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SUMMARY 

This work is concerned with the development and extension of 

cryochemical synthesis techniques into the domain of organic chemistryo 

A class of reactive, 3 carbon membered, ring molecules was chosen for 

investigation. These species possess abnormal bonding in the form of 

small valence angles and this leads to poor bonding orbital overlap and 

weak bonds. This condition is commonly described by the term "ring 

strain." This abnormal bonding creates a driving force for the molecule 

to enter into those reactions that would lead to relief of this strain. 

Thus^ at room temperature, the reactivity may be so great that some 

molecules exhibit only a fleeting existence, and we here describe these 

species as "cryochemical molecules." The primary effort in this work 

was to investigate four systems of ring compounds and, from mass spectral 

and energy measurements at low temperatures, to derive a consistent body 

of calculated results which would relate such quantities as heats of 

formation (AH^,), the bond energies (E), bond dissociation energies 

activation energies (AH , ), and ring strain. Studies at room tempera­

tures versus those at low temperatures were to be used to discern changes 

in structure, decomposition, etc. for these reactive molecules. The 

causes and results of the instability of these molecules would neces­

sarily determine procedures and precautions for their convenient handling, 

When this work was begun, two of the target molecules, cyclopropanone 

and cyclopropenone, had never been isolated as pure species and much of 

the work involved synthesis and separation problems. Cyclopropene, a 



reactive olefin; cyclopropane, an energetic model for cyclopropanone; 

and cyclobutanone, a by-product of the cyclopropanone synthesis, were 

also investigated. 

Although it had long been postulated as a reaction intermediate 

and although it had shown fleeting, but detectable, existence, cyclo­

propanone had not been isolated as a pure species. Shortly after this 

work was begun, two papers appeared almost simultaneously, both describ­

ing the low temperature synthesis (-78°) from ketene and diazomethane 

51 52 
in solutions of methylene chloride and liquid propane. Reports on 

the stability and polymerization agreed with the results from our study, 

We synthesized cyclopropanone by the liquid-liquid, solution free, 

reaction of diazomethane and ketene at -1^5°• This is a synthesis with 

many novel and interesting facets. It is very unusual to find a liquid-

liquid reaction which will proceed at such a low temperature without any 

external form of activation. The reactor, being submerged in a coolant 

at -li+5°j quickly conducted away any heat of reaction and prevented the 

molecule from decomposing (as it does upon formation in the gas phase ). 

The low temperature also served to slow the rate of cyclopropanone poly­

merization. The use of low temperatures, pure reagents, and a great 

excess of ketene leads to a yield of better than 50 percent product 

purity cyclopropanone with the four membered ketone ring, cyclobutanone, 

as the only side product. Although cyclopropanone can be kept indefinitely 

at -I960, it appears to begin to slowly polymerize at -90° and reacts so 

rapidly at room temperature that samples are destroyed within minutes„ 

This reactivity at room temperature causes a severe analysis problem 

and cyclopropanone can be conveniently studied at only lower temperatures. 



In contrast to its formation in the gas phase, no evidence of decomposi­

tion was found as it was heated at low pressures from a solid at -I960 

through any liquid state to a gas at room temperature. The polymer 

formed was a white, porous looking solid. The ionization potentials, 

appearance potentials, and excess energies of the principal ions from 

cyclopropanone and cyclobutanone were experimentally measured and their 

molecular energetics calculated therefrom. The ionization potentials 

of cyclopropanone and cyclobutanone were measured to be 9-1 e^ and 9°^ 

eV, respectively. Both these values are supported by molecular orbital 

calculations reported herein. 

Cyclopropene, described in the literature as very reactive and 

explosive, was investigated both because of this reactivity and as an 

energetic model for cyclopropenone. It was found to be much easier to 

handle than one would expect from the literature as it can be synthesized, 

distilled, and transferred at room temperature with no change in struc­

ture and with only an insignificant loss from polymerization (which only 

became noticeable at room temperature). Unfortunately, the mass spec­

trum of cyclopropene consists of very intense ion peaks corresponding 

to the positively charged, intact ring and very weak ions resulting from 

ring fragmentations. The ionization efficiency curves of the weak ion 

signals were of such poor quality that reliable experimental appearance 

potentials could not be obtained for the development of the molecular 

energetics. The ionization potential of cyclopropene was measured to 

be 9*6-9-7 eV which was supported by the molecular orbital calculation 

of 9*6 eV and close enough to a literature value, 9»95 eV, to attribute 

the difference to experimental error. 
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Cyclopropene was studied at -lk^° and room temperature (~ 25°) • 

Although it is known to polymerize at -80° and although the polymeriza­

tion is believed to be a reaction of the excited double bond diradi-

63 
cal, no experimentally detected change in the ionization potential 

(9«6-9-7 eV) from -1^5° "to 25° leads one to conclude that any formation 

of a triplet occurs in such small amounts as to be experimentally unde­

tectable. Similarly, cyclopropanone was studied at -90° and 25°. Al­

though it was seen to polymerize quite rapidly at room temperature and 

although many of its reactions in solution are postulated to proceed 

through the ring opened dipolar ion (23 kcal/mole more stable than the 

Go 
closed ring ), no change in the ionization potential with temperature 

(9«1 eV) likewise implies no detectable presence of these structures. 

