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SUMMARY

Cyclobutadiene is the simplest conjugated cyclic polyene which has still
eluded the researcher in all attempts at unequivocal synthesis. Theoretical
calculations have disagreed as to the nature of the ground state of cyclobutadiene,
for, depending upon the method of calculation, both singlet and triplet states are
predicted. The experimental failures of synthesis and the divergent results of
theoretical calculations have whetted the curiosity of chemists concerning the
problem of cyclobutadiene. Recently cyclobutadiene was reported as an interme-
diate from the oxidation of cyclobutadieneirontricarbonyl (CIT)El 9 Indirect evi-
dence showed that cyclobutadiene was isolated and exhibited a finite life time,

All of the prior attempts to prepare cyclobutadiene were carried out by conven-
tional methods and techniques.

The work reported in this thesis involved the synthesis of cyclobutadiene
either by pyrolysis or by electrical discharge of suitable precursors; the proof
of the existence and the determination of the energetics of this molecule was car-
ried out using mass spectrometric techniques. Reactions of cyclobutadiene, as
well as attempts to prepare this species as a stable solid or liquid phase at low
temperatures by utilization of the new techniques of cryochemistry recently devel-
oped in this laboratory were carried out in the apparatus which had been designed,
constructed and used successfully in earlier related studies of highly reactive

molecules in this laboratory.
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The oxidation reaction of CIT with ceric ion was carried out at 0°. The
product of the reaction were passed through a tube kept at 00 and were then quen-
ched at -18 00 to -196° in a cryogenic inlet arrangement attached to a mass spec-
trometer. Free cyclobutadiene, i.e., m/e 52, was not detected, but cyclobuta-
diene dimer was observed during the slow warm-up of the quenched composite
solid. The dehalogenation of cis -3, 4-dichlorocyclobutene with sodium amalgam
at room temperature followed by immediate quenching of the products at - 1800 to
-196° in the cryogenic inlet system also failed to yield evidence of cyclobutadiene
although cyclobutadiene dimer was again observed. The earlier indirect evidence
of the isolation of cyclobutadiene from the reaction of CIT with ceric ion at 0° was
based on the identification by gas chromatography of very small amounts of methyl
benzoate produced by the reaction of the isolated cyclobutadiene with methyl pro-
piolate in the presence of a large amount of cyclobutadiene dimer}9 In this
research, cyclobutadiene was both liberated from CIT and observed to react imme-
diately with dienophiles upon pyrolysis in the injector of a gas chromatograph. In
view of the conditions maintained in the reported experimentlg, the formation of
methyl benzoate could be due to this process instead of the reaction of isolated
cyclobutadiene and methyl propiolate. This could explain the failure of the attempt
at direct observation of cyclobutadiene in the reaction of CIT and ceric ion in this
research.

Radio frequency discharge of cis-3,4-dichlorocyclobutene at room tempera-
ture at pressures of 10'_1 torr followed by immediate quenching at —1960 produced

HCI1, C2H2’ C HCl C4H4, C4Hz, C H Cland C H Cl Upon comparing the mass
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spectra and ionization potentials of vinylacetylene and butatriene with that of the
C 4H 4 produced, it was concluced that vinylacetylene, instead of cyclobutadiene,
was the product of this rf discharge of CIT.

Pyrolysis of CIT was conducted in a coaxial furnace inlet system in which
the furnace exhaust was only 1/8 inch from the ionizing electron beam of the mass
spectrometer. With the pressures of CIT at 10—2 to 10"1 torr and furnace temp-
eratures of 350° to 4000, cyclobutadiene dimer, benzene, 1,3-butadiene, vinyl-
acetylene, acetylene, carbon monoxide and cyclobutadiene were produced. The
ionization potential of cyclobutadiene was measured to be 9.3 to0 9.4 eV. In the
pyrolysis of CIT followed by a rapid quench inside the cryogenic inlet system,

C H was detected at —1000. The mass spectrum and ionization potential of this

44

C 4H 4 vere different from that of vinylacetylene and butatriene, but the evidence
for the existence of a stable cyclobutadiene at low temperatures was inconclusive
because of the presence of vinylacetylene. The mechanism of the pyrolysis of
CIT was examined. The formation of benzene was postulated as due to the re-
action of cyclobutadiene and acetylene and not due to the pyrolysis of acetylene;
vinylacetylene was also not due to the pyrolysis of acetylene.

The reaction of cyclobutadiene with dienophiles was observed in the copy-
rolysis of CIT with methyl propiolate or with dimethyl acetylenedicarboxylate.
The reaction of cyclobutadiene with oxygen, in the copyrolysis of CIT and oxygen,
produced furan. This result agreed with that of flash photolysis of CIT21 in the

presence of oxygen but disagreed with that of the pyrolysis of pho‘co—-w—py:lﬁ‘one22

in the presence of oxygen in which 2-butene 1, 4-dione had been produced. The lack
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of reaction of cyclobutadiene with CH3e or CH22 in the copyrolysis of CIT with
methyl bromide or with dibromoethane suggested that cyclobutadiene produced
from CIT had a singlet ground state. This conclusion was also supported by the
higher ionization potential of cyclobutadiene measured in this thesis compared to
the experimental ionization potential of the cyclobutadiene produced from photo-
o~-pyrone at 8000. The theoretically calculated ionization potential of singlet
cyclobutadiene was higher than that of triplet cyclobutadiene. .

The experimental ionization potential of cyclobutadiene and the experimen-

tal appearance potentials of appropriate ions from CIT permitted the direct deter-

2 Csz)

minations of the bond dissociation energies of cyclobutadiene, D(C 2H
and D(C 4H2 -H2). Similarly, the bond dissociation energies can be obtained by

the experimental ionization potential of cyclobutadiene and the experimental appear-
ance potentials of appropriate ions from cis-3,4-dichlorocyclobutene. From these
derived bond dissociation energies, the heats of formation of cyclobutadiene were
calculated as 28.9, 33.5, 71.6 and 69. 6 kcal/mole. These heats of formation of
cyclobutadiene were obtained as a result of several assumptions. In the mass
fragmentation of CIT and cis-3, 4-~dichlorocyclobutene, the C 4HZ was assumed to

+ .
4H2 was diacetylene

be the cyclobutadiene ion, the CZH; was acetylene ion, and C
ion. The excess energy in the measurement of the appearance potential was also
assumed to be zero. These assumptions could have contributed to the large dis-
crepancy in the values of the heat of formation of cyclobutadiene.

Mass spectra and ionization potentials of CIT, cis-3,4-dichlorocyclobutene

and syn cyclobutadiene dimer are presented in Appendices A and B.



CHAPTER I

INTRODUCTION

Definition of the Problem

The general research program in this laboratory is concerned with the
development of chemical information at cryogenic temperaturés, particularly
on systems that astronomers and astrophysicists feel are important in comets
and in the atmospheric and surface chemistry of the Jovian planets. Each of
these astronomical objects is very cold, and clearly insofar as chemistry plays
a role in the behavior of these objects, this chemistry must be occurring at
very low temperatures by terrestrial standards. This objective rather quickly
resolves itself into studies of low molecular weight compounds of the four reac-
tive elements of maximum cosmic abundance, namely hydrogen, carbon, nitrogen
and oxygen. One of the most intriguing of these compounds is cyclobutadiene (1)
which is the simplest member of the fully conjugated cyclic polyenes. The next
simplest member, benzene (2), was discovered in 1825, After the aromatic char-
acter of benzene was understood, it was natural for chemists to assume that other

cyclic hydrocarbons which have a closed system of alternating double and single

| O

(1) (2) (3)




bonds such as cyclobutadiene (1) and cyclooctatetraene (3), would also have aro-
matic character and exist as stable compounds. In fact, the first attempt to pre-
pare cyclobutadiene itself was made by Willstﬁtterl in 1905. However, in 1911
Willstéitter2 successfully prepared cyclooctatetraene which proved to have an
olefinic rather than the expected aromatic nature. Since then, the search for the
existence of cyclobutadiene or its derivatives has been the interest of many organ-
ic chemists. From previous experimental work, cyclobutadiene is believed to

be a highly reactive intermediate which dimerizes immediately at room tempera-
ture. Before this thesis work, no direct observation of cyclobutadiene had been
reported.

Theoretical aspects for this simple molecule have also attracted consider-
able interest, particularly regarding predictions of the multiplicity of its ground
state. Simple Hickel molecular orbital theory predicts that cyclobutadiene which
has 4n 7 electrons, should have a triplet ground state, and therefore, it probably
would not be stable. On the contrary, a recent calculation by Dewarg, using a
semiempirical self-consistent field molecular orbital (SCF MO) treatment for
hydrocarbons, indicates that cyclobutadiene is a typical cyclic polyene with effec-
tively localized single and double bonds and with a singlet ground state and a
greater likelihood of stable existence.

In short, theoretical and experimental studies of the chemistry of cyclo-
butadiene, especially the possibility of its existence, have not demonstrated con-
clusive results. Clearly, much needs to be done on this problem, and experimental

work is especially needed to test the theoretical predictions.



Purpose of this Research

The prior attempts to prepare cyclobutadiene were limited to conventional
methods and techniques. New approaches, such as cryochemical techniques, which
can overcome the limitations of conventional methods, provide a new path to attack
the cyclobutadiene problem. The purpose of this thesis is fourfold: (1) to find a
method of preparing cyclobutadiene from cis-3, 4-dichlorocyclobutene or cyclo-
butadieneirontricarbonyl so that it can be directly observed mass spectrometrically,
(2) to stabilize cyclobutadiene at low temperatures by cryoquench from either new
methods or from the earlier reported experimental methods which claimed to have
generated cyclobutadiene, (3) to determine the energetics of cyclobutadiene from
ionization efficiency measurements in the mass spectrometer, and (4) to carry
out some simple reactions of cyclobutadiene either at low or high temperatures,

in order to develop some chemical insight into the nature of cyclobutadiene.

Review of the Literature of

Attempted Synthesis of Cyclobutadiene

The first attémpt to synthesize the members of the cyclobutadiene series
appeared to have been made in 1893 by Perkin. 4 He tried unsuccessfully to make
cyclobutadiene-1, 2-dicarboxylic acid (1) by treatment of 1, 2-dibromocyclobutane-1,
2-dicarboxylic acid (2) with various bases. Similarly, the same treatment of the
dimethyl 1, 2-dibromocyclobutanedicarboxylate (3) also failed to produce the

acid (1).



Br r
COOH COOH - COOCH

COOH v ~ COOCH
Br Br. -

cooHn

(1) (2) 3

In 1905 Willstétter and Sch::n:‘:i'.del1 made the first attempt to synthesize
cyclobutadiene itself. Dehydrohalogenation of 1, 2-dibromocyclobutane (4) with
either quinoline at high temperature, potassium hydroxide at 1000 to 1050, or
powdered potassium hydroxide at 210° all failed to yield cyclobutadiene. In the
reaction of (4) with powdered potassium hydroxide at 2100, the production of

acetylene suggested that cyclobutadiene was a possible intermediate.

Br

KOH

210° CoHy
Br

(4)

After these failures, unsuccessful attempts to synthesize cyclobutadiene
were also reported at Harvard5 and Miinste:r.6 The most extensive work was
done by Buchman and his CO—WOI‘keI’S7 at the California Instifute of Technology in
the years between 1940 and 1954, Their application of the Hofmann degradation

to various quaternary ammonium hydroxides of the cyclobutane series failed to



yield cyclobutadiene. For example, thermal decomposition of trans-1, 2-cyclo-
butanebis (trimethyl-ammonium) hydroxide (5), cis-1, 3-cyclobutanebis (trimethyl-
ammonium) hydroxide (6) and 2-cyclobutenyl(frimethylammonium)hydroxide (7) at

temperatures varying between 25 0° and 42 0° produced no cyclobutadiene or

N(CH3) 30H N(CHB) 40H N(CHB) 408

N(CH,) 40H HO (CH,) ;N

(5) (6) (7

compound derived therefrom.
In 1957 Nenitzescu et al., s prepared 1, 3-bis(dimethylamino) cyclobutane
dimethyohydroxide (8) which decomposed into 1, 3-butadiene, and, from this, he

concluded that cyclobutadiene was formed as an intermediate in the pyrolysis and

N(CH3)3OH o
OH 2H
-_— Ea— = =
" CH,=CHCH=CH,

HO(CH3)3N

(8)

thus proceeded to two hydrogen atoms from neighboring molecules to form 1, 3~
butadiene.
In 1956 Longuet-Higgins and Orgelg, on the basis of Hiickel molecular

orbital theory, predicted the stabilization of substituted cyclobutadiene



by coordination of its antibonding frorbitals with favorably oriented metal d orbitals.
This prediction prompted another period of intensive interest in cyclobutadiene,
especially substituted cyclobutadienes. Three years later, in 1959, two substi-
tuted cyclobutadiene metal complexes, tetramethylcyclobutadienenickel chloride
(9)10 and tetrapheynlcyclobutadieneirontricarbonyl (10)11 were successfully syn-

thesized. In 1960, preparation of tetraphenylcyclobutadienepalladium chloride

R R (9) R = CHy ML = NiCL,
Q (10) R = C6H5; MLn Fe(CO)3
R
ML (11) R = CH 3 ML_ = PdCl,

(11)12 was also reported.

Several attempts were made using these substituted cyclobutadiene metal
complexes and other possible precursors to produce substituted cyclobutadiene
which might be expected to be more stable than cyclobutadiene. The increased
stability results from hyperconjugation and more importantly from the diminished
tendency to polymerize arising from the fact that the cyclobutadiene is sterically
hindered by substituent methyl groups?3 However, no substituted cyclobuta-
dienes have been isolated to date.

Two significant investigations concerning generation of cyclobutadiene were
reported by Nenitzescu et al., in 1959 by dehalogenation of a_ll_—trans-_l, 2,3,4-
tetrabromocyclobutane (12)14 and, in 1964, by dehalogenation of cis-3, 4-dichloro-

cyclobutene (13)-15 The dehalogenations were conducted at room temperature and



Br \ Br . 1
Br/ Br Cl
(12) l (13)
(14)

the syn dimer (14) of cyclobutadiene was produced in both experiments which
suggested that cyclobutadiene was produced as an intermediate.

In 1965, Pettit et al. ,16 first reported the preparation of the cyclobuta-
diene metal complex, cyclobutadieneirontricarbonyl (CIT, 15), by the reaction of
cis-3, 4-dichlorocyclobutene (13) with diiron enneacarbonyl (Fe 2(CO) 9).
Rosenbluml’7 reported that the reaction of iron pentacarbonyl or diiron ennea-
carbonyl with photo-o~pyrone (16) also produced CIT (15). Several other cyclo-

butadiene metal complexes (17) were also prepared by Pettit et al. 18

M X

I 0 (17¢(a)) Ru 3

D 1 Qo
Fe(CO)3 M(CO)X (17(c)) W 4

(16)
(15)



Pettit et al, 1,9 also reported the generation of cyclobutadiene by the decom-
position of CIT (15) in an aqueous solution with ceric ion at 0°. When CIT was
decomposed in the presence of methyl propiolate, 2-carbomethoxybicyclo[ 2,2, 0]-
hexa-2, 5-diene (18) (a ''Dewar benzene" derivative expected from the addition of
dienophile to cyclobutadiene) was formed. Similar decomposition of CIT in the
presence of dimethyl acetylenedicarboxylate yielded 2, 3-dicarbomethoxybicyclo-
(2,2, 0]hexa-2, 5-diene (19)19 and, in the presence of phenylacetylene, 2-phenyl-

bicyelo[2, 2, 0]hexa-2, 5-diene (20)20.

C-COOCH

i 3 COOCH,
CH . l l
(18)
C~COOCH,
, n COOCH
v C~-CO0CH 3
Q< =~ T
e -
| COOCH,
Fe (COo)
3 (19)
(15)
C"CH Fal
i 65 l Colls

CH l

(20)



In order to prove that free cyclobutadiene was involved in these reactions,
Pettit et al., 19 conducted the following experiment. CIT (15) in ether solution
was added to a flask containing a stirred aqueous solution of ceric ammonium ni-
trate at 0°. The evolved gas was quenched in a trap at -196°. A cold ether solu-
tion of methyl propiolate was added to the condensate collected in the trap. The
ether solution was then heated and analyzed by vapor phase chromatography. They
reported that methyl benzoate was detected in very small amount in the product.
It was postulated that free cyclobutadiene was produced by the oxidation of CIT
(15) and was transferred as a gas into the second trap.

After the start of this thesis work, two direct observations of cyclobutadiene
were claimed. Cyclobutadiene was reported from kinetic mass spectrometry in
flash photolysed CIT (15)21 as well as from flash vacuum pyrolysis of photo-uo-

2
pyrone (16) in which m/e 52 was produced and reported as cyclobutadiene 2.

Electron Ground State of Cyclobutadiene

Cyclobutadiene has been the object of considerable theoretical interest, and
much emphasis has centered on the nature of its ground state. Both singlet and
triplet ground states have been predicted23, and thus bodies of experimental data
exist which allow argument from both perspectives. It is proper to briefly review
these arguments at this point, since the nature of the ground state proved to be an
important consideration in this thesis research.

