40.8), 89(19.5), 77(19.8), 65(16.9), 63(15.1), 

51(11.5), 39(16.2). Exact Mass Calculated for C15H14 194.1096; Found 

194.1097.

Compound 95

1H NMR: (CDCI3) . 13C NMR: (CDCI3) . MS, m/e (relative intensity): 

194(M+,100), 193(54.6), 192(10.9), 191(8.5), 179(40.4), 178(25.7), 165(12.2), 

152(4.3), 117(21.5), 116(35.2), 115(65.4), 103(20.6). Exact Mass Calculated for 

C15H14 194.1096; Found 194.1096.

Compound 96

1H NMR: (CDCI3) . 13C NMR: (CDCI3) . MS, m/e (relative intensity):

194(M+,100), 193(62.9), 191(8.2), 179(47.3), 178(33,6), 167(8.3), 165(14.5), 

117(24.8), 116(40.5), 115(70.3), 103(24.5). Exact Mass Calculated for C15H14 

194.1096; Found 194.1096.
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1H NMR: (CDCI3) 8.39(bs,1H); 5.48(s,1H); 3.40(m,1H); 3.04(m,1H); 2.19(m,,1H); 

2.02(m,1H); 1.90(m,1H); 1.75(dt,1H); 1.70(s,3H). 13C NMR: (CDCI3) 179.3,

177.8, 139.2, 114.6, 42.9, 40.0, 26.5, 24.0, 21.9,

Compound 103

Kinetic Measurements

All reaction rates were measured by proton NMR spectroscopy. In a 

typical experiment, 5mg of platina(IV)cyclobutane was added to .5ml of 

chloroform^ in an NMR tube and placed in a proton selective NMR probe 

equipped with a variable temperature unit. The probe temperatures were set 

and calibrated prior to the insertion of the sample with either a methanol or 

ethylene glycol sample. The decompositions were monitored by periodic 

automated acquisitions of proton NMR spectra. Data points were obtained 

every 15 minutes until the reaction was complete. Each spectrum contained 

16K of data points and no line broadening was applied.

All slopes from the acquired data were obtained by the least squares 

method and correlation coefficients of .992 or greater were observed. All 

experiments appeared to obey first order kinetics and each rate constant was 

determined as the average of a minimum of three experiments. Kinetic isotope 

effects were determined by direct comparison of the rate constants from the 

decompositions of the deuterated compounds with those from their non- 

deuterated analogs. Activation parameters were obtained from plots of ln(k/T) 

versus 1/T, where the enthalpy of activation was calculated from the slope of the 

line and the entropy was determined from the intercept.
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APPENDIX A

X-RAY DATA FOR COMPOUND 37a

J
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X-ray Structure Determination of ___. Crystal data: colorless plate, 0.1 X
0.7 X 0.8 mm, C9H11NO2, FW = 165.2, monoclinic, space group P21/n, a = 6.569(1) 
A, b = 6.670(1) A, c = 14.456(3) A, a = y = 90°, I i = 99.25(1) °, V = 815.5(3) 
A3, 2 = 4, Dealc = 1.35 g/cm, T = 25 °C, radiation MoKa (I = 0.71069 A) , /v =
0.9 cm"1, F(OOO) = 352, R = 0.061, Rv = 0.070, S = 1.92, H O  parameters.
Intensity data were taken as 6/26 scans on a Nicolet R3mE four-circle 
diffractometer for 2954 unique reflections in the range 4° < 26 < 65 °, of
which 1188 with I > 3o(I) were used for structure solution and refinement.
The data were corrected for Lorentz and polarization effects. No absorption 
or extinction corrections were needed. The structure was solved by direct 
methods and non-hydrogen atoms were refined by block-cascade least-souares 
with anisotropic thermal parameters, using statistical weighting1. Calculated 
hydrogen positions were used for structure refinement after all hydrogens had 
been located on difference maps, and a common isotropic thermal parameter was 
refined for all hydrogens, U = 0.084(3) A2.

(I) Crystallographic calculations were done with the SHULXTL program package 
by G. M. Sheldrick; Siemens Analytical X-Ray Instruments, Inc.: Madison, WI

C9H11NO2. Refined Positional Coordinates and Isotropic Thermal Parameters (A2) 
with Standard Deviations in Parentheses

x/a y/b z/c U“
C(I) 0.6016(3) 0.1316(5) 0.6601(2) 0.061(1)
C(2) 0.4844(3) 0.2958(4) 0.6269(2) 0.058(1)
C (3) 0.3450(3) 0.2113(4) 0.5576(2) 0.048(1)
C(4) 0.2123(3) 0.3581(4) 0.5376(2) 0.048(1)
N 0.0805(3) 0.2772(4) 0.5643(2) 0.052(1)
C(S) 0.1014(3) 0.0849(5) 0.5976(2) 0.054(1)
C (6) 0.2702(3) 0.0245(4) 0.5952(2) 0.052(1)
C ( I ) 0.3549(4) -.0439(5) 0.6908(2) 0.068(1)
C (8) 0.5304(4) -.0520(5) 0.6940(3) 0.066(1)
C(9) 0.6355(4) 0.0784(5) 0.7603(3) 0.072(1)
0(1) 0.2177(2) 0.5245(3) 0.5031(2) 0.066(1)
0(2) -.0006(3) -.0149(3) 0.6236(2) 0.078(1)
“Equivalent isotropic U defined as one third of the trace of the 
orthogonalised Uî  tensor.

C9H11NO2. Bond Lengths (A)

C(I)-C(2) 1.512(4) C(I)-C(S) 1.486(5)
C(I)-C(9) 1.477(5) C(2)-C(3) 1.537(4)
C (3)-C(4) 1.494(4) C(3)-C(6) 1.540(4)
C(4)-N 1.362(4) C(4)-O(I) 1.221(4)
N-C(S) 1.371(4) C(S)-C(6) 1.507(4)
C(S)-O(2) 1.207(4) C(6)-C(7) 1.524(4)
C (7)-C(8) 1.498(4) C(8)-C(9) 1.487(5)

C9H1INO2* Bond Angles (°)
C(2)-C(I)-C(8) 114.5(2) C(2)-C(I)-C(9) 120.1(3)
C(8)-C(I)-C(9) 60.2(2) C(I)-C(2)-C(3) 110.4(2)
C(2)-C(3)-C(4) 111.9(2) C(2)-C(3)-C(6) 113.0(2)
C(4)-C(3)-C(6) 104.6(2) C(3)-C(4)-N 109.0(2)
C(3)-C(4)-O(I) 126.7(3) N-C(4)-0(I) 124.3(3)
C( 4)-N-C(5) 113.7(2) N-C(5)-C(6) 108.3(2)
N-C(5)-0(2) 124.4(3) C(6)-C(5)-0(2) 127.3(3)
C (3)-C(6)-C(5) 104.3(2) C(3)-C(6)-C(7) 113.4(2)
C (5)-C(6)-C(7) 112.2(3) C(6)-C(7)-C(8) 111.6(3)
C(I)-C(8)-C(7) 115.0(3) C(I)-C(8)-C(9) 59.5(2)
C(7)-C(8)-C(9) 120.0(3) C(I)-C(9)-C(8) 60.2(2)
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CgH11NO2. Anisotropic Thermal Parameters (A2)

U 11 U22 U33 U23 U 13 U12C(I) 0.046(2) 0.061(2) 0.074(2) 0.000(2) 0.005(1) 0.003(1)
C(2) 0.043(1) 0.051(2) 0.075(2) 0.008(1) -.002(1) -.006(1)C(3) 0.047(1) 0.049(2) 0.048(2) 0.002(1) 0.007(1) -.001(1)C( 4) 0.045(1) 0.047(2) 0.048(2) 0.004(1) -.002(1) -.005(1)N 0.040(1) 0.049(1) 0.065(2) 0.009(1) 0.001(1) -.001(1)
C (5) 0.047(2) 0.051(2) 0.061(2) 0.003(1) 0.004(1) -.007(1)
C ( G ) 0.049(2) 0.043(2) 0.062(2) 0.000(1) 0.004(1) -.004(1)C (7) 0.058(2) 0.061(2) 0.083(2) 0.029(2) 0.001(2) -.001(2)
C ( B ) 0.057(2) 0.049(2) 0.087(2) 0.001(2) -.003(2) 0.010(1)
C(9) 0.061(2) 0.070(2) 0.077(2) 0.003(2) -.014(2) 0.013(2)0(1) 0.054(1) 0.056(1) 0.086(2) 0.021(1) 0.003(1) -.005(1)
0(2) 0.058(1) 0.067(2) 0.112(2) 0.023(1) 0.018(1) -.013(1)
The anisotropic temperature factor exponent takes the form:
-2?r (h2a*2U11 + ... + 2hka*b*U12)

C9H11NO2. Calculated Hydrogen Atom Positions.
x/a y/b z/c x/a y/c z/c

H(I) 0.6770 0.1690 0.6095 H(2a) 0.4404 0.3591 0.6865
H(2b) 0.5425 0.4112 0.5927 H(3) 0.3964 0.1763 0.4963
H(n) -.0250 0.3533 0.5600 H(6) 0.2788 -.1044 0.5511
H(7a) 0.3130 -.1914 0.7054 H (7b) 0.3285 0.0600 0.7435
H(8) 0.5293 -.2109 0.6796 H(9a) 0.7519 0.0266 0.7909
H(9b) 0.5865 0.1674 0.8112
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X-ray Structure Determination o f__ . Crystal data: C2QH2ON2Cl2Pt-CHCl3, FW =

673.8, triclinicic, space group P T , a = 8.567(1) A, b =  11.544(1) A, c = 13.364(1) A, a 

= 73.12(1) °, B =  73.63(1) °, y = 75.08(1) °, V  = 1191.0(2) A3, Z  =  2, D calc = 1.88 

g/cm3, T  =  25 °C, radiation MoKa (X = 0.71069 A), p =  65.3 cm"1, R =  0.043, Rw =  

0.042, S = 1.24, 263 parameters. Intensity data were taken as omega scans on a Nicolet 

R3mE four-circle diffractometer for 8610 unique reflections in the range 3° <  20 < 65 

°, of which 4749 with I  >  So-(I) were used for structure solution and refinement. The 

data were corrected for Lorentz and polarization effects and for absorption by Gaussian 

integration (transmission factor range 0.176 to 0.321). No extinction corrections were 

needed. The structure was solved from a Patterson synthesis for the platinum position. 