A difference in structure would, of course, have invalidated physical 

data taken at room temperature. 

76 
According to Breslow, the reaction of tetrachlorocyclopropene 

with tri-n-butyltin hydride at room temperature produces a volatile mix­

ture of chlorocyclopropenes which, when collected in CC1, and hydrolyzed 

with water, produces cyclopropenone in water solution. Breslow postu­

lates the existence of the free ketone, not the gem diol, even in water 

solution; however, he states that all attempts to separate and isolate 

the molecule have led to ". . .at least partial polymerization of the 

compound." He also reports that the ketone may be extracted from water 

solution by polar solvents and that it is much less reactive and more 

stable than its saturated analog, cyclopropanone. His paper strongly 

suggests that cyclopropenone was synthesized and implies that the failure 

to isolate cyclopropenone was due only to its tendency to polymerize. 
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Based on our previous work on cyclopropanone and the reactivity 

76 
statements of Breslow's paper, we reasoned that cyclopropenone would 

most certainly be stable enough for cryogenic mass spectrometric analysis 

once it was separated from its solution. Since it could be extracted; 

the obvious approach was to find a polar solvent which would allow 

separation of the ketone at a low enough temperature to prevent poly-

76 
merization. Although the reported synthesis and nmr analysis for 

cyclopropenone were reproduced, the isolation of the ketone was not ac­

complished by any of the following techniques: extraction of the ketone 

from water solution using different kinds of solvents; performing the 

hydrolysis step in water soluble solvents; partial hydrolysis of the di-

chlorocyclopropene sample with less than the stoichiometric amount of 

water; and drying of the solutions to remove dissolved water. The solu­

tions resulting from the application of these techniques were all analyzed 

by distilling them at low temperatures into the mass spectrometer. In­

stead of identifying the ketone, other products were observed which were 

76 
not reported in the original publication (which fails to report the 

76 
presence of other products)• In addition, this publication identified 

the mass 72 product as acrylic acid which, from our work does not appear 

to be a correct analysis. We concluded that further work on cyclopro­

penone would better define the problem. However, in view of our work, 

the original synthesis, and the lack of additional publications since 

the first report of the original synthesis (two years), we also concluded 

that the approach discussed herein to the synthesis and separation has 

not been, and likely will not be, very fruitful. Assuming that the origi­

nal synthesis and analysis were correct, this isolation failure may be a 
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result of water being needed to stablize the structure and prevent 

reaction. This need is so great that water and ketone must exist in 

solvents as a unit and vaporization of the solutions leads to immediate 

and complete reaction of the ketone. On the other hand, the products 

76 
of this work and the unsubstantiated original publication- suggest 

that some other structure(s) was made rather than ketone. A third pos­

sible explanation is the existence of a solution equilibrium between 

the cyclopropenone and its hydrate in which its hydrate possesses a much 

higher vapor pressure. Dichlorocyclopropene and hydrated cycloprope-

• * 

none were found to be cryochemical reagents reacting rapidly at room 

temperature. 

In this work, it was found to be very common for the fragments 

produced upon electron impact of ring compounds to possess excess trans -

lational and vibrational energy, but rare for the measured appearance 

potential to correspond to a fragment in an excited electronic state. 

This excess energy may be viewed as residual energy from the fragment 

formation of multiple bonds. Inclusion of a rearrangement correction 

term for the energetic difference in the initial and final ring frag­

mentation products allowed us to assign ring bond energies to particular 

bonds and enabled D° and an estimation of ring opening activation ener­

gies to be calculated which seem to relate well to literature data. 

By analyzing a series of ring opening problems, it was concluded that a 

necessary but not sufficient condition for ring opening is that the 

Refers to a product of the hydrolysis which appears to be formed 
by the reaction of cyclopropenone and water, 



amount of energy liberated from the formation of the ring be greater 

than the activation energy for ring opening. It also showed that the 

most likely ARy associated with excited singlet methylene produced from 

diazomethane is around 90 kcal/mole. 