Triplet Ground State of Cyclobutadiene

By only considering the ¢ electrons in cyclobutadiene, simple Hiickel
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molecular orbital theory, coupled with Hund's rule, leads one to conclude that the
ground state of cyclobutadiene is a triplet. Simple calculations23 yield the four

energy levels shown here. The total s binding energy of C is 4o + 4B, which

4H4
equals that of two molecules of ethylene, so that the conventional s delocalization

energy is exactly zero,

Singlet Ground State of Cyclobutadiene

Dewar and his associates have recently developed a semi-empirical SCF-

—_ o~ 28

—-}— + o l \1.3381‘&
{ ! ot 28 1.514

3
MO method, to calculate ground state properties of molecules. This method yields

by far the most useful and accurate predictions and correlations of any computa-
tional scheme devised. By this method, Dewar showed that triplet cyclobutadiene
was square while singlet cyclobutadiene was rectangular. According to the calcu-
lation, cyclobutadiene should have a singlét ground state with a heat of formation
of 830. 1 kecal/mole and with the bond lengths shown above, Thus, cyclobutadiene
should be a typical cyclic polyene with effectively localized single and double bonds.

Singlet cyclobutadiene has a virtually zero resonance energy (0.8 kcal/mole).

Chemistry of Cyclobutadiene

Depending upon the approximations involved, molecular orbital theory
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predicts that cyclobutadiene will have either a singlet ground state or a triplet
ground state. The following review presents the chemical behavior of cyclobuta-
diene as reported in the literature, which provides experimental results which
serve as a basis for an interpretation of the multiplicity of the ground state. Data
supporting the ground state of cyclobutadiene as both singlet and triplet were found.
Reported reactions of dienophiles with cyclobutadiene or substituted cyclobutadiene
are also presented here.

Triplet Diradical Character of the Cyclobutadiene

Support for a triplet diradical character of tetramethylcyclobutadiene was
first demonstrated by the formation of 3, 4-dimethylene-1, 2-dimethylcyclobutene
(22) when tetramethylcyclobutadiene (21), generated by the action of potassium
vapor at about 25 0° with 3, 4-dichloro-1, 2, 3, 4 tetramethylcyclobutene, was reacted
with triplet methylene (CHZ:), generated in situ from dibromomethane.24 The
formation of (22) was visualized as the simultaneous transfer of two hydrogens from
triplet tetramethylcyclobutadiene to triplet CH2: (assumed to be the ground state)
with conservation of spin from the two triplet species. The formation of 1,2, 3, 3,

4, 4-hexamethylcyclobutene (23) and 4-methylene-1, 2, 3, 3-tetramethylcyclobutene

CH CH CH
3 Of 3 CH3 - “ 2
+ CHZ’.TT _— + CH,
of \
CH 3 CH3 CH3 }:HZ

(21) (22)
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(24) among other compounds in the reaction of tetramethylcyclobutadiene (21) with

methyl radicals (from methyl bromide) was also assumed to demonstrate the dira-

dical character of (21)?4

Similarly, the reaction of cyclobutadiene itself with radicals also demon-

CH CH
CH3 :‘]‘CH3 3 3CH CH3 ,CH 2
3
+ CH3 & ——— +
f CHB CH3
CH3 CH3 CH3 CH3 CH3 CH3
(21) (23) (24)

strated its diradical character. 22 In the mass spectrum of the pyrolysis of photo-
a-pyrone (16) at 8000, a peak was observed at m/e 52 which corresponds to the
molecular weight of cyclobutadiene. Titration with methyl radicals generated by
copyrolysis of ethyl nitrite with photo-o-pyrone (16) at 800° led to new peaks at
m/e 67 and 82 corresponding to m/e 52 plus one and two methyls respectively.
Similarly, copyrolysis with allyl iodide resulted in peaks corresponding to m/e

52 plus the following combinations of allyls and iodines: one and two iodines, one
and two allyls, and one allyl with one iodine. Copyrolysis of (16) with both ethyl

nifrite and alIy iodide gave additional peaks corresponding to m/e 52 plus methyl

(16)



and iodine (m/e 194) and methyl and allyl (m/e 108).

13

The reaction of oxygen with substituted cyclobutadiene suggests the triplet

diradical character of cyclobutadiene since oxygen itself has a triplet ground state.

For example, when tetraphenylcyclobutadiene (26) was generated by the thermal

decomposition of (4-bromo-1, 2, 3, 4-tetraphenyl-cis, cis-1, 3-butadienyl) dimethyltin

bromide (25) in the presence of oxygen, cis-dibenzoystilbene (28) was formed, pre-

C6H5/ \0611
o N-C
Cells
Sn
cr,” | “Br
CH,
(25)
Collg
CcHg ‘\\\0
92
%" c.H
65
(28)

5

685

sumably by way of a four-membered peroxide intermediate (27). 25

Cells \ Cetlg
Colls Colls
(26)
CeHs
Cells
T
0
C H
65 Colls
(27)

Copyrolysis of photo-o-pyrone (16) with oxygen at 800° also produced a

' 2
peak at m/e 84 corresponding to the molecular weight of 2-butene 1, 4-dione (29).

2
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Again the formation of 2-butene 1, 4-dione (29) was presumed to take place by way
of the four-membered peroxide intermediate (30) formed by the reaction of cyclo-

butadiene with oxygen.

\ 800° | ‘
A
o
(16)
|
X 0
(S — ]
0
(29) (30)

Beynon et al., 26 have investigated the thermal decomposition of tetraphenyl-
cyclobutadienepalladium chloride (11) in the mass spectrometer. The peaks at m/e
426, [C,(C H,) 4012]+; 391, [C,(C,H,) 401]+; 356, [C,(CH,) 4]“L; and 178,

[C 2(C 6H5) 2]+ were observed. The peak at m/e 856, which corresponds to the
molecular weight of tetraphenylcyclobutadiene (26) was the second largest peak.
The peak at m/e 356 is 85 percent of that at m/e 178, In the presence of water
vapor and oxygen (i.e., when the spectrum was run without prolonged evacuation

+ +
of the sample), the peaks at m/e 391, [04(06H5)401] and m/e 426, [04(06}15)4@2]

were replaced by peaks at m/e 372, which corresponds to the molecular weight of
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tetraphenylfuran (32), and m/e 388, which corresponds to the molecular weight
of cis-dibenzoylstilbene (28). Therefore, they concluded that tetraphenylcyclo-
butadiene (26) was produced in the thermal decomposition of (11) and immediately

reacted with oxygen to form (32) and (28).

Colls Colls Colls /Colls
180° , I
A
Ceils” | Cols Colls 615
pdcL, 26)
(11)
0
Cells l 2
iy T, Colls N 615
| o " |
C6H5 C H 0 Cc H
6Hs 615
Colls
(32)
(28)

It has been questioned whether the formation of tetraphenylfuran (32) from
tetraphenylcyclobutadienepalladium chloride (11) results from an actual reaction
between tetraphenylcyclobutadiene and oxygen. The question arose when Blomquist
and Ma:i’clis27 reported that the pyrolysis of tetraphenylcyclobutadienepalladium
chloride (11) in a vacuum-sublimation apparatus generated a greenish-black sub-
limate from which a 26 percent yield of 1, 4-dichloro-1, 2, 3, 4-tetraphenylbutadiene

(35) was isolated. Sandel and Freedman28 then suggested that the primary products
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of the pyrolysis of (11) could be 4-chloro-1, 2, 3, 4-tetraphenylcyclobutenyl radical
(33) (the green color) and dichlorotetraphenylcyclobutene (34) which formed (35).
Sandel and Freedman28 further suggested that the mass spectrum of the thermal
decomposition of (11) reported by Beynon, et al., 26 supported their postulation
since the m/e of (33) and (34), i.e., peaks at 426 and 391, were observed. There-

2
fore, Sandel and Freedman 8 concluded that the formation of tetraphenylfuran (32)

CoH Colls Cotls Cotls C4Hs S S
- 675
Q -
: ¢ +
7/ I C H C H_/ C.H
Cells | CgHs Cells c1 65 675 cp 65
PdCl,
(33) (34)
(11)
T6s Cet's T6's e
(33) and (34) —— C1-C = C — C = C~Cl
(35)
Colls
c.H c1 C.H C.H
6 C6H5 Hzo 65 l | 65 C6H5 X0
C.H cuH T | 0
- CoH, 65 Mo”7 V675 CeH, 74
675 c1
Cetls
(34) (32) (28)
Cells N CeHy Cetls 65
.o + 0, —————r I I
: C.H C6H5 H
0 65
Cells T %"

(33) (32)
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and cis-dibenzoylstilbene (28) in the presence of water and oxygen was due to the
hydrolyses of dichlorotetraphenylcyclobutene (34) rather than from the oxidation
of cyclobutadiene. The hydrolyses of (34), which produced (32) and (28), and the
reaction of oxygen with (33), which produced (32), were both observed in the un-
published data of Freedman and his coworker. 28

Photolysis of CIT (15) in the presence of oxygen produced furan (36)21 but
there was no evidence for the presence of 2-butene 1, 4-dione (29), i.e., there
was no m/e 84, It was postulated that furan was formed by the reaction of cyclo-

- 21
butadiene with oxygen.

@J‘;“J___.i\
|

Fe(CO)3 (36)

(15)

Singlet Character of Cyclobutadiene

The first report suggesting the singlet character of cyclobutadiene was also
based upon chemical reaction evidence. Skell29 proposed a criterion to identify
singlet and triplet carbene from the stereospecificity of addition reactions to carbon-
carbon double bonds. He reasoned that a singlet carbene (37) might add to a double
bond in a single concerted step since such a reaction could occur with spin

conservation,
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For a triplet carbene (38), the addition might be expected to involve two
adiabatic bond-forming steps. In path (b) the rotation about the single bond in
intermediate (39) is faster than spin inversion. In the path (a), spin inversion is
faster so that rotation about the single bond does not occur. Skell suggested that
spin inversion was slow compared to rotation in the intermediate (39) so that non-
stereospecific addition reaction occurred. This hypothesis does not have any
theoretical basis, 30 however, it c_orrectly predicts the results of the chemical

addition reaction of carbene to carbon-carbon double bonds.

Se=¢ d| e 2 HG @
c=c_ + oi|— HE e B — KA
(37) “c c
B i
R R R R R R
pd ™~ =~ N e
We=—=cid -+ cH ] — Ho—ock ), Hc——ch
2 ’ NCH * FsCH
fe 2 1e 2
(38)
(39)
(b)
e c‘H/R¢_ HC ol : — HC cii . R\HC chi .
_— I S S
) ~ 1 e o~
N\ / R} pcH, R FicH,
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Pettit et al., 31 applied this behavior of chemical additions to a study of
the multiplicity of ground state cyclobutadiene. Degradation of CIT at 0° in the
presence of dimethyl maleate (40) produced the endo, cis-dicarbomethoxybicyclo-
hexane (41). On the other hand, reaction of cyclobutadiene with dimethyl fuma-
rate (42) gave the irans-dicarbomethoxybicyclohexene (43). Pettit and his co-
worker based their conclusions on the assumption that a triplet species should
undergo addition reactions nonstereospecifically, while reactions of singlet species
should be stereospecific. Therefore, cyclobutadiene was argued to have a singlet

ground state.

COOCH

3
HC-COOCH,,
+ —
HC~
1C~COOCH, ooc,
(40) (41)
COOCH,
HC~COOCH
l‘+ I 3——’,
H,CO0C~CH COOCH
3
(42) (43)

The weakness of this conclusion lies in the hypothesis which, although cor-
rect for carbene, is not necessarily correct for cyclobutadiene, Suppose that in

the addition reaction of triplet cyclobutadiene to a carbon-carbon double bond, the
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inversion of electron spin and bond formation is faster than rotation about the
single bond in the intermediate (44) (path a), then reaction of triplet cyclobuta-
diene should also be stereospecific57 instead of nonsterospecific (path b).

In a second report, the photolysis of CIT was carried out at 77o K, both

pure and in matrices of either C_F_ or neopentane. By electron paramagnetic

3 8

R

° R . R
e — 1]
of HC-R Jd feer o leer
(44)
l(b) l

R R R R
| T;‘ ; l.[;“' ; I R

resonance spectroscopy, only the radical Fe(CO) 5 Was detected. Since cyclo-

butadiene was reported to be generated in the photolysis, Gunning and co—workers21
concluded that the ground electronic state of cyclobutadiene was a singlet.

Reaction of Cyclobutadiene with Dienophiles

Cyclobutadiene and substituted cyclobutadiene have never been isolated.
However, '""Dewar benzene'" and ""substituted Dewar benzene' were obtained when
dienophiles were present in the reaction in which cyclobutadiene and substituted
cyclobutadiene were thought to be generated. It was postulated that these products

were produced from the addition of dienophiles to cyclobutadiene or to substituted
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cyclobutadiene, As described on page 8, when methyl propiolate or dimethyl
acetylenedicarboxylate was present in the reaction of CIT with ceric ion at Oo,
2-carbomethoxybicyclo[2. 2. 0]hexa~2, 5-diene (18) and 2, 3-dicarbomethoxybi-
cyclo[2. 2, 0]hexa-2, 5-diene (19) were formed respectively. 19

Dehalogenation of cis-3,4-dichloro-1, 2, 3, 4-tetramethylcyclobutene (45)
with zinc in the presence of 2-butyne or dimethyl acetylengdicarboxylate (49)
produced hexamethylbenzene (48) and dimethyl 1, 2-benzenedicarboxylate (51)
respectively. 35 It was postulated that the tetramethylcyclobutadiene (46) was
produced and bicyclic "Dewar benzene'" (47) and (50) were formed in these
reactions,

Similarly, dehalogenation of cis-3, 4-diiodo-1, 2, 3, 4-tetramethylcyclobutene

CH CH

H.C 3 H.C cH H
3 o1 3 3 H3C 3 3
Zn H,CC=CCH,
‘ -
H.C et CH CH
3 3 HqC 3 H4C CH, 3
(45) (46) (47)
C-COOCH,
]
C-COOCH., A
(49)
H CH
H 2 00CH H3C CH3 ’COOCH3 >
3 3 H,C CH,
— |
H,C COOCH, H,C cH coocH, HsC ~ CHy
CH 3 3 3 cu,

(51) (50) (48)
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(52) with mercury in the presence of maleic anhydride or dimethylmaleic

anhydride produced the isolable but thermally labile adducts, 1,2, 3, 4-tetra~-

methylbicyclo[2, 2, 0 hexa-2-ene-5, 6-dicarboxylic anhydride (53) and 1, 2, 3, 4,

5, 6-hexamethylbicyclo[2. 2. 0 JThexa-2-ene-5, 6-dicarboxylic anhydride (54),

respectively, which attests to the intermediacy of tetramethylcyclobutadiene (46). 58
Other similar reactions of dienophiles with cyclobutadiene and with sub-

stituted cyclobutadiene have been reviewed by Cava et al. 23

H.C 3 H.C CH
3 I e 3 ‘ ‘ 3
i — e[
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3 CH, 3 3
(52) (46)
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CHAPTER I
APPARATUS AND EXPERIMENTAL PROCEDURES

Instruments
The following analytical instruménts were used in this thesis research.

Mass Spectrometer

The mass spectrometer was the main analytical device used in this thesis
work. It allows a determination of both the mass and the ionization potential of
the parent molecules and the appearance potentials of mass fragments from these
molecules. The description of the Bendix Time-of-Flight Mass Spectrometer,
Model 12-107, and its auxiliary cryogenic equipments that were developed in this
32, 33, 34

laboratory were presented in several earlier theses,

Gas Chromatograph

A Perkin-Elmer Gas Chromatograph Model 800 with two different columns
was used:
A, Carbowax column -- 10' x 1/8" copper column with 10% of Carbowax
20 M on 100 mesh chromosorb P,
B. Ucon oil column -~ 10" x 1/8" copper column with 5% of ucon oil
LB-550 X on 100 mesh chromosorb P.

N.M.R. Spectrometer

A Varian Model A-60 with tetramethylsilane as internal standard was used.



24

Infrared Spectrometer

A Perkin-Elmer Spectrometer Model 221 with NaCl optics was used. Two

thicknesses of the liquid sample in the NaCl cell were used: 0.1 and 0.5 mm.,

Coaxial Furnace Inlet System

The pyrolysis of CIT and the copyrolysis of CIT with other compounds were
carried out in a coaxial furnace inlet system. This furnace, which was mounted
inside the fast reaction chamber of the ion source header coaxially with the drift
tube of the mass spectrometer was described by Wilson?'4 This inlet system per-
mits the gas to travel less than 1/8 in from the furnace before being ionized by the
electron beam in the mass spectrometer. The mechanical constructions have been
somewhat modified and two kinds of furnaces were used in this thesis as shown in
Figure 1 and Figure 2.

Pyrex and alumina tubes with 1/8 or 1/4 in o.d., depending upon the size
of the o-ring seal quick-disconnect joint (1), have been used as furnaces in the
configuration of Figure 1. The furnace (3) was wound with No. 28 gauge nichrome
wire providing a heated length of 3 to 4 cm, it was then coated with Sauereisen
cement for insulation. A chromel-alumel thermocouple wire and the power leads
are passed through high vacuum electric feed-throughs soldered into the stainless
steel or brass flange (2). The electrical and thermocouple wires and cement in
the furnace shown in Figure 1 were exposed to the vacuum space of the ion source
of the mass spectrometer. Consequently, extensive vacuum pumping was required
to remove the water in cement after every new furnace was attached to the mass

spectrometer. To avoid this, the Pyrex furnace shown in Figure 2 was made. The
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furnace was made of a 5 mm o.d. Pyrex tube with a 3.5 cm heated length. The
nichrome heater, thermocouple wire, and cement were sealed inside a 1/2 inch
0.d. Pyrex tube which was maintained under vacuum during the pyrolyses to in-

sure good insulation. This Pyrex furnace can be used up to 450°,

Cryogenic Inlet System

The cryogenic inlet system attached to the mass spectrometer allows both
quenching of highly reactive chemicals and their analysis with no simultaneous
warm-up. The chemicals condensed in this inlet system can be introduced into
the mass spectrometer at any temperature between -1960 and room temperature
with no attendant warm-up before they are ionized by the electron beam in the ion
source. The design considerations, mechanical description, and applications of
this cryogenic inlet system have been described in detail in several thesesgz’ 33,34
from this laboratory. The special experimental arrangements for quenching,

solution reaction, pyrolysis and radio frequency discharge will be described here.

