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PREFACE

This investigation was undertaken in order to compare énd
contrast the reactions of singlet methylene with those of triplet ﬁe-
thylene. It was also an aim to define particular experimental condi-
tions where the reactions actually change from those of singlet
methylene to those of the triplet species. Investigations were also
undertaken to shed some light on the energy transfer processes
involved in these reactions. A theoretical treatment of the spin-
orbit perturbation found in methylene has been included. Fihally, it
was hoped to establish conditions whereby the reactions of methylene
could be distinguished from the (molecular) reactions of diazomethane,

- when these species react with olefins.
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thesis. I would particularly like to thank the Ontario Research
Foundation for their financial assistance.

This work could not have béeh attempted without the gene-
rous nelp of Professor R.F.W. Bader to whom I express my deepest thanks.
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remarkable in view of the unbounded enthusiasm which accompanied it.

Helpful discussions with Professor F.A.L. Anet and
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well as to Mr. Rudy Sander for mass spectrographic assistance.
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whose encouragement this work could not have been completed.
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ABSTRACT

The reactions of singlet and triplet methylene with butene-2
in the presence of inert gases (Ar, CFh’ He, N2 and Xe) have been studied.
Singlet methylene (generated from the photolytic decomposition of diazo-
methane), upon colliding with a non-reactive gas readily undergoes a
transition to the lower energy triplet methylene. At low pressures of
inert gas the reactions are due to singlet, while in high pressure
regions triplet methylene is the reactant. Plots of product yield vs.
inert gas pressure show distinct trends in these pressure regions.
Triplet methylene makes its appearance known at an inert gés—butene
ratio of about 550, whereupon distinct inflections of pressure depend-
ent curves occur. Cis-pentene-2 and 2-methylbutene-2 are formed by singlet
methylene insertion in C-H bonds. 3-methylbutene-l and trans-pentene-2
are products of the triplet reaction, but appear in the singlet region
as well. Cis- and trans- 1,2-dimethyleyclopropane are unequivocally
shown to be products of triplet methylene addition to the double bond,
whnile the cis-compound (only) is directly formed by singlet methylene
adcition across the double bond. Direct insertion by triplet methylene
does rot occur, nor does triplet methylene abstract hydrogen atoms,
zlihouvzh triélet intermediates may do so intramolecularly.

Triplet methylene reacts with molecular oxygen much more
rapidly than singlet methylene does.

Attempis 0 directly generate itriplet methylene by mercury

pnotosensitization of diazomethane was unsuccessful owing to direct




absorption of the resonance line by diazomethane.

It has been shown conclusively that the products formed
result from methylene-butene reaction and not from diézomethane-butene
l reaction, although the products formed in either case are the same.
The thermal reaction (225°C) of diazomethane with cis-butene-2
. in the presence of inert gas was studied. The products formed are due to
| a butene-diazomethane adduct, and not from free methylene reaction.

A theoretical treatment of the spin-orbit perturbation reveals
that the spontaneous transition from the singlet to the triplet state of
methylene occurs at a rate of 2.2 x 10-3 sec.-l. The spin—o?bit pertur-

bation found in methylene has been calculated to be 130 small calories.




INTRODUCTION

In recent years, the study of methylene chemistry has
followed two paths. On one hand, the study of methylene reactions
offers an inviting jumping-off point for the study of unimolecular

decompositions, since methylene addition generally leads to molecules

which have excess energy and subsequently decompose. On the other hand, .

a study of the reactions of methylene provides verification of the
.various theoretical treatments of the problem of singlet-triplet trans-
itions in this molecule.

Previous to this investigation, there was no research done
which allowed one to actually follow the progression from the purely
singlet reactions of methylene to the purely triplet ones. Moreover,
there has been some doubt as to whether several reactions previously
attributed to free methylene actually occur, or if these reactions arise
by quite different mechanisms. b

The preéent investigation, then, was undertaken to clarify
these points. Once the conditions favoring the production of singlet
and triplet methylene have been established, it would be possible to
determine which particular products arise from each of these specles and
then to comment on the mechanisms involve@ in their reactions.

| Lastly, it was hoped that through a study of the various
pressure dependencies of the singlet and triplet species of methylene,

some insight would be gained into the mechanisms of energy transfer

processes.




Review of previous work

The suspected participation of carbenes (substances having
divalenf carbon atoms) as chemical intermediates is not new. Geuther
originally suggested the possible occurrence of dichlorocarbene (C C12)
in the alkaline hydrolysis of chloroform (1). Subsequently, Doering and
Hoffman (2) presented the first structural evidence that dichlorocarbene
was, in fact, an intermediate involved in the basic hjdrolysis of chlo-

roform. The next logical step in the study of carbene chemistry would

'then include research into mechanistic and stereochemical characteristics.

of this and related species. Doering and LaFlamme (3), investigating the
mode of addition of dibromocarbene to olefins, found that cis addition
occurred exclusively. In 1942, Meerwein et al (L) had photolyzed diazo-
methane in ether solvent, forming substituted ethers, although no
unambiguous mechanism was proposed. Doering et al (5) investigated
methylene insertion reactions in diazomethane-hydrocarbon solutions.

The conclusion reached was that methylene must be classed as the most

. indiscriminate reagent known in organic chemistry]'—— this statement

made in view of the apparent disregardlby CH, for the type of CH bond
attacked -- whether primary, secondary, tertlary, vinylic or allylic.
One of the earlier chemical indicaiions,that carbenes may
involve low-lying triplets (i.e., unpaired non-bonding electrons) may be
inferred from the work of Skell and Woodworth (6) in their discussion of
possible intermediates in the reactions of dibromocarbene (CBrZ) with
olefinic double bonds. Subsequent work by these authors on the reactivity

of diazomethane led to the conclusion that the "free" electrons in CH2

See however, reference (23)




were paired (i.e., in the singlet state) rather than unpaired; this
conclusion followed from the stereospecific nature of the products found
in the réaction between diazomethane and excess cis-butene, whéther in
the liquid or gas phase. On the basis of this work, Skell and Woodwofth
preferred the theory that dibromocarbene should also have its two elec-
trons paired; in the case of dibromocarbene reacting with a carbon-carbon

double bond, unpaired electrons would lead to an intermediate of the type

\ o/

C C

) .
\\ _Br (1)

sC\

Br

while paired "free" electrons would result in the stereospecific Inter=~

mediate II
\ /
—_—  — 'C__
\\ I’
g7 (11)
/N
Br Br

The fact that no cis-trans isomers are observed in the actual prpducts

does not preclude (I), since in order to observe geometrical isomers, the
nunpaired® complex (I) should be long enough lived to allow rotation around
the carbon-carbon bond. An example of a divalent carbon exhibiting free
radical behavior (triplet state behavior) was introduced by Skell et al (7).
Diphenylmethylene,<(06H5)2 C, was one of the first compounds to yield no
stereospecific products when reacted with olefins; however, in this and
previons investigations, no mention is made of the possibility that the

energy levels of these singlet and triplet states may be so close as to

be actually interconvertible from one state to the other.

Up till this point, no mention has been made concerning the
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.possibility of "hoit" addition products.- Upon photolytically decomposing
diazomethane (or. ketene),.one may suspect -that the methylene so produced
might héve.exéess energy; reaction with an olefinic -double bond:would
result in.a.complex which may have sufficientlenergy to -undergo -decom~
position, .or, at.least, isomerization. . While -experiments -were being -:.
.conducted.along lines establishing the. nature :of -carbenes and. methylene,
research was being undertaken which had-as its main.purpose the sub~-
; sequent unimolecular reactions -of "hot" molecules formed by methylene
.or carbene reaction (8).. Much of the work done up to :.this point involved
investigations in the liquid phase or in the gas :phase at high pressures.
Under these conditions, cooling time.for the hot intermediate may be
short in comparison with the time needed for isomerization or decomposi-
tion. There are several examples in the literature wherein the isomer-
ization of an excited adduct is competing with the collisional deactivation
of this same adduct. For example, the vapor phase photolytic chlorination
of methylcyclopropane occurs with the formation of many fouf-carbon
chlorine compounds both chain and cyclic in character (9). In the liquid
phase, however, only one isomer i1s formed. Here, it may be argued that
if the complex can be quickly relieved of its excess energy (by collision
with substrate, for example) it will not isomefiée.

It is also noteworthy that in many of these isomerizations,

along with geometrical (eg. cis-trans) isomerizations, structural

isomerizations (eg. cyclic-chain) are also observed. Pyrolysis studies
offer information concerning the relative rates of geometrical vs. struc-
tural isomerizations (10); these studies are a great aid in elucidating

mechanisms, and reference will be made to them from time to time.




It was along lines such as these that Frey (11) investigated
;he reactions bgtween‘mephylene and olefins at lower pressﬁres, where
these isomerizations are important, thereby fufther developing theories
of unimolecular reactions. Under the conditions followed, the primary
step in the reaction of methylene with cis-butene-2 is the stereospecific
formation of cis- 1,2-dimethylcyclopropane (CDMC); however trans 1,2-
dimethyleyclopropane (TDMC) is also found in the reaction products. This
is taken as_evidence that the primary step involves the formation of an
excited cis 1,2-dimethyleyclopropane, CDMC¥, followed (unless deactivated)
by an isomerization to the correséonding trans compound, TDMC. (This
unld be analogous to the case where pyrolysis of CDMC (10) results in
equilibrium proportions of cis- and trans-DMC). Upon incfeasing the
substrate pressure, these isomerizations (structural as well as geo-
metrical) were repressed. The preponderence of CDMC (rather than equi-
librium proportions of CDMC and TDMC) confirms the presence of singlet
methylene rather than the triplet species..

The precursors of both singlet and triplet methylene have
been ketene, diazomethane, and, more recently, diazirine (cyclodiazo-
methane) (12). Methylene has been generated from these compounds by photo-
lytic, thermal andphotosensitized (13) proceénres. Up until 1959, there
was still much ambiguity concerning the electronic configurations (as
well as the ground state) of methylene produced by ﬁhese methods. Then,
in an historic paper, Herzberg and Shoosmith (1l) laid these doubts to
rest. Under certain conditions, singlet methylene (formed by flash
photolyzing diazomeﬁhane) can be induced to undergo a singlet to triplet

transition, indlcating that the true ground state of methylene is a




triplet, i.e., thé ufree electrons are unpaired. The experimental
conditions included having nitrogen present during the photolysis of
undeuterated, monodeuterated and dideuterated diazomethane, the partial
pressures being 2 mm nitrogen / 0.02 mm diazomethane (100:1) and higher.

The spectrographic results were then correllated with various possible

. structures of C,H,H of C,D,H and C,D,D. Line and band assignments for

the bent configuration of methylene gave results which did acv correspond

to those actually observed in the spectra, although the linear, symmetrical

configuration (%:g_)l agreed quite well. In addition, an assignment of a
triplet ground state ﬁas in agreement with some of the earlier molecular
orbital predictions (15).

At this stage the only evidence for a triblet ground state
of CH, was the spectroscopic work of Herzberg and Shoosmith. Skell and.
co-workers (6,7), previous to this time, had recognized the possibility
of distinguishing singlet and triplet methylene by their different
reactions with olefinic double bonds, but no evidence was clted to support
the existence of triplet methylene. Anet, Bader and van der Auwera (16) -
recognized the possibility of inducing a singlet to triplet transition and
actually using the different characteristic feadtioﬁs of singlet and
triplet methylene as proofs.of their presence. Using conditions not
unlike those used by Herzberg and Shoosmith, singlet methylene, originally
formed by the photolytic decomposition of diazomethéne, was caused to
undergo collisions with an inert gas in order to arrive at the triplet
state:

; Yy
CEN, 5 Np + CHy¥ (7)) (electronically and vibrationally

excited)




CHg (rd) numerous cdilisions CHp (¢Q){

where (Pl) refers to paired and (M) to unpaired non-bonding electrons.
Then, instead of photographing the spectrum, the methylene was reacted
with cis-butene-2 and the characteristic reaction of triplet methylene
was observed. This characteristic reaction is as follows: if triplet

methylene adds across the double bond, the principle of spin conservation

demands that the intermediate (adduct) be a triplet. This is possible

only if the olefinic double bond dehybridizes into one ¢ bond and two

unpaired %T_electrons. If this is the case, a more unrestricted rotation

about the carbon-carbon axls will occur:

S . H-é—n’[
"\c A C pa— c/ %
N /
H-C-H X

If the substituents represented by X and Y are different (for example
an H atom and a methyl group) this substance, upon reforming a double
bond will exhibit geometrical (cis—trans)lisomerism. This state of
affairs would not occur in the case of singlet methylene, whose paired,
non-bonding electrons would be expected to pair with both pTTelectrons
simultaneously in the cis-butene, making geometrical isomerization
improbable. Cis-butene-2 is a convenient subsirate, sincg it is one of
the simplef (gaseous) olefins which exhibits cis—tfans isomerism.
(Reactions of methylene with other gases have been studied (17, 18, 19,
20), but mostly in connection with unimolecular reaction theory). The

difference in the reactions of the two methylene species with cis-butene-2

is summarized belowt




E 6 ¢
CHa(ND) - ¥ clz (l: -—>‘v

= Cis-DMC
. c ¢ ¢
¢ ¢ - ¢ ¢ :
CH,(t17) + | | A + C
2 °
c=Cc —™ H— 61 s5DMe Trans-DMC

That isy the triplet reacts non-stereospecifically to give mixtures of
isomers (17, 18) while the singlet gives one (stereospecific) isomer .
only. In practice, however, things are not so simple. As mentioned
earlier, a serious complication arises, since the dimethylcyclopropanes
thus formed have excess energy, and unless collisionally de-energized
will undergo geometrical isomerization (i.e., Cis-DMC isomerizes to give
the trans-isomer) or structural isomerization (to pentenes or other

" olefinic compounds): .

C C#* : c *
= X
i (geometrical)
C
C ¢ - C-C=-0C=0C=-C (structural)

The original work of Anet et al has been criticlzed by Frey
(33) on *he grounds that the pressures used were not nearly high
enougn o eliminate the isomerizations .oi‘ the initially formed dimethyl-
cyclooropanes. Frey argued that Anet et al had not observed triplet
methylene and tha;c, their observed lack of stereospecificity in the
cyclogropanes was due entirely to the isomerization of the "hot' molecules.

Since these isomerizations include bond breaking and rotations
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of groups of atoms in excited molecules, it is éasily seen why methylene
reactions offer opportunities for the study of unimoleculér reactions.
When studying unimolecualr reactions of this type it dis oiftén convenient
to add inert gases and observe the changes brought abont as a result.
Whenever experiments are conducted along these lines, allowance must be
made for the possible occurrence of both species of methylene, expecially
if inert bodies are present. This has not always been done in the past.

In order to unambiguously detect the presence of triplet

.methylene, it is important to work at high enough pressures of ipert gas
4o avoid these types of isomerization. Alternatively, it is possible to
produce triplet methylene directly by using photosensitizing reactions
(13). In this case it would be possible to study the reactions of triplet
methylene at low as well as high pressures.