Cyclopropane was investigated as an energetic model from which 

the molecular energetics of cyclopropanone could be discussed. The 

literature on cyclopropane discusses strain energies, heats of formation, 

ionization and appearance potential measurements, structure, mechanisms, 

and reactions. If mass spectrometric data could be correlated with 

other existing data for this molecule, the similar interpretation of the 

new molecule, cyclopropanone, should be possible. The energetics of 

cyclopropane seemed to be explained by the insertion of an energetic 

rearrangement term, R(R-, ) , in the equations for calculating D°(R -R ) 

4- ~£ 
and D°(R -R ) . This energetic rearrangement term represents the energy 

difference between a hypothetical initial diradical and the final ground 

state structure for the fragments which results from breaking two carbon-

carbon (C-C) ring bonds. We were able to calculate for cyclopropane the 

following values (kcal/mole) which compared well with literature data: 

AR? = 13 ± 3 (lit. = 12.7) 

** 
ring strain = 3° (lit. = 27 relative to paraffins; 

E(C-C) = 75 

D° (C-C) = 52 (lit. = 1+9) 

AH (ring opening) = 65 (lit. = 65) 

R and R represent groups of bonded atoms within the molecule 

localized to carbon-carbon ring bonds 



Heats of formation in the gas phase of cyclopropanone and cyclo-

butanone were calculated from mass spectrometric data to be 27 - 8 and 

13 ± 5 kcal/mole. Bond energies were used to calculate additional ring 

strains of 36 and 19 kcal/mole with respect to cyclopropane and cyclo-

butane, respectively. By a procedure analagous to one used for cyclo­

propane, the following values were predicted for cyclopropanone: 

E(C-Ct) = 66; E(C-C) = ^0 

D°(C-Ct) = >+5; D°(C-C) = 20 

^ a c t ^ - 0 ^ = 6 l ; a n d AHact(C-C) = 35' 

This latter value supports the theory that cyclopropanone solution 

reactions proceed with a low activation energy through a ring opened 

dipolar ion. It should be noted that, without the inclusion of R(R,) ex 

terms, mass spectrometric results would predict a stronger bond at the 

distant carbon-carbon bond, d(C-C) = I.58 A, than the shorter carbon-

carbon bond, d(C-C ) = I.49 A. This result particularly points out the 

necessity of the rearrangement term. 

In this work, an experimental procedure was developed to calcu­

late, from mass spectrometric data, the AĤ i for molecules to within 

about ± 5 kcal/mole. Any lack of precision in the appearance potential 

and excess energy measurements is partially overcome by using more than 

one fragment ion to calculate AH^. This measurement is only worth the 

trouble for molecules with structures from which it is not possible to 

make a good estimate of AH^ from other methods. It is particularly 

carbonyl carbon 
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adaptable to small rings because the fragments are produced in ground 

electronic states and correspond to molecules for which AEfi and ioniza­

tion potential are usually known and need not be measured. However, it 

is necessary to check for the occurrence of excess translational and 

vibrational energies. This technique is the reversal of the normal 

energetic treatment from which the heat of formation of the fragment 

ion is calculated from the appearance potential by knowing the AH^ of 

the parent molecule. 

During the course of this work, secondary efforts were needed to 

develop techniques for the measurement of excess ion energies and for the 

measurement of appearance potentials of ions with long-tail ionization 

efficiency curves. The correlation for measuring excess energies ap­

pears to apply well to large classes of compounds but, in this work, its 

accuracy was limited by poor precision. An X-Y recorder was adapted to 

measure appearance potentials by the "linear match" and the "initial 

breaks methods which reduce the time of recording appearance potential 

data from greater than 60 to 10 minutes without much loss in precision. 

This increase in speed of recording the ionization efficiency data also 

helps to combat uncertainties introduced from slowly changing ion inten­

sity. It allows a rapid check of the entire ionization efficiency curve 

for abnormalities which may dictate the ionization efficiency method to 

use. 

It was found that the determination of ionization potentials 

from ionization efficiency curves that have standard shaped curves is 

obtainable by any number of methods with varying degrees of precision. 

On the other hand, it was found that the appearance potential of ions 



with long-tail curves required methods that will separate the curve 

into sections pertaining to single processes which must be interpreted 

individually and that the appearance potential of some long-tail, low 

abundance ions may be experimentally undeterminable by electron impact 

methods. Ionization efficiency curves resulting from unknown and cali­

brating gas ions whose partial pressures in the ion source differ by a 

factor of 10 or less may be electronically adjusted to obtain a linear 

match over the range of five to six eV from the point of initial onset 

without introducing an error of more than 0.2 eV. However, for an in­

tensity ratio of 10, the initial breaks method is difficult to use with 

electronically adjusted ionization efficiency curves because the signal-

to-noise ratio changes and the curves appear different at the point of 

initial onset. Nevertheless, by looking for good match of the curves 

over the first two eV of the curve, one can obtain higher precision 

and still have a method that emphasizes the initial onset region of the 

ionization efficiency curve, 

A tertiary effort is reported that involves the application of 

molecular orbital theory to these ring systems. This work involved no 

development of molecular orbital theory but merely the application of 

certain available computer programs to these ring molecules. We wished 

to calculate the ionization potential and heats of atomization (AH ) for 
a 

comparison with experimental data and to use the molecular orbital theory 

to help predict the structure of these reactive molecules. For a very 

reactive species, experimental structural determinations may be a long 

time forthcoming and it was hoped that mass spectrometric data reinforced 

by molecular orbital theory could provide some valuable insights. Because 
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of the inability of molecular orbital calculations to predict known 