Solution Reaction

The apparatus attached to the cryogenic inlet system A in Figure 3 was
made of Pyrex glass and was designed for the reaction of ceric ammonium nitrate
with CIT at temperatures near 00. The 100 cm3 reaction flask (1) was immersed
in ice water, and the product of the reaction was passed through a 7 mm o.d. tube
surrounded by ice water and quenched in the outer refrigerant chamber of the inlet
system. The inner and outer refrigerant chambers were first cooled to -180° with
liquid nitrogen. The arrangemenf of the inlet system was designed such that quench-

ing would be carried out under vacuum conditions, therefore, no provision was made
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for separating the quenching tube from the vacuum insulation space. In this
experiment, however, it was desired to carry out the quenching at one atmosphere.
This required separation of the vacuum insulation space and the quenching tube; a
partial remedy was provided by a Teflon block inserted between the extension piece
of quenching tube and a gate valve which separated the inlet system and mass spec-
trometer. The extension piece was pushed snugly against the block, but, even so,
a small 1erak remained which allowed a heat leak through the insulation. Therefore,
the refrigerant chambers could not be maintained at —1960. Fifteen grams of ceric
ammonium nitrate in 10 g of water were added to the reaction flask (1) cooled to

0° by the ice water in the jar (2). Then 1.5 g of CIT in 10 ml of diethyl ether at

0° was added to the flask (1), and the reaction mixture was well stirred. During
30 min of reaction, ice water was slowly drained from the tube exit (3) and ice
water was added to the top of the jar (2) to insure the 0° thermostating of the
transfer tube. At the conclusion of the reaction, all of the ice water was rapidly
drained out, and the glass jar was disconnected from the ball joint (5). A socket
then sealed the ball joint (4) and the quenching chambers were vacuum pumped- to
10_5 torr. The inlet system was slowly advanced into the mass spectrometer

(see thesis of Malone33) such that the final position of the inlet port was at the
edge of the electron beam of the ion source. The inlet system was then slowly
warmed up and the mass spectrum was observed as a function of temperature.

Pyrolysis Experiments

The pyrolysis and quenching experiment with CIT was carried out in the

furnace mounted to cryogenic inlet system B which has only one refrigerant
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chamber (see Figure 4). The construction of the furnace was essentially the same
one as shown in Figure 2 except that the furnace was extended such that its exit
was positioned inside the 11 mm i.d. monel quenching tube.

The CIT was kept between 00 and room temperature and was introduced
into the furnace, which had a heatedlength of 3.5 cm, through a high vacuum stop-
cock. The inlet pressure of CIT (measured at a distance of 93 cm from the fur-
nace) was varied between 1()"2 to 10_1 torr. These inlet pressures were low
enough to permit the inlet system extension piece to be positioned at the edge of
the electron beam of the ion source and still allow the vacuum in the mass spec-
trometer to be maintained sufficiently low to observe the mass spectrum.

Each pyrolysis lasted two hours with furnace temperatures of 3200 to 3800.
The products of the pyrolysis traveled only a few mm from the furnace exhaust
port before being quenched on the monel tube kept at -19 60. During controlled
warm-up, the quenched products vaporized and traveled less than 8 cm with no
additional warming before controlled energy electron bombardment in the ion
source,

Radio Frequency Discharge Experiment

The pyrolysis of cis-3,4-dichlorocyclobutane at temperatures up to 400°
failed to crack the molecule. Radio frequency discharge of this chloride was
therefore carried out in the arrangement shown in Figure 4. The discharge coil
was made of 70 turns of No. 14 gauge enameled copper wire wound on a 30 mm o.d.
Pyrex tube. The discharge was produced in a 10 mm o.d. Pyrex tube and air was

blown into the annular space to provide cooling for the discharge tube. The radio
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transmitter and the discharge circuitry were described in detail by Bivens.,5 1
The discharge coil was positioned close to the header of the inlet system B to
minimize the distance between discharge and quenching. However, the products
of the discharge still had to travel 38 cm before being quenched, and this was the
principal disadvantage of this arrangement. Highly reactive species could have
been decomposed or polymerized in this long transfer line.

With inlet pressures of cis-3, 4-dichlorocyclobutene of 1 x 10_1‘1:0 5x 10-1
torr, the discharge glow was observed without infroducing oxygen or argon carrier
gas. When the discharge power was slowly increased, cis-3,4-dichlorocyclobu-
tene disappeared and intense m/e 52 peaks appeared in the mass spectrum. When
the discharge power was further increased, the m/e 52 peak decreased and peaks
less than m/e 52 were observed. |

The inlet system B was positioned inside the mass spectrometer during
the radio frequency discharge in the manner previously described in the pyrolysis
experiment. After 1 to 1.5 hrs of discharge and subsequent quenching at —1960,
the composite products were slowly warmed and analyzed. A brown to black film

was deposited on the wall at the place of the discharge flow each time. This was

probably carbon.

Low Temperature Reaction System

Reactions of Dienophiles and Condensed C H 4 from Pyrolysis of CIT

4

The pyrolysis of CIT, quenching of the products, and the reactions of these

quenched products with other compounds at low temperatures were all carried out
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in the arrangement shown in Figure 5. The CIT was kept in the tube (1) and
maintained at temperatures between Oo and 200. The flow of CIT into the furnace
tube (5) was controlled by the needle valve (2) and the pressures were measured by
a vacuum gauge tube (3). The furnace (5), which was essentially the same as the
Pyrex furnace described previously, was connected to the quenching tube (8) by a
ground glass joint (6). During the pyrolysis, the whole system was maintained at
low pressures by connecting a diffusion pump and a vacuum pump through the ball
joint (7); the quenching tube (8) was immersed in liquid nitrogen. This pyrolysis
and quenching experiment closely resembles that carried out in the cryogenic in-
let system B. After the pyrolysis, the ball joints (4) and (7) were disconnected
and the quenching tube (8) was pressurized to one atmosphere by introducing nitro-
gen gas. The furnace (5) was then removed from the quenching tube (8). After
this, compounds to be reacted with the quenched products of the pyrolysis were
introduced into the quenching tube (8).

Attempted Dehalogenation of Cis-3, 4~dichlorocyclobutene with Sodium

The dehalogenation of cis-3,4-dichlorocyclobutene with high surface sodium
at low temperature was carried out in the following arrangement: an oil diffusion
pump was connected to a Pyrex trap which was then connected to a reaction flask
equipped with a magnetic stirrer. One gram of cis-3, 4~dichlorocyclobutene in
50 cm3 of diethyl ether was added to the flask which was immersed in a dewar of
liquid nitrogen. After the solution was cooled to solid, 20 g of high surface sodium,
with activated alumina as solid carrier, was added to the flask. The whole arrange-

ment was then pumped down to 50 torr, and a dewar containing the refrigerant
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2-methyl pentane at a temperature of -110° was substituted for the dewar of
liquid nitrogen. Now, at —1100, the flask contained an ether solution and the fine
solid particles of high surface sodium. The mixture was then stirred vigorously
and the evolved gas was quenched in the Pyrex trap immersed in liquid nitrogen.
After two hours of reaction at —1100 with continuous pumping, the trap was re-
moved from the arrangement and was warmed up to room temperature. The
contents of the trap were analyzed mass spectrometrically. Only peaks corres-
ponding to ether and to unreacted cis-3, 4-dichlorocyclobutene were observed in

the mass spectrum.,

Chemical Preparations

Cyclobutadieneirontricarbonyl

Cyclobutadieneirontricarbonyl was formed by the reaction of cis-3, 4-
dichlorocyclobutene with excess diiron enneacarbonyl. 16 Cis-3, 4-dichlorocyclo-
butene was obtained by chlorination of cyclooctatetraene, followed by Diels-Alder
reaction and pyrolysis. Diiron enneacarbonyl was obtained by irradiating iron
pentacarbonyl.

Synthesis of Cis-3, 4-dichlorocyclobutene. The synthesis procedure of

cis~3,4~dichlorocyclobutene was reported by Avram et al. 36 Chlorination of
cyclooctatetraene could be conducted either with sulfuryl chloride or chlorine,
but chlorine was chosen here for the simplicity of its handling. However, as dis-
cussed by Avram et al. 36 the presence of water in the chlorine gas would cause

the formation of hydrochloric acid which would then convert cis-dichloro-1, 3, 5~
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cyclooctatetraene (1b) to the corresponding trans structure (la). Without the addi-
tion of potassium carbonate immediately after the chlorination of cycloctatetraene,
Viehe et al. ?7 reported that only 1, 4—dichlyorobutadiene\ (3) was obtained. Extreme
care was taken to prevent the presence of water in the reaction vessel by drying
the vessels before conducting the reaction and by passing the chlorine gas through

a calcium chloride tube. A typical run was carried out as follows.
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A solution of 83.2 g (0.8 mol) of 1, 3, 5~cyclooctatetraene (obtained from
Badische Anilin and Soda Fabrik A, G. and used without further purification) in
160 cm3 of carbon tetrachloride was placed in a 500 cm3 three-neck flask immer-
sed in an ice bath., Fifty-seven grams (0.8 mol) of chlorine gas (Matheson high
purity grade) was passed through a one foot calcium dichloride tube and admitted
into the solution with good stirring in the flask at a flow rate such that the solution
temperature could be kept at 20° to 250, The end point of the reaction was indicated
by the decoloring of the solution (i.e., the yellow color of cyclooctatetraene dis-
appeared) and the increased weight of the solution, The reaction time for a typical
run was about 1 hr and 20 min.

Immediately the solution was transferred to a 500 cm3 Erlenmeyer flask
and was agitated vigorously with 50 g of sodium carbonate for 5 min. The solution
was then filtered and the filtrate was transferred to a one liter three-neck flask,
Then 100 g of dimethyl acetylenedicarboxylate (2) were added to the solution and
refluxed for 3 hrs using an oil bath maintained between 80° and 900.

After completion of the Diels-Alder reaction, the solvent was vacuum dis-
tilled at 50o and 20 torr. The residue was then transferred to a 500 cm3 distilling
flask which was again immersed in an oil bath. The pyrolysis occurred at a pres-
sure of 60 torr and at liquid temperatures of 1800 to 2100, The vapor distilled over
at vapor temperafures of 100° to 1500. The distillate, which consists of 1, 4-dichlo-
robutadiene (3) and eis -3, 4-dichlorocyclobutene (4), was then distilled in a Nester/
Faust NFT-50 annular spinning band distillation column at a pressure of 60 torr.

At vapor temperatures below 7 30, the reflux ratio was set at 10 and the trans-trans-
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1, 4-dichlorobutadiene (3) was distilled over. At 80° the reflux ratio was decreased
to 4 and about 20g (20.5 per cent yield)‘ of cis-3, 4-dichlorocyclobutene (4) were
collected. The index of refraction was 1.498 which was equal tothe earlier repor-
ted value, 36 The mass spectrum of cis-3, 4-dichlorocyclobutene (4) is shown in
Table 12 of Appendix B.

Preparation of Diiron Enneacarbonyl. Diiron enneacarbonyl, Fez(CO) 9 has

been obtained by irradiating iron pentacarbonyl either alone or in solution. 38

2Fe(CO), ., Fe,(CO), + CO

Since large amounts of diiron enneacarbonyl were needed, iron pentacarbonyl
in glacial acetic acid solution was irradiated by sunlight instead of using an ultraviolet
lamp. However, several difficulties were encountered inthis irradiation by natural
sunlight. (1) Weak sunlight failed to produce any precipitated golden crystal of Fez—
(CO)g. (2) If the solution got toohot (as during irradiation on a summer day) a deep-
green reaction mixture containing a black precipitate was produced. The deep-green
color was dueto Fe 3(CO)12 in solution and the black precipitate was metallic iron.

Diiron enneacarbonyl was known to decompose on heating as follows:39

A
3Fe,(CO)y 3 Fe(CO),+ Fe (CO),,

Fe,(CO) ,——> 3 Fe + 12CO

If this occurred in the preparation of Fez(CO) 9’ it was best to throw away the
batch, for, on two occasions, during drying the golden Fez(CO) 9 containing this
pyrophoric iron, self ignition occurred. (3) A white amorphous water-soluble

precipitate was also produced during irradiation on hot days. This white material,
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probably iron (II) acetate, could be removed from Fez(CO) 9 by simply washing
with water.

If FeZ(CO) 9 is to be stored for a long period of time, it is best to store it
under a protective layer of water or under an inert atmosphere of nitrogen gas.
These precautions were instituted when it was found that when diiron enneacarbonyl
was kept in a partly emptied container without replacing the air above the solid with
nitrogen, -self ignition occurred after about one to two months of storage.

Typical preparation procedure was carried out as follows. A mixture of
50 cm3 of commercial iron pentacarbonyl (from K & K Laboratory or General
Aniline & Film Corporation) and 150 cm3 of glacial acetic acid were charged into
a 250 cm3 Erlenmeyer flask. Twenty flasks of iron pentacarbonyl were irradiated
on the roof of the chemical and ceramic engineering building every run. Yellow-
orange crystals of Fe 2(00) 9 precipitated on the bottom and on the glass wall.
Every half hour the flask was shaken in order to wash the precipitate on the wall
down to the bottom. Water was sprayed around the flasks to keep it from getting
too hot. . After four hours, the solution was filtered to collect the Fez(CO) 9 and
the solution was irradiated further. Usually after four days of irradiation, the
formation of Fe 2(CO) 9 was slow and the solution turned black, and, it was then
discarded.

The yellow-orange crystals of Fez(CO) 9 were washed with water to remove

glacial acetic acid. In order to remove the metallic iron if present, Fe 2(CO) 9

was transferred to the water bath in which Fez(CO) 9 flakes stayed on the top of

the water and were removed. Finally it was washed with ethanol and pentane or
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ether to remove the water. After moderate drying by aspirating air through the
moist product in Blichner funnel, the product was ready for storage.

Preparation of Cyclobutadieneirontricarbonyl. Thirty five grams of cis-3

4-dichlorocyclobutene in 200 cm3 of hexane were charged into a one liter three-
neck flask and immersed in an oil bath. The solution was kept at 50° and provided
with good stirring. Then 50 g of dry Fe2(CO) g Were added to the solution., After
one hour, another 50 g of Fe2(00)9 were added and theﬁ 20 g of Fez(CO) 9 were
added every hour. The sample of the solution was checked by mass spectrometer
until the ratio of C 4H 4Cl2 and C 4H 4Fe(CO)3 was about 1:5. I required 12 hours
of reaction and 300 g of Fez(CO) 9° The solution was filtered and washed with 200
cm3 of hexane. The solvent was then vacuum distiiled at 35-0. The remaining
solution was vacuum fractional distilled in a Nester/Faust NFT-50 annular spin-
ning band distillation column. At a vapor temperature of 350, yellow-orange
liquid was distilled over and about 16 g (29% yield) of cyclobutadieneirontricarbonyl
was obtained. The n.m.r. spectrum showed a single absorption at 6. 09 which
agreed with an earlier reported value. 30 The infra-red spectrum had fewer bands
than the reported spectrum. 52 Wattss2 reported that it had bands at 874 cm_l,
912 cm‘l, 1006 cm"l, 1120 cm‘l, 1163 cm'l, 1202 cm'l, 1243 em™ " and 1294

-1
cm  which were not observed in this thesis. In one sample of C 4:H Fe(CO)3

4
these bands were observed. By checking the mass spectrum, it was found that
this particular sample also contained cis-3, 4~dichlorocyclobutene, and thus the

more complex infrared spectrum was to be associated with impure samples. This

can be easily seen from the infrared spectra of cis-3, 4-dichlorocyclobutene and
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CIT shown in Appendix B.
The mass spectrum of CIT is also shown in Appendix A and a parent peak
at m/e 192 is clearly evident.

Vinylacetylene

Several methods for the preparation of vinylacetylene have been reported.
The best method for a laboratory scale preparation is by the dehydrohalogenation
of 1, 3-dichloro-2-butene using potassium hydroxide in ethylene glycol. 40 This
method has the advantages of being a one step process and having readily available

starting materials.,

KOH _ _
CICH,,CH=CCICH, RGCH, CHOf H,C=CHC=CH

A typical preparation of vinylacetylene was carried out as follows. One
hundred grams of potassium hydroxide flakes were placed in a 500 cm3 three-neck
flask which was immersed in an oil bath, and 125 cm3 of ethylene glycol were added.
This mixture was stirred vigorously while adding 25 cm3 of ethylene glycol mono-
butyl ether (n-butyl cellosolve). The system was swept with a stream of nitrogen
while the temperature of the oil bath was raised to 17 00. Thirty grams of 1, 3-
dichloro-2-butene were then added dropwise from the dropping funnel. The product
was passed through a one-foot tube filled with calcium dichloride, and it was then
guenched in a trap immersed in liquid nitrogen. During the reaction the nitrogen
gas was continuously swept over the systém, the temperature of the oil bath was

kept at 165o to 1700 by adjusting the dropping rate and the reaction mixture was
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stirred vigorously. Addition of dichlorobutene was completed in less than half an
hour. Heating was continued for another half hour after the addition of dichloro-
butene had been complete.