The reactions of triplet and singlét metl;lylene with carbon-
carbon double bonds is quite analogous to the reactions of triplet and
singlet oxygen atoms with the ‘same substrate (22, 23). Whereas, with
cis-butene-2 and triplet methylene, the reaction produces the geometrical
isomers cis— and trans- 1,2 dimethylcyclopropane, O(BP) atoms react with
the carbon-carbon double bond in typical diradical fashion, giving rise to
geometirical isomers (cis- and trans-( -butene oxide) as well as structural
(chein) isomsrs, whereas with the singlet species, O(lD), only the cis-
epoxide is found (i.e. stereospecific behavior). The triplet oxygen atoms
r2y be directly prepared (precluding the need for collisions to bring about

ansitions from the singlet 4o the triplet state). In this regard these

reactions closely resemble ‘the reactions of triplet methylene prepared
directly by photosensitization pracederes. In addition to the reaction

aeross the double vond, triplet oxygen atoms, when combined with cis-butene

e

—




- 12 -

also give fragmentation molecules and apparent rearrangement species in
much the same way as methylene reactions do. This indicates that the
adduct originally formed with butene and atomic oxygen is. "hot™" and.will'

readily undergo isgmerization and fragmentation. .. In short::

S Ry Rq . Ry Ré
; N/ N/
o®P) . .. . . . + C=C —> C—C
from Hg photosensitization / \ /
of N0 . : H. H. H ‘ . H
Rl . o o ® . . 'Rl
2 .
\ w /5 .. /2.t Carbonyl
C C —_ C——C + C—C + compounds
/it 2\ - B \/ /oo
g | I 0 \o |
... Cis—-epoxide : » Ro -

Trans—-epoxide

More recently, Gunning et al (2l4) have studied the reactions
of singlet and triplet S atoms with respect to addition across olefinic
double bonds, giving thiocyclopropanes. While the reactions of singlet
and triplet S are akin to those of singlet and tripletlo, a main difference
is that adducts formed with S atoms are much less energy rich than those
formed with 0 atoms; isomerizations with the S adducts are therefore much
less prone to occur.

In addition to the study of the reactions of methylene
(singlet and triplet) with olefinic double bonds, the reactions involving
methylene insertion into C-H bonds are. also of interest (6, 3). Triplet
methylene reacts to give apparent C-H insertion products which may,
rowever, arise through the rearrangement of an excited intermediate which
does not involve a direct triplet methylene insertion into a carbon-
hydrogen bond. It should be pointed out, that with sulfur atoms,'direct

inservl

riion into carbon-hydrogen bonds does not appear to occur with the
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triplet species, S(BP) (25), nor is there any insertion into this bond
with triplet oxygen atoms. The problem of determining if triplet CH,
directly inserts can be simplified if the researcher can choose at will
the conditions under which the singlet species is present, or conditions
which will bring about mainly the triplet. DMNoreover, working under
experimental conditions where hot molecule isomerizations are repressed
should aid in assigning a correct mechanism.

In this present work, various inert (non-reacting) gases were
used to cool initially excited adducts (as well as to foster singlet~-

triplet transitions). In this respect, the addition of inert gas is

. typical of many studies of unimolecular reactions, the large majority of

which do not involve the transfer of electronic energy. I was hoped that
this aspect of the present work would offer some insight into the mode of
energy transfer processes in these cooling reactions.

The reactions of methylene produced by the high temperature
thermal decomposition of diazomethane are very similar to those of photo-.
lytically generated methylene. The thermolysis of diazomethane-olefin

mixtures as done by Setser and Rabinovitch (26) offer a means of supplying

varying amounts of energy to methylene molecules (by varying the temperature)

thereby changing, in a known manner, the energies of the adducts formed in
the primary process. Now that the heat of formation of methylene is well
xnovm (27), estimates of the energy content of "hot" cycléopropanes should
be fairly accurate; activation energies and rate constants for the decom~
position of the excited molecules formed, and other data can now be easily
estimated.

T+ has been known in many cases, especially in the liquid

phase {28) that diazomethane adds molecularly (not as CHp) to olefins,
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giving nitrogen compounds having wide ranges of stability, while others
decompose spontaneously to give the same‘compounds which would be expected
from methylene addition. In view of this, further investigations were
carried out with regards to the thermal reactions of diazomethane with
butene-2. .

Theoretical papers by Pedley (29), Walsh (15), and Jordan
and Longuett-Higgins (30) all agree that methylene should be in a triplet
ground-state (a near-linear configuration, with the two non-bonding
electrons unpaired 3E§ ), even though the methods used to arrive at this
conclusion were quite dissimilar. Values were obtained for the heats of
formation (29, 30) and are in agreement with electron impact studies (31)
and ionization potential studies (32). However, no values for the rate o
constant involving the singlet to triplet transitions were given. More
'Will be said along theoretical lines in a later section.

This present undertaking is an extension of the earlier work
of Anet et al (16). In addition to resolving the criticisms of Frey (33)
mentioned previously, it was also desired to assign relative efficiencies
to the gases He, Ar, Xe, Np and CF), in effecting the singlet to triplet
transition in methylene and in cooling the initia;ly formed hot molecules.
The experiment designed to answer these questions is the following: a
fixed ratio of diazomethane to cis-butene-2 (about 2.5 to 1) was photolyzed
in the presehce of the inert gases whose pressures ﬁere varied from zero to
approximately 850 torr. For any one inert gas the amount of trans- 1,2~
dimethylcyclopropane formed (expressed as a percentage of the total yield
of dimethylcyclopropahe) is plotted vs. pressure of the inert gas. This
percentage yield should initially be high due to the isomerization of the

hot cis- compound. As the pressure of inert gas is increased, the percent
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of the trans-compound should decrease as the hot cls- 1,2-dimethylcyclo~
propane molecules are cooled by the inert gas before isomerizing.
Eventually, at some pressure of inert gas the percent of the trans-
compound will begin to increase as there will then be sufficient inert
gas present to allow the methylene to reach its triplet ground state and
give rise directly to the trans molecule. The graph of percent trans vs.
the inert gas pressure should thus be "V'-shaped with the minimum in the
curve indicating the pressure for the onset of the participation of
triplet methylene in the reaction. The relative efficiencies of the
various gases in bringing about the singlet to triplet transition will be
reflected in the value of the pressure at the minimum of the curve and in
the slope of the curve past this point. Their relative abilities in
cooling the hot cis molecules will be determined by comparing the slopes
of the initial decrease in the curves. ZFrey's criticism that pressures
of approximately 2,000 mm Hg are necessary to quench the isomerization and
hence detect the t;iplet pérticipation can be checked immediately by

noting the values of the pressure for the observed minima in the curves.
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EXPERIMENTAL

Apparatus

The vacuum sys£em used (Fig. 1) was capable of. attaining
pressures lower than Zl.O'S torr. using a non-ballast rotary roughing pump
(RP).4in conjunction with a two-stage oil diffusion pump (DP) filled with
Dow 704 silicone oil. Most runs were doné in the range 1075 - lo-h,torr.{
as measured by a Philips—-type cold cathode vacuum gauge (VG) (Consolidated
Electrodynamics Corporation, Rochester, N.Y.) which was calibrated for air
by a MacLeod gauge on another apparatus.

‘The reaction vessel (RX;) was a 2 liter spherical pyrex bulb,
having a condensing finger 6 cm wide and 6 cm deep. .

Two Bourdon gauges (spoon type) were used for measuring the
pressures of reactants and inert gases. One (BS) Was an extremely sensi-
tive (and delicate) model capable of measuring pressures of 0.1 z .03 m
Hg. The spoon envelope was connected to an air bleed of very small dia-
meter as well as a glass backed mercury manometer (MAN 1). The pointer of
this spoon gauge was drawn to an extremely fine tip and caused to travel
against a very finely ruled backround. The pointer was constructed so that
parallax was minimal ﬁhen viewed through a telescope placed 1 meter from
the spoon. This sensitive spoon gauge was not used as a null instrument,
but was calibrated by the following brocedure. First, spoon and envelope
were carefully evacuated. A minute quantity of nitrogen was next admitted
to the spoon, causing deflection. The pointer reading was noted as was the
corresponding pressuré in the envelope (manometer). Air was slowly bled
into the envelope and the manometric reading taken, with the pointer in the

zero (null) position (nitrogen pressure in spoon equalling air pressure in
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.envelope). The envelope was then pumped free ‘of air in.stages of -about

0.5 mm Hg. and the pointer reading noted at each stage, together with

the manometric reading. Plots of mm Hg (manometer) -vs. pointer deflec-

tions were linear and .highly reproducible. Three independent -calibrations

were done before actual reactant measurements -were attempted. Sensitive

spoons were re-calibrated from time to time (~2 month intervals) to check

possible sensitivity .changes brought about by ageing.. These -changeé s if
any, were negligible. Owing to the extreme delicacy of these gauges,

several were .inadvertently broken in the process of experiments; neces-—

sitating fabrication and calibration of new ones.

A second, much more robust, spoon (Br) was also incorporated

into the system. This was used for measuring (nigh) pressures of inert

‘gases, and was sensitive to about ¥ 1 mm., being used exclusively as a

null point instrument (vs. alr, as measured on a mercury manometer) .
Spoon gauges were used in order to minimize contamination of reactants
with mercury vapor.

Lamp. A medium pressure mercury vapor lamp (G.E. H-4jAB) was
used in conjunction with a C-.El. 245 volt, 2 amp autotransformer. ' The lamp
(L) was placed 3 cm from the reaction bulb. The reaction bulb was cooled
to ambient room temperature by means of a 7 inch fan (F) placed 9 cm from
the reactiQn bulb (RXl). A1 photolytic reactions were done at room
temperatnre which was 25 % g0 C for the vast majority of runs. Photolyses
were carried out over an eight hour (automatically timed) irradiation
pericd. |

Thermall. Thermal experiments were carried out in a 3 liter

spherical pyrex flask of shape similar to the vessel used in photolysis.
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This vessel was well blackened on the outside to exclude..

stray light. It was attached (for £illing with reactants) by means of a

standard taper (7). In order to accommodate a reaction vessel of this

size, a large oil bath.of 20 liter capacity was used. This bath was. ...
well insulated and was wound with resistance wire; with 10 1 of oil
(Esstic 23, Esso) the temperature was kept constant at 220 ¥ 5% C.as

measured by a thermometer.. Due to the buoyancy exerted by the hot oil

~and the large volume of the reaction vessel, a metal jig was fabricated

"to support the vessel; jig and reaction vessel were then lowered into the

bath and the insulated top affixed. While temperatures greater that;22Q° c

"could be reached, it was felt that this would be quite dangerous becanse

of the nearness to the flashpoint of the oil. Heating of: the reaction

mixtures {butene-2, diazomethane and Np) lasted about lps hours.

Analyses. Analyses of products were .performed by ;gas-liquid
phase chromatography (GLC) using thermistors for thermal conductivity
measurements. The chromatographic instrument was a home-made model using
a large number of parts from a Perkin-Elmer Model 154-C instrument.
Columns used were 23% by weight 2, 5 hexanedione (acetonyl-acetone) on
30-60 mesh Columnpax (Fisher Scientific) of 8 meter length and 0.83 cm
inner diameter. This coiled column was kept in an ice bath, the tempera-
ture of which was about +3° C. In series with this column was a- Perkin-
Elmer HX célumn (2 mx 0.83-cm i.d.) composed of a silver nitrate— ..
propylene glycol solution supported on diatomaceous earth.- This column
(EX) was kept at room temperature. Helium (Linde Ltd.) was used as a
carrier gas after being passed through a tube containing ascarite. The
flow rate was maintained at 22 cc per min. at 12 psi inlet pressure. A

gas sampling device was fitted to the apparatus which could accept the
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reactlon products in aliquots or in t.heii‘ entirety. Impulses'i‘rom the
detector were recorded on a Leeds and Northrup (0 ~1mv / O - S mv)
recorder, withont automatic integration; chart speed was 1.28 ém/min.

An exampie of a GLC obtained under the conditions 'outlihed is shown in
Fig. 2.

Materials

Diazomethane. Diazomethane was prepared after the method of

" Arndt* and Amende (3L) which involved dissolving 2.5 grams of N- nitroso-

methylurea in an ice-cold mixture of 15 ml of decalin and 10 ml of water
made basic with 10 grams of potassium hydroxidez, the reaction mixture
stirred magnetically in an ice bath. After a five minute reaction time,

the mixture was placed in an ungreased separatory funnel (moistened with

. decalin), allowed to stand (about 3 minutes) after which the water layer

(Lower portion) was discarded. The remaining liquid (clear, deep yellow),
a solution of diazonkthme in decalin, was allowed to drop slowly over
potassium hydroxide pellets in a small (50 ml) erlenmeyer flask, after
which the solution was allowed to stafxdl (cork stoppered) in the dark at
-10° C for two hours. After this drying period the decalin-diazomethane
solution was poured into a 50 ml round bottom flask with a standard taper

and attached to the vacuum line (DM). The solution thus prepared was

stored at -196° C.

1. Modified slightly by using decalin rather than dliethyl ether.

2. If sodium hydroxide is used instead of potassium hydroxide,
the reaction mixture invariably froths, and in the majority
of cases,.explodes.. - : o :

S T
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Cis-butene—2. Cis-butene-2 was obtalned as a cylinder gas
in lecture bottle lots from Matheson (Canada) Ltd., Whitby, Ontario.
After deéassing by alternately freezing (in liquid nitrogen) and warming
(to room temperature), the cis-butene-2 was subjected to several trap to
trap distillations at dry ice - acetone temperatures. This treatment
resulted in cis-butene-2 having less than 0.4% trans-butene-2 and 0.1%
isobutene impurities as shown by GLC.

Trans-butene-2. Trans-butene-2 was obtained from the same
source and was given similar trestmént. GLC analysls showed less than
0.6% cis and less than 0.2% isobutene impurities. Both butenes (cis and
trans) were stored as liquids (LSy, LS,) at dry ice - acetone temperature.

Nitrogen. The nitrogen used was Matheson pre-purified grade
specified to have less than 7 ppm oxygen impurity. Lecture bottles were
used in conjunction with (specified) needle valves which were tested for
air leakage previous to use. Nitrogen from Linde Ltd. specified not %o
contain more than 10 ppm oxygen as impurity was also used after the
following precautions were taken to remove the cxygen-~the nitrogen, after
being obtained from the cylinder, was peseed through a powdered copper-
kieselguhr column (7 x 50 cm) capable of being heated to 400° C by means
of a nichrome winding the length of the column. .The column was attached
+0 the vacuum line by means of a glass spiral (1 m length, when extended)
which was immersed in liquid nitrogen when the column was in use.
Reactions bztween diazomethane and butene-2 in the presence of nitrogen
purified in this manner showed no detectable difference from the same
reaction performed with the prepurified grade nitrogen used without

purification. Hence, because of the simplicity of lecture bottle use, the
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The prepurified nitrogen was used for all experiments.