molecular structures or even most stable structures from which accurate 

AH and ionization potentials could be calculated, theoretical chemists 
a 

have had to adjust molecular parameters by empirical means such that 

AH and ionization potentials could be calculated accurately (on the 
a 

average) for broad classes of compounds whose actual experimental bond 

lengths and angles are similar enough to allow a set of "standard" 

molecular geometries to be used for all molecules in the calculations. 

Since cryogenic, strained ring compounds owe their existence to abnormal 

(as opposed to standard) bonding and structure, the goals of synthesiz­

ing cryogenic molecules and semi-empirical, standard geometry, molecular 

orbital calculations appear to be mutually exclusive without some know­

ledge of how to assign a standard geometry to each particular ring 

molecule. 

Of the four molecular orbital programs used in this work, the 

Mindo and Klopman programs calculated usable numbers for AĤ i and ioniza­

tion potentials while, from the results of this thesis, only the Pople 

program appeared to show any promise of structure prediction. Because 

of the insensitivity of the ionization potential to geometry changes 

and the good accuracy of calculated versus experimental ionization po­

tentials, the Klopman and Mindo programs appear to be usable for calcu­

lating ionization potential for cryogenic ring molecules. However, the 

strong geometry dependence (especially the C-C ring bonds) of both Mindo 

and Klopman programs prevents the use of these two programs for calculat­

ing AĤ , until some confidence is gained in assigning standard geometries 

to abnormal rings. This assignment is further complicated for ring 
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molecules having unmeasured geometries. Although the triplet calcula­

tions appear usable for parent molecules, the application to fragments 

appears to be also dependent on some better understanding of standard 

geometries. This confidence in assigning standard geometries may be ob­

tainable by working with many known strained rings, or for a particular 

ring molecule with a family of substituted derivatives of known struc­

ture and properties, good agreement may result from calibrating the 

programs for this family of molecules as has been done for the cyclopro­

pane and cyclopropene families. Once this confidence is gained, the 

programs offer a strong potential for mass spectrometric identification 

and distinction between closed ring and open chain isomers whose AH 
a 

and ionization potentials usually differ significantly. For very unstable 

molecules not amenable to nuclear magnetic resonance or infrared analysis, 

this seems a very worthy goal. 

Although parts of the molecular orbital programs may not yet be 

sufficiently accurate for absolute use, they still offer the possibility 

of relative comparison of different structures, triplets, isomers, etc. 

from which qualitative trends or relative quantitative data can be used 

for mass spectrometric analysis decisions and calculations. Also included 

in this area is the prediction of relative stabilities of competing 

products. 
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NOMENCLATURE 

The following symbols are so defined unless specified otherwise 

in the text. 

o 

A = angstroms 

amp = ampere 

+ + 
AP = A(R ) = appearance potential of species R , eV 

B = constant in equation 

BE = Bond Energy 

BDE = Bond Dissociation Energy 

C = constant in equation 

C = molar heat capacity at constant volume 

comp. = computer MO calculation 

d(C-C) = bond distance between carbon-carbon single bond,, angstroms 

D°(R -R ) = Standard Bond Dissociation Energy at 25°C of bond between 

R and R groups, reactants and products in ideal gas state, 

kcal/mole 

D°(*&-) = BDE for breaking two ring bonds simultaneously 

D°(-7Sr) = BDE calculated not using R(R. ) terms 

D°(^£r) = BDE calculated using R(R, ) terms 
1 g 

DP=D(R|) = disappearance potential or initial onset of R_L ion current, eV 

e = charge on fragment ion 

est. = estimated 

eV = electron volts (l eV = 23*06 kcal/mole) 
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excited electronic state 

experiment 

observed average translational energy of the fragment ion, eV 

excess translational energy of the parent molecular ion 

activated complex from collision with electron, kcal/mole 

excess rotational energy 

excess vibrational energy 

total translational energy of the parent molecular ion 

activated complex, kcal/mole 

BE of carbon-carbon single bond, kcal/mole 

electric field strength 

electric field in ion source 

internal energy, kcal/mole 

change in internal energy at 0°K, reactants and products in 

ideal gas state 

AP-AH° = e" + ~e + e" = sum of excess translational, rota-
r t r v 

tional, and vibrational energies from collision with electron, 

kcal/mole 

maximum E* assuming classical heat capacity limit, kcal/mole 

probability distribution for velocity component in X direction 

ground electronic state 

Standard Heat of Formation at 25°C, reactants and products 

in ideal gas state, kcal/mole 

Standard Heat of Atomization from the elements, kcal/mole 

heat of reaction at temperature T(0K) 
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Standard Heat of Reaction at 25°C 