The product in the trap was warmed up and was {ransferred through a room
temperature tube into the cryogenic inlet system B at —1960. At -1400, m/e 40
was observed which could be methyl acetylene (mp -102. 7° and bp -23. 20). The
formation of a compound of molecular weight 40 had not been reported prior to
this work. Continuous pumping at -140° for two hours, the m/e 40 disappeared.
At -125° m/e 52 was observed. The associated mass spectrum is listed in Table 2,
Butatriene

Butatriene was first prepared by Schubert gt_a_.fl by the dehalogenation of
1, 4~dibromo-2-butyne.

80°

CHzBr-CEC—CHzBr + Zn CH2=C=C=CH2

1, 4-Dibromo-2-butyne was not readily available and was prepared from the reaction

of 2-butyne-1, 4 diol and phosphorous tribromide.
H_C-C=C- + P —_— - -
ZCII C=C (IJH2 BI'3 CH2Br c=C CH2Br
OH OH

1

Preparation of 1, 4-Dibromo-2-butyne. Fifteen grams of 2-butyne-1, 4 diol

and 120 cm3 of benzene were placed in a 500 cm3 three-neck flask. Phosphorous
tribromide (51 g) was added dropwise into the flask which was immersed in a room

temperature water bath. The reaction was exothermic; and the temperature of the
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reaction system was kept below 40° by adjusting the dropping rate of the diol. The
reaction mixture was stirred continuously for overnight. Ice water (100 cm3) was
then added and the mixture was extracted with ether (3 x 80 cm3). The combined
extracts were washed with sodium bicarbonate solution and they were then vacuum
distilled in a Nester/Faust NFT-50 annular spinning band distillation column,
About 23 g of colorless oil at 600/ 1 torr were obtained.

Preparation of Butatriene. Both acetonitrile and diethylene glyéol diethyl

ether were reported to be suitable solvent in the dehalogenation reaction of 1, 4-
dibromo-2-butyne. Acetonitrile was chosen since in this solvent, the reaction was
sufficiently fast that it was unnecessary to heat the reaction mixture in order to
maintain the reaction temperature at 800. Twenty grams of zinc and 40 cm3 of
acetonitrile were placed in a 500 cm3 three-neck flask equipped with a magnetic
stirrer, a dropping funnel, and- a nitrogen inlet tube which extended below the sur-
face of the reaction mixture. Fifteen grams of 1, 4-dibromo-2-butyne were added
dropwise at a sufficient rate to maintain the temperature of the reaction mixture
between 750 and 800. The evolved gases were swept over by the nitrogen and
condensed in two series traps, first at -7 0° and then at -1960. After the addition
of butyne was completed, the flow of nitrogen was continued for an hour. The con-
densed compound in the trap at —1960 was slowly warmed to 900 and passed through
a short room temperature tube to be quenched in the cryogenic inlet system B which
was kept at —1960. At —1000, m/e 52 was observed without any impurity. The mass

spectrum was similar to the reported on‘e4t1 as shown in Table 2,



44

High Surface Sodium

A three-neck flask equipped with a nitrogen inlet tube and a rugged sweep-

type stirrer was immersed in an oil bath, About 100 g of activated alumina (80
to 200 mesh) were added into the flask and air was displaced from the flask with
dry nitrogen. The oil bath was heated to 150o and 20 g of sodium, in2to 5 g

pieces, was added into the flagsk while the alumina was stirred. As soon as the
sodium had melted, the mixture was stirred somewhat more rapidly for about 5
minutes. The color of the mixture changed from white to dull gray as sodium

spread over the alumina. The oil bath was removed from the flask, After this
high surface sodium was cooled to room temperature under dry nitrogen, it was

transferred to a glass container and stored under an inert atmosphere of nitrogen.

Energy Measurements

Ionization and appearance potentials were determined from ionization
efficiency curves obtained with the Bendix Time-of-Flight Mass Spectrometer,
Model 12-107. The filament current was usually set at 3.0 microampere, the
trap current was at 0,125 microampere, and the multiplier scale was at 5. The
gas flow rates were adjusted to exhibit the ion currents between 1 x 4 and 10x 1
microampere at 50 eV, The standard and unknown ion intensities were then ad-
justed to be equal by controlling one or the other of the gas flow rates. The elec-
tron energy was decreased until the ion currents of the gases were in the range of
0.01x 4 and 0.1 x 1 microampere. The ion intensities were then plotted in a range
of 2 to 4 eV on a Moseley XY recorder. .The typical ionization curves were broaadr

as shown in Figure 6. From the broad ionization efficiency curves, the thin .
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average curves were obfained and are presented in this thesis. For the parent
ions, the ionization efficiency curves for the unknown and the standard ions were
parallel. The ionization efficiency curve of the fragment ion and that of the stan-
dard parent ion were frequently non-parallel. 53 The ionization and appearance
potentials were obtained using the extrapolated voltage difference method?9 The
extrapolation of the voltage difference curve provided the value of the voltage

difference between the unknown and known ions (see Figure 7).
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CHAPTER III

RESULTS AND DISCUSSION

Reaction of Cyclobutadieneirontricarbonyl with Ceric Ion

Since all attempts to isolate cyclobutadiene had failed until Pettit19 and
his co-workers claimed that cycldbutadiene could be prepared and isolated by the
straightforward reaction of cyclobutadieneirontricarbonyl (CIT) with ceric ion at
OO, it was natural that this was the first technique to produce cyclobutadiene that
was explored in the present study.

CIT in ether solution at Oo was added to agqueous ceric ammonium nitrate
solution at the same temperature. The evolved gases were passed through a tube
kept at 0° and were then quenched at ~180° to -196° in the cryogenic inlet system
A as described in Chapter II. Upon slow warm-up of the quenched products, at
—1600, diethyl ether (m/e 74) was observed. The parent mass of cyclobutadiene,
m/e 52 was not observed upon warming the inlet system to Oo. However, m/e
104 (CSHS) and its fragments (i.e., m/e 103, 78, 77, 52, 51, 50, 39, 38 and 37)
began to appear at -800,, Since in Pettit's experiment large quantities of cyclo-
butadiene dimer were obtained, and, the mass spectrum observed here was
similar to that of authentic syn dimer of cyclobutadiene, the m/e 104 observed
here was assigned to that dimer species. Cyclobutadiene apparently dimerized
either in the reactor itself or during transport between the reactor and the inlet

system.
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There were two differences between this experiment and the original
experiment by Pettit and co-workers. In this experiment the transfer line be-
tween the reactor and the quenching trap was 26 in long, while that in Pettit's
experiment was much shorter, but the transfer line in this experiment was kept
at 00 while that in Pettit's experiment was at room temperature. It seems un-
likely that cyclobutadiene could survive in Pettit's experiment and not in this
experiment., The other difference is the analysis method. Gas chromatography
was used for analyzing the product of the reaction of dienophile with cyclobutadiene
in Pettit's experiment while mass spectrometry was used for direct detecting of

cyclobutadiene in these experiments.

Dehalogenation of Cis-3, 4-dichlorocyclobutene

Since dehalogenation of cis-3, 4-dichlorocyclobutene with sodium amalgam
in ether solution was known to generate cyclobutadiene dimer, an attempt was
made to freeze out the postulated cyclobutadiene intermediate by the following
procedure. The reaction was carried out in the solution reactor attached to the
cryogenic inlet system A, The reaction and apparatus were described in Chapter
II. Nitrogen gas was bubbled through the reaction mixture and the products of the
reaction were passed through a tube at room temperature and were quenched at
-180° to -196° in the inlet system A, Aftex" 2.5 hours of reaction, the reactor
was disconnected; the inlet system A was then slowly warmed.

Results similar to those of the reaction of CIT with ceric ion were obtained:
diethyl ether was observed at —1600, m/e 104 was observed at -800, and no m/e

52 was observed. The unreacted cis-3, 4-dichlorocyclobutene appeared at -75°,
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The quantity of m/e 104 was small compared to that of diethyl ether. In the
original experiment, dehalogenation of cis-3, 4-dichlorocyclobutene for 40 hours
led to a 65 percent yield of syn dimer. Therefore, only a small amount of free
cyclobutadiene would have been generated per unit time. If free cyclobutadiene was
produced in such small amounts that if it had survived the transfer, it would have
been difficult to observe the mass spectrum since diethyl ether was present in
such large amounts. However, the negative results of this experiment must have
been due mainly to the high reactivity of cyclobutadiene which, at room tempera-
ture, formed the syn dimer so fast that it did not have a sufficient lifetime as a

free species to survive the transfer from the reactor to the quenching trap.

Attempted Dehalogenation of Cis-3,4-dichlorocyclobutene

at Low Temperature

The dehalogenation of cis-3, 4~dichlorocyclobutene at low temperature was
attempted after the failure to trap cyclobutadiene in the experiment described
previously.

High surface sodium was chosen, which is a film of sodium approaching
colloidal dimensions spread over an .inert solid of high surface area.

This provided the sodium in a highly reactive form. The preparation of the high
surface sodium and the procedure of the ati:empted dehalogenation of cis-3, 4~
dichlorocyclobutene at low temperature were described in Chapter II,

High surface sodium with activated alumina as a solid carrier and cis-3,

4-dichlorocyclobutene in diethyl ether solution were stirred at —1100. The temp-

erature at ~110° was chosen because that between —900 and -12 OO, the cyclobutadiene
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isomers were observed in the mass spectrometer (see next section). Therefore,
free cyclobutadiene was assumed to be volatile at —1100. The gases evolved from
the reactor were quenched in a trap immersed in liquid nitrogen. To determine
whether reaction occurred or not, the contents of the trap were warmed to room
temperature and analyzed mass spectrometrically. Only diethyl ether and unre-
acted cis-3, 4-dichlorocyclobutene were observed. The absence of m/e 104 in the
trap after it was warmed to room temperature indicated that there was no reaction

between sodium and cis-3, 4-dichlorocyclobutene at ~110°,

Radio Frequency Discharge of Cis-3 4—-dlchlorocyclobutene

Quenching experiments from an rf discharge of cis-3, 4-dichlorocyclobutene
were conducted in the cryogenic inlet system B with liquid nitrogen used as the
refrigerant. The procedure and the apparatus were described in Chapter 1.

Cis-3,4-dichlorocyclobutene at room temperature and at a pressure of about
5x 10_1 torr was passed through an electrodeless rf discharge tube and then quen-
ched. Before quenching, by adjusting the power of radio frequency discharge, the
optimum condition was obtained when cis-3, 4-dichlorocyclobutene had disappeared
from the mass spectrum, and when m/e 52 was at its maximum intensity.

The radio frequency discharge and subsequent quenching were conducted
for a period of one to two hours. The quen():hed products in the cryogenic inlet
system were then allowed to warm up slowly, and the effluent gases were monitored
by the mass spectrometer,

The products were found to be HCI, CZHZ’ C HCl C4H4, C4H2, C4H3Cl
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02H2012’ As shown in Table 1, the temperature of the cryogenic inlet system at

which the mass spectrum of each gas appeared and the boiling point of each gas
were in sequential agreement.

The formation of HC1, C 4H2’ C 2I-ICI, C 2H2012 from the radio frequency

discharge of C 4H 4:012 could have arisen from mere fragmentation. The structure

of C4HSCI could be CICEC—CH=CH2, CICH=CHC=CH or H2C=CCICECH, but no

attempt was made to identify the exact structure of C H3CI observed here. Its

4
formation as any of the above structures involved not only the breaking of chemical
bonds in cis-3, 4-dichlorocyclobutene but also the migration of hydrogen from one
carbon to another. This suggests that the radio frequency discharge of C 4H 4012
was not just a straight-forward bond breakage but rather a complicated process.
Hence, C 4H 4 must be considered not only as cyclobutadiene but also vinylacety-
lene (CH2=CHCECH) and butatriene (HZC=C=C=CH2).

These isomers of cyclobutadiene (vinylacetylene and butatrienc) were
prepared according to the procedures described in Chapter II. Each compound
was transferred to the cryogenic inlet system to compare: (1) the vapor pressures,
by observing the temperature at which each gas had the same peak height of m/e
92; (2) the mass spectrum; and (3) the ionization potential of each gas. The exten-
sion piece of the cryogenic inlet system was kept at the same distance (0.5 cm)
from the edge of the electron beam in eacﬁ experiment so that, except for ion cross-
section differences of the molecules, the sensitivity obtained in measuring was the
same. Butatriene at —1020, vinylacetylene at -1250, and C 4H 4 from the radio
frequency discharge at -120° showed the same peak height of m/e 52, At -900, the

ionization potential of butatriene was measured to be 9.2-9,3 eV, At —1080-, the



52

Table 1. Products of rf Discharge of Cis-3, 4-dichlorocyclobutene

and their Appearance Temperatures

Boiling Point (CC) Relative Quantity

Compound Temperature (OC)
HC1 -165

02H2 -155
CZHCI ~150

C 4H 4 -130

C 4H 9 -110

C 4:H 301 - 95

C 2H2012 -80

?Sublimation temperature of acetylene

bBoiling point of vinylacetylene

®Boiling point of C1C = C-CH=CH

2

-85

-84

-32

10.3

55-57°

60.3

large

medium

small

large

large

small

small
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ionization potential of vinylacetylene was measured to be 9.8-9.9 eV. Af -1100,

H from the condensed products of the radio frequency

the ionization potential of C Ay

discharge was measured to be 9.7-9.9 eV. From the above results, C 4:H 4 from

the radio frequency discharge of cis-3, 4-dichlorocyclobutene was closer to vinyl-
acetylene in the characteristics of vapor pressure and ionization potential.

The mass spectra of these three C 4H 4 gases are listed in Table 2, During
the warm-~up of the inlet system in the radio-frequency discharge experiments,
diacetylene (C 4H2) appeared with C 4H 4 at -120°. Therefore m/e 50 was not only
due to fragmentation of C 4H 4 but also due to diacetylene. In the mass spectrum
of diacetylene (C 4H2)’ m/e 49 was 42.8% and m/e 48 was 10.2% relative to m/e
50, Assuming the excess 21% of m/e 50 in the C 4H 4 Mass spectrum relative to

that of vinylacetylene was due to C 4H2 molecule, then the corrected mass spec-

trum of C 4H 4 Was quite similar to that of vinylacetylene as shown in Table 2,
The fact that cyclobutadiene forms a dimer at room temperature has been
discussed in Chapter I. The preceding results in this chapter confirmed that the
formation of cyclobutadiene dimer at room temperature was a fast reaction.
Utilizing this property of cyclobutadiene, the following experiments were condu-

ted. The products of the radio frequency discharge of C H Cl_ were quenched in

4742

a Pyrex frap immersed in a dewar containing liquid nitrogen. In order to prevent
possible polymerization or decomposition, the distance from the discharge coil to
the cold surface was less than 3 inches, After one hour of discharge, a dewar

containing the refrigerant 2-methyl pentane at a temperature of -140° was sub-

stituted for the dewar of liquid nitrogen. The gases in the trap were pumped out.
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Table 2. Mass Spectra of C 4H 4 from rf Discharge of

C4H4012 and C4H4 Isomers at 70 eV

m/e

52

51

50

49

48

39

26

C4H4 from rf
Discharge of Butatriene Vinylacetylene
o 0 o
C4H4(312 at -120 at -90 at -108
b c a
100 (100) 100 (100) 100 (100)
59 (59) 72 (72-78) 56 (50.2)
70 (49) 51 (54) 49 (41)
29 (19) 26 (24) 19 (13)
9 (9) 8 (-) 8 (2.8)
1 (1) 1) 1 (0. 85)
11 (11) 18 (21.2) 12 (11)

3Measured with a magnetic mass spectrométer (CEC, Model 21-101), '"Selected
Mass Spectral Data,'™ API Research Project 44.

bAssume 21% of m/e 50 is due to C H_ molecule.

42

®Measured with a magnetic mass spectrometer (CEC, Model 21-103), W. M.
Schubert et al., J. Am, Chem. Soc. 76, 1929 (1954).
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by a mechanical vacuum pump for about one hour. A second Pyrex trap immersed
in liquid nitrogen was then connected between the first trap and mechanical pump.
The first trap was slowly warmed to —1250; the evolved gas was then quenched in
the second trap. After half an hour of pumping, the second trap was allowed to
stay at room temperature for one and a half hours. The mass spectra of these

gases showed that they were mainly C without any C_H_. After standing over-

4H4 88’

night, the C 4H 4 spectra had disappeared, but still no C 8H8 was observed at room
temperature.

The boiling point of vinylacetylene is 5° and it polymerizes in the presence
of air at 50° within 24 hours.4£2 Polymerization of butatriene starts at —300°
Near 00 the polymerization reaction becomes so rapid and exothermic that a spon-
taneous "ignition" of the compound occurs under vacuum which produces a flash
of light and deposits black char throughout the vacuum system., 43 In view of the
close similarity of mass spectrum, temperature and ionization potential of vinyl-

acetylene and C 4H produced from C H,Cl_, and of the instability of butatriene,

4 474772

it was concluded that vinylacetylene was the product of the radio frequency dis-

charge of cis-3,4 dichlorocyclobutene.