Non-hydrogen atoms were refined by block-cascade least-squares with anisotropic 

thermal parameters, using statistical weighting1. Calculated hydrogen positions were 

used with a common refined thermal parameter.

( I)  Crystallographic calculations were done with the SHELXTL program package by G. 

M. Sheldrick; Siemens Analytical X-Ray Instruments, Inc.: Madison, WL
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C2OH2ON2Cl2Pt-CHCl3- Positional Coordinates and Isotropic Thermal Parameters (A2) 
with Standard Deviations in Parentheses

x/a y/b. ijc U
Pt 0.34861(3) 0.66830(2) 0.25712(2) 0.0380(1)
C l(I) 0.5025(2) 0.4693(2) 0.2706(2) 0.052(1)
Cl(2) 0.2044(2) 0.8710(2) 0.2377(2) 0.058(1)
C (I) 0.496(1) 0.7060(7) 0.3362(6) 0.055(3)
C(2) 0.383(1) 0.6715(7) 0.4494(6) 0.054(3)
C(3) 0.254(1) 0.6239(7) 0.4204(5) - 0.046(3)
C(4) 0.089(1) 0.6929(6) 0.4651(6) 0.051(3)
C(5) -.068(1) 0.683(1) 0.4633(7) 0.067(4)
C(6) -.206(1) 0.755(1) 0.513(1) 0.082(5)
C(7) -.187(1) 0.839(1) 0.562(1) 0.091(5)
C(8) -.031(1) 0.852(1) 0.5633(7) 0.078(4)
C(9) 0.108(1) 0.7791(7) 0.5137(6) 0.057(3)
C(IO) 0.287(1) 0.779(1) 0.5030(7) 0.072(4)
N (I) 0.1616(7) 0.6135(5) 0.2014(4) 0.048(2)
C ( I l) 0.104(1) 0.5114(7) 0.2549(7) 0.060(3)
C(12) -.019(1) 0.476(1) 0.2298(7) 0.070(4)
C(13) -.084(1) 0.546(1) 0.146(1) 0.081(5)
C(14) -.025(1) 0.651(1) 0.088(1) 0.079(5)
C(15) 0.094(1) 0.685(1) . 0.1208(6) 0.062(4)
N(2) 0.4899(7) 0.7218(5) 0.0880(4) 0.044(2)
C(16) 0.559(1) 0.8213(7) 0.0570(6) 0.048(3)
C(17) 0.648(1) 0.8584(7) -.0462(6) 0.059(3)
C(18) 0.666(1) 0.792(1) -.1201(6) 0.068(4)
C(19) 0.594(1) 0.692(1) -.0876(6) 0.068(4)
C(20) 0.508(1) 0.657(1) . 0.0163(6) 0.063(4)
C(21) 0.805(1) 0.041(1) 0.223(1) 0.084(5)
Cl(3) 0.8521(6) 0.1849(4) 0.1947(3) 0.145(2)
Cl(4) 0.6199(5) 0.0345(4) 0.3150(3) 0.149(2)
Cl(S) 0.8031(5) 0.0093(4) 0.1038(4) 0.147(3)

Equivalent isotropic U  defined as one third of the trace of the orthogonalised U jJ tensor
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C20H 2ON2Cl2Pt-CHCI3. Bond Lengths (A) ■

Pt-Q(I) ZJZO(Z) Pt-CI(Z) 2.326(2) Pt-C(I) 2.05(1)
Pt-C(S) 2.061(6) Pt-N(I) 2.234(7) Pt-N(Z) 2.233(5)
C(I)-C(Z) 1.55(1) C(Z)-C(S) 1.54(1) C(Z)-C(IO) 1.54(1)
C(3)-C(4) 1.48(1) C(4)-C(5) 1.38(1) C(4)-C(9) 1.40(1)
C(5)-C(6) 1.39(1) C(6)-C(7) 1.39(2) C(T)-C(S) 1.38(2)
C(8)-C(9) 1.39(1) C(9)-C(10) 1.50(1) N(I)-C(Il) 1.32(1)
N(I)-C(IS) 1.33(1) C(H)-C(IZ) 1.37(2) C(12)-C(13) 1.35(1)
C(13)-C(14) 1.37(2) C(14)-C(15) 1.39(2) N(2)-C(16) 1.33(1)
N(2)-C(20) 1.33(1) C(16)-C(17) 1.38(1) qi7)-C(18) 1.38(2)
C(18)-C(19) ' 1.35(2) C(19)-C(20) 1.37(1) C(Zl)-Q(S) 1.72(1)
C(Z1)-Q(4) 1.72(1) C(Zl)-Cl(S) 1.74(2)

C20H 20N2CI2Pt'CHC13- Bond Angles (°)

Cl(I)-Pt-CI(Z) 177.4(1) Cl(I)-Pt-C(I) 89.6(2)
Q(Z)-Pt-C(I) 89.6(2) Q(I)-Pt-C(S) 88.9(2)
CI(Z)-Pt-C(S) 93.2(2) C(I)-Pt-C(S) 69.9(3)
Q(I)-Pt-N(I) 89.5(2) Q(Z)-Pt-N(I) 91.7(2)
C(I)-Pt-N(I) 169.4(2) C(S)-Pt-N(I) 99.4(3)
Q(I)-Pt-N(Z) 89.7(1) Q(Z)-Pt-N(Z) 87.9(1)
C(I)-Pt-N(Z) 100.0(3) q3)-Pt-N(2) 169.9(3)
N(I)-Pt-N(Z) 90.6(2) Pt-C(I)-C(Z) 95.1(6)
C(I)-C(Z)-C(S) . 99.4(7) C(I)-C(Z)-C(IO) 116.7(7)
C(3)-C(2)-C(10) 106.7(6) Pt-C(S)-C(Z) 95.2(4)
Pt-C(3)-C(4) 118.8(5) . q2)-q3)-q4) 106.4(7)
q3)-C(4)-q5) 130(1) q3)-q4)-C(9) 110.1(7)
C(5)-C(4)-C(9) 120.4(7) C(4)-C(5)-C(6) 120(1)
C(5)-C(6)-C(7) 120(1) . C(6)-C(7)-C(8) 121(1)
q7)-C(8)-C(9) 120(1) C(4)-C(9)-C(8) 120(1)
C(4)-C(9)-C(10) 111.8(7) q8)-C(9)-C(10) 129(1)
C(2)-C(10)-C(9) 105(1) Pt-N(I)-C(H) 119.8(5)
Pt-N(I)-C(IS) 122.3(6) C(H)-N(I)-C(IS) 118(1)
N(I)-C(H)-C(IZ) 123(1) qil)-C(12)-C(13) 120(1)
C(12)-C(13)-C(14) 118(1) C(13)-C(14)-C(15) 119(1)
N(l)-C(15)-C(14) 122(1) Pt-N(2)-C(16) 119.6(5)
Pt-N(Z)-C(ZO) 122.0(5) qi6)-N(2)-C(20) 118.4(6)
N(2)-C(16)-C(17) 122(1) C(16)-C(17)-C(18) 119(1)
C(17)-C(18)-C(19) 118(1) C(18)-C(19)-C(20) 121(1)
N(2)-C(20)-C(19) 122(1) a(3)-C(21)-CI(4) 110.0(6)
Cl(S)-C(Zl)-Cl(S) 108.8(6) C1(4)-C(21)-C1(5) 112.3(7)
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C20H 2ON2Cl2Pt-CHCl3. Anisotropic Thermal Parameters (A2)