Argon. Argon was obtained in lecture bottles from Matheson.
Purity waé stated to be 99.99% and the argon so obtained was used
withoﬁt further purification.

Helium. Helium of 99.99% purity was obtained from the same
source. It, too, was used without furthe; purification.

Xenon. Research Grade Xenon was obtained in a lecture bottle
(0.8 atm.) from Air Reduction Co. (Airco), Rare Gas Division, New Jersey,
and was not subjected to further purifying treatment.

Carbon Tetrafluoride. Carbon tetrafluoride (CFh) was obtained
in lecture bottles from Matheson Ltd., being not less than 95% pure. This
CFh was pumped through a spiral of 1 meter length (uncoiled) cooled in
liquid nitrogen. This was repeated several times to remove non-condensibles,
especially oxygen, 1f any. The CFh was next passed through the same spiral
cooled by a pentane-liguid nitrogen mixture at -11i0° C to free any conden-
sibles of relatively high vapor pressure. Finally, the CFh was pumped
through a large U-tube 35 x 1.5 cm filled with silica gel (20 mesh) and
kept at -135° C to remove any remaining ﬂydrocarbons. GLC analysis showed
no hydrocarbon impurity. All inert gases were stored in two 5- 1 storage
flasks attached to the vacuum line. These bulbs ﬁere fitted with vacuum-
backed stopcocks rather than mercury float valves tg insure against mercury
contamination.

Oxygen. Oxygen of 99.99% purity was obtained from Matheson Ltd.
and was used without further purification.

Owing to the high expense of Research Grade Xenon, it was

purified for re-use by the following techniquet after completion of a
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reaction, the contents of the reaction bulb were passed through a spiral
cooled to -140° C. This treatment trapped the bulk of the Ch and all the
05 hydroca}cbons s although the lower boiling components (ethylene, ethane,
etc.) were partially pumped away with the Xenon. After passing through
this' spiral, the remaining solution (Xenon, light hydrocarbons) was then
pumped through a U-tube of LO cm length and 2 cm width cooled in liquid
nitrogen. The gases were then passed through the cooled (-135° C) silica
gel U-tube twice to rid it of any 'remaining hydrocarbons. GLC analysis
showed no hydrocarbon impurity after this treatment. The purified Xenon
was then frozen in liquid nitrogen and subjected to extended pumping at
liquid nitrogen temperature to free it of any oxygen which may have
possibly been entrailed in the purifying process. Xenon, like a]_'l. the
third bodies used, was stored in two (taped) five-liter storage flasks (M).

Commercial samples of cis- and trans— 1, 2 dimethylcyclopro-
pane (Columbia Organic Chemicals Co., Inc., Columbia, South Carolina),
2-methyloutene-2, 2- and 3-meth§lbutene—l, cis—~ and trans-pentene-2 and
pentene-1 (all obtained from Matheson, Coleman and Bell, East Rutherford,
_N.J.) were used for GLC standards. |
Procedure

The photolytic reaction vessel was conditioned by photolyzing
mixtures of diazomethane and cis-butene-2 for several houwrs and discarding
each run. The results obtained from the u.nseasoned.vessel were character-
ized by the failure to notice any CS hydrocarbon products, presumably
because the diazomethane reacted very quickly with the 'rough" walls of the

reaction vessel.

The products of the reaction were identified by collection of
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each ‘component (as eluted from the GLC) 4n a " tube filled with 082
and cooled in a dry ice - acetone slush. After all peaks were thus °
collected (in separate "J" tubes) the cantents of each were examined
by infra-red spectrophotometry (Perkin-Elmer "Infracord") using 1 mm
cavity cells, and comparing the spectra with those.of known compounds
(35). -Since the products found in this work would be the same as those
found by Frey (11); spectral interpretations were made much simpler.

As a further check, retention times of the products found in typical

' reactlons were matched with the retention times of the chemical samples

kept for this-purpose.- One, usually minor, peak appeared occasionally,
which, by its retention time seemed to be a Cg compound; mass spectro-
metric analysis revealed, however, that it was methyl chloride, a by-
product from the preparation of diazomethane. This accounted for no
more than 0.5% impurity in the diazomethane. Although it probably could
have been removed by repeated distillations, the risk of diazomethane
explosion precluded this step. As a final check on the assignment of
retention times (as well as a test of the general procedure) a few of
Frey's (11, 36) runs were duplicated, usiﬁg’cis-, trans—-, and isobutene.
A1l peaks could be accounted for (with the exception of methyl chloride)
and the results (as determined by percent areas) matched to within a few
percent, even though, presumably, the geometry and conditioning of the
reaction bulbs were dissimilar. |

As more and more experiments were performed, a thin layer of
polythene (presumably) was deposited on the inner surface of the reaction
bulb. Since, conceivably, this £ilm could selectively absorb light of

certain wavelengths and allow others to pass, runs were repeated near the
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termination of this work to confirm previous results. Any varlations in

results creafced by this possible opagueness were not distinguishable
from experimental error.

Experiments were performed in the followlng manner. The
vacuum line was pumped down to a suitable low pressure. Cis-butene was
then distilled from its storage vessel directly into the finger (cooled

in liquid nitrogen) of the reaction flask, allowed to warm to room

temperature, and the pressure (as indicated by the sensitive spoon

gauge) noted; butene was added or removed according to the pressure
desired. When the correct pressure was reached, the entire contents of
the reaction vessel (and both spoon gauges) were frozen into a M"standoy™
finger (SF). Immediately prior to use, diazomethane, stored at -196° C,
was allowed to warm to room temperature, refrozen to —l96°l C and pumped.
This procedure was repeated at least three times, to remove non-conden—
sibles. The storage bulb (DM) containing diazomethane (in decalin) was
next immersed in a n-propanol - liquid nitrogen mixture at -125° C and
subjected to pumping for at least % hour in order to remove ethylene
formed by diazomethane decomposition. After this treatment, the mixture
was warmed fo -70° C and distilled into the reaction vessel. When a more
than sufficient amount was condensed in the vessel, the storage vessel was
isclated. The reaction vessel was then opened to pumping and the liquid
nitrogen trap removed from the vessel finger. Any ethylene which was
present in the reaction vessel was pumped off while the diazomethane was
still a solid. Excess diazomethane was pumped away (into a pumping fore-
trap) until the desi;ed pressure was reached, as shown by the Bourdon

géuge. Both Bourdon gauges were isolated, then the diazomethane and




butene (frozen in-the "standby" finger) were recondensed into the

‘reaction bulb using liquid nitrogen. With the liquid nitrogen sur-

‘amount of the inert gas had been admitted, the inert gas reservoirs were

and the final pressure Anoted.' ‘Due to the fact ‘that three different gases

‘(in the c}ark) for-at least 2 hours. As test cases, a few high pressure

e O —— -
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rounding ‘the reaction bulb finger and the robust spoon gauge in opera—
tion, the inert gas was very slowly admitted; air was simultaneously
admitted by the air bleed in order to keep, as nearly as possible both

the inside and outside pressures of the spoon equal. After the desired-
isolated and the reaction bulb was allowed to warm to room temperature

were-used in each run, the possibility of imperfect mixing was explored.

Experiments done at high pressures of inert gas were allowed to stand

runs were allowed to stand for as much as 6 hours prior to irradiation.
No differences were noticed in the overall percentzges of products. After
8 hours irradiation, the products and unreacted gases were pumped through
a spiral (Sl) of 2 meter (uncoiled) length immersed in a suitable cooling
bath. (When the inert gases used were nitrogen, helium and argon, this
cooling bath was liquid nitrogen; when the inert gases were xenon and CFLL’
the spiral was immersed in a liquid nitrogen - n-pentane mixture kept at
about -140° C.) After at least one hour's pumping time the products
irapped in the spiral were recondensed (using liquid nitrogen) in a
sampling finger with a standard taper to mate with ‘that of the gas
sampling device. The gas sampling device was fitted WithA its own pumping
system as well as a cooling trap which could be used to condense all the

products for analysis. A few runs were done with nitrogen-oxygen solu-

tions as the "inert gas". Oxygen was mixed with nitrogen in the gas
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storage bulbs. (M) until oxygen was at the desired percentage of the
overall solution; pressures were measured by means of a manometer (MAN,)
equipped'with a "U" tube which could be cooled to prevent admixture of
mercury vapor with the inert gases. When adding the oxygen-nitrogen
solution, the cold finger on the reaction bulb was cooled to ~140° C to
guard against possible condensation of oxygen in the finger. Irradiation
and recovery were carried out as previously described.

Thermal runs. The well-blackened bulb for the thermal reactions
was attached to the vacuum line by means of standard tapers, the vessel
being eased into place by means of a lab jack (T). Reaction samples were
prepared in a manner similar to those above, nitrogen being used as the
inert gas in all thermolyses. After filling, the bulb was removed from |
the vacuum line-and clamped in its metal jig. The bulb itself had a long,
thin neck in the middle of which the stopcock was placed; whereas the
entire bulb was immersed in the bath, the thin neck (and stopcock) were
not~-however, the dead space was less than 1%. After L hours immersion,
the bulb and contents were allowed to cool. The reaction bulb was then
re-affixed to the vacuum line and the prodﬁéts recovered exactly as befaore.

Mercury Photosensitization. A few experiments were done
involving diazomethane - trans-butene and diazomethane - cis-butene as
reactants. The irradiation vessel was cylindrically shaped, having a
capacity of ~zout 220 cc with flat quartz windows at both ends and a
 finger for condensing reactants (or products) at one endx(RXé, Fig. 1).
Mercury vapor was admitted by means of a stopcock that opened into the
vessel from a mercury reservoir (R). The mercury lamp itself was a flat,

coiled one'of the 'same diameter as the windows of the cell. Owing to its




" flat design it could be placed in direct contact with the windows. The
lamp was water cooled and fitted with a transformer but no ammeter.

3;} Experiments were done without mercury vapor in the cell (after thorough
cleansing with hot chromic acid solution) as well as with mercury vapor

‘_ present. It was hoped that "blank™ results could be obtained (no Hg

. vapor present) enabling one to compare these results with those obtained

. with mercury vapor present.
B




RESULTS

Raw data for GLC peak areas are given in the following
tables. The areas have been calculated after the method of Bartlet .
and Smith (38); spot checking the areas with a planimeter showed

agreement within 2% for relative areas.




Table 1

Relative Areas (arbitrary units) of Cg Hydrocarbon

Peaks Obtained in the Photolytic Reactions Between

Cis-Butene-2 (0.3~ torr) and Diazomethane (0.83 torr)

in the Presence of Inert Gas

\

;I;_Z;_g_ 3Me13u—11 TDMC TPe~2 CDMC CPe-2 2MeBu-2
1 588 1996 1828 1420 330L 1599
59 192 1099 99L 1433 2236 838

17h 1663 1625 1915 L032 6118 1581

195 s 976 29 2798 292); 738
258 o 1152 1003 1848 3381 3290 816
345 229 226 L88 452 162 319
653 2,82 2980 2570 296, 3310 917
673 173 206 293 265 381 Tr2
752 Lé2 500 566 - ST 721 165

1 3MeBu-l, 3-methylbutene-1l; TDMC, trans- 1l,2-dimethylcyclopropane;
TPe-2, trans-pentene 23 CDMC; cis- 1,2-dimethycyclopropane; CPe-2;
cls-pentene~2

2 Trace amount

o]




Table 2

Relative Areas etc.

Argon,

'Etorr 3MeBu-1 TDMC TPe-2

% 36 390 1600 1189

| 39 ~L27 1552 136k

' 55 263 262 116
123 374 768 559
189 865 1265 1200
191 302 By 711
231 - 275 340 312
268 265 L97 L57
283 203 279 217
386 231 283 o)
390 3710 Li0 2800
u66 L22 450 701
663 248 316 L96
685 506 L7 598

CDMC

1480
1633
466

1950
1305
660
730
71l
583

150

1090
583
9L3

CPe-2

2673
312L

625
1745

305

1872
1359
1327

750

693
2100
1359

594
1013

2MeBu-—~2

1522
1210
25
209
1234
712
29
2l9
212
167
520
204
182
Tr




Table 3

Relative Areas etc.

Helium, .
torr - 3MeBu-1 IDMC TPe-2
i 10 . 285 2002 109L
96 243 . 820 63l
120 255 911 878
128 193 658 511
142 195 601 25
187 120 . lapo L55
191 as 59 682
338 120 18 111
551 287 - 322 560
569 28 222 278
ésh, 212 217 - ho9
ne- . 250 308 30k

CDMC

1704
1198
199L
1290
1212

1100

1546

577
1291
727
725
785

CPe—2

3435
1869
24,63
L 76
21,08
1167
675
666
1467
875
901
1286

2MeBu~2

1715
835
1243
853
439
535
537
273
553
395
5L
3L9




CF),
torr 3MeBu-1
0 361
8.3 3
26.3 L7l
58 156l
62 1781
1.8 2315
213 1862
2y, 2352
258 12
398 293
L59 5190
180 740
516 2139
568 1963
666 3160
857+ 4290

Relative Areas etc.

- 3h -

Table g

TDMC TPe-2
183 36L
3532 3648
L9 142
8L2 218),
100k 1800
704 1648
- 1030 1517
878 1602
11L8 1596
108 216
L33 6080
652 682
1238 1276
1184 1190
1195 1515
2880 24,90

CDMC

367 -

320L
222

3h97

3400
3192
2591
2213
11403

238
7500

988.

1492

1870 .

1951
2811

CPe-2

587
6698

378
6679
4731
132
3009
2092
2L80

263
3352

933
1369
1410
1896
297L

1 estimated
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Table 5

Relative Areas etc.