Pyrolysis of Cyclobutadieneirontricarbonyl

As described in Chapter II, studies of the pyrolysis of CIT were conducted
in a coaxial furnace inlet system in which the furnace exhaust was only 1/8 inch
from the ionizing electron beam of the mass spectrometer,

Several standard wall Pyrex tubes with outside diameter from 2 mm to 7

mm were used. A 1/8-in i.d. alumina furnace was also used because it could
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withstand higher temperatures. CIT was kept at different temperatures ranging
from -50° to 00, where the vapor pressures ranged from about 5 x 1()_2 to
2x 10—1 torr (measured at a distance of 80 cm from the furnace).

At about 2800, the CIT began to decompose. The ratio of m/e 52 (C 4HZ)
and m/e 193 (C 4‘H 4Fe(CO);) increased and reached a maximum value between 3500
and 4000. This maximum ratio of m/e 52 to m/e 192 at a particular pressure
varied with the furnace dimensions. With a vapor pressure of CIT of 2 x 10_1
torr and at 00 with a 1/8-in i.d. alumina furnace having a heated length of 3.5 cm,
the maximum ratio of m/e 52 and m/e 192 occurred at 3800.

The dominant peaks of the pyrolysis products and their assignments are

summarized in Table 3, The peak at m/e 104 was assigned as C_H In view of

g 8’

the fast dimerization of cyclobutadiene, this C 8H8 was probably the cyclobutadiene
dimer. The intense peak at m/e 78 was assigned to benzene. Since m/e 52 was
also a fragment in the mass spectrum of C 8H 8 and C 6H 6 m/e 52 could not be

solely due to free C 4H 40 The mass spectrum of authentic benzene was taken at
70 eV and the intensity of m/e 52 was only 19.5 percent of m/e 78 (C 6H 6)° This
value agreed well with the reported value of 20 percent. 44 In the mass spectrum
of authentic cyclooctatetraene, m/e 52 was 31 per cent of m/e 104, and in that of
authentic syn dimer of cyclobutadiene, m/g 52 was 49 per cent of m/e 104, In the
mass spectrum of the pyrolysis products of CIT, m/e 103 peak was higher than
that at m/e 104. In the mass spectrum of cyclooctatetraene, m/e 103 peak was

only 62 per cent of m/e 104 while in the mass spectrum of syn dimer of cyclo-

butadiene m/e 104 peak was only 34 per cent of m/e 103, Therefore, m/e 104 in
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Table 3. Mass Spectrum of the Products at 70 eV from the Pyrolysis

of Cyclobutadieneirontricarbonyl at 38 0°

104

103

78

56

54

53

52

51

50

44

39

28
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the mass spectrum of the pyrolysis products of CIT was assigned to the syn dimer
of cyclobutadiene. From this, one was able to calculate that the contribution of
m/e 52 from m/e 104 in the mass spectrum of the pyrolysis products of CIT was
less than 1 per cent. The relative ratio of m/e 78 and m/e 104 was 4,5:1 in the

mass spectrum of syn dimer of cyclobutadiene, The m/e 78 due to C 6H 6 in the

mass spectrum of the pyrolysis products of CIT was therefore 31.7 per cent

(40.7 - 2x 4.5 = 31.7). Hence, the total contribution of m/e 52 from C8H8 and

C6H6 was 7.3 per cent (1+ 31,7x 0,2 =17,3). Since the total m/e 52 abundance

was 17.1%, the remaining 9.8% must have been due to free C H . A rough

474
+

appearance potential measurement of C 4H 4 Was much less than 15.6 eV, which

+
was the appearance potential of C 4:H 4 from C 6H 6 Therefore, from the pyroly-

sis data, m/e 52 was concluded to be at least partially due to free C 4H 4° The
mass spectrum from the pyrolysis products of CIT did not allow a determination
of whether the remaining 9.8 per cent of m/e 52 was due to cyclobutadiene or to
one, or both, of its known isomers.

2
Gunning 1 has also observed free cyclobutadiene from the photolysis of CIT.

Dominant peaks of the photolysis products in the mass spectrometer were m/e 26

-
4)’

-+

+
(C,H,), m/e 52(C H o)

m/e 78 (C 6HZ), m/e 104(081{;), m/e 140 (Fe(CO)
and m/e 28 (CO+). However, in the pyrolygis of CIT carried out in this thesis
work, there was no observation of m/e 140 (Fe(CO);-), but there was a peak at m/e
44(COZ)° This could be due to the decomposition of Fe(CO); and the reaction of
oxygen and CO at the high temperatures attained in the pyrolysis of CIT.

Recent reports of the pyrolysis of photo-oz—pyronef')'2 in which cyclobutadiene
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was generated also indicated, among others, mass peaks at m/e 104, 78, and 26,

Copyrolysis of Cyclobutadieneirontricarbonyl and Dienophiles

The study of the chemistry of cyclobutadiene has shown that cyclobutadiene
and substituted cyclobutadiene easily reacted with dienophiles as discussed in
Chapter I. Reaction of cyclobutadiene with methyl propiolate (1) afforded a '""Dewar
benzene' derivative (2) which isomerized to the corresponding benzene compound
(3) upon heating to 900. A similar reaction of cyclobutadiene with dimethyl

acetylenedicarboxylate (4) yielded dimethyl 1, 2-benzenedicarboxylate (6). 19

C-COOCH,
(LN
COOCH
CH 3 00CH
|| | — :
(2) (3)
C~C00CH,
(@il COOCH
C~COOCH, 3 COOCH
|| I s
COOCH, COOCH
(5) (6)

Copyrolysis of CIT and carboxylic esters were carried out in the coaxial
furnace inlet system. At the same conditions of pyrolysis of CIT which produced

the highest intensity of C 4H and with the inlet vapor pressure ratio of methyl

4!
propiolate and CIT of 2.5:1 (500 torr: 200 torr), an ion peak at m/e 136 (i.e.,
methyl benzoate) was observed (Figure 15). When the introduction of methyl

propiolate was stopped, the m/e 136 peak disappeared and the mass spectrum was
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again solely due to the products of the pyrolysis of CIT. When methyl propiolate
was introduced into the furnace again, the m/e 136 again appeared and the m/e 52
(C 4H 4), 78(C 6H 6)’ 104 (C SHS) decreased. The fragmentation mass spectrum of
m/e 136 was similar to that of methyl benzoate as listed in Table 13. The promi-
nent peaks of the mass spectrum of methyl benzoate, m/e iéG, 105, 77 all appeared
in the mass spectrum of the copyrolysis of CIT and methyl propiolate although the
peak height ratios were not exactly the same. Therefore, the observed m/e 136

in the cdpyrolysis could be due either to 2-carbomethoxybicyclo[2, 20 Thexa-2, 5~
diene (2) or to the mixture of (2) and methyl benzoate.

Similar copyrolysis of CIT and dimethyl acetylenedicarboxylate also pro-
duced the expected ion peak at m/e 194 (i.e., dimethyl 1, 2-benzenedicarboxylate).
The mass spectrum of copyrolysis had m/e 194, 163, 92 which were the prominent
peaks of authentic dimethyl 1, 2-benzenedicarboxylate. Again the mass peak height
ratios were not exactly the same as that of authentic dimethyl 1, 2-benzenedicarboxy-
late (6). Therefore, the observed m/e 194 in the copyrolysis could have been due
either to 2, 3-dicarbomethoxybicyclo[2, 2, 0 Thexa-2, 5-diene (5) or to the mixture of
compounds (5) and (6).

Since cyclobutadiene and substituted cyclobutadienes (i.e., tetramethyl-
cyclobutadiene and tetraphenylcyclobutadiene) have never been isolated, one might
question whether the dienophiles reacted with cyclobutadiene and substituted cyclo-
butadiene or with their precursors in these reactions. As was seen in Chapter I,
""Dewar benzene' and "substituted Dewar benzene' compounds were obtained when

dienophiles were present in the reactions in which cyclobutadiene and substituted-
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cyclobutadiene were thought to be generated, regardless of the precursors. This
would seem to indicate that dienophiles did not react with the precursors of cyclo-
butadiene and substituted cyclobutadiene. In this thesis research, the mass spec-
trum of CIT was not observed in the copyrolysis of CIT with dienophiles. This
provided further evidence that ""Dewar benzene'' was not the product of the reaction
of dienophile with CIT.

Now, one might question whether dienophile reacted with cyclobutadiene or
with butadienyl radical (7) to form '"Dewar benzene.'" When dimethyl acetylene-
dicarboxylate (4) was present in the pyrolysis of (4~-bromo-1, 2, 3, 4-tetraphenyl-
cis, cis-1, 3-butadienyl) -dimethyltin bromide (8), dimethyl tetraphenylphthalate
(10) was obtained. 25 It has been postulated that tetraphenylcyclobutadiene (9a)
was generated and underwent immediate reaction with the dienophile (4), 25 Re-
cently, a kinetic investigation by Sandel and Freedman28 confirmed the existence
of an intermediate in the pyrolysis of (8), and employed a label-scrambling scheme
to establish that the intermediate was a four-carbon cycle with two chemically
equivalent adjacent ring bonds. Furthermore, their epr studies showed that no
radical due to the substituted butadienyl radical (9b) was observed. Therefore,
they concluded that tetraphenylcyclobutadiene (9a) rather than the radical (9b)
was produced in the pyrolysis of (8). Recent calcul:a.tions67 have shown that the
conversion of cyclobutadiene to butadienyl radical (7) was predicted to be very
strongly endorthermic (by 47 kcal/mole); this indicated that cyclobutadiene was
more stable than butadienyl radical (7). - These two studies strongly suggested

that dienophiles reacted with cyclobutadiene rather than with the butadienyl
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radical (7). Therefore, it must be concluded that free cyclobutadiene was pro-

duced in the pyrolysis of CIT.

¢ HC=CH-CH=CH *

)

Cotls Colls
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C H H
6 5Sn Br 675
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‘(C6H5)C=C(C6H5)-C(C6H5)=C(C6H5)°
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Copyrolysis of Cyclobutadieneirontricarbonyl and Oxygen

From the reaction of oxygen and cyclobutadiene, it has been previously

assumed that the ground state of cyclobutadiene was a triplet because oxygen had
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: 22
a triplet ground state??: 25 However, different products of the reaction has been

reported as discussed in Chapter I. In this thesis research, the copyrolysis of
oxygen and CIT was conducted in the furnace attached to the inlet system B.

Since cis-3, 4-dichlorocyclobutene reacted with diiron enneacarbonyl to
form CIT, a small amount of cis-3, 4-dichlorocyclobutene was present in the
sample of CIT. This cis-3,4~dichlorocyclobutene was removed by vacuum pump-
ing for several hours before copyrolysis to eliminate the possibility of the type of
hydrolysis postulated by Freedman25 as discussed in Chapter I. The mass spec-
trum of CIT showed no impurity. This eliminated the possibility of the hydrolysis
of cis-3, 4-dichlorocyclobutene to form furan.

With the pressure ratio of oxygen and cyclobutadieneirontricarbonyl at 2,5:1
(500 torr:200 torr) and the temperature at 380° to 3900, m/e 68 in large amounts
and m/e 84 in a smaller amount were observed.

Copyrolysis and quenching were then carried out to obtain clearer results.
Pure oxygen gas was condensed as a liquid in a trap at -196° to eliminate its
impurities. With the pressure ratio of oxygen and CIT at about 2.5:1 (500:200 torr),
and with the furnace temperature at 39 Oo, the products were quenched at --1960 in
the inlet system B. After 1.5 hours of copyrolysis, the products were slowly
warﬁed. The products and the temperatures at which they appeared are shown in
Table 4.

All the usual products of pyrolysis of CIT were observed, However, except
for COZ, the products were reduced substantially in quantity. Carbon dioxide in-

creaded substantially, which must have been due to the introduction of excess
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Table 4. Products of Copyrolysis of Cyclobutadieneirontricarbonyl

with Oxygen and their Appearance Temperatures

Compound Temperature (OC) Relative Quantity
Cco -196 medium

C 2H 9 -155 small

co 9 -145 large

C 4:H 6 -120 small

C 4H 4O -110 large

C 4H 4 -105 small

C 6H 6 - 90 small

C 8H 8 - 80 small

c HO - 80 small




oxygen and then subsequent oxidation of CO at the high temperature.

An intense mass peak at m/e 68 (C4H4O) began to appear at ~110°, The
mass spectrum associated with m/e 68 was similar to the reported mass spectrum
of furan, as shown in Figure 17 and Table 9. At —800, not only m/e 84 (C 4H 402)
was observed in very small amounts (see Figure 18), but also unpyrolyzed CIT
(m/e 192), which had a mass fragment at m/e 84 (Fe56CO). The peak heights of
m/e 84 and m/e 192 were equal in the mass spectrum of the quenched products of
the copyrolysis of CIT with oxygen at -80°. Since the ratio of m/e 84 to m/e 192
in the mass spectrum of CIT was only 70.5%, the excess 29.5% of m/e 84 was
assumed to be due to free C 4H 4:02. Gunning and his co—workers21 reported that
the photolysis of oxygen and CIT yielded only furan. Hedaya and his co—workers22
on the contrary, reported that copyrolysis of photo-o-pyrone with oxygen yielded
only C 4:H 4502. Gunning21 also used electron paramagnetic resonance to search
for a radical in the photolysis of CIT at 7 70K with negative results. He concluded
that cyclobutadiene had a singlet ground state. Both furan and C 4H 4102 were the
products of the reaction between oxygen and cyclobutadiene, therefore it would
appear that the different products were due to the different natures of the ground
state of cyclobutadiene produced in two experiments. If this assumption is correct,
then.the reaction of oxygen with a singlet ground state of cyclobutadiene produces
furan and the reaction of oxygen with a triplet ground state of cyclobutadiene
produces C H O_. Therefore, the pyrolysis of CIT produced more cyclobutadiene

4472
in the singlet ground state than in the triplet state.
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Pyrolysis and Quenching Experiment with

Cyclobutadieneirontricarbonyl

From the above results of the pyrolysis of CIT alone and, from its copyroly-
sis with other compounds, it was concluded that cyclobutadiene was produced in
the gas phase. Pyrolysis and quenching of CIT were carried out in order fo inves-
tigate the low temperature stability of cyclobutadiene.

Seven pyrolysis experiments were carried out in the inlet system B. Each
pyrolysis lasted two hours with inlet pressures of CIT from 5 x 1020 5% 1071
torr (measured with a thermocouple gauge at a distance of 93 cm from the furnace)
and with furnace temperatures of 3200 to 3800.

During pyrolysis and quenching with simultaneous observation of the mass
spectrum, the ratio of m/e 28 and m/e 32 was seen to be 20:1 instead of the usual
ratio of 4:1 from the air background. The m/e 28 was assigned to CO. Carbon
monoxide is a liquid at -196° under its own vapor pressure of 400 torr. However,
with this vapor pressure, CO would be expected to volatilize under the vacuum
conditions (10—6 torr) maintained in the quenching tube. This could explain the
failure to quench CO, and, subsequently, its appearance in the mass spectrum.

The pyrolysis products of cyclobutadieneirontricarbonyl and their appéar—
anceAtemperatures are shown in Table 5,

At -1200, m/e 54 was observed and was assigned to C H . There are

476

several possible structures of C 4H 6 1, 2-butadiene, 1, 3-butadiene, 1-butyne,

2-butyne, and cyclobutene. The percentage of m/e 53 relative to m/e 54 is 44.5

per cent for 1, 2-butadiene, 43 percent for 1-butyne, 44.8 percent for 2-butyne
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and 69.2 percent for 1, 3-butadiene. 65 A mass spectrum of cyclobutene was not
available in the literature. The percentage of m/e 53 relative to m/e 54 that was
observed here was calculated to be 69 to 71 percent at —1200. At —1050, the peak
at m/e 52 (C4H4) was larger than that at m/e 54. Between ~110° and —1000 the
m/e 54, 53, 52, 51, 50, 49, 39, 27, 26 were predominant peaks. To calculate
the percentage contribution of m/e 54 and m/e 52 to each of the mass peaks less
than 52, two linear equations were set up at two different constant temperatures
by assuming that m/e 54 contributed 12.3 percent of its peak height to m/e 52
(which is the ratio of m/e 52 and m/e 54 in the mass spectrum of 1, 3-butadiene).

The equations were of the form
AX + B(l-A x 0123)Y=C n=1,2
n n n n

where X was the percentage of m/e 39 relative to m/e 54 due to m/e 54 and Y was

the percentage of m/e 39 relative to m/e 52 due to m/e 52. An’ Bn’ Cn were the

peak heights of m/e 54, 52, 39 at Tn' Solving the equations, the m/e 39 due to

m/e 54 was between 115 percent and 120 percent of m/e 54. The percentage of

m/e 39 relative to m/e 54 was reported65 as 43,6 percent for 1, 2-butadiene, 76.3

percent for 1-butyne, 25.7 percent for 2-butyne, and 116.5 percent for 1, 3-butadiene.

From a comparison of the calculated and reported values of the percentages c;f m/e

53 and m/e 39 relative to m/e 54, the mass peak at 54 was assigned to 1, 3-butadiene.
Since 1, 3~butadiene had a peak at m/e 52 in its mass spectrum, it would

be best if 1, 3-butadiene could be pumped out in order to more accurately assign

the mass fragments. Continuous pumping for 6 hours with the temperature between

-115° and -110° failed to completely remove C 4H 6 The mass spectrum of C 4H 4
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Table 5. Pyrolysis Products of Cyclobutadieneirontricarbonyl

and their Appearance Temperatures

Compound Temperature Lo C)
co -196
CZHZ -155
CO2 -145
C4H6 -120
C4H4 -105
CGHG - 90
C H - 80

Relative Quantity

large

medium

small

small

large

large

medium
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at —1050, shown in Table 6, was obtained by subtracting the mass spectrum of
1, 3-butadiene from the observed total mass spectrum. The mass spectrum of
C 4H 4 at -105° was different from that of butatriene and vinylacetylene as shown
in Table 6.