reaction activation energy 

heat of combustion 

ion 

infrared analysis 

ion intensity 

ionization efficiency 

l(R -R ) = ionization potential of species R,-R„, eV 

Boltzmann constant 

kilocalorie 

constant in equation 

literature 

mass 

mass/charge; indicates position of peak in mass spectrum 

maximum 

milliliter 

millimeter 

mass spectrometric analysis 

microsecond 

mass 

mass of ion 

mass of neutral 

mass of parent 

molecular orbital 

molecular weight 



N(n) = neutral fragment 

nmr = nuclear magnetic resonance analysis 

N.C. = no convergence 

N = Avogadro's number o ° 

n = number of atoms in molecule 

P(p) = parent molecule 

q_ = electronic charge 

R = ideal gas constant = 1.987 cal/mole°K 

R = fragment species 

R -R = bonded fragments in parent molecule 

RS = ring strain 

R(R ) = structural rearrangement energy term from hypothetical 

excited diradical to the ground electronic state, kcal/mole 

S = l) distance from ion focus grid 2) total distance traveled 

in electric field 

S. = instantaneous position 

V = volts 

V = velocity 

V = velocity in X direction 
x 

V . = initial velocity in X direction 
XI 

V = terminal velocity of ion leaving electric field 
TJ 

V = terminal velocity of ion leaving electric field at ion focus xo J o 

grid 

V = maximum ion velocity 

t = time 
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T = temperature, °C or °K 

T , = room temperature 
rt 

T = temperature of parent molecular ion in activated state 

TE = total energy of molecule 

Wi = ion peak width at half height, sec 

W-, = ion peak width at base, sec 

X, Y, Z = cartesian coordinates 

oc = empirical parameter in equation (8) 

CT = ionization reaction cross-section 

6 = mnr proton shift, ppm 

p = density 



CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

General 

This study is concerned with the development and extension of 

cryochemical techniques into certain aspects of organic chemistry. 

Cryochemistry is concerned with the synthesis., isolation., and chemical 

behavior of molecules which do not exist under normal conditions of 

temperature and pressure because they are either too reactive or too 

unstable. In this work, cryochemistry is limited to the class of com­

pounds which will exert a mass spectrometrically observable vapor 

pressure (10 -10 torr; at a temperature at which it is stable. 

This limitation quickly resolves the potential molecules into a class 

of high vapor pressure molecules of low molecular weight and/or non-

polarity and high reactivity and instability. This high reactivity 

may result from some electronic and/or bonding abnormality and further 

resolves the class into: l) those species which are electronically 

excited and which exist in triplet states (i.e. methylene, etc.) or as 

free radicals and 2.) those ground state singlet species which possess 

such a strained structure that they are extremely reactive and/or un­

stable. This thesis is concerned with this latter type of molecule and, 

in particular, 3-carbon membered, ring compounds. 
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Primary Effort 

The primary effort of this work was to study a series of related., 

reactive, 3_carbon membered, ring compounds using cryochemical techniques. 

From mass spectra and energy measurements at very low temperatures, a con­

sistent body of calculated results were to be derived which would contain 

and relate such quantities as heats of formation, (AH°), bond energies, 

(E), bond dissociation energies (D°) and ring strain (RS). Within this 

energetic goal, we attempted to consider all different types of mass 

spectrometric experiments that would yield useful information. For a 

reactive molecule which is known to react and/or decompose at room tem­

perature, one such experiment would be to obtain energetic data at a low 

temperature where the molecule is stable and compare that to similar 

energetic data obtained on the reacting species at room temperature in 

hopes that a difference in states or structures would be energetically 

discernible. When this work was begun, two of the target molecules, 

cyclopropanone and cyclopropenone, had never been isolated and, conse­

quently, much of the work involved synthesis and separation problems 

and techniques. The reactive olefin cyclopropene, cyclopropane, and cyclo-

butanone were also studied. The causes and results of instability of these 

molecules were roughly characterized, and characteristics relative to 

their convenient handling were also determined. 

Secondary Efforts 

During the course of this work, many secondary efforts were needed 

to develop the energetic results. This work includes developing techniques 

to measure the excess energy of mass spectrometric fragmentation processes, 



discussions and development of techniques to measure the ionization and 

appearance potentials (IP an AP) of ions with long-tail ionization effi­

ciency (IE) curves, and the interpretation of ring fragmentation data. 

As a result, this work is also an extensive survey of the problems that 

can be encountered in obtaining mass spectrometric energetic data. 