: %EEEEL ;yggggL TDMC ggé;g CDMC CPe~2 2MeBu-2
1.2 724 155 265 795 375 233
12.2 875 1683 2393 118) 3L 1718
50 2178 1352 127, 1104 1700 505

209 1102 Lo9 1540 1224 107L 946
352 56l 197 1110 131 7L3 394
387 377 655 1h21 1337 867 1193
462 3423 3427 3148 3595 3000 980
573 630 540 Lh2 1040 808 707
581 859 | 725 1181 1037 1240 L8

585 706 L7 1218 776 1920 1459

770 565 1202 2331 . . 2089 1225 784
780 1007 515 - 517 53L - 146

780 1366 116 L 331 . a2 237
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Table 6

Relative Areas, etc.l

Nop,

torrv 3MeBu-1 TDMC TPe-2 CDMC CPe-2 2MeBu-2
201 21l 216 355 598 719 260
262 172 147 2, 347 W7 DNM
58], 552 663 832 1390 1620 277
688 959 111h 1021 2215 2519 y22

Table 7
Relative Areas, etc.2
Cis-Butene (0.3g torr); Diazomethane (0.8g torr)

(N+04)2,

Lorr 3MeBu-L TDMC TPe-2 CDMC CPe-2 2MeBu-2
32.3 Tr 105 58l 1,68 811 316
107 Tr 165 368 . 376 585 95
5107 Tr 381 319 2932 1939 1271
518 Tr 210 SOL Lh25 3297 1280
317 Tr 110 e 1297 51l 101

™ -

\w

1.9 torr cis-bumtene-2 and 0.5 torr diazomethane

Oxygen pressure is 10% of overall (N2+02) pressure

Oxygen pressure is 3% of overall (N,+O,) pressure
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Table 8

Relative Areas (arbitrary units) of Cg Hydrocarbon

Peaks Obtained in the Photolytic Reactions

Between Cis-Butene-2 and Diazomethanel;

No Inert Gas Present

Butene,
Lorr 3MeBu-1 TDMC TPe~2 CDMC CPe~2 2MeBu—-2
27 DNM 863 72 1598 " 25632 989
231 DNM 399 160 2105 2035 775
571 DNM 161 88 1857 165 50L
762 DNM 202 137 . 1632 473 428
1 4 torr




- 38 -

Table 9

Relative Areas (arbitrary units) of Cg Hydrocarbon

Pegks QObtained in the Thermal Reactions Between

Cis-Butene-2 (0.7 torr) and Diazomethane (0.9 torr)

in the Presence of Nitrogen, 225°C :5

Nz,

Torr 3MeBu-1 TDMC TPe-2 CDMC CPe-2 2MeBu—~2
0 Tr 388 1478 2Ll 2923 3067

12 Tr 260 3123 2012 216 1503

220 2L2 174 1817 1811 29446 3020

702 159 L83 Lol 7689 9721 5402
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DISCUSSION OF RESULTS

The Overall Scheme

. According to the results obtained in this work and the work

of Frey (11), the following scheme applies.

4

The primary attack of singlet methylene (lCHZ) on cis-butene-2

- may be represented by the equations

%*
CH3 CH3 HBC CH3
: 1 Y d
L, + Ve = G , v‘ (2)
¢
cis-dimethyleyclopropane
CHy - CH, CHy *
RN /3 »
k C = C 2
—2 )z N
H H

cis-pentene~-2

CH CHy *
3 3
\\\ //
k3 C = C (3)
— 4 AN\
CHy H

2-methylbutene-2,

whereas, the processes due to triplet meth&léne,‘3CH2, are

c *
k::;7l (L)

CHs

CH3 /CH3 HyC  CHj
3cH, + \c = ¢ K. L—7
SN >\

cis~ and trans-dimethylcyclopropane

3%
H3
.

C$3

k HC-C - C = CH, *

5 > 3 l l H2 (5)
H H

3-methylbutene-1




CHy H |
x6 \c c-/ | "‘(6)
> N |
H CHp CH3 -

trans-pentene-2 -
The excited products formed by way of equations 1 and 2 isomerize unless

they are collisionally deactivated:

| CHy - CH CHy % CH, - CH g ¥
I N N
, N
, cC = C . C = C ‘ (7
H H ) H CH3
cis-pentene-2 “trans-pentene-2
HyC  CH3¥ H5C ®
X8, |
W - (8)
k_g CH3
ko, cis—pentene-2 (9)
k0, trans-pentene-2 - (10)
kﬁ]>” 2-methylbutene-2 (1)
kﬁ2> 3—methy1bgt?ne-l (12)
The very conditions which are responsible for producing triplet methylene
(nigh partial pressure of inert gas) will prevent the "hot™ products
formed in equations L, 5 and 6 from isomerizing, that is, the reaction
"hot product —> isomerized producté‘is competing unfavorably

| with the deactivation process (at high partial pressure of M, the inert
gas),
hot" product—Xy "cool® product.
In addition to these products, there are formed minor amounts

of products composed of two, three and four carbon atoms, both saturated
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and unsaturated. The initiating process is
CHp + CHoNp —> CoH),,

whereupon this product reacts with methylene to form the next higher
homolog and so on. In agreement with Frey (33), the olefins formed in
highest yields are ethylene (highest), propylene, and butene-l (lowest).

The principal products, as noted in the scheme, generated
by the unfiltered photolysis of diazomethane in the presence of cis-
butene-2 and inert gas are cis- and trans- 1,2-dimethylcyclopropane
(called CDMC and TDMC, respectively), cis~ and trans-pentene-2,
3-methylbutene-1 and 2-methylbutene-2. 2-methylbutene-1 has been
reported to occur in very small amounts (11, 26, 13), but due to the
long GLC retention time and the small percentage of the topal yield for
this product, accurate measurements were not possible. Moreover, in the
research most closely allied to this present work (33), no mention at
all is made of this compound. Setser and Rabinovitch (26), in their dis-
cussion of the thermal reaction of methylene with butene, prefer to
discuss 2-methylbutene-l together with 3-methylbutene-1 (i.e. discussion
of methylbutene-l only). This was not doné in the present work owing to
the possibility that these two compounds may arise by two quite different
mechanisms. |

The formation and pressure dependence of each of the 05 hydro-
carbons will now be discussed. Different inert gases (Np, Ar, He, CF), and
Xe) were used in conjunction with methylene photolysis in order to bring
aoout the singlet to triplet iransition as well as to cool the various
gxcited products. In‘the figures presented in this thesis, the'gases

showing the greatest and least efficiencies in this respect (usually CFy,

[$)

nd He, respectively) are plotted. Exceptional and anomalous behavior is

TSI
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noted in the text. The partial pressures of reactanté used were cis-

butene-2, 0.3g torr and diazomethane 0.8g torr, unless otherwise noted.

Cis- 1,2=dimethylcyclopropane, CDMC , H3C CH3

" The dependencé of the y;eld of CDMC (expressed as a per-
centage of the total yield of 05 hydrocarbons) on the pressure of inert
gas is shown in Fig. 3. 4t low pressures of inert gas (below 150 torr),
there is an increase in the yield of this compound with increases in
inert gas pressure. This means that the CDMC originally formed from the
energy rich methylene addition isomerizes. As the pressure of inert gas
is increased, these isomerizations are repressed (in favor of collisional
deactivation). Thus, an increase in pressure should reveal an increase in
the yield of CDMC until the high pressure limit is reached.. If one were
dealing with only singlet methylene, the high pressure limit reached
would represent the rate with which CH, added across the double bond
relative to the sum of the rates for all the other reactions. (For ins-
tance, if this limit occurs at a yield percent of 25, one may say that
for every 100 reacting encounters of CHy, with butene, 25 of these result
in CDMC). This low pressure behavior is iéentical with that reported by
other workers (26, 11). Comments concerned with the triplet behavior of

msthylene will be made subsequently.

HaC
Trans—- 1,2-dimethyleyclopropane, TDMC %K:;7k
. Hy

4s mentioned earlier, the best diagnostic chemical test for

the occurrence of triplet methylene is the appearance of irans-— 1,2-
cimevhylcyclopropane (TDMC) when methylene is reacted with cis-butene-2.

In practice, this is not so, since the initially formed CDMC which may

arise by the singlet addition of methylene to cis-butene-2 contains
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‘sufficient energy “o undergo geometrical isomerization (to the trans

compound) as well as the structural isomers mentioned in the scheme.

The yield of TDMC as a function of inert gas pressure 1s illustrated in
Fig. 4.  This behavior can readily be explained in the following manner:
originally, singlet methylene reacts stereospecifically to form excited
CDMC, which quickly isomerizes to TDMC. As the pressure of the inert
gas is increased, the CDMC* originally formed undergoes collisional
deactivation resulting in lower yields of TDMC. This behavior, too, is
analogous to the purely singlet methylene behavior reported by other
researchers. A certain pressure is reached, however, where this trend
is abruptly reversed, and more TDMC is formed with increases in pressﬁre.
To explain this behavior one may invoke equation l; triplet methylene
reacts to give trans— and cis-DMC directly. The trans compound (like
the cis) is excited and will isomerize. As the pressure is increased
further, first of all, the isomerizations of excited TDMC are repressed;
also, more {triplet methylene is formed--both processes lead to increased
yields of TDMC.

An instructive way of summarizing the behavior of these
compounds (cis- and trans-DMC) with pressure is 1o consider the percent
TIMC of the total yield of cyclopropane only (i.e. TDMC/total DMC). This
behavior is shown in Figs. 5 and 6. At zero pressure of inert gas, the
singlet addition of CH2 to cis-butene-2 results in the stereospecific .
product CDMC* which immedlately isomerizes to the trans compound. A4s the

ressure is increased, less trans DMC is produced because CDMC* is being
ccllisionally stabiliged before isomerizing to the trans compound. 'Up

ti11 this point, the behavior is similar to that observed in pyrolysis
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studies of CDMC, performed by Flowers and Frey (10). According to those
authors, if CDMC is strongly heated it undergoes isomerization to the
‘trans isoﬁer. At the lowest pressures, the CDMC¥ isomerizes to TDMC.

As the pressure is raised, the excited CDMC is collisionally deactivated
pvefore it isomerizes, resulting in less TDMC, this trend continuing
throughout the entire pressure range. In this present work however, a
point is reached (about 150 mm of inert gas) where this trend is reversed,
and more TDMC is formed. This cannot be due to the isomerizations men=
4:oned, since at these pressures collisional deactivation is more rapid
than isomerization. Thus, one is able to separate the behavior of .
methylene into two classes corresponding to two different pressure
regions--the first being largely singlet behavior (below 150 torr) and
the second being (increasing) triplet behavior at pressures higher than
150 torr (although even at pressures as high as 850 torr, purely triplet
behavior is not observed, as seen from the failure to reach a high
pressure limit at this point).

If cis-butene-2 were used as both a reactant and cooling
molecule, rather than fostering the changé in multiplicity, a reaction
wouwld occur, effectively removing singlev methylene from the system
before it could undergo the transition to the triplet state. In a situa-
tion like %his, only singlet behavior would be observed. (This is not to
say that it -is impossible for butene to convert sihglet methylene te the
triplet without reacting, but rather that reaction is more probable than

this conversiont. In view of the foregoing comments, performing experi-

1 According to Guaning et al (2L, 25), reactions of cis-butene with singlet
sulfur atoms may result in a triplet sulfur rather than a reaction (to
form a cyclic mercaptan):

S(*p) + cis-butene-2 —> s(3p)




ments with higher and higher partial pressures of butene should result

- in less and less triplet behavior for the simple reason that singlet

methylene has increasing opportunities to react with butene rather than
undergoiné conversion to the triplet state. This is seen in Fig. 7,
where, as'the‘partial pressure of butene is raised, the triplet nature
of the reaction is retarded; this is shown by the less dramatic increase
in the percent TDMC of the total DMC at pressures of inert gas greater
than 200 torr. If this experimental variation is continued (i.e. increasing
the partial pressure of butene), the increase in the percent TDMC will be
1ess noticesble, ultimately reaching the state where no triplet behavior
is in evidence. Worthy of note Irom an experimental standpoint is the
lack qf point scatter as ;he pariial preésure of butene is raised. That
éhis should.bevﬁhe case 1s obvious from two considerations; first, more
accurate meteringipf reaciants is possible and second, larger amounts of
products results in easier quantitative determinations of products.

One of the mzin objects of the present work was the investiga-
'tion of the effects of different inert gases on the singlet to triplet

tyransition. This has a high degree of theoretical significance (as will

be explazined in greater detall in a later section); a study of the various

by

One would not expect to find large differences in the effects
of ¢ifferent inert bodies (on the singlet to triplet transition) if the
partizl pressure of butene is high (compared %o that of the third body).

In this case, singlet reactions would be important (and detrimental as

well), since the singlev effects would first nave to be accounted for
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before any conclusions concerning the relative efficiencies (in the
singlet to triplet transition) of the different inert gases could be
dravm. The alternative_is to work at extremely small partial pressures
of butene. As mentioned previously, low absolute amounts of reactants
give small amounts of products; the use of a fairly large (2 1) reaction
vessel, while permitting low partial pressures of butene, resulted in
reasonable (but by no means oversufficient) amounts of products to
analyze. The conditions finally chosen were done qnly after much pre-
liminary experimentation and seemed to be the best compromise between
proouct point scatter with low partial pressures of butene on the one
hand, and the inabllity to notice any differences (with different inert
gases) at high partial pressures of butene on the other.

The differing abilities of the third bodies in bringing about
giffering ratios of TDMC/Total DMC is taken in this work as a measure of
the ability of each inert gas to bring about the singlet %o triplet trans—
ition (at high pressures). From a comparison of Figs. 5, 6, and 7, it is
evident thet helium is the worstl. Argon, while being noticeably better
thzn nelium is notably poorer than CFb,'Né and Xe. These latter three are
remarikably alike in their abilities to bring about the singlet~triplet
trznsition in methylene even though the structures of these three vary
exceedingly. Again, working at still lower paritial pressures of butene
wovld resolve this apparent similarity, although the experimental details

would nave to be changed; still the experimental conditions chosen in this

(B}

Zeliwn does cause the formation of some triplet CHp as will be
discussed in a later section.
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present work allowed a ratio of pressures of inert gas/butene higher
than ever used before. Having results obtained from such dissimilar
third b&dies permits some insight into the nature of the perturbations
bringing about the singlet-triplet transition. This aspect will be
considered after the formation of the other 05 products has been

discussed.