The ionization potential of C 4H 4 at ~105° was measured as 9.5t09.6 eV,
which was between the measured values of butatriene (9.2-9.3 eV) and vinylace-
tylene (9.8-9.9 eV). The ionization potentials of m/e 78 (C 6H 6) and m/e 104
(CBH 8) were also determined from the low temperature evolved gases. The IP
of C 8H8 measured in this experiment was 9.0 to 9.1 eV, and since an earlier
value of cyclooctatetraene was reported to be 8.6 eV45, the m/e 104 observed
here was postulated as cyclobutadiene dimer. The associated mass spectrum
and ionization potential at m/e 78 were in agreement with that of benzene.

These results showed that the mass spectra and IP of authentic butatriene
and vinylacetylene differed from those of the C 4H 4 produced from the pyrolysis of
CIT. To determine whether the C H_  observed here was a mixture of C H iso-

474 44
mers, pyrolysis and quenching were carried out in an apparatus outside the inlet
system B. The quenched products were warmed to room temperature and allowed
to stand for 1 hour. The mass spectrum was then taken; m/e 52 was observed in
small amounts. It was difficult to interpret the results since both m/e 52 (C 4H 4)
and m/e 104 (C 8H8) were formed in the warmed product. If m/e 52 had not been
observed, it would have been possible to assume that m/e 52 was cyclobutadiene

and had undergone dimerization to C 8H From the chemistry of cyclobutadiene

80

already known, it was apparent that cyclobutadiene could not exist at room
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Table 6. Mass Spectra of C 4:H " Isomers and C 4H 4

from Pyrolysis of CIT

C H " from Pyrolysis
ot4 cyclobutadieneiron- Butatriene Vinylacetylgne
m/e tricarbonyl at 100° at -90° at -108
52 100% 100% (100%)> 100% (100%)°
51 59 70 (72-80) 56 (50.2)
50 51 51 (54) 49 (41)
49 17 26 (24) 19 (13)
48 1 8 (-) 8 (2.8)
39 5 1 (-) 1 (0. 85)
26 26 18 (21.2) 12 (11)

aMeasured with a magnetic mass spectrometer (CEC, Model 21-103), W. M.
Schubert, T. H, Libbicoet, and W. A, Lanka, J, Am., Chem, Soc. 76, 1929
(1954), An additional peak at m/e 53 of 14, 7-22, 2 percent is evidently produced
by reaction during inlet.

bMeasured with a magnetic mass spectrometer (CEC, Model 21-101), "Selected
Mass Spectral Data," API Research Project 44.
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temperature. On the other hand, since butatriene was reported to polymerize at

43
--300 , the m/e 52 observed here at room temperature must have been due to

vinylacetylene.

An attempt was made to deactivate cyclobutadiene in the pyrolysis by intro-
ducing helium along with the CIT into the furnace. Several experiments were
made with ratios of helium to CIT of 1:1, 2:1, and 3:1. No significant change in
the quantity of the products was observed.

To prove the existence of cyclobutadiene in the quenched product, chemi-
cal reaction with the isolated product was carried out. The results are presented

in the next section.

Reaction of Dimethyl Acetylenedicarboxylate with Quenched C 4H 4

Produced by Pyrolysis of Cyclobutadieneirontricarbonyl

The apparatus for this experiment was a 22 mm o.d. Pyrex quenching tube
into which a 10 mm o.d. furnace Pyrex tube had been fastened by a ground joint
(see Figure 5). A side arm tube in the Pyrex quenching tube was connected to a
diffusion pump. During the pyrolysis of CIT, the Pyrex quenching tube was vacuum
pumped and it was immersed in liquid nitrogen. This pyrolysis and quenching
experiment closely resembled that carried out in the cryogenic inlet system B,

With the inlet pressure of CIT at 5 x 10_1 torr, the pyrolysis was carried
out for 4 hrs at the temperatures between 35 0° and 3800. At the end of the pyrol-
ysis, the high vacuum in the quenching tube was broken. Dimethyl acetylenedi-

carboxylate in diethyl ether solution at -90° was added to the quenched product
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at -196°, The mixture was transferred to a Dewar kept at -90° and was slowly
warmed to room temperature in a period of 1/2 to 1 hrs. The mixture was then
heated to 90° for 1/2 hour to convert the expected 2, 3-dicarbomethoxybicyclo

[2, 2, 0}hexa-2, 4-diene into dimethyl 1, 2-benzenedicarboxylate and this was divided
into two portions. In view of the high boiling point ( 195O to 1980) of dimethyl

1, 2-benzenedicarboxylate and the excess dimethyl acetylenedicarboxylate in the
reaction mixture, gas chromatographic analysis was used in the analysis of one

of the portions.

Dimethyl 1, 2-benzenedicarboxylate was detected in each gas chromatogra-
phic analysis using two different columns. Since some unpyrolyzed CIT was also
present in the reaction mixture that had been heated to 90° for 1/2 hr, dimethyl
1, 2-benzenedicarboxylate could have been due to the reaction of dimethyl acetylene-
dicarboxylate with CIT instead of with cyclobutadiene. When dimethyl acetylene-
dicarboxylate was added to an equal amount of CIT and then heated for 1/2 hr at
900; dimethyl 1, 2-benzenedicarboxylate was detected in this mixture in the gas
chromatogram. Since the boiling point of dimethyl 1, 2-benzenedicarboxylate was
195° to 1980, the temperature of the injector of the gas chromatograph was set at
200o to 2300. The CIT could have been decomposed to produce cyclobutadieﬁe in
the iﬁjector. Then dimethyl 1, 2-benzenedicarboxylate was formed by the immediate
reaction of cyclobutadiene with dimethyl acetylenedicarboxylate. With this consid-
eration, only CIT and an equal amount of dimethyl acetylenedicarboxylate were
mixed together at room temperature and were injected into the gas chromatograph;

again, small amounts of dimethyl 1, 2-benzenedicarboxylate were detected. To
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avoid the effects of the high temperatures inherent in the gas chromatograph,
infrared analysis was used. Dimethyl acetylenedicarboxylate was added to an
equal amount of CIT, heated for 1/2 hr at 90° and then cooled to room tempera-
ture. The ir spectrum of this mixture showed no bands due to dimethyl 1, 2-
benzenedicarboxylate (See Figure 32 and Figure 33). From these results, it
was concluded that dimethyl acetylenedicarboxylate did not react with the CIT.
Therefore, it was assumed that cyclobutadiene was produced by the decomposi-
tion of CIT in the injector of the gas chromatograph and immediately underwent
reaction with dimethyl acetylenedicarboxylate.

It appeared that the unpyrolyzed CIT would have to be removed if gas
chromatography were to be used in the search for evidence of the reaction between
quenched C 4H 4 produced by the pyrolysis of CIT, and dimethyl acetylenedicar-
boxylate. An attempt was made to remove the unpyrolyzed CIT from the second
portion of this reaction mixture by vacuum pumping for several hours. The pump-
ing was continued until only a negligible amount of CIT was present in the mass
spectrum. Examination of the pumped portion by gas chromatography still showed
a small amount of CIT together with a small amount of dimethyl 1, 2-benzenedicar-
boxylate. Since gas chromatography was not a suitable method of analysis in fhis
case,‘ infrared spectroscopy was employed. The infrared spectrum of this reaction
mixture showed no bands due to dimethyl 1, 2-benzenedicarboxylate (Figure 31).
From this, it would seem that the quenched C 4H " produced by the pyrolysis of
CIT, did not react with dimethyl acetylenedicarboxylate at low temperatures. This

could be explained by the fact that the diethyl ether solution of dimethyl acetylene-
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dicarboxylate separated into a solid phase and a liquid phase when the solution

was cooled to -20°, It was unlikely that the reaction between quenched C H, and
dimethyl acetylenedicarboxylate, a solid phase at temperatures below —200, would
have occurred. If reaction only occurred above -200, cyclobutadiene would prob-
ably have already formed the dimer before being warmed to -260 so that, again,
no dimethyl 1, 2-benzenedicarboxylate would have been formed.

It is appropriate here to comment on an earlier repo:t'i:19 in which it was
postulated that cyclobutadiene had been isolated. During the experiment, a pres-
sure of 100 torr was maintained in the system in order to transfer the cyclobuta-
diene, formed at 0° by the reaction of ceric ammonium nitrate in the diethyl ether
gsolution of CIT, into the trap at —1960, Since diethyl ether exerted a vapor pres-
sure of more than 100 torr at 00, CIT could have been easily swept over with the
diethyl ether into the trap at -196°, If this did occur, the similar finding of methyl

benzoate by gas chromatography in the earlier experiment19 would not necessarily

have been due to the reaction of isolated cyclobutadiene with methyl propiolate.

Unsuccessful Copyrolysis with Cyclobutadieneirontricarbonyl

After encountering difficulty in the reaction between dimethyl acetylenfedi-
carboxylate and the quenched products produced by the pyrolysis of CIT at low
temperatures, it was felt that a solution to'the problem would be provided if a
chemical could be found Whi(;h would be 2 liquid below —600 and which could also
react with cyclobutadiene at low temperatures. Ethyl acetylene was chosen be-
cause it melted at ~122.5° and boiled at 8. 10, If ethyl acetylene could react with

cyclobutadiene to form ethyl benzene in copyrolysis with CIT, then ethyl acetylene
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could be used to detect cyclobutadiene by adding to the quenched products of the

pyrolysis of CIT at —1000. One would expect that, as the mixture was slowly
warmed, a reaction would take place between ethyl acetylene and cyclobutadiene
at some temperature above -100°. However, copyrolysis of ethyl acetylene and
CIT at temperatures between 35 0° and 4000 failed to yield any mass peak corres-
ponding to ethyl benzene. Therefore this low tempera:ture experiment was
abandoned,

From the formation of 3, 4-dimethylene-1, 2-dimethylcyclobutene in the
reaction of triplet methylene and tetramethylcyclobutadiene at 2400, as was dis-
cussed in Chapter I, Skell24 concluded that tetramethylcyclobutadiene had a trip-
let ground state. Copyrolysis of CIT with dibromomethane, which produced
triplet methylene in Skell's experiment, failed to yield any mass peak correspon-~
ding to 3, 4-dimethylenecyclobutene at the temperatures between 350° and 4000.

Further support of the triplet tetramethylcyclobutadiene reported by Skell24
was furnished by the formation of 1, 2, 3, 3, 4, 4-hexamethylcyclobutene in the reac-
tion of tetramethylcyclobutadiene and methyl radical (from methyl bromide) at 240°
as discussed in Chapter II. Heda.yaz2 also reported that appearance of m/e 82
{C 4H 4(CH3)2) and 67 (C 4H 4CH3) in the mass spectrum of the copyrolysis of et‘hyl
nitrite and photo-o-pyrone at 800O was due, to the reaction of cyclobutadiene and
methyl radical. Copyrolysis of CIT and methyl bromide at the temperatures be-
tween 350° and 400° failed to yield any peak in the mass spectrum that could be
assigned to 3, 4-dimethylcyclobutene. The copyrolysis of CIT and NO also failed

to produce any evidence of 3, 4~-dinitrosocyclobutene.
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The copyrolysis of CIT with the following dienophiles: tetracyanoethylene,
diethyl maleate, diethyl fumarate and ethylene, did not produce any compound
expected from the reaction of these dienophiles and cyclobutadiene.

The failure of the copyrolysis of CIT with CHzBrz, CH3Br and NO seemed
to suggest that cyclobutadiene produced from the pyrolysis of CIT was not a triplet
diradical. Since the reaction of methylene and tetracyclobutadiene had been con-
ducted at 2.400, the temperature of 400° in this copyrolysis should certainly have
been high enough to insure the reaction of cyclobutadiene and methylene. However,
there was still the possibility that at the condition of this copyrolysis, the short
contact time was not long enough to permit the formation of methylene and the

subsequent reaction of methylene and cyclobutadiene. The failure of the copyroly-

sis of CIT and the several dienophiles could also be explained by this argument.

Mechanism of the Pyrolysis of Cyclobutadieneirontricarbonyl

From the result of the copyrolysis of CIT with each of the following com-
pounds: dimethyl propiolate, dimethyl acetylenedicarboxylate and oxygen, it was
concluded that cyclobutadiene was produced as a gas from the pyrolysis of CIT.
However, vinylacetylene, benzene, and acetylene were also found in the isolated
quenched products of the pyrolysis. The formation of benzene and vinylacetylene
in the pyrolysis of CIT could have been due to the pyrolysis of the acetylene. It
has been previously reported that vinylacetylene and benzene, along with hydrogen,
methane, ethane, ethylene, methylacetyléne and diacetylene, had been produced in

the pyrolysis of acetylene at the temperatures of 500° to 1000° 46. Using the same

furnace in the inlet system B and with temperatures of 380° to 3900, pure acetylene,
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at pressures of 2.5 x 10_1, 5x 10_'1 and 1 torr, was pyrolyzed in three runs and
quenched to -1960. Neither vinylacetylene nor benzene was observed. Therefore,
the benzene and vinylacetylene formed in the pyrolysis of CIT were not due to the
reaction of acetylene present in the pyrolysis. This conclusion was also supported
by the absence of methane, ethane, ethylene, methylacetylene and diacetylene,
which were other known products of the pyrolysis of acetylene. Since the benzene
could not have been produced by the pyrolysis of acetylene, it could have resulted
from the reaction of cyclobutadiene with acetylene to form Dewar benzene, with
the latter undergoing thermal rearrangement to benzene,

It was not clear whether the acetylene was produced by the decomposition
of cyclobutadiene or CIT. Wills’céitter1 had noted that dehalogenation of 1, 2-dibro~
mocyclobutane with potassium hydroxide at 210° produced acetylene which was
postulated as the product of the fissioning of cyclobutadiene. From the estimated
heat of formation of cyclobutadiene3 (830. 1 keal/mole) and the known heat of forma-
tion of 2 moles of acetylene (778.9 kcal), the dissociation of singlet cyclobutadiene
into acetylene was calculated to be endorthermic by no less than 51.2 keal/mole.
The heat of formation of cyclobutadiene, calculated by Gordon in this laboratory,
was 812, 33 and 836. 25 kcal/mole (see Appendix D)., Therefore, the dissociétion
of csrclobutadiene to acetylene was endorthermic by 33.43 and 57. 35 kecal/mole.
There was some question as to whether or not molecules having bonds with disso-
ciation energies of between 30 and 60 kcal/mole would survive at the conditions
of the pyrolysis (3800). This problem was not investigated in this work.

The formation of 1, 3-butadiene had been noted in several cases in an attempt
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to prepare cyclobutadiene by pyrolytic reactions. 8 It was suggested that, in all

of these reactions, cyclobutadiene was formed and underwent subsequent hydrogen
abstraction to form cyclobutene, and that the latter underwent thermal cleavage to
produce butadiene. However, this interpretation seemed to assume a greater insta-
bility for cyclobutene than was actually the case. If cyclobutadiene had been formed,
then it certainly would have been observed in this thesis, since the pyrolysis pro-

ducts were quenched immediately.

Tonization Potential of Cyclobutadiene

The measured ionization potential (IP) of C 4H 4 in the pyrolysis of CIT at
380O without quenching was between 9.3 and 9.4 eV. As shown in Fig, 7, the
measured IP of C 4H 4 Was 9.36 eV with water as a standard.‘ This 9.36 eV is in
good agreement with the 9,33 eV value using toluene as a calibration gas as shown
in Fig., 8, However, in the pyrolysis and quenching experiment of CIT, the IP of
the quenched C 4:H 4 was found to be between 9.5 and 9.6 eV,

The theoretical values of the IP of butatriene and vinylacetylene calculated
by a semiempirical SCF approach using Dewar and Klopman methods were 0.2 to
0.3 eV lower than the experimental values (Table 7). The electron impact method
for obtaining these experimental values had been found to give results which were
usually about 0.1 to 0.5 eV higher than the values obtained from photoelectron
spectroscopy or photoionization methods. When this difference was considered,
the agreement was improved between the theoretical and measured values. There-

fore, the theoretical electron impact IP of cyclobutadiene should have been 9. 0 to

9.1 eV which was in close agreement with the measured value, 9.3 t0 9.4 eV.
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Cyclobutadiene and vinylacetylene were the products of the pyrolysis of
CIT. In the measurement of the IP, the ionization efficiency curve in the range
of 2 to 4 eV was usually needed to obtain a value. The difference in theoretical
IP of cyclobutadiene and vinylacetylene was less than 1 eV, The ionization effi-
ciency curve of this C H mixture was not only contributed by cyclobutadiene

474

but also by vinylacetylene. Therefore, the measured IP of the C 4H 4 Was some-
what between that of cyclobutadiene and vinylacetylene depending upon the quantity
and ion cross-section of these molecules. If the theoretical electron impact IP of
cyclobutadiene were correct, the presence of vinylac;atylene could explain the
higher measured IP of C 4H 4(9. 3 to 9.4 eV) in the coaxial inlet system at 380°

without quenching. The IP of the quenched C 4:H measured in the cryogenic inlet

4
system at ~100° was higher than the value measured in the coaxial inlet system
because the percentage of cyclobutadiene in the C 4H 4 mixture in the coaxial inlet
system was higher. This was a reasonable assumption since, during the quenching
process, some cyclobutadiene did not survive.