Tertiary Efforts 

A tertiary effort is reported that involves the application of 

molecular orbital (MO) theory to these ring systems. This work in­

volved no development of MO theory but merely the application of certain 

/ 97 98 11 
available computer programs (i.e. those of Pople, Hoffman, Klopman, 

and Baird ) to these ring molecules. We wished to calculate IP and AH° 

for comparison with experimental data and to use MO theory to help pre­

dict the structure of these reactive molecules. For a very reactive 

species, experimental structural determinations may be a long time forth­

coming and hence the mass spectrometric data reinforced by MO theory 

could provide some valuable insights. 

Ring Molecules 

cy-C^O 

At the outset of this work, cyclopropanone had not been isolated 

as a molecular species. In 1965-66, literature on the preparation 

of its substituted derivatives began to appear, and, with the successful 

synthesis of derivatives such as tetramethylcyclopropanone and 2, 2 

dimethylcyclopropanone, there came a flurry of activity directed towards 

the synthesis of the parent itself. 
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Cyclopropanone had long been postulated as a reaction intermediate 

hk 

and, as early as 1931> Lipp provided evidence suggesting that cyclo­

propanone was an intermediate in the formation of cyclobutanone from 

ketene and diazomethane at -70 . Roberts investigated the validity of 

this proposal by determining the fate of tracer carbon-1^ in diazomethane. 

His calculated and experimental results for the average distribution of 

carbon-lU at the carbon positions in cyclobutanone were in good agreement 

CH2CO + c^Sy^ - >=o + N t 

l>0 + C%2N2 - n " + N2 t 

experimental calculated 

37.06 i 

25.76 

s. 
O 

^0.00 i 37.50 i 

37.06 25.00 % 

.0 
'0.00 i 

37.50 % 

The enhanced reactivity of cyclopropanone with diazomethane versus the 

relative stability of cyclobutanone under the same conditions was ration­

alized as a result of the extreme strain in the 3-carbon ring. 

hG 
Kistiakowsky investigated the reaction of methylene with ketene 

in the gas phase by flash photolytic decomposition of ketene. He did not 

observe any transitory formation (as Roberts had seen in the liquid phase), 

and he postulated that the formation of cyclopropanone must be at least 

78 kcal exoergic, which is 13 kcal more than the minimum activation energy 
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for the decomposition of cyclopropane. Hence, at low gas pressures, decom­

position evidently occurred before collisional quenching. Cyclopropanone 

decomposed into ethylene and carbon monoxide by the breaking of two car-

bon-carbon bonds. Later, Kistiakowsky, using a time-of -flight (.T-O-FJ 

mass spectrometer of 50 msec working cycle and 0.005 mole fraction sensi­

tivity, estimated the life time of cyclopropanone as 36O msec from the 

flash photolysis of ketene in nitrogen dioxide. This, then, represents 

the time it takes cyclopropanone to decompose due to the energy released 

from the reaction of methylene with ketene. 

kQ 
Davidson photolyzed ketene and diazomethane in a liquid nitrogen 

solution wherein the reaction products were quenched to -I960. Infrared 

study revealed a band at 1825 cm that was attributed to the 3-membered 

ring by extrapolating the carbonyl liquid stretching frequencies of the 6-, 

5-, and ^-membered ketone rings. In an analogous low temperature experi­

ment, he found that methylene reacts with ethylene to form primarily 

cyclopropane whereas, at room temperature, cyclopropane is cleaved (i.e. 

a carbon-carbon ring bond is broken) by this heat of reaction to yield 

propylene. On allowing the postulated cyclopropanone product to warm, it 

survived long enough to be observed spectrally. 

There have been other approaches to the synthesis of cyclopro-

I4.9 50 
panone, } but none seemed as promising as the reaction of ketene with 

diazomethane. We decided to carry out the reaction at the lowest possible 

temperature to isolate the molecule as a pure, stable species. This task 

was realized by a liquid-liquid reaction at -150° and led to further mass 

spectrometric studies on this new reactive molecule such as determining 



its temperature stability and developing its molecular energetics including 

AH° and ring strain estimates. The results of this work are presented 

herein. 

After this "work was begun, two papers appeared almost simultaneously, 

both describing the low temperature syntheses (-78°) of cyclopropanone 

from the reaction of ketene and diazomethane in solutions of methylene 

51 52 
chloride and liquid propane. The use of low temperatures apparently 

quenched the product to prevent decomposition and the dilute solutions 

restricted polymerization of the product. The product was characterized 

in solution by nuclear magnetic resonance (nmr), infrared (ir), and mass 

spectrometry (ms). Reports on temperature stability and polymer formation 

were included and agreed with the results from this work. Since the 

publications of these two papers, a number of papers concerning cyclo­

propanone have appeared. Although most of them are concerned with the 

53-57 reactions of cyclopropanone, there have been some concerned with 

its structure ; ; and there is a recent review paper which summarizes 

the literature at the time of this writing. 

gy-SH6 

Cyclopropane was investigated as an energetic base from which the 

molecular energetics of cyclopropanone could be discussed. The literature 

on cyclopropane discusses strain energies, heats of formation, IP and AP, 

structure, mechanisms, and reactions. If mass spectrometric data could 

be correlated with other existing data for this molecule, the similar 

interpretation of the new molecule, cyclopropanone, should be obtainable. 