Formation of structursl isomers

CH3 CH%\ CH3 CH3 CHp

cis— and trans-pentene-2 // \\
cC = C

/ \ /

C =

a7 “\

Methylene may insert beiween carbon-hydrogen bonds as well as
undergo additions to the carbon-carbon double bond (37). In this present
work, it appears on the basis of experimental results, néw to be dis~ |
cussed, that the singlet species is the one responsible for these inser-
tions. That this should be so can readily be seen from theory: when a
C-H bond separates in order to accommodate an incoming CHp, molecule, there
is no reason to believe that one of the electrons (formerly involved in a
carbon-hydrogen bond) should reverse its’spin, unless the methylene
cerries enough energy to excite this bond to such an energetic state.
(Tnis case is differenf from the situation involving a carbon-carbon
couble bond where there are comparatively low-lying triplet states). As
triplet methylene approaches this separating C-H bohd, one of its elec-

trons will pair with one having an opposite spin and a bond will be

Hy

ormed; the remaining electrons, since they have identical spins, may
not pair up under the energy conditions involved. This case is shown

schematically as follows:




| | |
=lc-fl:-H — =C-C|....TH
!
{ !
= c-?\l,....l H
A —_— no insertion
H-C-H

whereas with singlet methylene all four elecirons accommodate themselves
very.easily. This is not to say that if triplet methylene is present,
C-H insertions will not be evidenced. Apparent triplet insertions may
come zbout by qulte another mechanism; for instance, triplet methylene
may react with butene-2 to give a "hot" adduct which may isomerize struc-
turally--this prodﬁct formed through isomerization may appear to have
been formed directly by triplet methylene. For example, cis-pentene-2
may be formed directly by singlet insertion into a carbon-hydrogen bond
in cis-butene-2. Since singlet methylene carries with it a certain
excess energy (estimated by Setser and Rabinovitch (26) to be about 110
kcal) the cis-pentene-2 will be vibrationally energized, and will, unless

collisionally deactivated, isomerize to its geometrical isomer trans-
pentene-2, i.e.,

cis-pentene-2%¥ /= +trans-pentene-2%.
In addition, structural isomerization of DMC™ (formed entirely by triplet
addition to a carbon-carbon double bond) may give rise to compounds which
would appear to have been formed by direct insertion of triplet methylene
into a carbon-hydrogen bond. Since the dependencies of singlet and
triplet methylene on pressure are now known (from the study of cis- and

trans-DMC) the appearance or diszppearance of the chain isomers under

similer conditions enables one to say whether these isomers arise through
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the intervention of triplet methylene or not.
Thé percentage yield of cls—pentene-2 (percent composition

of the total yield of Cg hydrocarbons) is shown in Fig. 8 as a function
B of pressure. Cis-pentene-2 is seen to undergo an initial rise in per-
| cent yield as the pressure is increased; at zero pressure of inert gas,
for instance, the percent cis-pentene is low;this is probably due to
the isomerization to the corresponding trans compound, as indicated
previously. A; @hg pressure of the third body increases, this isomer-
izeation is retarded, the main process now being collisional deactivation;
this'results in more "cool' cis-pentene-2 and the observed rise in percent
yield of cis-pentene as the pressure 1s increased. Also, at the very low
pressures of inert gas, DMC® is not being deactivated to any large extent,
and this, too, contributes to the appearance of cis—penteﬁe. A pressure
region is reached, however, where DMC™ is rapidly cooled, and no longer

undergoes structural isomerization, i.e. the following reactions
3% i c
l
:; k- C
.v. = |
gre repressed in favor of the reactions

#
\/ 1 o :vL
% %

Thus, the more inefficient deactivators such as He should produce more of

Q—QO

the structwral isomers of DMC than an efficient collision partner (CFu)
would) that is, 1f collisional deactivation is competing with structural

iscmerization, CF), should be producing less cis-pentene (at a given
“-r .
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pressure) than He does. This is difficult to assess, since téo few rﬁns
were performed at low pressures; moreover;thé rapid production of triplet
methylene by CF), clouds the interpretations along these lines. . Wiéh the
increaséd production of triplet methylene, one would expect the percent-
ege of cis—-pentene~2 to fall, keeping in mind Whaﬁ was said earlier con-
cerning the inability of triplet methylene to react. Since the other
sources of cis—peniene-Z (i.e. isomerizations) have been repressed by
collisional deactivation, and since tripiet methylene cannot insert into
the carbon-hydrogen bond, one would predict a decrease in the percentage
yield of cis—pentene-2 as more triple# is formed (or, as the pressure of
inert gas is increased). Since triplet methylene is formed less rapidly.
by He than by CFM’ one would expect more cis-pentene to be formed by He
than by CF), especiall& at higher pressures; this is agaln borne out by .
the figure.

The behavior of irans-pentene with pressure is seen in Fig. 9.

Bearing in mind the comments made concerning cis-pentene-2, the low pressure

behavior of itrans-pentene-2 1s expected; that is, the insertion of singlet
meihylene into a C-E bond of cis-butene-2 initially gives cis-pentene-2,

’

snich, deing highly energized, readily isomerizes to the trans compound.

s

s mere znd more collisions with M gas occur, the hot cis-pentene—2 is
collislonally deactivated before undergoing geometrical isomerization,
znd tne amount of the trans-compound should decrease with initial increases

zas. Likewise, if the excited dimethylcyclopropanes give rise to

c!
"
)
&
[G]
1
I(.j
[

niene-2 through structural isomerization, an increase in third body
collisions should deactivate tnese hot species, thereby decreasing the

yield of trans-pentene-2. This is readily seen from the figure. At higher

JPA——,
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pressures,‘the behavior of itrans—-pentene-2 is difficult to explain. There
is no known reason why the percentage yield of this compound should rise
with dincreasing pressure as shown by the experimental results. One may
invoke a t}iplet abstraction scheme (see subsequent discussion), but it
is rnot plausible to use thls explanation in describing the appearance of
{rans-pentene-2 and not cis-pentene-2. Relatively large yields of trans—
pentene-2 have been found with triplet methylene both by Duncan and
Cvetanovié (13) and Frey (11). Another anomaly appears when considering
the results of the individual inert gases. If a triplet abstraction
scheme ngg_operatiﬁe, the inert gas which brings about the~highest yield
of triplet methylené would restlt in the highest yield of trans-pentene-2.
The behavior of argon in this respect is most odd. Since CF), is more
effective in producing triplet methylene, it would be expected (if the
triplet absiraction scheme were in operaition) that it would produce more
trans-pentene-2 than argon. This is not the experimental case.

2-methylbutene-2 ' CH3

The pressure dependency of the jyield of 2-methylbutene-2 is

b

shown in Fig. 10. The appearznce of this compound may be explained most
readily as a case of methylene insertion into a vinylic C-H bond. At
very Llow pressures of inerit gas, the percent yield of this compound is

very nigh and drops to z few percent at nigher pressures of inert gas.

Besicaes direct insertion of methylene into a carbon-hydrogen bond, 2-

, S
‘-

thyloutene—-2 mzy arise, through the structural isomerizations of DMC™;
thls would be expected to be important at lower pressures of inert gas,
it

where DIC” has ample. time. to isomerize before being deactivated by

colliding with inert gas. A4s the pressure is increzsed these isomerizations
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play a less important role--so, too, does singlet methylené, as now it

is being converted to the triplet state. As seen in the figure, triplet

methylene clearly does not lead to the formation of 2-methylbutene-2;

the enhanced ability of helium in bringing about this compound is further
evidence for the non-reactivity of triplet methylene in this regard--the

fewer the number of triplet molecules brought about (i.e. the larger the

percentage of singlet molecules left). the greater will be the percentage

yield of this compound.

3-methylbutene-1 CH3

The characteristic plot of 3-methylbutene-l as a function of
pressure is shown in Figs. 11 and 12. There have been many mechanisms
out forth to explain the appearance of this compound; as seen from its
structure, it cannot be explained by methylene insertion either in a
carbon-hydrogen single bond or across a carbon-carbon double bond. Be-
fore touching on these points, it should be pointed out that Frey (11)
does not mention 3-methylbutene-l as a product of the reaction of singlet
methylene with cis-butene-2, dut in a léfer work (33) he does. Setser
and Rabiroviten (26) also report this compound. Experimental resulis
show an extremsly rapid decrease in the percentége yield of 3-methylbutene-l
with orly slight (initial) increases in pressure. As far as devising a
mechanism for the behavior with singlet methylene, Setser and Rabinovitch
invoke an excited dimethylcyclopropare mechanism as well as a singlet
methylene sbstraction one. By the former mechanism,

1¢ G

iy
5

> CH, = CHCH(CHy)p (3MeBu-l).
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For this feaction to occur requires a hydrogen migration from carbon (1)
or (2) to carbon (5) with subsequent or simultanedus breaking of a
carbon (L) - carbon (5) bond (or, indistinguishably, a rupture of a
carbon (3) - carbon (5) bond). ternatively, methyl group migration
between (3) and (L) would give the same results.

An aslternative mechanism involves singlet methylene abstrac-

- tlon of hydrogen from cis-butene-2 to give methyl and cis-butenyl radicals:

H,C  CH H,C  CH
/0 < /7
C = ¢C + CHy (singlet) — CHB- + C = ¢
/ \ / AN
H H , H H
Then,
H,C  CHj HoC  CHj
\ / I |
cC = ¢C <& > c - ¢
s N\ / l
H H H H
followed by recombination,
H,C CH H,C CH
2 3 2 3
I d I |
CHy- + C - ¢ > C - ¢ - H
oo A
i 3

in gbstraction scheme would be expected 1o be only slightly sensitive to
préssure changes, inasmuch as the scheme does not include ™hot™ (vibra-

tionzlly excited) molecules. Clearly, then, a singlet abstraction mecha-

nism Is non-operative here. An interesting aspect of this problem now

arises. In an experiment performed with cis- 1,2 dimethylcyclopropane

(10), tnis compound was isomerized and decomposed by thermal methods. The
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usual geometrical isomerization was found (i.e. cis— isomerizes to trans
MC). In addition, the usual structural isomerization products (cis- and
trans-pentene-2, 2.methylbutene-l and 2 methylbutene-2 were found; how-
ever, onl& minor amounts of 3 methylbutene-l were found, even at the
lowest pressures of cis-DMC studied (6.5 mm Hg). Investigation of this
iscomerization at pressures lower than this pressure may reveal increases
in The percent yield of 3 methylbutene-l, in view of the findings in this
thesis. In this present work, for instance, if no experimentis were per-
formed at pressures of inert gas below zbout 25 mm Hg, the sharp decrease
in the yield of this compound with slight increases in the pressure of
inert gas would have gone unnoticed. Since dimethylecyclopropane baﬁh
molecules (Flowers and Frey) mey be more efficient as cooling third bodies
than CFh (this present work), the failure to work at pressures lower than
6.5 mm Hg may be the reason why no 3-rethylbutene-l is observed. In this
regard, Setser and Rabinovitch observe a sharp decrease in the combined
percent ylelds of 3-methylbutene-1 and 2—methylbutéhe—l with initial small
increases in pressure of bath molecules (cis-butene-2); at Yzero" presswre,
the corbined yields are sbout 20 percent of the totel, but by the time
5 mm Hg of reactants is reached, the yieidjof the methyloutenes-1 has

éropnped Lo zbout 5 percent of the total. If this is the combined yield

cf tocth 3-methyl~ and 2-methylbutene-1l, the senaraue yield of 3-methylbutene-l

cannct out be less than 5 percent. 4t any rate, until proven otherwise,
she conclusion drawn in that work (Flowers and Frey) still stands, namely
Tnat in the thermal isomerization of dimethylcyclopropane, 3-methylbutene~1
is not formed. If this is the case, the isomerization of DMC as done

Lhernally shouwld proceed by a different mechanism than the isomerization

of the not D¥C produced chemiczlly (by singlet CH, addition to cis-butene-2).
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This does not seem plausible; perhaps the difference observed is simply
a2 matter of the dimethylcyclopropanes formed by two different methods
hraving different amounts of energy. Some indication of the reaction
mechanigm can be gleaned from the present work. Flowers and Frey (10)
have shown that the geometrical isomerization of DMC® proceeds at a

faster rate than the structural isomerization, i.e.

32 ko N
v "~ —=5 \/{ v

ki [penteneg , whe?e kg = 23}:}2

P

Clearly, there is a difference in activation energy between geometrical
and structural isomerization. If this excess energy may be removed by
collision with a third body, the reaction path requiring the highest
amount of energy will be the most affected. According to the present
work, there is, as pointed out earlier, a2 sharp decline in the percent
yield of 3-methylbutene-l with initial increase in pressure. There is,
then, the possibility that relatively few collisions are needed to remove

he zmount of energy over and above that needed for this structural
isomerization.

is seen from the figure, 3-methylbutene—l yields increase with

increasing concentration of iriplet methylene. .That 3-methylbutene-l is

prodnced by the reaction of triplet methylene has been pointed out by

by
H
O
5

N
)

33) and Duncan and Cvetanovic (13). 4 mechanism proposed involves
2 triplet addition complex followed by the appropriate migrations to

oroduce 3-methylbutene-1l: : I




H3C CH3 H3C CH3
A A \ / I . l‘
CH2| T + C = C _— cC - 'C
/ \ //l N\
H H H CHQ H

Several reaction paths are now availzble for this intermediate:

a) the (cis) addition product may close immediately to give
cis-1,2 dimethylcyclopropane.

b) the cis addition product may rotate around the uncoupled doumble
bond te give the analogous trans—~ addition product, which then closes to
give trans-1,2 dimethylceyclopropane.

¢) the methylenic carbon may internally absiract Hl in a typical

three-center type menner to give 3-methylbutene-l, as follows:

Cu iy H-C
-2 CH 3
\ . 2 |
c - C _ H-C~C = CH,
/ \ i
CH, H CH, H

C !
Y Y/
C

neoretically, similar sieps mey -account for the other pentene products,
eltnovgh not as straightforward as internal abstractions and requiring
mydrogen and mevhyl group migrations. For instance, if 2-methylbutene-2
eppears oy vhis mechanism, the presence of increasing amounts of triplet
meinylene would result in the formation of greater yields as the pressure
increcses; thls does not occur. This type of mechanism may be invoked to
explzin the occurrence of +trans-penitene-2--this would involve a methyl

gwouvr nigration between vicinzl carbon atoms. If one puts forth this
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argument, there is no reason why there should not be a hydrogen migration
between these same vicinal carbon atoms—--that there is none is evidenced
by the lack of 2-methylbutene-2 in this pressure region. The mechanism

¢

is:

—CH CH CH CH
Zi
P \2 / 3 2 7 3
) - C - C —_— cC = C
/ N / N\
CHy H CH.B H

2-methylbutene-2
(via internal H abstraction)

H CH CH
7 2
:) \ . p 3 , 3
E\~- C ] cH
\ / 72—'\ —_— 2 H
H ‘ |
C = C
/ i
H CH3

trans-pentene-2
(via methyl group migration)
Ls indicated by Anet et 21 (16), the addition complex formed by the

rezciion of cis-bubene-2 would be expected to be in the triplet state,

[9)
[
.
£
:-(
o]
by
n
o]
]

n conservetion is obeyed. In order to re-form carbon-—
carbon bonds, this complex must underzo a triplet to singlet transition.
ilsernziively, according to Frey (33), the complex may isomerize (before
tne transition to singlet) to the iriplet state of the pentene in question
whien then undergoes the triplet to singlet transition. If this were the
case, one would expect nearly egual percentage yields of cis~ and trans-
pentene~2 at high pressures of inert gas; this assumes, however, that the

3

time needed for rotation around a carbon-carbon bond is short compared




- 68 -~

with the time needed for the collision-induced transition from the triplet
to the singlet state. There can be little doubt that this triplet %o
singlet transition of the complex is quickened by the presence of inert
gas, in ﬁuch the same way that singlet methylene 1s converted to 1ts
ground state triplet; with the complex, however, the ground state would
probably be a singlet.

As mentioned previously, the formation of 3—methylbu£ene—l nay
be explained by various migration mechanisms. Theories involving methyl
group and hydrogen migrations are not new, being quite common in organic
resrrangements; in fact some examples of this phenomenon show marked
resemblance to the methylerne - cis-butene-2 experiments. Cvetaﬁovié,

(22, 23) using photosensitizing procecures, has prepared oxygen atoms in
their ground electronic states O(BP) and then subsecuently caused these
atoms to react with olefinic couble bends. The expected ring compounds

(epoxides), analogous to the cyclopropanes (formed when methylene adds

zcross an olefinic double dond) were found along with certain carbonyl
compounds; thée appearance of these compounds can be most easily explained
by inveiing various migration mecherisms as well as radical splits and

CHB CH3 CHB. CH3
N ~ 3 N /
c = ¢ s 0(3P)—= ¢ - ¢
- N /1l N
= H H O H

- - . . 7
lccording to Cvetanovié, this triplet addition product may cyclize

{belcre or afier carbon-carbon bond rotation) to give compounds analo-
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CH3\ /CrI3 CH 3\ /CrI3 CH3 , H
e = e g + ¢ - ¢
H . ~ AN /7 \
e H H O/ H H \O/ CHB
/7 7
— CH3 -C-C-H + H-C-C - CHB
H N It \
0 H 0 CH

- Y-

A major difference tetween the

butene diradical appears to be

amounts of molecular oxygen are discussed.