The only other value of the measured IP of cyclobutadiene was 8.2 to 8.6 eV
which was also determined by the electron impact method. This cyclobutadiene
had been produced by the pyrolysis of photo-o-pyrone at 8000. From reactioﬁ with
othez-' compounds, this cyclobutadiene seemed to have a triplet character as dis-
cussed in Chapter I. The theoretical IP of triplet cyclobutadiene was calculated
by Gordon to be 8.43 eV (Table 7). The close agreement of the theoretical and

observed IP provided further evidence that cyclobutadiene produced in the pyrolysis

of photo-w-pyrone was a triplet. By the same argument, the higher ionization
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Table 7. Ionization Potential and Heat of Formation

of C H, Isomers

474
IONIZATION POTENTIAL, eV
Experimental Theoretical
Compound This Thesis Other KlopmamaL MINDO"
Cyclobutadiene, Singlet 9.3-9.4 8.83 8. 56
Cyclobutadiene, Triplet 8.2~-8, 6b 8,43
Vinylacetylene 9.8-9.9 9.9° 9. 60
Butatriene 9.2-9.3 9. 4b 8.99 9.16
HEAT OF FORMATION, kcal/mole
Experimental Theoretical
Derived in N .
Compound this thesis Other Klopman MINDO
Cyclobutadiene, Singlet 28.9, 33.5 51.9 79. 7
71.9, 69.6
. d
Vinylacetylene 77.3 32.17
Butatriene 89.9 83.5

aCalculated by L. P, Gordon, Georgia Institute of Technology

bE. Hedaya et al, J. Am. Chem. Soc. 91, 1875 (1969)

CF. H. Field and J. L. Franklin, "Electron Impact Phenomena," Academic
Press, New York, N.Y. (1957) pp. 261

d

E. 1L du Pont de Nemours and Company personal communication
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potential observed for the cyclobutadiene produced by the pyrolysis of CIT in this

thesis provided further evidence that cyclobutadiene from CIT was a singlet.

Derived Heat of Formation of Cyclobutadiene

The derivations of the bond dissociation energies D(C 2H2 -C 2H 2) and
D(C 4H 9~ Hz), and of the heat of formation of cyclobutadiene from the energy
measurement on CIT and cis-3, 4~dichlorocyclobutene are presented in Appendix C.
The measured values required were the ionization potentials of cyclobutadiene,
diacetylene and acetylene, and the difference in the appearance potentials of the
fragment ions from CIT or from cis-3,4-dichlorocyclobutene. The difference in

the appearance potentials of C H and C_H. [A(CZH+

+
A, oHos ;) - A(C,H))], from CIT

was measured to be 5.50 eV, This value was in reasonably' close agreement with
the value of 5.30 eV, the measured [A(CzH;) - A(C 4HZ):I from cis-3, 4~dichloro-
cyclobutene. From these values, the bond dissociation energy of cyclobutadiene,
D(CzH2 - Csz), was calculated to be 3.45 and 3.25 eV. The heat of formation of
cyclobutadiene was then calculated to be 28.9 and 33.5 keal/mole.

Similarly, the bond dissociation energy of cyclobutadiene, D(C 4H H

2 - 2)’

and the heat of formation of cyclobutadiene were obtained from the measured values

of the difference in the appearance potentials of C 4Hz and C 4H;, [A(C 4H;) -

A(C 4HZ)], either from CIT or cis-3, 4-dichlorocyclobutene. The measured
+
[A(C 4:H;) - AC 4:H 4):I from CIT was 2.7 eV and from cis-3, 4-dichlorocyclobutene

was 2.8 eV, The bond dissociation energy of cyclobutadiene, D(C 4:H - HZ), was

2

calculated to be 1.85 eV and 1.95 eV, From these values, the heat of formation

was calculated to be 71.9 and 69. 6 kcal/mole. These values are much different
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from the values derived from the measured [A(C 2H-;) - A(C 4:HZ):I from CIT and
cis-3, 4-dichlorocyclobutene.

From the electron impact of CIT or cis-3, 4-dichlorocyclobutene, these
heats of formation of cyclobutadiene were obtained as a resulf of several assump-
tions. In the mass fragments of CIT and cis-3, 4-dichlorocyclobutene, the C H+

474

was assumed to be cyclobutadiene ion, the CZH; acetylene ion, and C 4H;
diacetylene ion. The excess energy in the measurement of the appearance poten-
tial was also assumed to be zero. These assumptions could have contributed to
the large discrepancy in the values of the heat of formation of cyclobutadiene.

The heats of atomization of cyclobutadiene obtained from theoretical calcu-
lations are listed in Table 14 in Appendix C. From the conversion of the heats of
atomization, the theoretical heats of formation of cyclobutadiene were obtained
and were listed in Table 7, The theoretical heats of formation of cyclobutadiene

(51.9 and 79.7 keal/mole) were close to the derived heats of formation, 71.6 and

69. 6 keal/mole, obtained from the measured [A(C 4:HJF

-+
2) - A(C4H4)].
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CHAPTER IV
CONCLUSIONS AND RECOMMENDA TIONS

The work described in the preceding chapters has led to the following
conclusions:

(1) The failure toisolate cyclobutadiene in the reaction of CIT withceric ion
at 00 and the subsequent discovery that, in the injector of the gas chromatograph,
cyclobutadiene was produced from CIT and reacted immediately with a dienophile,
strongly suggested that cyclobutadiene was not actually isolated from the reaction
of CIT with ceric ion at 0° in the previous report. 19

(2) Radio frequency discharge of cis-3, 4-dichlorocyclobutene could not be
utilized to produce cyclobutadiene; rather, vinylacetylene, an isomer of cyclobu-
tadiene, was produced along with HCI, Csz, CZHCI, C4H2, C4H301, and CZHZCIZ'

(3) Cyclobutadiene could be produced and directly observed in the pyrolysis
of CIT at temperatures of 3500 to 4000 at low pressures. The products of the pyroly-
sis included carbon monoxide, acetylene, 1, 3-butadiene, benzene, cyclobutadiene
and cyclobutadiene dimer.

(4) Cyclobutadiene, produced in the copyrolysis of CIT with dienophiles at
350° to 4000, reacted immediately with the dienophiles in a way similar to that of
cyclobutadiene produced by other earlier methods.

(5) The formation of furan instead of 2-butene 1, 4-dione in the reaction of

cyclobutadiene and oxygen, the absence of reaction between cyclobutadiene and free
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radicals, and a measured ionization potential of cyclobutadiene higher than that
of a cyclobutadiene which seemed to have a triplet characterzz, all strongly sug-
gest that singlet cyclobutadiene was produced from the pyrolysis of CIT.

(6) The formation of benzene and vinylacetylene in the pyrolysis of CIT
did not arise from the further high temperature reaction of the initial product
acetylene suggesting that benzene was formed from the reaction of cyclobutadiene
and acetylene,

(7) The ionization potential of cyclobutadiene was measured to be between
9.3 and 9.4 eV. Heats of formation of cyclobutadiene were calculated to be 28.9,
33.5, 71.9 and 69. 6 keal/mole depending upon the method used. The considerable
difference among these results may be interpreted as arising from difficulties
inherent in the electron impact method of energy determination.

(8) In the pyrolysis of CIT followed by a rapid quench, the evidence strongly
suggested that cyclobutadiene was quenched. However, the presence of vinylace-
tylene in the quenched composite prevented a definite conclusion.

Several extensions of the present work may be proposed.

(1) In this thesis, comparisons of mass spectra, ionization potentials, and
temperatures of appearance of the mass spectra were used to support the postulated
exis;cence of cyclobutadiene at low temperatures. These methods showed defect
when vinylacetylene, an isomer of cyclobutadiene, was also present. Low tempera-
ture spectroscopic methods, such as nmr, infrared, or uv could provide more
positive results.

(2) The nature of the ground state of cyclobutadiene is interesting enough
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for further investigation. Since cyclobutadiene produced from the pyrolysis of
photo-o~pyrone at 800° exhibited the triplet character and no isomers of
cyclobutadiene were present in that pyrolysis, attempts to quench this cyclo-
butadiene should be carried out in the cryogenic inlet system. This can be done
simply by replacing the Pyrex furnace tube with a quartz tube. Without the pre-
sence of matrices, triplet cyclobutadiene diradical should not survive quenching.

(3) Electron paramagnetic resonance spectroscopy would be the best way
to investigate the multiplicity of the ground state. After the nature of the ground
state of cyclobutadiene is determined, one may better judge the application to
cyclobutadiene chemistry of chemical reaction methods applied in carbene chemis-
try such as with the triplet carbenes which show selectivity reminiscent of that
of the typical free radical along with nonsterospecific addition to carbon-carbon
double bonds.

(4) If the cyclobutadiene which is produced from the pyrolysis of CIT and
rapidly quenched is not found to exist at low temperatures by the above proposed
spectroscopic study, the flash photolysis of CIT at -196o coupled with use of the
cryogenic inlet system is probably the next best step to investigate the possible
existence of stable cyclobutadiene at low temperatures.

(5) The direct observation of the isolated substituted cyclobutadiene, such
as tetramethylcyclobutadiene and tetraphenylcyclobutadiene, has never been repor-
ted. Mass spectroscopic study of the pyrolysis of tetraphenylcyclobutétdienepalla—-
dium chloride at 185° has indicated the existence of tetraphenylcycloﬁutadiene in

the gas phase. Tetraphenylcyclobutadiene was the intermediate in the thermal
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decomposition of (4-bromo-1, 2, 3, 4~tetraphenyl-cis, cis -1, 3-butadienyl)
0
dimethyltin bromide at 150 . These experiments could be adapted to the cryogenic

inlet system to investigate the existence of stable substituted cyclobutadiene at

low temperatures.
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APPENDIX A

MASS SPECTRUM AND IONIZATION POTENTIAL OF

CYCLOBUTADIENEIRONTRICARBONYL

Metal carbonyls and their derivatives have been the subjects of recent

47,48

mass spectrometric studies to determine molecular formulas, fragmentation

mechanisms, ion energetics, and to test theories of mass spectra.
This appendix presents the mass spectrum and ionization potential of CIT
for the purpose of comparing with other substituted metal carbonyls.

As listed in Table 8, the typical stepwise losses of carbon monoxide from

¢

the parent molecule of these carbonyl compounds was also observed in CIT. Like

other metal carbonyls, the parent ion was not the most abundant ion. The C 4:H 4:FeJr

H 4Fe(CO)3 while C_H Mo+ was the most preva-

ion was the most prevalent ion in C 5Hy

4

lent ion in 05H5M0(CO)2NO.

The intensities of the metal carbonyl ions of the type Fe(CO);: are also
ot
interesting. The Fe(CO) and Fe(CO);r were found to have a low abundance and

there was no Fe(CO)-:; in the mass spectrum of either C Fe(CO)3 or C H SFe(CO)S'

4H4 6

On the contrary, Fe(CO);, Fe(CO); and Fe(CO)+ were observed in a large abun-

dance in the mass spectrum of C Fe(CO)s. These differences in the intensities

6F8

of Fe(CO); "in the mass specira of C ZE‘e(CO)3 and C 6F 8Fe(CO)3 suggested that

6H8
the hydrocarbon-iron bond was greater than the fluorocarbon-iron bond as was

proposed by Winters. 47
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Another point of interest is the presence of metalhydrocarbon ions contain-
ing smaller hydrocarbon fragments than the original ligand. For example,

CH Mo’ was 95% of CH Mo in the mass spectrum of C,H,_(Mo(CO),NO while

3

+
CszFe was 80% of C4H4

C3H

5

Fe+ in the mass spectrum of C 4H Fe(CO)S. The

4
+ . 49

3Fe ion was also observed in the mass spectrum of ferrocent.
The ionization potential of CIT was measured to be 8.2-8.3 eV which was

close to recent reported value of 8. 04 eV by photoelectron spectroscopy. 50 The

difference between the results is reasonable since electron impace values usually

exceed the photoelectron spectroscopic values.
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Relative Abundances of the Principal Positive Ions

192

190

164

162

136

134

112

108

106

84

82

81

Ion

Relative Abundance

c H Fe56(CO);

44

C,H Fe54(C0);

474

C H Fe56(CO);

414

C H Fe54(CO);

44

c,H re2bco’

4

54
C 4H 4Fe

Fe56(CO);

56+
C 4:H 4Fe

54+
C 4:H 4Fe

Fe%COJr

4

Fe5 CO+

56 +
Fe CZH2

Fe56CZH+

co’

34.0

3.0

25,0

3.0

11.0

1.0

100.0

9.0

24.0

81.0

19.0
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Table 8 (Continued). Relative Abundances of the Principal Positive Ions

from Cyclobutadieneiron Tricarbonyl at 70 eV

m/e Ion

80 F954CZH;

79 reotc ut
2

68 FeC'

57 Feo "

56 Fe’®"

54 Feott

52 c 4HZ

51 c 4H;

50 C 4H;

26 c.H.

Relative Abundance

6.0

1.0

4,0

3.0

43.0

6.0

2.0

2.0

2,0

2.0
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APPENDIX B
MISCELLANEOUS SPECTROMETRIC DATA

Mass spectra of several molecules are presented in this appendix. Some
of these mass spectra have not been reported previously while others have been
found in the literature. The reported mass specfra were usually measured with
a magnetic mass spectrometer and the reported values are listed here for com-
parison with the Time-of-Flight mass spectrometer.

Mass spectra of the products of the rf discharge of cis-3, 4-dichlorocyclo-
butene are shown in Figure 10 through Figure 14. Mass spectra of the products
of the copyrolysis of CIT with methyl propiolate and with dimethyl acetylenedi-
carboxylate are shown in Figure 15 and Figure 16, Mass spectra of the products
of the copyrolysis of CIT with oxygen followed by quenching to -196° are shown in
Figure 17 and Figure 18. Mass spectra of the products of the pyrolysis of CIT
followed by quenching to -196° are shown in Figure 19 through Figure 23.

Ionization efficiency curves for the determination of ionization potentials
and appearance potential are shown in Figure 24 to 30.

Several infrared spectra are also included.
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o
Table 9. Mass Spectrum of Furan at -105 at 70 eV from the Copyrolysis

of Cyclobutadieneirontricarbonyl with Oxygen

m/e This Research Literature

68 64.5 62.1% 71.0°
40 22.0 11.5 13.2
39 100. 0 100.0 100.0
38 18.5 16.5 17.9
37 12.0 10.5 11.2
29 15.5 15. 8 16.1

aCEC Model 21-102, '"Selected Mass Spectral Data,! API Research Project 44,
Serial no. 545.

bCEC Model 21-102, '""Selected Mass Spectral Data,' API Research Project 44,
Serial no. 508.
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Table 10. Relative Abundance of the Principal Positive Ions

from Cyclooctatetraene (CSHS) at 70 eV

m/e Jon Relative Abundance

This Research Literaturea

104 C H 100. 0 100. 0
8
103 C.H. 62. 0 60.9
oHy ) )
102 C.H 19.0 10.5
sg ' '
78 c.H 84. 0 82.5
oHe ) .
77 c.H 31,0 35. 0
6 5 : :
76 C.H 12,0 6.6
oH, . )
75 C H 10.0 5.0
¢Hs ) )
74 Cc.H 16.0 7. 60
6 2 3 o
+
73 C H 5.0 1.60
65 Cc_H 8.0 3.9
5 5 . 3
64 cH 5.0 1.5
JH, ) )
+
63 C_H 22.0 11.4
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Table 10 (Continued). Relative Abundance»of the Principal Positive Jons

from Cyclooctatetraene (CSHS) at 70 eV

61

52

51

50

40

39

38

37

27

26

Ton

Relative Abundance

This Research Literature

11,0 4.8

9.0 2.5
31.0 21,0
57.0 45.9
49,0 27.8

8.0 3.7
50,0 30.8
23.0 9.3
13.0 5.6
25.0 12,6
24.0 7.6

aMeasured with CEC, Model 21-101, "Selected Mass Spectral Data, API

Research Project 44, Serial No, 690
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Table 11, Relative Abundance of the Principal Positive Ions

from Syn Cyclobutadiene Dimer at 70 eV

104

103

78

77

52

51

50

39

38

37

Ion

Relative Abundance

22,0

65.0

100.0

25.0

11.0

65.0

22.0

356.0

10.0

7.0




100

Table 12. Relative Abundances of the Principal Positive Ions

from Cis-3, 4-dichlorocyclobutene at 70 eV

m/e Ion Relative Abundance
126 cH 4012” 5.0
124 C,H 401370135+ 21.0
122 C,H 40125+ 31.0
100 C 213120127+ 1.0
98 c 2H20137CI35+ 5.0
96 02}120125+ 6.0
89 c, H 40137+ 33.0
88 C 4H3CI37+ 14.0
87 c,H 40135+, C 4H2c3137+ 88. 0
86 C 414130135+, 8.0
85 C 41120135+ 7.0
75 C 3H20137+ 3.0