The detailed discussions of these data from the -literature are more 
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appropriately presented in the text. The investigation of cyclopropane 

also proved to be a good exercise in the measurement of excess energies, 

the AP measurement of long-tail ions, and the interpretation of ring 

strain. 

cy-c3H2o 

In 1965-66, studies of substituted cyclopropenones such as di-

7^ 75 
phenylcyclopropenone and monoalkylcyclopropenone were reported, 

76 
followed in 1967 by the synthesis of the unsubstituted ketone itself. 

76 
As reported by Breslow, the reaction of tetrachlorocyclopropene with 

tri-n-butyltin hydride at room temperature produces a volatile mixture 

of chlorocyclopropenes which, when collected in CC1. and hydrolyzed with 

water, produce the ketone in water solution. Arguments based on nmr and 

ir analyses are used to eliminate other possible structures for the prod­

uct species. For example, it appears not to be the gem-diol, even in 

water solution. However, all attempts to separate and isolate the mole­

cule have led to "...at least partial polymerization of the compound." 

Breslow and co-workers also report that the ketone may be extracted from 

water solution by polar solvents and that it is much less reactive and 

more stable than its saturated analog, cyclopropanone. This study de­

duced that cyclopropenone had been synthesized and implied that the isola­

tion problem was due only to the tendency of the product to polymerize. 

Based on our previous work on cyclopropanone and the reactivity statements 

76 
of this paper, we reasoned that cyclopropenone would most certainly be 

stable enough for cryogenic mass spectrometric analysis once it was sep­

arated from solution. Since it could be extracted, the obvious approach 



was to find a polar solvent which would allow separation of the ketone at 

a low enough temperature to prevent polymerization. This attack on the 

problem is discussed more fully and the results are reported in this thesis. 

• ^ A 
Cyclopropene, as one of the most reactive of olefins, was investi­

gated for a number of reasons. The reactivity of this molecule is such 

that it is stable indefinitely at liquid nitrogen temperatures, poly­

merizes slowly at dry ice-acetone temperatures, polymerizes readily at 

-36°, and can be kept in carbon tetrachloride solution at -10° but not 

at room temperature . It has also been reported to polymerize with ex-

71 plosive violence at room temperature . This species was investigated 

mass spectrometrically at a sufficiently low temperature (-1̂ 0° ) that 

one could reasonably assume the molecule to be in a stable ground state. 

The results were then compared to similar ms data obtained at room tempera­

ture on the reacting species in an undefined state. A transformation in 

state or structure caused by warming from -1̂ -0° to room temperature may 

be energetically detectable by this mass spectrometric study. Such a 

finding, of course, would invalidate a large number of experimental data 

obtained at room temperature. The energetics and strain energy of this 

molecule would complement the data on other cyclic molecules and provide 

a base for the study of the energetics of cyclopropenone. 

A review of the literature on cyclopropene through 1963 is avail-

62 
able . For cyclopropene and cyclopropene derivatives, this review collects 

and summarizes the available syntheses, chemical reactions, and physical 

properties and lists 287 references. The heat of formation has been 
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calculated from combustion data, and the ring strain has been estimated 

from various reactions. The only previous appearance potentials reported 

are for the parent m/e 4̂-0 and m/e 39* The structure is known and the 

polymer has been characterized. These data are also incorporated into 

the appropriate sections of this thesis. 



CHAPTER II 

APPARATUS AND EXPERIMENTAL TECHNIQUES 

General Cryochemical Techniques 

Cryochemistry 

Cryochemistry depends upon the adaptation of the common bench 

techniques of chemistry and unit operations of chemical engineering to 

low temperatures. The chemistry involves synthesis, analysis, and the 

determination of physical and chemical properties. The chemical engi­

neering consists of designing systems for low temperature use which 

includes reactors, transfer lines, purifications, and special materials. 

Although, in this work, the systems were designed for use with a time-

of-flight (T-O-F) mass spectrometer, the following remarks clearly apply 

to other means of identification. 

The design of a system is, in most cases, severely restrained by 

the thermal sensitivity and stability of the species to be studied. 