The steady-state treatment

The steady state scheme is reproduced below. Tt

tizlly the same scheme reported eariier in this work, but is
The scheme

nere for convenience.

1. CZ, Triplet complex

(triplet) + cis-butene~2 Il

i
. - . D Re .
(singlet) + cis-butene-2 —-2y Singlet complex

3. Trivlet complex <~ cis~DMC™
::_3
1‘11 . .
L. Singlei complex <——  cis-DMCY
-t
~ [an FURE DI, S 7 - __}:: ) o= T W
5. Triplet ccomplex — trans-DMC
_c’
>
KA |
6. Cis-DxC” pry— trans-DMC™
o)
.y - T e W . -
7. JSig-DxC S5y cis-D¥C
a e W —~r
§. Trans-DiC” Koty trans-0XC

3

oxy-butene radical and the methylene-
their respective lifetimes; more will be

sald concerning this behavior when the experiments performed with added

is essen-

reprinted




9. Cis-DMC¥ X0y Dentenes® g
10.  Trans-DNC™ X105 pentenes® g Ky oMy pentenes,
11. Singlet comzlex X1y  pentenes® )

where V"iriplet complex” and "singlet éomplex” refer to the complexes
formed by triplet methylene with butene and singlet methylene with
butene--these complexes would be expected to have different structures.
"Pentenes" refers to all 05 hydrocarbons with the exceptions of cis-

and trans- 1,2-dimethycyclopropanes. An asterisk represents an excited
molecule which may isomerize or be collisionally deactivated. An objeé-
tion may ve rzised when %pentenes" is used rather than making reference
o eéch individuzl pentene—-cis—DMC*, trans-DMC® and the singlet complex
all may not give the same pentenes. Inclusion of each pentene would
have greatly complicated the steady state solution for the zbove scheme.
In addition, a step involving the decomposition of the triplet complex
to Ypentenes" was neglected, i.e¢. no vrovision was made for

) s
]

12, =riplet complex —=12% pentenes®.

This is not too serious in view of the fact that direct triplet inter-
vention accounts only for B-methylbutene—l'and.trans—pentene-2; as before,
separation of ‘pentenes" intc each olefin would greatly complicate the
stealy-siate derivation. Siill a further simplifying factor has been

asswicc--namely, that the presence of either complex is not directly

Pressure dependent. While it may be said with a reasonable amount of

Y . ,

certuinly ithat the complexes involved are of a radical nature, it is

tle effect on their behavior as radicals. Since it is not
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ovn whether the vibrational character or the radical nature of the
complexes is the deciding factor in their reactions, the simpler case,
where it is assumed that the complex shows no direct pressure.depen-
dency was chosen. Invoking the steady-state assumptions for the reactive
species (the complexes and the asterisked compounds) results in the

following relationship:

(M| [PENTENES] = k + X M, (4)
[Cis-DMC]

waere M is the pressure of inert gas, "pentenes" is the total percent of
five-carbon olefins formed in a run performed at pressure M, and 'cis-

DMCr is the percent yield of this compound, also at pressure M. The k

and k’ termélrepresent combineations of the rate constants encountered in
the foregoing scheme. A vlot, then of the left hand sidé of equation (a)
vs. the right, should result in a siraight line of slope k/ and intercept
¥ (waich must equal zero). This plot is shown in Fig. 13. From this plot
it is seen that the equation is valid in the triplet as well as the singlet
ze. It should also be noticed that there i1s a difference in slope for
e Thet this is so would be expected from steps 7, 8, and 12 in

thne forezoing scheme. A similar scilution to the scheme involving trans-

1 ko= (kg + X / Kg+ ¥11K))
kSkB + 1‘:6 '
f = (mo+ kg kg (k= Xig / K6+ K3 K)

kg (k5K3 + kg)
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DMC (rather than cis-DMC) may also be derived. Owing to the complex
nature of k and k’, and the assumptions inherent in the overall scheme,

no attempt was made to arrive at the analytical solution for the indivi-

dual rate constants.

The reactions with molecular oxygen

Conceivably, molecular oxygen, in the QZ:§ ground state may
react directly with methylene and/or with the complex formed in the
reaction of methylene with cis-butene-2. The question arises over the
relative rates of reactions between oxygen in its ground state and methy-
lene in its ground (35 ) and excited states (as well as between ground
state oxygen and the radical complexes, which may be in a ground or '
excited state).

Ir {his regard, ihe cerivation cdeveloped by Eyring (39)

(along the lines of absolute rate theory) reveals that thelspecific rate

of a chemical reaction is dependent on a "transmission coefficient® which
represents the fact that in any chemical reaction not all species which
possess the necessary enefgy to cross the potential energy barrier do this;
some, even though they reach. the top of this barrier return to the original
state. This transmission coefficient, t, then, is actually the probability
that a reaction which has arrived at the activated state will proceed to
the product state. Hirschfelder and Wigner (LO) have shown that for
reactions concerning molecules in their ground states, t is close to

unity; however, in reactions involving electronically excited species it

is very often less than unity (hl). Thus, the reaction between oxygen and
triplet methylene would be expected to proceed at a faster rate (other
things equal) than the reaction of oxygen with singlet (1A1) methylene,

since the former reaction involves only ground states. Another way of




_7)4..

looking at this situation involves the realization that before the two

unpaired electrons on the oxygen atom may bond with those on singlet
methylene, these latter electrons must receive energy in ordef Yo undergo
un}iairing before they may be involved in bonding1 3 this leads to an
energy of activation above that required for the triplet-triplet reac-
tion, and on these grounds one would expect the triplet-triplet reac-
to occur more readily:. Assuming that methylene reacts with butene before
reacting with Oy, either a triplet complex or a singlet one would result,
depending on whether the reaction is with triplet or singlet methylene.
Again, for the reasons just mentioned, one would expect the reaction of
0, with the triplet complex to be more rapid than the one with the singlet
complex. |
This state of affairs has experimental verification, as seen
in Fig. 1l. It is noted that the triplet behavior of methylene (which
would be evident in increased percent yield of trané-DMC) is sharply

reduced by the admixture of 3% (total .pressure) 02. This behavior in the

" high pressure region is, in fact, evidence for believing that numerous

inert gas collisions are necessary for effecting the singlet to triplet
transition in methylene, since if this were not so, the addition of small
amounts of M"scavenger" should have only little effect. In contrast,
ﬁolecxﬂu oxygen appears to react very rapidly with the triplet states
involved here. Since there is no evidence as to the ratio of lifetimes
of 'briplet‘ methylene to the triplé'b complex, little may be said as to

whether O, reacts mainly with methylene itself or mostly with the triplet

1l or, the two paii'ed electrons of (1A1) methylene may be involved
in the unpairing.
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intermediate. In this regard, it is advantageous to compare the results
found in this present work with those found by Cvetanovi¢ (23). In that
work, molecular oxygen was added to systems containing cis-butene-2 and
O(3P) (analogous to the present work involving additions of molecular
. oxygen to systems containing cis-butene-2 and (35) methylene). The for-
mation of epoxides (analogous to the dimethylcyclopropanes) was unaffected
by added molecular oxygen (but the compounds formed by group migration
.were). In contrast with the methylene case, it would appear that in the
; epoxide situation either the reaction of 05 (3%) with 0(3P) is less rapid
than the reaction of 0o (%z) with CHy (32?, or the reaction of 0, (3Ej
with the butene-oxygen atom diradical is slower than the reaction of -
0y (3) with the butene-methylene radical, or both. The latter possibi-
1lity may be due to a shorter lifetime of the butene-oxygen diradical when
compared with its methylene counterpart. It 1s interesting to note that
in the singlet region (low pressure of M) the effects of adding small
amounts of molecular oxygen (10% of the total pressure) are less drastic
than they are in the triplet region. True, in the low pressure region
there is only a relatively small number of O molecules (compared to the
number in the high pressure region). Anloﬁjection might be that at-high
pressure the effect should be more marked for the simple reason that there
are more Op molecules present at these pressureé than at lower ones. This
argument is not valid since the same relative collision frequency (of CH,

with 02) should occur at all pressures. Moreover, an experiment was done

at high pressure where the number of Oy molecules was the same as a low
pressure experiment; this involved performing a run at 525 torr (of which

3% was O2). This resulted in the same number of Oy molecules as appeared
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at 150 torr containing 10% Op. The same conclusion as before may be
drawn--the effect of added oxygen is much more pronounced in the high
pressure region than in the low pressure one. This is an added indi-
cation that there are two distinct species of methyiene present--
singlet at low pressures of inert gas ana triplet at higher pressures.

Too few runs were performed with added amounts of 0o to warrant

individual plots of the behavior of all products as a function of pressure.

The results are given rather, in table 10. From these results it will be
noticed that the percentage yields of 3-methylbutene-l, trans-pentene-2
and trans-DMC are most affected by the addition of molecular oxygen.
Cis-DMC, cis-pentene-2 and 2-methylbutene-2 are not; these results con-
firm the statement made earlier concerning these three--that these com-
pounds are formed in the high pressure region through the intervention
of triplet methylene.
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Table 10

Relative Areas Obtained in GLC Analysis of the

Photolysis of Diazomethane (0.5 torr) in the Presence of

Cis-Butene-2 (1.9 torr) and Nitrogen (containing 10% O,)

Percent Yields Are Given in Parentheses

N2+02 ’

Torr ~ 3MeBu-lt  oMC TPe—2 COMC

32 Tr2(0)  L05(15.7) 58L(22.6)  L68(18.1)
107 Tr (0) 165(10.L4) 368(23.1) 376(23.7)
515 Tr (0) 2L (2.2) 50 (5.1) LL3(L5.6)
517 Tr (0)  Tr (0) Tr (0)  1297(67.9)
5153 Tr (0)  38(5.6) 32 (L.7)  293(L2.3)

CPe~2
811(31.L)
585(36.8)
330(33.9)
511(26.8)
19L(28.3)

2MeBu-2
316(12.2)
95 (6.0)
128(13.2)
101 (5.2)
127(18.6)

‘l_'BMeBu-l, 3-methyibutene-l; TDMC, trans- 1,2-dimethylcyclopropane;

TPe-2, trans-pentene-2; CDMC, cis- 1,2-dimethylcyclopropane; CPe-2,

cis-pentene-2; 2MeBu-2, 2 methylbutene-2
2 Trace

3 With 3% molecular oxygen
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The reactions of methylene with simple olefins

As was mentioned in earlier investigations (11, 26, 37) (and
verified in this present work), the decomposition of diazomethane (alone)
results in the forﬁation of simple olefins--ethylene, propylene and
butene-1 being the ones produced in highest yields. If one were to
follow the yield of one of these with inert gas pressure, for example,

butene-l, information could be obtained which would support the conclu-

sions reached earlier in this work regarding singlet vs. triplet inser-

tion,etc. Apparently (intramolecular rearrangements aside), the higher
homolog is formed by the insertion of methylene into the carbon-hydrogen
bond vicinal to the carbon~-carbon double bond (i.e. the allylic carbon-
hydrogen bond) of the lower homolog. Thus, in the formation of butene-1

the scheme would appear to be:

!

H
CHy *--2> ! o
¢ - C =0 "— CH3-CH - ? = ?
| l

The corresponding cyclic compound, methylcyclopropane, if produced at all,
was not identified (in the GLC analyses there were some unidentified
peaks of relatively small area compared with the peak area of butene-l).
Previous experience would predict that if appreciable amounts of propylene
were present, the cyclic product should be found. ‘Besides direct inser-
tion of méthylene into a carbon-hydrogen bond, a reaction involving a
direct CHp addition to the double bond resulting in a vibrationally
excited species which isomerizes to butene-l is plausible. This is not

unlike the situation found in the formation of 3-methylbutene-1 from the
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reaction of methylene with cis-butene-2. In order to explain the for-
mation of butene-l, an internal hydrogen abstraction mechanism (akin to
the one proposed in reference to 3-methylbutene-l) may be proposed as
well aé one involving the isumerization of "hot" methylcyclopropane.
Conceivably, as in the case of 3-methylbutene-1, butene-l may be found
in both singlet and triplet regions. Since triplet methylene does not
insert in carbon-hydrogen bonds, no butene-l should be found in the
triplet region, if this type of mechanism is the only one operative.

If an abstraction type mechanism is involved, butene-l‘should appear in

the triplet as well as the singlet regions. The mechanisms then, are:

CHp (Y1) + =C -C=C  —= CEjCHCH = CHy (1)
CHy (M) + -C-C=0C—>-C - N Y S CHyCHxCH = CH,  (2)
y 4
R H

I | |
ce—c-gclza -c-c-lciz' (3)
CH, CH,

As mentioned earlier, these three mechanisms would account for the

CHy 35) + -C -¢C

]

appearance of butene-l throughout the entire pressure range of inert gas.
This expectation was verified experimentally. (Since the GLC analyées
were not performed under conditions of constané sensitivity, absolute
yields of butene-l1 were not measured--rather, the GLC peak area of this
compound was compared to the peak area of unreacted cis-butene-2 which
was always about 10 to 20 fold larger than that for butene-l. Since the
same amount of cis-butene-2 was used as substrate throughout all photo-

lysis, this was taken as a standard with which to compare the yields of
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butene-1. An objection would be that the amounts of cis-butene-2 left
unreacted would depend on the nature of the methylene attacking it;

eg., singlet methylene may react more readily with cis-butene-2 than
triplet methylene does, thereby leaving a smaller amount unreacted. This
is only a minor fault, since in all cases reaction was carried out to
only a few percent completion (less than 10%)--in other words, the

amounts of unused cis-butene-2 are large compared with the amount reacted,

. making errors based on the unused portion very small. The relative per-

cents of butene-l measured in this manner are shown in table 11). The
results of the thermal reaction of diazomethane with cis-butene-2 are
given in this table for later reference. In this table, the results of

experiments performed with He and CFh are compared;




t
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Table 1la

Yield of Butene-l as a Percent of Unreacted Cis-Butene-2

in the Photolysis of Diazomethane (O.Bg;torr) - Cis-Butene~2

(0.35 torr) Mixtures in the Presence of Third Body

He Pressure, Butene-1 ¢ CF), Pressure, Butene-1 %
torr Cis-Butene-2 torr Cis-Butene-2

96 5 8 5

142 6 398 2

171 5 59 T

187 5 516 5

191 L 568 L

338 6 666 5

65 5 667 5

716 6 857 1 2
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Table 1lla (cont'd)

torr
i

32
107
5172
550

Table 11b

Butene-1 , %
Cis-butene-2

1.1
0.8
0.6

Trace

Yield of Butene-l as a Percent of Unreacted Cis-Butene-?2

in the Thei‘molysis3 of Diazomethane (0.8g torr) - Cis-Butene-2

(0.65 torr) Mixtures in the Presence of Nitrogen

N, Pressure,

‘torr

0
12l
220

570
702

Butene-1 | %

Cis-Butene-2

0.13
0.06
0.2

Trace

0.2

1l Estimated
2 3% added 02
3 220% 5%
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within experimental error they appear identical. Worthy of note, how-~
ever, is the appearance of butene-1 at pressures of inert gas where
large_ayounts of triplet methylene are present. Clearly, then a free
radical intermediate is in keeping with this behavio: (rather than
singlet insertion). The results obtained with small added amounts of
molecular oxygen (as before, 10% of ﬁhe total pressure)‘indicate that
tﬁe production of butene-l is sharply curtailed:—this is in'keeping
with a (triplet) diradical nature of the intermediate. Too few runs
were done at low pressures of inert gas to warrant comment on the effect
of adding Oo in the singlet region; one would expect the_formation of
butene-1 in this region not to be drastically different from the results
obtained without added oxygen. This should be so due to singlet inser-

tions and/or isomerizations of excited cyclic compounds.