U 1I U 22 U 33 U 23 U 13 U 12
Pt 0.0371(1) 0.0382(1) 0.0373(1) -.0053(1) -.0052(1) -.0124(1)
C l(I) 0.054(1) 0.047(1) 0.055(1) -.013(1) -.015(1) -.005(1)
Cl(2) 0.057(1) 0.043(1) 0.056(1) -.001(1) 0.002(1) -.010(1)
C (I) 0.053(4) 0.064(5) 0.056(5) -.010(4) -.015(4) -.026(4)
C(2) 0.061(5) 0.058(5) 0.050(4) -.009(4) -.020(4) -.016(4)
q s ) 0.045(4) 0.049(4) 0.039(4) . -.007(3) -.002(3) -.014(3)
q 4 ) 0.056(4) 0.041(4) 0.042(4) 0.004(3) -.002(3) -,011(3)
q s ) 0.060(5) 0.070(6) 0.058(5) 0.003(4) -.001(4) -.025(4)
q 6) 0.053(5) 0.091(7) 0.076(7) -.001(6) 0.002(5) -.008(5)
q ? ) 0.074(7) 0.082(7) 0.073(7) -.001(6) 0.014(5) 0.009(5)
qg) 0.093(7) 0.056(5) 0.063(6) -.012(4) 0.008(5) -.004(5)
q9) 0.062(5) 0.050(4) 0.045(4) 0.000(3) -.003(4) -.008(4)
q io ) 0.088(6) 0.072(6) 0.057(5) -.029(5) -.008(5) -.011(5)
N (I) 0.047(3) 0.056(4) 0.044(3) -.005(3) -.010(3) -.021(3)
C ( Il) 0.059(5) 0.063(5) 0.060(5) -.002(4) -.014(4) -.027(4)
C(12) 0.069(5) 0.082(6) 0.069(6) -.014(5) -.005(4) . -.048(5)
C(13) 0.056(5) 0.13(1) 0.075(6) -.014(6) -.021(5) -.042(5)
qi4) 0.061(5) 0.10(1) 0.074(6) 0.006(5) -.035(5) -.025(5)
qi5) 0.062(5) 0.065(5) 0.055(5) 0.003(4) -.023(4) -.014(4)
N(2) 0.044(3) 0.045(3) 0.042(3) -.010(3) -.006(2) -.013(2)
C(16) 0.046(4) 0.048(4) 0.047(4) -.003(3) -.004(3) r.019(3)
qi?) 0.056(4) 0.057(5) 0.055(5) 0.001(4) -.003(4) -.022(4)
qig) 0.066(5) 0.083(6) 0.042(4) 0.000(4) 0.000(4) -.022(5)
qip) 0.081(6) 0.085(6) . 0.045(5) -.029(4) 0.004(4) -.033(5)
C(20) 0.068(5) 0.073(6) 0.049(5) -.023(4) 0.002(4) -.025(4)
C(21) 0.053(5) 0.10(1) 0.11(1) <045(6) -.027(5) 0.005(5)
d (3 ) 0.213(4) 0.149(3) 0.106(3) -.031(2) -.017(3) -.111(3)
Cl(4) 0.105(2) 0.187(4) 0.136(3) -.001(3) -.006(2) -.061(3)
Cl(S) 0.137(3) 0.171(4) 0.181(4) -.121(3) -.043(3) -.012(3)

The anisotropic temperature factor exponent takes the form: 
-Zir2C h V 2U 11 +  ... +  2hka*b*U12)
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APPENDIX C

X-RAY DATA FOR COMPOUND 57
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X-ray Structure Determination o f___. Ciystal data: C23H 20N2Cl2PfCHCl3, FW  =

709.8, orthorhombic, space group Pcab, a =  8.772(2) A, b = 17.690(4) A, c =  32.34(1) 

A,a = fl =  Y =  90°, V = 5018(2) A3, Z =  8, Dcalc = 1.88 g/cm3, T =  25 6C, radiation 

MoKa (A =  0.71069 A), p =  62.0 cm*1, R =  0.047, Rw =  0.038, S =  1.22, 297 para

meters. Intensity data were taken as omega scans on a Nicolet R3mE four-circle 

diffractometer for 7321 unique reflections in the range 3° <  2© < 60 °, of which 1859 

with I  >  Sor(I)  were used for structure solution and refinement The data were 

corrected for Lorentz and polarization effects and for absorption by Gaussian integra

tion (transmission factor range 0.387 to 0.781). One reflection showing significant 

extinction was excluded from the data set The structure was solved from a Patterson 

synthesis for the platinum position. Non-hydrogen atoms were refined by block-cascade 

least-squares with anisotropic thermal parameters, using statistical weighting1. Calcu

lated hydrogen positions were used with a common refined thermal parameter.

( I )  Crystallographic calculations were done with the SHELXTL program package by G. , 

M. Sheldrick; Siemens Analytical X-Ray Instruments, Inc.: Madison, WL
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C yH 20N2Cl2Pt-CHCI3. Positional Coordinates and Isotropic Thermal Parameters (A2) 
with Standard Deviations in Parentheses

x/a y/b zjc U
Pt 0.55531(7) 0.53538(3) 0.60904(2) 0.0426(2)
Q (I) 0.5081(4) 0.4326(2) 0.5672(1) 0.052(2)
0 (2) 0.5997(5) 0.6411(2) 0.6498(1) 0.071(2)qi) 0.732(2) 0.5647(7) 0.5717(4) 0.050(6)
0 (2) 0.853(2) 0.527(1) 0.5983(4) 0.056(6)
0(3) 0.754(2) 0.493(1) 0.6314(5) 0.055(6)0(4) 0.788(2) 0.409(1) 0.6303(4) 0.043(6)
0(5) 0376(2) 0.349(1) 0.6540(4) 0.052(6)
0 (6) 0.791(2) 0.277(1) 0.6457(5) 0:056(7)
0(7) 0.894(2) 0.262(1) 0.6147(5) 0.070(8)
0 (8) 0.950(2) 0.322(1) 0.5899(4) 0.056(6)
0(9) 1.067(2) 0.318(1) 0.5580(5) 0.077(8)
C(IO) 1.103(2) 0.381(1) 0.5389(5) 0.078(9)
C (Il) 1 1.046(2) 0.455(1) 0.5477(5) 0.065(7)
0 (12) 0.941(2) 0.460(1) 0.5787(4) 0.048(5)
0(13) 0.889(1) 0.394(1) 0.5985(4) 0.042(6)
N (I) 0.399(1) 0.4894(5) 0.6562(4) 0.043(5)
0(14) 0.442(2) 0.492(1) 0.6964(5) 0.061(6)
0(15) 0.355(2) 0.460(1) 0.7270(5) 0.056(6)
0(16) 0.222(2) 0.426(1) 0.7192(5) 0.060(7)
0(17) 0.172(2) 0.424(1) 0.6782(5) 0.058(7)
0(18) 0.269(2) 0.4568(7) 0.6491(4) 0.054(6)
N(2) 0.371(1) 0.5979(5) 0.5785(3) 0.046(5)
0(19) 0.361(2) 0.601(1) 0.5375(4) 0.056(7)
C(20) 0.265(2) 0.645(1) 0.5161(5) . 0.067(8)
0 (21) 0.160(2) 0.691(1) 0.5377(4) 0.068(7)
C(22) 0.168(2) 0.687(1) 0.5797(4) 0.056(6)
C(23) 0.276(2) 0.643(1) 0.5992(5) 0.068(7)
0(24) 0.421(2) 0.710(1) 0.2176(5) 0.067(7)
01(3) 0.4891(6) 0.7422(3) 0.2646(1) . 0.094(2)
01(4) 0.5719(6) 0.6796(3) 0.1863(1) 0.088(2)
01(5) 0.2935(6) 0.6341(3) 0.2246(2) 0.103(2)

Equivalent isotropic U  defined as one third of the trace of the orthogonalised U jJ tensor



146

C y H 2ON2Cl2Pt-C H C l3. Bond Lengths (A)
PtCl(I) 2.304(4)
Pt-C(S) 2.03(2)
C(I)-C(Z) 1.53(2)
C(3)-C(4) 1.53(2)
C(5)-q6) 1.39(2)
C(8)-q9) 1.46(2)
q io ) - c ( i i ) 1.43(3)
N ( i ) -q i4 ) 1.36(2)
C(15)-C(16) 1.34(2)
N(2)-C(19) 1.33(2)
C(ZO)-C(Zl) 1.41(2)
C(24)-a(3) 1.73(2)

Pt-Cl(Z) . 2.321(4)
Pt-N(I) 2.21(1)
C(Z)-C(S) 1.50(2)
C(4)-C(5) 1.39(2)
q6)-q?) 1.38(2)
C(8)-C(13) 1.39(2)
C(ll)-qi2) 1.37(2)
N (I)-C (IS ) 1.30(2)
C(Id)-C(IT) 1.40(2)
N(2)-C(23) 1.33(2)
C(21)-C(22) 1.36(2)
C(24)-C1(4) . 1.75(2)

Pt-C(I) 2.03(1)
Pt-N(Z) 2.20(1)
C(Z)-C(IZ) 1.54(2)
C(4)-C(13) 1.39(2)
C(7)-C(8) 1.42(2)
C(9)-C(10) 1.30(3)
C(12)-C(13) ' 1.41(2) 
C(14)-C(15) 1.38(2)
C(17)-qi8) 1.40(2)
C(19)-C(20) 1.35(2)
C(22)-C(23) 1.38(2)
C(24)-C1(5) 1.77(2)