35+
73 03H201 9.0
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Table 12 (Continued). Relative Abundances of the Principal Positive Ions

from Cis-3, 4~dichlorocyclobutene at 70 eV

m/e Ion Relative Abundance
64 C 2H30137+ 2.0
63 C 21+12c:137+ 6.0
62 c e, c:2r13<3135+ 7.0
61 c 2H2<3135+ 14.0
60 02H0135+ 7.0
52 C 4HZ 21.0
51 c H. 100. 0
473
50 c 4H; 43.0
49 C 4H+ 16.0
48 c, 7.0
39 Cng 9.0
38 C.H. 10.0
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Table 12 (Continued). Relative Abundances of the Principal Positive Ions

from Cis-3, 4-dichlorocyclobutene at 70 eV

m/e Ton Relative Abundance
37 ci®™, 03111+ 16.0
36 c. 7.0
3 )
35 c®®* 14.0
+
26 C,H, 36.0
25 c.H 12. 0
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Table 13, Mass Spectrum of the Products at 70 eV from the Copyrolysis

of CIT with Methyl Propiolate at 380°

m/e Jon Relative Abundance

This Research Literature®

136 C4HO, 32, 0 32.15
+
105 C,H.O0 100. 0 100. 00
+ b
78 CHy 68.0 4,95
77 C.H 83, 0 65. 45
0 H, ) )

a

CEC Model 21-103C, "Selected Mass Spectral Data,' API Research Project 44,
Serial no. 1752

bDue to benzene which is prominent product of CIT pyrolysis
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ELECTRON ENERGY (VOLTS, UNCORRECTED)
10.0 11.0 12,0 13,0 14,0 15.0 16,0

T ¥ T T 1 T T
¢ ARGON
A C4H4012
I(C4H4C12) = 15,68 - 5.75 = 9,93 eV
Iav (04H4C12) = 9,9 to 10.0 ev
10
) g +
()
=
]
9 % 8 T
) é‘
[0} E 6T
[72]
=1
=
1>} E -+
=
@]
o]
L] 4 -+
0 +
['»] 2 +
) 1
(3
| | 1 1 ] ) & i L
5.5 6.0 7,0 8.0 9,0 10,0 11,0 12,0 13.0
Aev ELECTRON ENERGY (VOLTS, UNCORRECTED)

Figure 24. Ionization Efficiency Data for Cis-3, 4-dichlorocyclobutene.
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ELECTRON ENERGY (VOLTS, UNCORRECTED)

11,0 12.0 13.0 14,0 15,0 16.0 17.0
)

| L | B I Y T
s ARGON
* CuH,
I(C4H4) = 15,68 - 6,45 = 9,23 eV
Iav (C4H4) = 9,2 to 9.3 eV
1071
qg & T
=
jan]
d % s+
=
=t
) % 4
-
2
=
E_.|
D E -+
=
o
[}
o] 4 4
o B
| o) 2 4
o} -
i 1 1 L i L ’ 1 ]
6.0 6,5 7.0 8.0 9.0 10,0 11,0 12,0 13,0
yAN:Y ELECTRON ENERGY (VOLTS, UNCORRECTED)

Figure 25. Ionization Efficiency Data for Butatriene.



120

T T T T T T T
®
H20
a C4H4
Iav (C4H4) = 9,8 to 9,9 eV
10 5—
9 -
.=
o =
]
b 8 -
:
) %‘ +
qd B 64
-
[
=
B
(o] = —t
[
Zz
=
o 4
(0] —
)] 2 +
() e
L 1 L & L i | L i
2.5 3,0 10,0 11,0 12,0 13,0 14.0 15.0 16,0
A eV ELECTRON ENERGY (VOLTS, UNCORRECTED)

Figure 26, Ionization Efficiency Data for Vinylacetylene.
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ELECTRON ENERGY (VOLTS, UNCORRECTED)
4,0 5,0 6,0 7.0 8.0 9.0 10.0

® C4H4
A ARGON
I(C4H4) = 15,68 - 6,08 = 9,60 eV
Iav (C4H4) = 9,5 to 9.6 eV
10T
S
= 4
-l
D 5
g 8 1
=
[}
o} g 1
¢ B o6l
[92]
2
75
£
o = +
'z
o
=t
g 4 4
e 1
d 24
e 4
1 { 1 3 5 1 1 [ 1
6,0 6,5 13,0 14.0 15,0 16,0 17,0 18.0 19.0
N eV ELECTRON ENERGY (VOLTS, UNCORRECTED)

Figure 27. Ionization Efficiency Data for Condensed C 4H 4

at -100° from Pyrolysis of CIT.
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122

T T T T T ! 1
® ARGON
A CSHS
IaV (C8H8) = 8,9 to 9.1 eV
10 1
J) [.U.). + A ®
-
&
o]
P
0] 8 1 h L]
:
2
D - p
3
o E 6 L
2]
=
EH
b 7 <+
=
o
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D 4 4
o +
o 2+
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A&
1 L 1 1 Lo, ) i f ! 1
6.5 7.0 7.0 8.0 9.0 10,0 11,0 12,0 13.0
D eV ELECTRON ENERGY (VOLTS, UNCORRECTED)

Figure 28. Ionization Efficiency Data for Condensed C 8H8

at —'70O from Pyrolysis of CIT,
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I { 1 ) 1 1 i
L C2H2 from C4H4012
A C4H4 from C4H4C12
A.EDY - ac,rt) = 5.25 ev
272 A
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D eV ELECTRON ENERGY (VOLTS, UNCORRECTED)

Figure 29. Ionization Efficiency Data for C H and C 2H

! + +

44 2

from Cis-3, 4-dichlorocyclobutene.
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T ] T T T T T
® C4H2 from 04H4C12
a C4H4 from C4H4C12
+ +
A(C4H2 ) - A(C4H4 ) = 2,85 eV
+ + _
(A(CL‘H2 ) - A(C4H4 ))av— 2.7 to 2,9 eV
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(-]
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9 = +
[
g
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6 21
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) 1 i f i [} 1 L 1
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A eV ELECTRON ENERGY (VOLTS, UNCORRECTED)
+
Figure 30, Ionization Efficiency Data for C 4H 4 and C 4H;

from Cis-3, 4-dichlorocyclobutene.
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APPENDIX C

DERIVATION OF HEAT OF FORMATION OF

CYCLOBUTADIENE FROM ENERGETIC STUDY

Electron impact studies have been used to obtain bond dissociation energies
of molecules by measuring the appearance potential of their fragments. In the

electron impact of the AB and B, the following processes can occur,

AB+e—AB +2¢ (1)
+

AB+e~ B + A+ 2e (2)
+

B+e—- B +2 3)

The energy required to produce AB+ in (1) or B+ in (3) is defined as the
ionization potential of AB or B, and is expressed by the symbol I(AB) or I(B).
The energy required to produce B in (2) is defined as the appearance potential
of B+ from molecule AB, and is represented by the symbol A(B+). In process
(2), _A(B+) is the sum of several energies: (1) the ionization potential of B, (2)
the bond dissociation energy of AB, D(A - B), (3) the excess energy, zEe,
attained if the electronically excited states of B+ or A should be produced, and
(4) the possible excess kinetic energies, ZEk , a term which includes rotational,
translational and vibrational contributions. The appearance potential of B+ may

then be written
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+ N
A(B') = I(B) + D(A - B) + 2E6+ zEk

where D(A - B) is defined as the difference in energy between the parent molecule
and the two fragments after bond cleavage. When the excess energy terms are
neglected, D(A ~ B) is calculated directly from A(B+) and I(B).

When electron impact is assumed fo occur at 250, the relation between
energy change and enthalpy change is small since H=E + PV=E + RT, and RT
is only about 0.6 kcal at 25°, Therefore, D(A - B) is assumed to be equal to the

enthalpy change at 25°. The enthalpy balance may then be written
D(A - B) = AH(A) + AH(B) - AH(AB) (4)

The heat of formation of cyclobutadiene can be derived by measuring

+ . .
A(Czl—I2 ) from C 4H 4 process (5). From equation (6), D(CZH2 - CZHZ) can

be calculated, and subsequently from equation (7), Hf(C 4H 4) can be obtained.

| || + e~HC=CH +HC=CH+ 2e (5)
+

A(C,H,") = I(C,H,) + D(C,H, - CH,) (6)

D(C,H, - C,H,) = 2 8HC,H,) - AH(C,H,) 7

Cyclobutadiene, along with vinylacetylene and acetylene, was produced in
the pyrolysis of CIT. The appearance potential of C 2H2+ measured in the pyrolysis
of CIT at 380° would be less than the actual value of A(C 2H2+) from cyclobutadiene

because of the unavoidable presence of acetylene. In the quenched products of the
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pyrolysis, C_H 9 could be removed by vacuum pumping at temperatures below

2
—1000. However, a problem remained in that the quenched C 4H 4 at -100o was a
mixture of both vinylacetylene and cyclobutadiene. Therefore, A(CZH2+) could
have been a somewhat incorrect value of A(C 2H2+) from cyclobutadiene.

From the electron impact of CIT in processes (8) and (9), equations (10)

and (11) can be derived by assuming that the other products are identical in pro-

cesses (8) and (9), and by neglecting the excess energies.

+

CP + e = l | + other products + 2e (8)

Fe(CO)3
@ +e-HC=CH + HC=CH + other products + 2e ©)

|

Fe(CO),
ACH )=HC H)+D 10

+
A(CH,") = (C,H,) + D(C,H, - C,H )+ D, (11)

where D 1 is the total bond dissociation energy of processes (8) and (9) with the

exception of D(C 2H C_H_). Then by combining equations (10) and (11), one

2 T279

obtains the relation.

+ +
A(C,H,) - A(C,H,) = (C,H,) - IC, H,) + D(C,H, - CH (12)

22)

When the measured value of A(C 2H 2+) - A(C 4H 4+) and I(C 4H 4) from this

thesis research and the known I(C 2H 2) value (11.40 eV’6O) were substituted into



equation (12), D(C 2H2 - 02H2) was calculated to be 3.45 eV. That is,

5.50=11,40 - 9,35 + D(C‘ZH2 -CH

When this calculated D(CzH2 -C 2H2) value (3.45 eV) and the known
AH f(C 2H2) value (54.2 kcal/mole) were substituted into equation (7), AHf(C 4H 4)

was calculated to be 28.9 kcal/mole:

3.45x 23.06 = 2 x 54.2 - AH(C,H (14)

n

Equation (16) can be derived from the electron impact of CIT in processes
(8) and (15) by applying the same methods and assumptions used to obtain equation

(12). That is,

+
CP +e~ ’ | + other products + 2e (8)
Fe(CO)3
@ +e~ HC_=_C--—CECH+ + H2 + other products + 2e (15)
]
Fe(CO)3

A(C 4H2+) - A(CH 4+) = I(C,H,) - I(C H,) + D(C,H, - H (16)

o)

When measured values of A(C 4H2) - A(C 4H 4:) and I(C 4H 4) from this thesis
and the known I(C 4H2) value (10.2 eV56) were substituted into equation (16),

D(C4H2 - H2) was calculated to be 1.85 eV:

2.70=10.2 - 9.35 + D(C H, - H (17)

2 2)
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When this calculated D(C 4H2 - Hz) value (1. 85 eV), the known AHf(C 4H2)

*
value (114.6 kcal/mole), and the known AH f(Hz) value were substituted into equa-

tion (18), AHf(C 4H,) was calculated to be 71.9 kecal/mole:
D(C,H, - H,) = AH(C, H,) + AH(H,) - AH/(C,H,) (18)
1.85 X 23.06 = 114.6 + 0 - AH.(C H,) (19)

From electron impact of ¢is-3, 4-dichlorocyclobutene in processes (20),
(21) and (22), equations similar to (12) and (16) can be derived. When the meas-

ured A(C, A(C 4HZ) value (5.30 eV) and A(C 4H';), - A(C 4HZ) value (2. 80 eV)

2)'

were substituted into equation (12) and (16) respectively, D(CZI-I2 - CZHZ) was

calculated to 3.25 eV and D(C 4H2 -

When these calculated D(C 2H2

Hz) was calculated to be 1.95 eV,

D(C 4H2 and the known

C,H,), H,),

AHf(C 4H2) value were substituted into equation (7) and (18) respectively, AHf(C 4H 4:)
was calculated to be 33.5 kcal/mole and 69. 6 kcal/mole.
Cl +

' +e—»| |+l 2e (20)
cl |

Cl

| l + e~ HC=CH +HC=CH + CL, + 2e (1)
cl

(C H ) was calculated to be 118, 0 kcal/mole from heat of combustion (11.25
kcafl/mo e, E. I. du Pont de Nemours and Company, personal communication).
AHf(C H_) was derived to be 111.3 kecal/mole from heat of hydrogenation
(M. Cowperthwaite and S, H. Bauer, J. Chem, Phys. 36, 1743 (1962). Therefore,
an average value, 114, 6 kcal/mole, was used in these calculations.
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Table 14. Heat of Formation of Cyclobutadiene

Compound

CIT
CIT
C4H4012

C4H4:Cl2

Compound

CIT
CIT

C4H4012

C4H4:CI2

+

a9. 35 eV is measured value.

b

8.83 eV is theoretical value.

+
A(CZHz)-A(C4H4), eV I(C4H4), eV AHf(C4H4),kcal/mole
5.50 9.35° 28.9
b
5.50 8.83 40.9
5.30 9,357 33.5
5.30 8.83" 43.5
+ +
A(CH,)-A(C,H,), eV C,H,), eV AH(C,H,),keal/mole
2.70 9.35% 71.9
2.70 8.83° 83.9
2.80 9.35% 69.6
2.80 8. 830 81.6
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Cl

| ‘ + e—»Hc=_=c—c-_=CH++H2+012+ze (22)
cl

In all of these calculations, when the theoretical value of I(C 4:H 4), 8.83 eV,

was used, AHf(C4H4) was obtained to be 40.9, 45.5, 83.9 and 81. 6 kcal/mole.
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APPENDIX D

THEORETICAL IONIZATION POTENTIALS AND HEATS

OF ATOMIZATION OF C 4H 4 ISOMERS

This appendix is a literature survey of molecular orbital studies of ioni-
zation potentials and heats of atomization of C 4H 4 isomers. Several methods
have been used to calculate these values. Streitwieser61 reported a molecular
orbital study of ionization potentials of organic compoﬁnds utilizing the "o~
technique.'" In the Hiickel molecular orbital theory, the electron repulsion terms
were neglected. This w-technique used a parameter to provide for electron repul-
sion effects in an empirical manner. The ionization potentials of butatriene and
vinylacetylene calculated by this method are in Table 14, The other methods,
developed by Dewar and his co-workers, were all based on the semiempirical
SCF MO treatment. Dewar and Gleicher3 reported the heats of atomization of
cyclobutadiene by the PPP method (Pariser-Parr-Pople method) and by SPO method
(split-p-orbital method). Recently Dewar and his co-workers reported two methods,
Klopman54 and MIND055, to calculate heats of atomization and ionization potentials
of organic compounds. However, they did not use their methods to calculate the
heats of atomization and ionization potentials of C H, isomers. Since L. P. Gordon

474

in this laboratory was interested in the molecular orbital calculations, it was deci-

ded to calculate the heats of atomization and ionization potentials of C 4H 4 isomers

by Klopman and MINDO methods. In the Klopman method, the 7 MO's of conjugated
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molecules were calculated by a Semiempirical SCF MO method. The «o electrons
being treated as localized. The procedure similar to that suggested by Pople et al., 62
and by Klopman63 was used to include all the valence electrons in a molecule. The
following geometries and bond lengths were used for the calculations., The bond
lengths were the standard ones used by Klopman54. However, in his paper, the

bond length for the carbon-carbon bond in =C=C= was not listed. The bond length

1.446 ﬁused here was the actual bond length observed in the vinylacetylene. 64

H H
-]
1.483 A 5
§ 135
1.337 A l l
1.083 A
H H
H
H ®
1.083 A
c c C c {) 120°
1.337 A
- "
H H
1,083 A
¢ == c¢Q 120°
1.337 A 1.446 A
H c
Q$§§}.205 A
c

\\\}.059 A

H
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Table 15. Theoretical Ionization Potential and Heat

of Atomization of C 4H 4 Isomers

IONIZATION POTENTIAL, eV

Compound 7 (adiabatic) Klopman MIND?)  w-technique
. . a b b

Cyclobutadiene, Singlet 8.51 8.83 8.56

Cyclobutadiene, Triplet 8.43

Vinylacetylene 9.60 9.46°

Butatriene 8.99 9.16 9.28

HEAT OF ATOMIZATION, kcal/mole

SPO PPP Klopman MINDO
Cyclobutadiene, Singlet 830. 1d 830. 1d 836. 25b 812, 33b
Cyclobutadiene, Triplet 808.9 816.0
Vinylacetylene 8569.32
Butatriene 802, 09 808.46

®M.J. S. Dewar, S. D. Worley, J. Phys. Chem. 50, 654 (1969)

bCalculated by L. P. Gordon, Georgia Institute of Technology

°A. Streitwieser, Jr., J. Am. Chem. Soc. 82, 4123 (1960)

dM. J. S. Dewar, G. J. Gleicher, J. Am, Chem. Soc. 87, 3255 (1965)
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In the MINDO method, all the valence electrons, both 7 and oo, were
included. The 7 and o ionization potentials were estimated. In the original
paper55, the bond lengths used for four-membered rings were different from
the standard ones used in Klopman's paper.5 4 The spz- sp2 C=C bond was not
listed. The bond lengths in cyclobutadiene used for the MINDO calculation were
the same ones used in the Klopman method. The heat of formation and ionization
potential of vinylacetylene calculated from the MINDO method are not listed here

because no converged results were obtained from the computation.
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