The Mercury Photosensitized Reaction: Diazomethane and Cis-Butene-2

If the laws concerning spin conservation in chemical reactions
are valid, then the reaction between mercury excited to the 3P1 state and
diazomethane (presumably in singlet ground state) should result in the
formation of triplet methylene directly (without the intervention of inert
gas), the production of CHp (1A1) being strictly forbidden. The advantages
of this situation are such that the behavior of triplet methylene (and its
addition products with cis-butene-2) may be followed at very low substrate
pressures (where isomerizations, decompositions etc. are important), as
well as high pressures (where these secondary reactions are not as import-
ant). There would be no need, then, to interpret results in the light of
possible reactions of singlet methylene. Experiments along these lines

suffer from the severe handicap that diazomethane would be expected to
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absorb the mercury resonance line, since it has been shown that CHpNo
exhibits a strong absorption region in the neighborhood of this line

( 42, L3); experiments done with diazomethane verified these earlier
works. Still, even though diazomethane competes favorably with Hg (180)
as far as absorption of the resonance line is concerned, it was thought
that at least some itriplet mercury might react with diazomethane to form
triplet methylene; it would remain, then, only to separate the results
obtained from experiments performed with mercury vapor present from the
results of experiments performed under exactly similar conditions excepi
that mercury vapor would be excluded (i.e. running "blanks"). Differen-
ces, then, in the two sets of experiments could be attributed to the
intervention of triplet methylene.

While,.in theory, this might be possible, under actual exper-.
imental conditions the problems were insuwrmountable. In the first place,
exposing diazomethane to the mercury resonance line resulted in the depo-
sition on the quartz windows of the reaction vessel of a film of what
appeared to be polythene; this was extremely opaque to the radiation
employed, which made exact duplication of the blank runs virtually impos-
sible. Even under conditions as adverse as these, it was apparent that
the results of experiments performed with mercury vapor could not be dis-
tinguished from the results of experiments performed without the presence
of mercury vapor. Thus, the "mercury photosensitized" reactions of dia-
zomethane with both cis- and trans-butene-2 as performed in this work
were no different from the results obtained from the ¥siraight" photolyses
done by Frey (11).

Since further investigations along these lines would not have
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been worth the strenuous effort involved, experimentation was halted;
moreover, photosensitization experiments involving ketene (CHZCO) which
does no*t; strongly absorb the mercury resonance line, were reported by
Duncan and Cvetanovié (13) about this time. Further investigations along
these lines would be most fruitful.

In closing, it should be pointed out that the mercury photo-
sensitized isomerizations of cis- to trans-butene-2 (and vice-versa)
which had earlier been reported by Cundall and Palmer (LL) were also
observed in this present work; this, in fact, is another complicating
factor in the quantitative interpretation of the results involving photo-
sensitization. Experiments would have to be performed on the relative

efficiencies of the reaction with diazomethane —

Hg* + CHNp —> CH, (357)
CHy (35) + cis-butene —> products,
when compared to the photosensitized isomerization:

Hg® + cis-butene-2 ——> trans-butene-2 + Hg.
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The Nature of the Collisional Process

The whole question of the relative abilities of different
inert gases in bringing about singlet to triplet transitions involves
a study of energy transfer processes, a topic about which a great deal
of knowledge is lacking.

Basically, the problem is this: +the change in multiplicity
of methylene involves a loss of electronic energy; since there is little
known concerniﬁg,the nature of the most highly excited electronic states,
little can be said about the nature of the transitions involved. One of
the things that is known is that in the two lowest states electronic -
transitions are inseparable from vibrational ones. This is shown in
Fig. 18, page 11l, where for these states the multiplicity is shown as
a function of bond angle (or bending vibration). It would seem that
knowledge of the relative probabilities (or rates) of energy transfer
between various levels (electronic, vibrational, rotational and transla-
tional% both intramblecularly and intermolecularly;would go far in ex-
plaining the results obtained in this present work. Actually, since very
little quantitative information concerning the intramolecular processes
is available, it is hoped that the results obtained in this present work
will add a little to this knowledge.

Electronic-electronic, vibrational-vibrational, etc. trans-
itions in molecules have been well characterized thréugh studies on mole-
cular specfra. Only recently, and through refined‘experimental techniques,
have intermolecular transitions (as they occur in collisional processes)
been receiving the study they deserve as fundamentals in chemical processes.

The aforementioned "refined techniques® conveniently fall into three cate-
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gories. Dispersion methods, as used, for example, in measuring relaxa-
tionl +times in shock tube studies, give useful information on inter-
molecular transitions concerning excited states having relatively little
energj over the ground state; transitions usually dealt with are vibration-
translation ones for polyatomic systems and vibration-vibration transi-
tions in simpler (e.g. diatomic) collisions (L5). Chemical excitation
can be used in the study of vibration-vibration transitions and in higher
energy vibration-translation studies, since one may, in theory, energize
a system to high, but known, vibrational levels of the ground electronic
state. An example of chemical activation involves the addition of H

atoms to cis-butene to form highly excited (vibrationally) sec-butyl
radicals presumably in the ground electronic state which are then col-
lisionally deactivated by collisions with atoms (L6) or molecules (L7 .
The third technique involves fluorescence methods. Although not new,
recent developments utilizing sharp emission lines and sensitive detectors
(48) allow excitation to known electronic, vibrational and rotational
levels. The course of subsequent de-energizations by third bodies allows
insight into the exchange processes involved. Although methylene does
not fluoresce, knowledge gained from transfer processes in fluorescing
systems may go a long way in explaining rgaction paths in methylene

systems.

1 "Relaxation" refers to a time lag involving internal energy (vibration,
rotation, electronic) redistributions in excited species. When a mole-
cule undergoes any process involving very rapid energy change the
internal energy equilibrium lags ("relaxes") behind the translational
energy equilibrium, so that the electronic/vibrational/rotational temp-
erature of the molecule is not the same as the translational tempera-
ture. The term "relaxation® is applied in general to energy transfer
processes, since these processes require finite time.

e
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On the question of methylene transitions, one islfaced with
energy transfer problems which are very complex. Unlike species studied
by dispersion methods, methylene carries a large amount of excess energy
when prepared; unlike fluorescenqe problems, the exact state of the
methylene is not known and unlike certain chemical activation researches,
the methylene formed is not merely in an excited vibrational mode of the
ground electronic state.

Theories have been devised by Zener (L9) and Landau and
Teller (50) to predict the probability of vibrational-translational energy
transfer for diatomic molecules (this theory was later extended by Schwartz,
Slawsky and Herzfeld, SSH) (51). Experimental information on energy trans-
fer involving excited states of diatomics indicates that these theories
are inadequate when higher energies are involved. In addition, transi-
tion probabilities for polyatomics (even those involving low energy trans-
fers) are not as well established as they are for diatomic molecules. Very
little information on energy transfers in excited polyatomic molecules is
available, even with relatively simple collision Partners such as helium.
Certain facts, though, have emerged through study of these processes.
Applying the SSH equation to large polyétbmic molecules involving multi-
quantum transitions, it is predicted that only small amounts of energy
(of the order of magnitude 30 cal) may be fransférred per collision (52).

Available experimental information indicates, however, that up to several

kcal/mole may be exchanged. In this regard, recent studies (53) on cyclo
propane and dimethylcyclopropane indicate that energy ~ 15 kcal/mole may
be efficiently removed. Thus, presumably, for éystems involving small
changes in vibrational quanta (this situation corresponds to vibrational

energies approaching the dissociation energy; in this vicinity levels are




prrvn viooas o o g2

R G S St i

- 90 -

closely packed), vibration-translation transitions are not necessarily
required for efficient energy transfer, whereas for the case of high
energy vibrations (and, therefore, widely spaced), transfer of quanta
to translational degrees of freedom is necessary.

The inability to transfer large amounts of energy to very
simple molecules is readily seen when studying photosensitized reactions.

Consider the following array (5L):

Quenching Cross Section

Quencher Na(%p) - cd(3p) | Rg(3P)
He 0 0 0

Ny 1.5 0.02 | 0.19

¢o 28.0 0.1k " 4.07

The energies involved in these transitions are Na(2P-2S), 48 kecal;
Cd(3P-lS), 87 kcal; Hg(3P-IS), 112 kcal. First of all, one notices the
complete inability of helium to quench these excited states. This beha-
vior is in strict agreement with SSH theory. Secondly, it would appear
that since Cd* and Hg* require the loss of much energy, cooling of Na*
(which requires less) should occur at a greater rate. Even though this
is, in fact, experimentally so, the argumeht is at once false, since the
Na(ZP—2S) transition proceeds with spin conservation, whereas cadmium
and mercury transitions do not (and, on these grounds, quenching should
be small). Since CA(3P-1S) requires a loss of 87 keal and Hg(3P-1S)
requires 112, it would appear that quenching of Cd(3P) should be more
favorable than quenching of Hg(3P). The fact that it is not probably

indicates that the vibrational frequencies of the collision partners
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are playing important roles. It would seem that an experimental study
of quenching to the metastable states of mercury and cadmium would be
of some use. The transitions Cd(3Pl-3PO) and Hg(3P1-3Py) require less
deactivation than Na(2P-2S)3 moreover, spin is conserved in all three.
Quenching with a large inert gas (eg. Xe) would be an excellent test of
theory.

As mentioned earlier, energy transfer seems to be enhanced
if the energy lost (or gained) in the collision process corresponds to
a resonant or near resonant vibration frequency. Herzfeld and Litovitsz
(55) have dramatically demonstrated this fact by noting that vibration-
ally excited Op (V= 1580 em™l) is very rapidly cooled with small addi-
tions of Hy0 (V) =1595 em™) while the cooling was decidedly more
ineffective with Dp0 ( y = 1178 cm—1).

In reviewing the case of methylene, several factors are in
need of clarification. First of all, the noble gases are not all alike
in their behavior towards cooling the singlet to the less energetic
triplet state. An objection may be raised in connection with plotting
pressure--rather than some figure related to a collision number--as
abscissa. Since the collision number deﬁends on the average collision
diameter and the reduced mass of the partners, this objection has some
merit, due to the small size and small mass of the methylene molecule.
According to collision theory, the number of collisions/cmB/sec between

unlike particles is given as (56):

2

Loy = TINNy dgy %kl ,
where N = number of molecules/cm3 Y

d = mean molecular diameter
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k = Boltzmann constant
A/ = reduced mass.
Subscriﬁt"C" refers to methylene while "M" refers to inert gas. It is
not necesséry to know the exact values for N, since at the same pressure
(but different M gas) Ny's will be equal, and likewise the Ng's, assum-
ing that the pressure of diazomethane is the same in each case. The

molecular diameter of CH, is also assumed constant. One may assume

one may calculate relative collision numbers since the only values which

do not cancel upon taking ratios are d2 and Y, eg. - 3

2 ' L
Z CHp-Fe- d“cHy-He T\ /A CH,-He
T

Z CHp-Ar d?CH -Ar  V A{ CHp-Ar

The values used for the molecular and atomic collision diameters (in .
Angstroms) were taken from the literature (57,58,59): He, 2.2§ Ar, 2.9;
No, 3.2; Xe, 3.5; CFh’ L.9. The molecular diameter of CHo in the bent
configuration was estimated to be 3.0 (compare Hp0, 2.8). Values cal-
culated in either manner lead to the fgiiowing relative results, taking
N2 as 1: Z ., (dimensionless): Np, 1; Ar, 0.87; Xe, 0.99; CF),, 1.46;
He, 1,22. In other words, “torr xzzRel" is plétted as abscissa rather
than "torr" only. It Should Be pointed oui that this is done only in
the "triplet region". In the "singlet region", below, say, 250 torr,
the main reaction is no longer between CHp and M, but rather between

CHy and butene, followed by isomerization. For example, at zero pres-

sure of M, the reaction sequence is
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CH2(1A1) + cis-butene-2 ——3 adduct®
. adduct® ———) isomers,

whereas at high pressures of inert gas the scheme is

CHp(la) + M

> CHo(3%)
CH2(3§:) + cis-butene—Z.-—Ji—a adduct (cooled immediately)

The percent TDMC/TotalDMC vs. Torr./p.y for all M gases is shown in

- Fig. 15. It is readily seen that on a collision basis, the effect on

the singlet-triplet conversion for methylene is the same for all third
bodies (within experimental scatter) with the exception of He. Owing
to the assumpiions used in calculating collision numbers, comments made
in this work have dealt mainly with observed pressure rather than cor-
rected pressure. Only in the case of argon does any serious objection
arise; in the experimental pressure plots, argon falls about midway
between He and the other M gases, while in the corrected pressure case
argon 1s indistinguishable from the other M gases in effecting the
singlet to triplet conversion.