C 23H 20N 2Cl2PfCHCl3. Bond Angles (°)
Cl(I)-Pt-Cl(Z) 178.4(1) Cl(I)-Pt-C(I) 89.4(4)
Cl(Z)-Pt-C(I) 90.2(4) Cl(l)-Pt-C(3) 94.2(4)
Cl(2)-Pt-C(3) 87.2(4) C(I)-Pt-C(S) 69.7(6)
Q(I)-Pt-N(I) 90.2(3) Cl(Z)-Pt-N(I) 90.5(3)
C(I)-Pt-N(I) 168.3(5) C(S)-Pt-N(I) 98.6(5)
Cl(I)-Pt-N(Z) 90.0(3) Cl(Z)-Pt-N(Z) 88.5(3)
C(I)-Pt-N(Z) 99.5(5) C(3)-Pt-N(2) 168.4(5)
N(I)-Pt-N(Z) 92.2(4) Pt-C(I)-C(Z) 95(1)
C(l)-C(2)-C(3) 100(1) C(I)-C(Z)-C(IZ) 117(1)
C(3)-q2)-C(12) 106(1) Pt-C(S)-C(Z) 96(1)
Pt-C(3)-C(4) 122(1) C(2)-q3)-C(4) 105(1)
C(3)-q4)-C(5) 132(1) C(3)-q4)-C(13) 109(1)
C(5)-q4)-C(13) 118(1) C(4)-q5)-q6) 119(2)
C(5)-C(6)-C(7) 123(2) C(6)-q7)-C(8) 120(2)
C(7)-C(8)-C(9) 127(2) C(7)-q8)-C(13) 116(2)
C(9)-C(8)-C(13) 117(2) C(8)-C(9)-C(10) 118(2)
C(9)-C( 10)-C( 11) 126(2) C(i0)-qii)-C(i2) 117(2)
C(Z)-C(IZ)-C(Il) 134(2) C(2)-C(12)-C(13) 107(1)
qil)-C(12)-C(13) 119(2) C(4)-C(13)-C(8) 124(1)
q4)-qi3)-qi2) 112(1) C(8)-C(13)-C(12) 123(1)
Pt-N(I)-C(M) 118(1) Pt-N(I)-C(IS) 126(1)
qi4)-N(i)-qi8) 116(1) N(l)-qi4)-C(15) 121(2).
qi4)-qi5)-c(i6) . 123(2) qi5)-qi6)-c(i7) 118(2)
qi6)-qi7)-qi8) 116(2) N(l)-qi8)-C(17) .127(1)
Pt-N(2)-C(19) 121(1) Pt-N(2)-C(23) 122(1)
C(19)-N(2)-C(23) 116(1) N(2)-qi9)-C(20) 125(2)
qi9)-q20)-C(21) 119(2) C(20)-C(21)-C(22) 116(2)
C(21)-C(22)-C(23) 121(2) N(2)-C(23)-C(22) 122(2)
Q(3)-C(24)-C1(4) 110(1) CI(3)-q24)-Cl(5) Hl(I)
C1(4)-C(24)-C1(5) 108(1)
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C23H2oN2Cl2Pt‘CHCl3. Anisotropic Thermal Parameters (A^)

U n U22 U33 U 23 U13 U i2Pt 0.0544(4) 0.0354(3) 0.0379(3) -.0030(4) -.0015(5) -.0014(4)
C l(I) 0.074(3) 0.039(2) 0.043(2) -.009(2) -.001(2) . 0.002(2).
Cl(2) 0.096(4) 0.044(2) 0.073(3) -.013(2) -.012(3) -.007(3)
C (I) 0.06(1) 0.04(1) 0.04(1) 0.02(1) 0.00(1) -.02(1)
C(2) 0.05(1) 0.06(1) 0.06(1) 0.00(1) -.02(1) ' -.02(1)
C(3) 0.07(1) 0.06(1) 0.04(1) -.02(1) 0.01(1) -.02(1)
C(4) 0.04(1) , 0.05(1) 0.04(1) 0.02(1) 0.01(1) 0.01(1)
q s ) 0.05(1) 0.07(1) 0.04(1) 0.01(1) 0,01(1) 0.00(1)
C(6) 0.07(2) 0.04(1) 0.06(1) 0.02(1) -.02(1) 0.01(1)
C(T) 0.06(2) 0.06(1) 0.09(2) -.03(1) -.02(1) 0.02(1)
q 8 ) 0.05(1) . 0.06(1) 0.06(1) 0.01(1) -.01(1) 0.03(1)
q 9 ) 0.08(2) 0.10(2) 0.06(1) -.02(1) -.02(1) 0.05(2)
C(IO) 0.05(2) . 0.13(2) 0.06(1) 0.00(2) 0.02(1) 0.03(2)
C (H ) 0.05(1) 0.09(1) 0.05(1) . 0.01(1) -.02(1) 0.01(2)
C(12) 0.04(1) 0.07(1) 0.04(1) 0.01(1) 0.01(1) 0.01(1) .
C(13) 0.02(1) 0.06(1) 0.05(1) 0.00(1) 0.00(1) 0.00(1)
N (I) 0.06(1) 0.04(1) 0.03(1) -.011(6) 0.004(7) 0.002(6)
C(14) 0.07(1) 0.05(1) 0.06(1) -.01(1) 0.00(1) 0.01(1)
C(15) 0.06(1) 0.08(1) 0.04(1) 0.01(1) 0.00(1) 0.00(1)
q i 6) 0.07(2) 0.07(1) 0.04(1) 0.01(1) 0.02(1) 0.00(1) '
C(IT) 0.05(1) 0.05(1) 0.07(1) 0.01(1) 0.00(1) 0.00(1)
C(18) 0.05(1) 0.06(1) 0.05(1) -.02(1) -.02(1) 0.00(1)
N(2) 0.07(1) 0.03(1) 0.04(1) 0.000(6) 0.018(7) 0.011(7)
C(19) 0.09(2) 0.05(1) 0.03(1) 0.00(1) 0.01(1) 0.01(1)
q 20) 0.09(2) 0.09(2) 0.03(1) 0.00(1) -.01(1) 0.01(1)
C(21) 0.09(2) 0.08(1) 0.04(1) 0.03(1) 0.01(1) 0.03(1)
C(22) 0.06(1) 0.06(1) 0.05(1). 0.00(1) 0.00(1) 0.03(1)
C(23) 0.08(1) 0.08(1) 0.04(1) -.01(1) 0.00(1) 0.00(1)
C(24) 0.06(1) 0.06(1) 0.09(2) 0.00(1) 0.02(1) -.01(1)
Cl(3) 0.114(5) 0.085(3) 0.083(4) -.020(3) 0.023(3) -.018(3)
Cl(4) 0.101(4) 0.085(3) 0.079(4) -.002(3) 0.014(4) 0.015(4)
Cl(S) 0.091(4) 0.097(4) 0.120(5) 0.003(4) -.001(4) -.020(4)

The anisotropic temperature factor exponent takes the form: 
-Tnz Qpat2 U 11 +  ... +  2hka*b*U12)
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APPENDIX D

X-RAY DATA FOR COMPOUND 58
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X-ray Structure Determination o f__ . Crystal data: C24H ^ N 2Cl2Pt CHCl3, FW =

723.9, triclinic, space group P T , a = 9.134(1) A, b = 10.894(2) A, c =  15.159(2) A, 

of = 72.67(1) °, B = 73.84(1) °, y = 68.67(1) °, V  =  1316.1(3) °3, Z  =  2, Dcalc = 1.83 

g/cm3, T  = 25 0C, radiation MoKof (A = 0.71069 A), p = 59.1 cm"1, R = 0.050, Rw =  

0.050, S. =  1.19, 299 parameters. Intensity data were taken -as omega scans on a Nicolet 

R3mE four-circle diffractometer for 7686 unique reflections in the range 3° < 20  <

60 °, of which 4096 with I  > 3cr(I) were used for structure solution and refinement. The 

data were corrected for Lorentz and polarization effects and for absorption by Gaussian 

integration (transmission factor range 0.291 to 0.593). No extinction corrections were 

needed. Tlie structure was solved from a Patterson synthesis for the platinum position. 

Non-hydrogen atoms were refined by block-cascade least-squares with anisotropic 

"thermal parameters, using statistical weighting1. Calculated hydrogen positions were 

used with a common refined thermal parameter. The methyl group orientation was 

determined from a difference map. The final difference map showed a second set of 

chlorine positions for the chloroform molecule at ~ 0.7 eA"3, but no attempt was made 

to incorporate this slight disorder into the refinement model.

( I )  Crystallographic calculations were done with the SHELXTL program package by G. 