Warming can cause a low temperature molecule to lose its original iden­

tity by several modes of destruction: l) unimolecular decomposition; 

2) unimolecular isomerization or rearrangement to another structure; 

3) bimolecular reactions with itself (polymerization); and k) bimolecular 

reaction with other species present. Within these modes of destruction, 

there emerge several possible handling situations: l) all of the origi­

nal molecules present in the sample lose their identity and, therefore, 

there are no original molecules for analysis; 2) most of the original 

molecules lose their identity leaving an insufficient number of molecules 
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for successful analysis; 3) only some molecules lose their identity and 

there remains a sufficient number of original molecules for analysis but 

products are formed which will interfere with the analysis; k) only some 

molecules lose their identity and there remains a sufficient number of 

original molecules for analysis and no interfering species are formed; 

and 5) any one of the first four situations with the added possibility 

of uncontrollable decompositions or reactions leading to explosion or 

other dangers. Situations 1, 2, ?>, and 5 require treatment that allows 

no warming,, i.e., an apparatus that contains provisions for synthesis, 

transfer, purification, and analysis at low temperatures. Such a low 

temperature device has been designed, built, and termed "cryogenic 

reactor-inlet system" by Malone. This apparatus was used in this work 

and it will be discussed briefly. 

Cryogenic Reactor-Inlet System 

The cryogenic reactor-inlet system consists of a 10 inch length, 

seven-eighths inch diameter tube which is reduced to a 15 inch length, 

one-fourth inch diameter tube. The resistance wire for electrical heat­

ing is wound around six inch sections of both tubes and encased in pots 

that are cooled by circulating liquid nitrogen. The tubes are connected 

to a header plate and enclosed in a high vacuum casing which allows the 

inlet system to be attached to the mass spectrometer. Temperatures can 

be read by thermocouples which are embedded along the tubes and which 

are also connected to temperature controllers which regulate the heaters 

to balance the heat drain by the liquid nitrogen and allow the tempera­

ture in each pot to be independently thermostated at any temperature 

from -I960 to room temperature. The system can be mechanically moved 
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such that an extension piece connected to the end of the smaller tube 

can be positioned whereby the exit channel through the piece makes grazing 

contact with the electron beam. The large tube serves as a reactor space 

in which, for example, reactions involving arcs or discharges can be 

carried out followed by rapid quench on the walls. By controlling the 

pots at different temperatures a low temperature, one-step, simple, se­

parative distillation can be effected. The smaller tube then serves as 

a low temperature inlet system providing a refrigerated pathway for the 

molecule to the point of analysis. 

Synthesis Techniques 

In this work the distillation and inlet-analysis provisions of the 

cryogenic reactor-inlet system were used. The reactor provision was not 

needed as all the reactive molecules studied belonged to situation k, in 

which the only problem is in manipulating the molecule in room temperature 

apparatus quickly enough so that an ample amount of the sample arrives at 

its destination unaltered. This type of temperature sensitivity allowed 

us to work with much greater variety and flexibility of apparatus and 

techniques than to be limited to only reactions adaptable to the reactor 

provision of the cryogenic reactor-inlet system. The individual syntheses 

are discussed in later sections in this chapter devoted to each molecule 

separately. 

Storage 

Since most of the molecules investigated were very reactive or 

unstable, these samples had to be stored at low temperatures to preserve 

the molecule and prevent explosions. The procedure used was to condense 

the gaseous molecule as a solid at liquid nitrogen temperatures in a 



glass trap. The sample trap was then evacuated of all remaining air, 

sealed from the atmosphere by stopcocks, and kept in a de-war of liquid 

nitrogen which was replenished as needed. When the sample was to be used, 

the trap was again evacuated at liquid nitrogen temperatures (in case air 

had leaked into the trap) and the sample transferred to other apparatus. 

Transfer 

The rapid transfer to ensure that some of the original molecules 

arrived at their destination unaltered was accomplished by the following 

technique: The existing sample in its low temperature trap was attached 

by a room temperature line (usually glass) to the destination apparatus 

(which could be another trap, ms inlet system, etc.). With the destina­

tion apparatus at room temperature the transfer system was evacuated to 

_2 
nominally 10 torr. Next the sample trap stopcock was opened and the 

entire system was evacuated. This procedure prevented condensable gases 

in the air from being condensed on the cold samples. This is especially 

important to these water sensitive samples. Next the destination appara­

tus was cooled to low temperatures. The pumping was arranged so that the 

system was evacuated through the low temperature region of the destination 

apparatus. Removal of the liquid nitrogen dewar from the sample trap 

caused rapid warming and vaporization of the sample which is attracted 

to the low temperature region of the destination apparatus by high pres­

sure diffusion, condensation, and pumping. 

When this type of transfer is made to the cryogenic inlet system, 

the mass spectrometer is used to "monitor" the process and, hence, any 

non-condensables in the sample or decomposition products would be detected. 

This combination of rapid transfer at low pressures worked well in most 