M. Sheldrick; Siemens Analytical X-Ray Instruments, Inc.: Madison, WL 6
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C2lI l ^ N 2Cl2Pt -CHCl3: Positional Coordinates and Isotropic Thermal Parameters (A2) 
with Standard Deviations in Parentheses

x/a- y/b z/c U
Pt 0.71183(4) 0.32516(4) 0.29794(3) 0.0464(2)
C l(I) 0.8484(3) 0.1002(3) 0.2939(2) 0.072(1)
Cl(2) 0.5663(3) 0.5486(2) 0.3011(2) 0.062(1)
C (I) 0.844(1) 0.324(1) 0.3884(7) 0.060(5)
C(2) 0.986(1) 0.347(1) 0.3115(7) 0.059(4)
C(3) 0.921(1) 0.367(1) 0.2216(6) 0.051(4)
C(4) 0.912(1) 0.508(1) 0.1662(7) 0.058(4)
C(5) 0.869(1) 0.582(1) 0.082(1) 0.077(6)
C(6) 0.880(1) 0.712(1) 0.051(1) 0.088(6)
C(7)_ 0.935(1) 0.769(1) 0.097(1) 0.092(7)
C(8) 0.986(1) 0.698(1) 0.182(1) 0.074(6)
C(9) 1.052(1) 0.739(1) 0.236(1) 0.094(7)
C(W) 1.098(1) 0.654(1) 0.318(1) 0.097(8)
C ( Il) 1.083(1) 0.521(1) 0.352(1) 0.069(5)
C(12) 1.019(1) 0.480(1) 0.299(1) , 0.054(4)
C(M) 0.972(1) 0.568(1) 0.216(1) 0.056(4)
C(M) 0.881(1) 0.202(1) 0.469(1) 0.083(6)
N (I) 0.603(1) 0.337(1) 0.1788(5) 0.057(4)
C(15) . 0.698(1) 0.286(1) 0.104(1) 0.066(5)
C(KS) 0.641(1) 0.285(1) . 0.031(1) 0.081(6)
C(17) 0.481(1) 0.333(1) 0.034(1) 0.094(7)
C(18) 0.381(1) 0.388(1) 0.108(1) 0.082(6)
C(19) 0.447(1) . 0.387(1). 0.180(1) 0.060(5)
N(2) 0.513(1) 0.266(1) 0.4037(5) 0.054(3)
C(20) 0.454(1) 0.317(1) 0.481(1) 0.059(4)
C(21) 0.338(1) 0.276(1) 0.552(1) 0.064(5)
C(22) . 0.281(1) .0.182(1) 0.543(1) 0.063(5)
C(23) . 0.337(1) 0.131(1) 0.463(1) 0.062(5)
C(24) 0.455(1) 0.175(1) 0.395(1) . 0.057(4)
C(25) 0.446(2) 0.901(1) 0.211(1) 0.085(6)
Cl(3) 0.5866(5) . 0.9760(5) 0.2080(4) 0.144(3)
Cl(4) 0.2773(6) 0.9546(7) 0.2896(4) 0.175(4)
Cl(5) 0.4056(8) 0.9250(7) 0.1041(4) 0.195(5)

Equivalent isotropic U defined as one third of the trace of the orthogonalised U jj- tensor
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GxtH^N2CI2Pt -CHCl3. Bond Lengths (A)
Pt-CI(I) 2.320(3) Pt-Cl(2) 2.316(2) Pt-C(I) 2.06(1)
Pt-C(S) 2.07(1) Pt-N(I) 2.25(1) Pt-N(2) 2.21(1)
C(I)-C(Z) 1.52(1) C (I)-C (M ) 1.52(1) C(2)-C(3) 1.56(2)
C(2)-C(12) 1.53(2) C(3)-C(4) 1.50(1) C(4)-C(5) 1.37(2)
C(4)-C13) 1.44(2) C(5)-C(6) 1.39(2) C(6)-C(7) . 1.34(3)
C(7)-C(8) 1.40(2) C(S)-C(P) 1.39(3) C(8)-C(13) 1.40(2)
C(P)-C(IO) 1.38(2) C(IO)-C(H) 1.43(2) C (ll)-C (12) 1.36(2)
C(12)-C(13) 1.41(1) N (I)-C (IS ) 1.35(1) N (I)-C (IP ) 1.33(1)
C(15)-C(16) 1.35(2) C(16)-C(17) 1.36(2) C(17)-C(18) 1.38(2)
C(IS)-C(IP) 1,37(2) N(2)-C(20) 1.34(1) N(2)-C(24) 1.35(2)
C(20)-C(21) 1.38(1) C(21)-C(22) 1.36(2) : C(22)-C(23) 1.37(2)
C(23)-C(24) 1.38(1) C(25)-C1(3) 1.74(2) C(25)-C1(4) 1.70(1)
C(25)-C1(5) 1.6P(2)
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C24R 22N2Cl2PtCHCl3. Bond Angles (°)

Cl(I)-Pt-CI(Z) 177.7(1) Cl(I)-Pt-C(I) 92.2(3)
Cl(Z)-Pt-C(I) 89.8(3) Cl(I)-Pt-C(S) 87.1(3)
Cl(Z)-Pt-C(S) 94.7(3) C(l)-Pt-C(3) 70.3(4)
C l(I)-P t-N (I) 87.7(2) Cl(Z)-Pt-N(I) 90.6(2)
C (I)-P t-N (I) 169.6(3) C(S)-Pt^N(I) 99.3(3)
Cl(I)-Pt-N(Z) 90.3(2) Cl(Z)-Pt-N(Z) 88.2(2)
C(I)-Pt-N(Z) 98.6(3) C(S)-Pt-N(Z) 168.5(3)
N(I)-Pt-N(Z) 91.7(3) Pt-C(I)-C(Z) 95.0(7)
Pt-C(I)-C(M ) 118(1) C(Z)-C(I)-C(M) 116.6(7)
C(I)-C(Z)-C(S) 101(1) C(I)-C(Z)-C(IZ) 115(1)
C(S)-C(Z)-C(IZ) 104.2(7) Pt-C(S)-C(Z) ■ 93.5(5)
Pt-C(3)-C(4) 119.1(5) C(2)-C(3).C(4) 107(1)
C(3)-C(4)-C(5) 134(1) C(3)-C(4).C(13) 108(1)
C(5)-C(4)-C(13) 118(1) C(4)-C(5)-C(6) 118(1)
C(5)-C(6)-C(7) 124(1) C(6)-C(7)-C(8) 121(1)
C(7)-C(8)-C(9) 128(1) C(7)-C(8)-C(13) 116(1)
C(9)-C(8)-C(13) 116(1) C(8)-C(9)-C(10) 120(1)
C(9)-C(10)-C(ll) 123(2) C(IO )-C(Il)-C(IZ) 118(1)
C(Z)-C (IZ)-C (Il) 132(1) C(Z)-C(IZ)-C(IS) 109(1)
C (Il)-C (IZ )-C (IS ) 119(1) C(4)-C(13)-C(8) 123(1)
C(4)-C(13)-C(1Z) 113(1) C(8)-C(13)-C(12) , '  124(1)
Pt-N(I)-C(IS) 119.3(6) Pt-N(l)-C(19) 123.0(7)
C(5)-N(l)-C(19) 118(1) N(l)-C(15)-C(16) 123(1)
C(15)-C(16)-C(17) 119(1) C(16)-C(17)-C(18) 119(1)
C(17)-C(18)-C(19) . 119(1) N(l)-C(19)-C(18) 123(1)
Pt-N(Z)-C(ZO) 120.0(7) P.t-N(2)-C(24) 121.5(6)
C(Z0)-N(Z)-C(24) 118(1) N(Z)-C(ZO)-C(Zl) 122(1)
C(ZO)-C(Zl)-C(ZZ) 120(1) C(Zl)-C(ZZ)-C(ZS) 119(1)
C(ZZ)-C(Z3)-C(Z4) 119(1) N(2)-C(24)-C(23) 122(1)
C1(3)-C(25)-CI(4) 110(1) Cl(S)-C(ZS)-Cl(S) 113(1)
C1(4)-C(Z5)-C1(5) 112(1)



r
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C24H ^ N 2CI2Pt -CHCl3. Anisotropic Thermal Parameters (A2)

U11 U22 U 33 U 23 U12
P t 0.0403(2) 0.0517(2) 0.0533(2) -.0174(2) -.0090(1) -.0163(1)
C l(I) 0.059(1) 0.059(1) 0.099(2) -.029(1) -.011(1) -.014(1)
CI(2) 0.057(1) 0.053(1) 0.074(2) -.022(1) -.004(1) -.018(1)
C (I) 0.059(5) 0.075(6) 0.057(6) -.023(5) -.016(5) -.024(5)
C(2) 0.050(5) 0.071(6) 0.067(6) -.025(5) -.010(5) -.023(5)
C(3) . 0.042(4) 0.061(6) 0.056(5) -.021(5) -.010(4) -.017(4)
C(4) 0.038(4) 0.069(6) 0.067(6) -.018(5) -.002(4) -.020(4)
C(5) 0.062(6) 0.11(1) 0.063(7) -.010(7) -.003(6) -.037(6)
C(6) 0.058(7) 0.10(1) 0.07(1) 0.009(7) 0.008(6) -.024(7)
C(T) 0.065(7) 0.063(7) 0.12(1) -.01(1) 0.02(1) 1.025(6)
C(8) 0.057(6) 0.071(7) 0.09(1) -.027(7) 0.010(6) -.031(5)
C(9)' 0.08(1) 0.09(1) 0.13(1) -.06(1) 0.03(1) -.04(1)
C (M ) 0.08(1) 0.13(1) 0.13(1) -.08(1) 0.02(1) -.06(1)
C ( I l) 0.058(6) 0.10(1) 0.068(7) -.040(6) -.004(5) -.033(6)
C(12) 0.036(4) 0.070(6) 0.064(6) -.028(5) -.004(4) -.018(4)
C(M ) 0.035(4) 0.059(6) 0.078(7) -.027(5) 0.006(4) -.019(4)
C (M ) 0.09(1) 0.11(1) 0.068(7) ' 0.000(7) -.030(6) -.042(7)
N (I) 0.045(4) 0.068(5) 0.065(5) -.026(4) -.008(4) -.020(4)
C(15) 0.049(5) 0.087(7) 0.069(7) -.036(6) -.010(5) -.015(5)
C(16) 0.059(6) 0.13(1) 0.066(7) -.050(7) -.003(5) -.026(6).
C(IT) 0.08(1) 0.15(1) 0.08(1) -.05(1) -.028(7) -.03(1)
C(18) 0.047(5) 0.13(1) 0.08(1) -.04(1) -.021(5) -.014(6)
C(19) 0.040(5) 0.089(7) 0.054(6) -.025(5) -.006(4) -.017(5)
N(2) 0.048(4) 0.057(4) 0.063(5) -.018(4) -.009(4) -.020(3)
C(20) 0.055(5) 0.063(6) 0.066(6) -.017(5) . •-.010(5) -.025(5)
C(21) 0.056(5) 0.077(7) 0.063(7) -.019(5) -.006(5) -.026(5)
C(22) . 0.048(5) 0.067(6) 0.064(6) -.005(5) -.008(5) -.018(5)
C(23) 0.049(5) 0.063(6) 0.079(7). -.016(5) -.008(5) -.027(5)
C(24) 0.054(5) 0.059(6) 0.066(6) -.020(5) -.018(5) -.017(4)
C(25) 0.10(1) 0.072(7) 0.09(1) -.020(6) -.019(7) -.030(7)
0 (3 ) 0.103(3) 0.163(4) 0.195(5) -.108(4) 0.024(3) -.056(3)
0 (4 ) 0.155(4) 0.267(6) 0.158(4) -.122(5) 0.061(3) -.134(4)
0 (5 ) 0.267(7) 0.260(7) 0.101(3) -.052(4) -.047(4) -.110(6)

The anisotropic temperature factor exponent takes the form: 
-27r2(h2a*2U 11 + ... +  2hka*b*U12)
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APPENDIX E

X-RAY DATA FOR COMPOUND 59a



15
6

0(1)
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X-ray Structure Determination of ___. Crystal data: pale yellow, 0.2 X 0.3 X
0.4 mm, C9H11NO2(C5H5N)2Cl2Pt. FW = 589.4, monoclinic, space group P21/c, a = 
12.054(2) A, b = 10.895(2) A, c = 16.667(3) A, a = y = 90°, J3 =109.25(1) °, V 
= 2066.5(6) A3, Z = 4, D lc = 1.89 g/cm3, T = 24 °C, radiation MoKa (I = 
0.71069 A), p = 71.4 cm"1, F(OOO) = 1136, R = 0.059, Rv = 0.055, S = 1.69, 245 
parameters. Intensity data were taken as 6/26 scans on a Nicolet R3mE four- 
circle diffractometer for 6044 unique reflections in the range 4° < 26 < 60 °, 
of which 2175 with I > 3o(I) were used for structure solution and refinement. 
The data were corrected for Lorentz and polarization effects. Absorption 
corrections were calculated by Gaussian integration (transmission factor range 
0.18 to 0.36); extinction corrections were not needed. The platinum position 
was obtained from a Patterson synthesis and the remaining non-hydrogen atoms 
were located on difference maps. All non-hydrogen atoms were refined by 
block-cascade least-sguares with anisotropic thermal parameters, using 
statistical weighting*. Calculated hydrogen positions were used for structure 
refinement and a common isotropic thermal parameter was refined for all 
hydrogens, U = 0.10(1) A2.

(I) Crystallographic calculations were done with the SHELXTL program package 
by G. M. Sheldrick; Siemens Analytical X-Ray Instruments, Inc.: Madison, W I.

R e f in e d  P o s i t i o n a l  C o o r d in a t e s  a n d  I s o t r o p i c  T h e r m a lC9H11NO2(C 5H5N ) 2C l2P t -
P a r a m e te r s  (A2) w i t h  S t a n d a r d  D e v i a t i o n s  i n  P a r e n th e s e s

x / a y / b z / c Ue
Pt 0 . 7 2 5 6 0 ( 5 ) 0 . 3 9 2 9 8 ( 6 ) 0 . 3 0 7 9 3 ( 4 ) 0 . 0 5 6 3 ( 3 )
C I ( I ) 0 . 9 1 8 4 ( 3 ) 0 . 3 9 1 7 ( 5 ) 0 . 3 9 4 8 ( 3 ) 0 . 0 9 1 ( 2 )
C l  ( 2 ) 0 . 5 3 2 6 ( 4 ) 0 . 3 9 5 8 ( 5 ) 0 . 2 1 4 6 ( 3 ) 0 . 0 8 4 ( 2 )
C ( I ) 0 . 7 6 5 ( 2 ) 0 . 5 2 1 ( 2 ) 0 . 2 3 2 ( 1 ) 0 . 0 9 ( 1 )
C (2 ) 0 . 7 2 6 ( 2 ) 0 . 6 3 2 ( 2 ) 0 . 2 7 5 ( 1 ) 0 . 0 8 ( 1 )
C (3 ) 0 . 6 9 3 ( 1 ) 0 . 5 5 9 ( 2 ) 0 . 3 4 2 ( 1 ) 0 . 0 9 ( 1 )
C (4 ) 0 . 7 4 4 ( 2 ) 0 . 6 0 9 ( 2 ) 0 . 4 2 9 ( 1 ) 0 . 0 8 ( 1 )
C(S) 0 . 7 3 1 ( 1 ) 0 . 7 5 1 ( 2 ) 0 . 4 3 2 ( 1 ) 0 . 0 6 ( 1 )
C (6 ) 0 . 8 0 1 ( 2 ) 0 . 8 0 2 ( 2 ) 0 . 7 1 8 ( 1 ) 0 . 0 7 ( 1 )
0 ( 1 ) 0 . 7 9 3 ( 1 ) 0 . 7 7 8 ( 1 ) 0 . 5 8 5 ( 1 ) 0 . 0 8 ( 1 )
N ( I ) 0 . 8 8 7 ( 1 ) 0 . 8 7 8 ( 1 ) 0 . 5 0 3 ( 1 ) 0 . 0 7 ( 1 )
C ( 7 ) 0 . 8 8 0 ( 2 ) 0 . 8 8 9 ( 2 ) 0 . 4 2 0 ( 1 ) 0 . 0 8 ( 1 )
0 ( 2 ) 0 . 9 4 7 ( 1 ) 0 . 9 5 0 ( 1 ) 0 . 3 9 6 ( 1 ) 0 . 1 1 ( 1 )
C(S) 0 . 7 8 0 ( 1 ) 0 . 8 1 4 ( 2 ) 0 . 3 6 5 ( 1 ) 0 . 0 7 ( 1 )
C (9 ) 0 . 8 2 0 ( 2 ) 0 . 7 2 3 ( 2 ) 0 . 3 1 2 ( 1 ) 0 . 0 8 ( 1 )
N ( 2 ) 0 . 6 7 3 ( 1 ) 0 . 2 8 0 ( 1 ) 0 . 4 0 1 ( 1 ) 0 . 0 6 ( 1 )
C ( I O ) 0 . 5 6 6 ( 2 ) 0 . 2 9 0 ( 2 ) 0 . 4 0 6 ( 1 ) 0 . 1 1 ( 1 )
C ( I l ) 0 . 5 2 5 ( 2 ) 0 . 2 2 9 ( 3 ) 0 . 4 6 2 ( 2 ) 0 . 1 4 ( 2 )
C ( 1 2 ) 0 . 6 0 0 ( 2 ) 0 . 1 5 3 ( 2 ) 0 . 5 1 7 ( 1 ) 0 . 1 3 ( 2 )
C ( 1 3 ) 0 . 7 0 4 ( 2 ) 0 . 1 4 3 ( 2 ) 0 . 5 1 3 ( 2 ) 0 . 1 3 ( 2 )
C ( 1 4 ) 0 . 7 4 4 ( 2 ) 0 . 2 0 6 ( 2 ) 0 . 4 5 4 ( 1 ) 0 . 1 0 ( 1 )
N (3 ) 0 . 7 5 9 ( 1 ) 0 . 2 2 5 ( 1 ) 0 . 2 4 7 ( 1 ) 0 . 0 6 ( 1 )
C ( I S ) 0 . 6 8 2 ( 2 ) 0 . 1 3 5 ( 2 ) 0 . 2 2 6 ( 1 ) 0 . 0 8 ( 1 )
C ( 16 ) 0 . 6 9 5 ( 2 ) 0 . 0 3 1 ( 2 ) 0 . 1 8 4 ( 1 ) 0 . 0 9 ( 1 )
C ( 1 7 ) 0 . 7 9 6 ( 2 ) 0 . 0 2 1 ( 2 ) 0 . 1 6 2 ( 1 ) 0 . 0 9 ( 1 )
C ( I S ) 0 . 8 7 1 ( 2 ) 0 . 1 1 4 ( 2 ) 0 . 1 8 1 ( 2 ) 0 . 1 2 ( 1 )
C ( 1 9 ) 0 . 8 5 5 ( 2 ) 0 . 2 1 2 ( 2 ) 0 . 2 2 6 ( 1 ) 0 . 1 0 ( 1 )

'E q u i v a l e n t  i s o t r o p i c  U d e f i n e d  a s  o n e  t h i r d  o f  t h e  t r a c e  o f  t h e  
o r t h o g o n a l i s e d  Ui j t e n s o r .



158

C9H 11NO2 ( C 5H5N ) 2C l 2P t .  B o n d  L e n g t h s  (A)

P t - C l ( I ) 2 . 2 9 8 ( 4 ) P t - C l ( 2 ) 2 . 3 3 4 ( 4 )
P t - C ( I ) 2 . 0 5 ( 2 ) P t - C ( 3 ) 1 . 9 7 ( 2 )
P t - N ( 2 ) 2 . 2 3 ( 1 ) P t - N ( 3 ) 2 . 2 0 ( 1 )
C ( I ) - C ( 2 ) 1 . 5 6 ( 3 ) C ( 2 ) - C (3  ) 1 . 5 4 ( 3 )
C ( 2 ) - C ( 9 ) 1 . 4 8 ( 2 ) C ( 3 ) - C ( 4 ) 1 . 4 8 ( 2 )
C ( 4 ) - C ( 5 ) 1 . 5 6 ( 2 ) C ( S ) - C ( S ) 1 . 5 1 ( 2 )
C ( S ) - C ( S ) 1 . 5 8 ( 3 ) C ( S ) - O ( I ) 1 . 1 8 ( 2 )
C ( S ) - N ( I ) 1 . 4 1 ( 2 ) N ( I ) - C ( 7 ) 1 . 3 7 ( 3 )
C ( 7 ) - O (2 ) 1 . 2 1 ( 3 ) C ( 7 ) - C (8  ) 1 . 4 9 ( 2 )
C ( S ) - C ( S ) 1 . 5 1 ( 3 ) N ( 2 ) - C ( 1 0 ) 1 . 3 2 ( 2 )
N ( 2 ) - C ( 1 4 ) 1 . 2 9 ( 2 ) C ( I O ) - C ( I l ) 1 . 3 6 ( 4 )
C ( I l ) - C ( 12 ) 1 . 3 5 ( 3 ) C (12 ) - C  ( 1 3  ) 1 . 2 8 ( 4 )
C ( 1 3 ) - C ( 1 4 ) 1 . 4 2 ( 4 ) N ( 3 ) - C ( 1 5 ) 1 . 3 2 ( 2 )
N ( 3 ) - C ( 1 9 ) 1 . 3 2 ( 2 ) C ( I S ) - C ( I S ) 1 . 3 8 ( 3 )
C ( I S ) - C ( 17 ) 1 . 3 9 ( 3 ) C ( 1 7 ) - C ( 1 8 ) 1 . 3 2 ( 3 )
C ( I S ) - C ( 1 9 ) 1 . 3 5 ( 3 )

C9H 11NO2 ( C5H5N ) 2C l 2P t . B o n d  A n g l e s  ( ° )

C l ( I ) - P t - C l ( 2 ) 1 7 7 . 4 ( 2 ) C l ( I ) - P t - C ( I ) 9 0 . 0 ( 4 )
C l ( 2 ) - P t - C ( I ) 8 7 . 9 ( 4 ) C l ( I ) - P t - C ( 3 ) 9 4 . 6 ( 4 )
C l ( 2 ) - P t - C ( 3 ) 8 6 . 0 ( 4 ) C ( I ) - P t - C ( 3 ) 7 0 . 4 ( 8 )
C l ( I ) - P t - N ( 2 ) 9 1 . 2 ( 3 ) C l ( 2 ) - P t - N ( 2 ) 9 1 . 1 ( 3 )
C ( I ) - P t - N ( 2 ) 1 7 0 . 5 ( 6 ) C ( 3 ) - P t - N ( 2 ) 1 0 0 . 0 ( 6 )
C l ( I ) - P t - N ( 3 ) 8 9 . 2 ( 3 ) C l  ( 2 ) - P t - N ( 3 ) 8 9 . 8 ( 3 )
C ( I ) - P t - N ( 3 ) 9 9 . 5 ( 6 ) C ( 3 ) - P t - N ( 3 ) 1 6 9 . 2 ( 6 )
N ( 2 ) - P t - N ( 3 ) 9 0 . 0 ( 5 ) P t - C ( I ) - C ( 2 ) 9 5 ( 1 )
C ( I ) - C ( 2 ) - C ( 3 ) 9 7 ( 2 ) C ( I ) - C ( 2 ) - C ( 9  ) 1 1 4 ( 2 )
C ( 3 ) - C ( 2 ) - C ( 9 ) 1 1 3 ( 2 ) P t - C ( 3 ) - C ( 2  ) 9 8 ( 1 )
P t - C ( 3 ) - C ( 4 ) 1 2 4 ( 1 ) C ( 2 ) - C ( 3 ) - C ( 4 ) 1 1 4 ( 2 )
C ( 3 ) - C ( 4 ) - C ( 5 ) 1 1 2 ( 2 ) C ( 4 ) - C ( 5 ) - C ( 6 ) 1 1 1 ( 1 )
C ( 4 ) - C ( 5 ) - C ( 8 ) 1 1 1 ( 2 ) C ( S ) - C ( S ) - C ( S ) 1 0 7 ( 1 )
C ( S ) - C ( S ) - O ( I ) 1 2 9 ( 2 ) C ( S ) - C ( S ) - N ( I ) 1 0 5 ( 2 )
O ( I ) - C ( S ) - N ( I ) 1 2 6 ( 2 ) C ( S ) - N ( I ) - C ( 7 ) 1 1 5 ( 1 )
N ( I ) - C ( 7 ) - O ( 2 ) 1 2 4 ( 2 ) N ( I ) - C ( 7 ) - C ( 8 ) 1 1 0 ( 2 )
0 ( 2 ) - C ( 7 ) - C ( 8 ) 1 2 6 ( 2 ) C ( 5 ) - C ( 8 ) - C ( 7  ) 1 0 3 ( 1 )
C ( 5 ) - C ( 8 ) - C ( 9 ) 1 1 3 ( 2 ) C ( 7 ) - C ( 8 ) - C ( 9 ) 1 1 1 ( 2 )
C ( 2 ) - C ( 9 ) - C ( 8 ) 1 1 0 ( 2 ) P t - N ( 2 ) - C ( I O ) 1 2 0 ( 1 )
P t - N ( 2 ) - C ( 1 4 ) 1 2 3 ( 2 ) C ( I O ) - N ( 2 ) - C ( 1 4 ) 1 1 7 ( 2 )
N ( 2 ) - C ( 1 0 ) - C ( 1 1 ) 1 2 5 ( 2 ) C ( I O ) - C ( 1 1 ) - C ( 1 2 ) 1 1 7 ( 2 )
C ( 1 1 ) - C ( 1 2 ) - C ( 1 3 ) 1 1 8 ( 3 ) C ( 1 2 ) - C ( 1 2 ) - C ( 1 4 ) 1 2 4 ( 2 )
N ( 2 ) - C ( 1 4 ) - C ( 1 3 ) 1 1 8 ( 2 ) P t - N ( 3 ) - C ( 1 5 ) 1 2 1 ( 1 )
P t - N ( 3 ) - C ( 1 9 ) 1 2 2 ( 1 ) C ( I S ) - N ( 3 ) - C ( 1 9 ) 1 1 7 ( 2 )
N ( 3 ) - C ( 1 5 ) - C ( I S ) 1 2 4 ( 2 ) C ( I S ) - C ( I S ) - C ( 1 7 ) 1 1 7 ( 2 )
C ( I S ) - C ( 1 7 ) - C ( 1 8 ) 1 1 8 ( 2 ) C (  1 7 ) - C ( 1 8 ) - C ( 1 9 ) 1 2 2 ( 3 )
N ( 3 ) - C ( 1 9 ) - C ( 1 8 ) 1 2 2 ( 2 )
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C9H11NO2(C 5H5N ) 2C l 2P t .  A n i s o t r o p i c  T h e r m a l P a r a m e t e r s  (A2)

U11 U22 U33 U23 U13 U12
Pt 0 . 0 5 4 0 ( 3 ) 0 . 0 5 4 1 ( 4 ) 0 . 0 7 1 2 ( 4 ) - . 0 0 8 6 ( 5 ) 0 . 0 3 4 7 ( 3 ) - . 0 0 7 8 ( 4 )
C l ( I ) 0 . 0 4 9 ( 2 ) 0 . 1 0 0 ( 4 ) 0 . 1 1 7 ( 4 ) - . 0 3 0 ( 4 ) 0 . 0 1 9 ( 2 ) - . 0 1 7 ( 3 )
C l  ( 2 ) 0 . 0 6 7 ( 3 ) 0 . 1 1 7 ( 4 ) 0 . 0 6 7 ( 3 ) 0 . 0 0 5 ( 3 ) 0 . 0 2 2 ( 2 ) 0 . 0 1 9 ( 3 )
C ( I ) 0 . 1 0 ( 2 ) 0 . 0 8 ( 2 ) 0 . 0 9 ( 1 ) - . 0 2 ( 1 ) 0 . 0 6 ( 1 ) - . 0 2 ( 1 )
C ( 2 ) 0 . 0 6 ( 1 ) 0 . 1 0 ( 2 ) 0 . 0 8 ( 1 ) 0 . 0 0 ( 1 ) 0 . 0 1 ( 1 ) 0 . 0 0 ( 1 )
C ( 3 ) 0 . 0 5 ( 1 ) 0 . 1 7 ( 2 ) 0 . 0 5 ( 1 ) 0 . 0 1 ( 1 ) 0 . 0 2 ( 1 ) - . 0 3 ( 1 )
C ( 4 ) 0 . 0 9 ( 1 ) 0 . 0 7 ( 1 ) 0 . 0 8 ( 1 ) 0 . 0 2 ( 1 ) 0 . 0 3 ( 1 ) - . 0 2 ( 1 )
C(S) 0 . 0 7 ( 1 ) 0 . 0 5 ( 1 ) 0 . 0 6 ( 1 ) 0 . 0 0 ( 1 ) 0 . 0 3 ( 1 ) 0 . 0 0 ( 1 )
C ( 6 ) 0 . 0 8 ( 1 ) 0 . 0 5 ( 1 ) 0 . 0 7 ( 1 ) 0 . 0 0 ( 1 ) 0 . 0 3 ( 1 ) 0 . 0 0 ( 1 )
0 ( 1 ) 0 . 1 1 ( 1 ) 0 . 0 9 ( 1 ) 0 . 0 7 ( 1 ) 0 . 0 0 ( 1 ) 0 . 0 5 ( 1 ) - . 0 1 ( 1 )
N ( I ) 0 . 0 7 ( 1 ) 0 . 0 7 ( 1 ) 0 . 0 8 ( 1 ) - . 0 1 ( 1 ) 0 . 0 2 ( 1 ) - . 0 1 ( 1 )
C ( 7 ) 0 . 0 8 ( 1 ) 0 . 0 8 ( 1 ) 0 . 0 7 ( 1 ) 0 . 0 0 ( 1 ) 0 . 0 3 ( 1 ) 0 . 0 2 ( 1 )
0 ( 2 ) 0 . 1 3 ( 1 ) 0 . 1 2 ( 1 ) 0 . 0 9 ( 1 ) - . 0 3 ( 1 ) 0 . 0 6 ( 1 ) - . 0 7 ( 1 )
C ( 8 ) 0 . 0 4 ( 1 ) 0 . 0 8 ( 1 ) 0 . 0 5 ( 1 ) 0 . 0 1 ( 1 ) - . 0 3 ( 1 ) - . 0 1 ( 1 )
C (9 ) 0 . 1 0 ( 2 ) 0 . 0 7 ( 1 ) 0 . 0 8 ( 1 ) - . 0 3 ( 1 ) 0 . 0 5 ( 1 ) - . 0 3 ( 1 )
N ( 2 ) 0 . 0 6 ( 1 ) 0 . 0 6 ( 1 ) 0 . 0 7 ( 1 ) 0 . 0 0 ( 1 ) 0 . 0 2 ( 1 ) 0 . 0 0 ( 1 )
C ( I O ) 0 . 0 8 ( 1 ) 0 . 1 5 ( 2 ) 0 . 1 0 ( 2 ) 0 . 0 5 ( 2 ) 0 . 0 4 ( 1 ) 0 . 0 2 ( 1 )
C ( I l ) 0 . 1 0 ( 2 ) 0 . 2 1 ( 3 ) 0 . 1 3 ( 2 ) 0 . 0 7 ( 2 ) 0 . 0 8 ( 2 ) 0 . 0 1 ( 2 )
C ( 1 2 ) 0 . 2 1 ( 3 ) 0 . 1 1 ( 2 ) 0 . 1 3 ( 2 ) 0 . 0 2 ( 2 ) 0 . 1 3 ( 2 ) - . 0 1 ( 2 )
C ( 1 3 ) 0 . 1 8 ( 3 ) 0 . 1 4 ( 3 ) 0 . 1 0 ( 2 ) 0 . 0 6 ( 2 ) 0 . 0 8 ( 2 ) 0 . 0 9 ( 2 )
C ( 1 4 ) 0 . 1 2 ( 2 ) 0 . 0 9 ( 2 ) 0 . 1 1 ( 2 ) 0 . 0 5 ( 1 ) 0 . 0 7 ( 2 ) 0 . 0 4 ( 1 )
N ( 3 ) 0 . 0 5 ( 1 ) 0 . 0 5 ( 1 ) 0 . 0 7 ( 1 ) - . 0 1 ( 1 ) 0 . 0 3 ( 1 ) - . 0 1 ( 1 )
C ( I S ) 0 . 1 0 ( 1 ) 0 . 0 7 ( 2 ) 0 . 0 8 ( 1 ) - . 0 2 ( 1 ) 0 . 0 5 ( 1 ) - . 0 2 ( 1 )
C ( 1 6 ) 0 . 0 8 ( 2 ) 0 . 0 8 ( 2 ) 0 . 1 0 ( 2 ) - . 0 3 ( 1 ) 0 . 0 3 ( 1 ) - . 0 3 ( 1 )
C( 17) 0 . 1 2 ( 2 ) 0 . 0 7 ( 2 ) 0 . 1 0 ( 2 ) - . 0 1 ( 1 ) 0 . 0 5 ( 1 ) 0 . 0 2 ( 1 )
C( 18) 0 . 0 9 ( 2 ) 0 . 0 8 ( 2 ) 0 . 2 2 ( 3 ) - . 0 5 ( 2 ) 0 . 1 0 ( 2 ) - . 0 2 ( 1 )
C ( 1 9 ) 0 . 0 8 ( 1 ) 0 . 0 8 ( 2 ) 0 . 1 6 ( 2 ) - . 0 6 ( 2 ) 0 . 0 7 ( 1 ) - . 0 2 ( 1 )

The a n i s o t r o p i c  t e m p e r a t u r e  f a c t o r  e x p o n e n t  
-2 i r2 ( h 2a * 2U11 + . . .  + 2 h k a * b * U 12)

t a k e s  t h e f o r m :

C9H 11NO2 ( C5H 5N )  2C l 2P t . C a l c u l a t e d H y d r o g e n  A t o m , P o s i t i o n s •

x / a y / b z / c x / a y / c z / c
H ( I a ) 0 . 7 1 4 0 . 5 1 1 0 . 1 6 5 H ( I b ) 0 . 8 5 8 0 . 5 2 3 0 . 2 3 9
H ( 2 ) 0 . 6 5 9 0 . 6 9 0 0 . 2 3 3 H ( 3 ) 0 . 6 0 5 0 . 5 6 2 0 . 3 4 5
H ( 4 a ) 0 . 6 9 9 0 . 5 6 8 0 . 4 6 9 H ( 4 b ) 0 . 8 3 6 0 . 5 8 6 0 . 4 5 3
H ( 5 ) 0 . 6 3 9 0 . 7 7 1 0 . 4 1 7 H ( n ) 0 . 9 5 1 0 . 9 2 2 0 . 5 5 2
H(  8 ) 0 . 7 1 4 0 . 8 6 8 0 . 3 1 9 H ( 9 a ) 0 . 8 9 8 0 . 6 7 6 0 . 3 5 2
H ( 9 b ) 0 . 8 4 1 0 . 7 7 1 0 . 2 6 2 H ( I O ) 0 . 5 0 5 0 . 3 5 1 0 . 3 6 1
H ( I l ) 0 . 4 3 6 0 . 2 4 2 0 . 4 6 2 H ( 1 2 ) 0 . 5 7 3 0 . 1 0 1 0 . 5 6 3
8 ( 1 3 ) 0 . 7 6 5 0 . 0 8 2 0 . 5 5 8 H ( 1 4 ) 0 . 8 3 3 0 . 1 9 3 0 . 4 5 3
H ( I S ) 0 . 6 0 3 0 . 1 4 4 0 . 2 4 4 H ( 1 6 ) 0 . 6 2 9 - . 0 4 0 0 . 1 6 8
H(  1 7 ) 0 . 8 1 3 - . 0 5 9 0 . 1 3 0 H ( I S ) 0 . 9 4 6 0 . 1 1 2 0 . 1 6 0
H ( 1 9 ) 0 . 9 2 3 0 . 2 8 1 0 . 2 4 6
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