The very fact that helium(@oes bring about (some) triplet
methylenel certainly indicates that only a minimum amount of energy
must be transferred to bring about the transi?ion of singlet to triplet.
If, as in the situation with Na(2P), a relatively large amount of energy’

has to be accommodated, He would hardly have any effect at all. There

1 This may be seen by comparing Fig. 6 with Fig. 1L. The results
obtained with oxygen indicate the behavior to be expected when
triplet methylene is absent. Contrasting these results with
those obtained with helium, Fig. 6, shows a (high pressure) dis-
crepancy which is attributable to triplet methylene.

o
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can be little doubt that when CHy is originally formed from diazomethane
it is in a singlet state which is not necessarily the ground state
singlet. How the molecule reaches the ground state singlet is another
question--whether a single Jjump is involved or whether the transition
involves extremely rapid jumps from the highest level to the next lowest,
and so on down, until the lowest state of the same multiplicity is
reached (cascading process). Strictly on the basis of the present
experimental evidence, spin is conserved; i.e., there is little sponta-
neous, unperturbed transitions from singlet to triplet levels~-if there
were, triplet behaiior would be observed even in the absence of inert
gas. Calculations performed in a later section reveal that the crossing
of the ground state singlet and the ground state triplet involves a
spin~orbit resonance1 energy of around 130 (small) calories. An amount
as small as this should be quite amenable with regards to transferring
energy even to a quencher such as helium. The situation may not be as
simple as pictured, however. It is also possible that excited singlet
and excited triplet levels may cross, and not only the lowest singlet and
triplet ones. These (excited) levels may be fairly widely separated--so
wide, in fact, that helium would be hard pressed in causing their crossing.
The other M gases may effect this crossing with varying degrees of ease.
The behavior of nitrogen may be regarded as strange. That it
is better than argon in quenching from singlet to tfiplet may be an argu-
ment in fa%or of near resonant frequencies being capable of quickly
removing energy. Clearly, this would not apply to the ground state

crossing, as the frequency would have to be impossibly low--it might be

1 See subsequent discussion
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true in the more highly excited singlet and triplet states. The same
might be said for CFh' The frequencies of CFh may be in resonance with
transitions with different energies than those involved in the .case of
the nitrogen induced transition. Another possible explanation is that
perhaps N, is not a very good quencher, but rather CFh (the only other
vibrator) is a poor one. Sﬁch may be the case if CF), is very efficient
in causing the transition from an excited singlet to the ground state
singlet while at the same time removing enough vibrational energy so that
the "cooled" (both electronlcally and v1bratlona11y) methylene does not
have enough vibratlonal energy to approach the crossing p01nt—-thus
staying in a potentlal well until enough energy is galned to overcome a
(small) barrler.

| So far, little has been said concerning the lifetimes of
methylene in the excited singlet states. If methylene has a relatively
long lifetime (relative to the time needed for successive deactivating -
collisions), it would be quite possible that it may lose much of its
excess energy in very small quanta. This would perhaps explain why
helium and argon show different quenchipg abilities from the other inert
gases; the lifetime of methylene is such that small differences in quen-
ching ability will appear--if the 1ifetime1'were extremely short, sponta-
neous ‘transitions would be occurring at a faster rate than collision-

induced transitions.

1 In reactions of olefins with singlet methylene (no inert gas present)
the lifetime of (singlet) methylene is of longer duration than the
time required for singlet methylene-olefin reaction, even at relatively
high concentrations of olefin (1 atm.). For triplet methylene,
herzberg and Shoosmith (8) calculate the lifetime of triplet methy-
lene to be about 15 microsec.--about the same time as the time be-

tween collisions of CHp with diazomethane (0 02 mm diazomethane with
2 mn inert gas).
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The question of resonant frequencies does not explain the
relative ease of Xe (equally effective as Ny and CF),) in inducing the
spin change observed in methylene. Being more electronically complex’
than He and Ar, one might expect that it would be more efficient than
either of its sister gases insofar as electronic-electronic relaxation
is concerned. In this regard, xenon would be more likely to undergo
so-called "sticky collisions” than either of the other two, which would

} more closely approximate the hard spheres of collision theory. The dis-
tinct possibility arises, then, if the collision occurs over a period of
time (momentary complex formation) there is more rapid interchange of
electronic, tfanslational, rotational and vibrational energy (even
though xenon does not vibrate, the xenon-methylene complex would, aﬁd,
when the complex decomposes, the xenon "fragment" may carry with it a
large portion of the energy formerly associated with the complex).

An interesting comparison may be made between energy trans-
fer in the case of excited NO molecules--inert gases and the case of |
methylene-inert gases energy transfer. Broida and Carrington (L8) find
'that as far as the transfer of rotational energy is concerned (compara-
tively small energy differences in rotational levels), He, Ar, Nz, and
COp are all equally as efficient in removing excess rotational energy.
Concerning the transfer of vibrational and electronic energy from the
electronically excited NO molecules to the ground glectronic state,

there is the expected low efficiency for monatomic gases, with nitrogen

being intermediate between these gases and the more strongly interacting
COp and (unexcited) NO molecules. If one were to compare the efficiencies
of vibrational deactivation in the electronically excited (22:) state of

NO, with vibrational deactivation (by the same gas) in the ground elec-
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tronic state (2TT), he would find that COp deactivates (vibrationally)
100 times more easily in the excited state than it does in the ground
state; with No as deactivator, this figure is 1oh. (In other words,
vibrational relaxation in the excited (23) electronic state is.loh
times more probable than it is in the ground electronic state, with the
same collision partner in each case). In the case of methylene, argu-
ing along similar lines could show that some particular collision part-
ners are very efficient in connection with relaxation in high energy
states rather than in the lower ones. It was pointed out earlier that
in all probability methylene is formed not in its.singlet ground state,
but rather in an excited singlet state.. A particular collision partner
may (bearing in mind the NO case) be very efficient in bringing about
transitions from excited singlet states to less energetic singlet ones,
yet will be very inefficient in effecting the final singlet to triplet
transitions. This would perhaps explain the apparent equal abilities
(in bringing about the singlet-triplet conversion) of such diverse gases
as Np, Xe and CF),. Perhaps the only comment that can be made with any
certainty is that the ground state singlet to ground state triplet trans-
ition requires but little energy transfer--so little, in fact, that it
can readily be transferred to translational degrees of freedom. The
manner in which this is brought about is at this stage open to conjecture;
the suggestions put forth earlier are only some of fhe many poésibilities.
A Besides the abilities of the inert gases in fostering the
singlet~triplet transition, they also serve (along with wunreacted cis-
butene-2) in cooling the "hot" (vibrationally éxcited) 1,2 dimethyl-

cyclopropane (DMC*) before it isomerizes. Unfortunately, even at the
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lowest pressures of inert gas, triplet methylene is probably beginning
to appear--the distinct reactions of triplet methylene toward cis-butene-2
make the reactions of excited cis- 1,2-dimethylcyclopropane (formed from
the reaction of butene with singlet methylene) difficult to interpret.
For example, No would appear to be inefficient at cooling CDMC™ (as in-
dicated by a low percentage CDMC of the total DMC), whereas this may be
due entirely to the appearance of triplet methylene. On the positive
side, since Xe, CFh and N, are all alike in their behavior in bringing
about triplet methylene, one can argue that the low pressure behavior is
a measure of the ability (of the inert gas in question) to cool vibra-
tionally excited cis~ and trans-DMC. CF), is clearly the best (as seen
in Figs. (5, 6, 7) followed by Ny; He and Ar show identical behavior
within experimental error. Too few low pressure runs were done with Xe
as third body, but it would appear on the basis of these few runs that
it is somewhat poorer than CFh‘ The relative differences in the behavior
of these M gases lies in their abilities to accommodate the vibrational
energy of the hot adduct in their own vibrational, rotational and trans-
lational modes--clearly, the hot dimethylcyclopropane is in a singlet
state, and, probably, the ground state sinélet, thus precluding the need
for electronic transitions. (Setser and Rabinovitch (26), using kinetic
data, deduced that the excited DMC should have an.energy content of 110
kcal/mole, well below the excitation energy for the.lowest lying singlet
state). The transfer of excess vibrational energy to a monatomic colli~
sion mate (He, Ar, Xe) may, in theory, proceed in several ways. If the
collision has a finite lifetime (complex formation), there is the possi-
bility that vibrational energy may be accommodated by the ingreased

number of vibrational and rotational modes of the complex. In the present
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case, this does not appear to be an important way of losing energy,
since, if it were, the complex formed between DMC*® and N, would be more
efficient in vibratlon-rotation energy transfer than the DMC¥-argon
complex, due to the expected larger moments of inertia of the former;
yet as experimental results show, No is no more efficient than Ar in
cooling vibrationally excited 1,2-dimethylcyclopropane. As mentioned
previously, if there is a momentary complex formed, and if it has a
lifetime as long as the period of one vibration, one might expect an
energy distribution among all the bonds in the complex; when the camplex
decomposes, the collision pariner would be expected to have more energy
than it would have if it underwent a "hard sphere" collision. Thus, in
the cases of He, Ar and Xe, the excess vibrational energy of the pMc*
would appear only as translational energy of these gases;‘the differing
ncooling® abilities of these three monatomics would perhaps be deter-
mined by the strengths of the bonds formed in the complex. In the case
of CFh’ a long-lived collision would enable a distribution of energy
among a larger number of bonds resulting in a more efficient energy
exchange, expecially since CFh would be-expected to have a few near-
resonant vibrating frequencies. The relative inefficiency of No along
these lines can be related to its high vibrational frequencies, which
are much higher than those of CDMC*, making N2 poor as far as vibration-
vibration :elaxation is concerned. The behavior of N, along such lines
is not peculiar to the pmc® system, as it is also rather inefficient in
carrying off the excess energy of the excited sec-butyl radical (L3);
this, in spite of No's vibrational ability. The conclusion reached in
that work is the saﬁe reached in the present work, i.e. the vibrational

freguencies are so high that the vibrator is not able to accommodate
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the available energy with ease; indeed, Kohlmaier and Rabinovitch find
that Np is only as good as Ar in deactivating sec-butyl radicals, the
same results found in this present work in regards to deactivating DMC¥.
If molecules having so-called resonant frequencies are efficient colli~
sion partners, one would expect hydrocarbons, which have many different
vibrational frequencies near the expected ones for the "hot" species,

to be efficient collision partners. This is true in this present work,

where cis-butene-2 approaches CF), in deactivating ability. In the work

concerning excited sec-butyl radicals, SFg was found to be more effec-

tive in collisional deactivation than cis-butene-2.
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The Thermal Reaction: Diazomethane with Cis-Butene-2

Introduction

Having the results of the reaction of singlet methylene with
diazomethane (from Frey) on hand, an easy comparison with the results
obtained with triplet methylene was possible. Setser and Rabinoviteh
(26) studied the reaction of cis-butene-2 with singlet methylene derived .
from the thermal decomposition of diazomethane, to give the same pro-
ducts (and proquct dependence with increase in substrate pressure) as
the singlet photolysis. In general, thermolysis reactions have the ad-
vantage of allowing one to vary the temperature, thereby enabling one to
prepare Arrhenius plots and determine activation energies, rate constants
and the like. One of the complaints which accompanies the photolysis is
that this mode of methylene generation always imparts large excesses of
translational and vibrational energy to methylene. This, in turn, trans-
fers its energy to the adduct formed with the reactant partner (buxene-Z)
resulting in very highly excited intermediates. By irradiation with light
of longer wavelengths, less energetic methylene, and hence less energetic
"hott molecules can be formed. In this way, a study can be made, as done
by Frey (11), on the effects on the overall production of CS products as
a function of this excess energy. This procedﬁre is limited by the fact
that diazomethane does not have continuous absorption, and a complete
survey of reactions involving methylene with varying amounts of energy
would therefore be impossible. If, on the other hand, singlet methylene
is produced by thermal decompositions of diazomethane, a complete range

of methylene with varying amounts of energy may be produced.
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Setser and Rabinovitch (26) have reported that methylene pre-
pared from the thermal decomposition of diazomethane at 350°C had almost
the same energy as the methylene produced from the photolytic decomposi-
tion of diazomethane at L4358 S at 29°C. Decomposing diazomethane at
higher and higher temperatures results in methylene having more and more

energy. For example, )

CHoN» A > CHy
300°C
CH*  +¢C C * ¥
c = C |'
\ !
Cs Cs
whereas,
CHoNo A ot CH,™¥
1,00°C
CH2** +

where double asterisked quantities indicate more energy (internal and
translational) than those compounds with a single asterisk. In other
words, higher pressures of substrates would be needed to cool k;;} e

to k;;* than would be needed to cool §§7 * %o k;%.. Alternatively,

k;ﬁ % would tend to undergo structural isomerization to the other CS
compounds more easily than would k;? *,

In brief, the main reason for attempting the thermal reaction

of diazomethane with cis-butene-2 was to see if, upon the addition of
inert gas (Np) triplet behavior would be observed, just as it was with

the photolytic procedure. The following figures (Figs. 16a, ¢) have
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been constructed from the analytical results of Frey (1l) and Setser and
Rabinovitch. Figures (16 b, d) and (17) are the results of the presenf
work.

Inasmuch as Setser and Rabinovitch have pointed out that
thermolysis results are nearly identical with photolysis results (at
least for the isomeric dimethylcyclopropanes), it was felt (in the present
work) that the thermolysis with inert gas would show approximately the
same behavior as observed in the photolysis.

Results and Discussion

The actual behavior is as shown in Fig. 17. The results shown
here for the dimethylcyclopropanes appear startling. Concerning Fig. 17,
three factors are particularly worthy of note:

L. There appears to be little triplet methylene at high
pressures of inert gas, as evidenced by the small percentage of itrans-
1,2 dimethyleyclopropane formed; i.e., there is no evidence for random
methylene addition to the carbon-carbon double bond.

2. If there is no triplet methyléne present, there probably
is no singlet methylene present, for, if,there were, it would have easily
been converted to the triplet form with excess inert gas.

3. The overall percentage of trans- 1,2 dimethylcyclopropane
is very low (compared with photolysis) throughout the entire pressure
range. '

These phenomena may be satisfactorily explained, it is felt,
by a mechanism involving the molecular addition of diazomethane (NOT CH2)
to cis-butene-2 followed by decompositionhof the initially formed adduct.

The following literature evidence in support of this theory is cited.
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Figure 16

Comparison of Trans- 1,2-dimethylcyclopropcne

(as a Percent of the Total Dimethylcyclopropane)
vs Inert Gas Pressure for Photolyses and

Thermolyses
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Von Pechman (60) prepared substituted pyrazolines from

reactions of the type

-CI)=(l}-+CH2N2—% -(:3-(:2-
H C=-N=N - ,
studied before the turn of the century. Depending on the complexities
of the groups attached to the ethylenic carbon, pyrazoline derivatives
may be prepared (in solution) and isolated.
Von Auwers and co-workers (61, 62, 63) have shown that dia-
zomethane reacts molecularly with&,p - unsaturated esters and ketones at

the § - carbon atom; examples are

HoC = CHCOOCgHg + CHoNy ——> Hp-C - CH-COOC2Hg
. ! | :

H-C N-H
(ethyl acrylate) ‘N
also,
H H
| (I
-C=C-C - + CH,N —_— -C - CH—C -
O " O 2. —> Q7
0
H-C -H
\\/
(bvenzalacetophenone) N

Substituted pyrazolines of this type are generally decomposed
by heating, to give, with nitrogen evolution, substituted cyclopropane
derivatives as well as substituted ethylenic compounds (6L, 62, 63).
According to Eistert (6L), the general mechanism for these molecular
reactions (in solution!) may be given as:

R - CH H Hc;])

1 + CHpNp —— R - CP——: C -
R - CH

ook =l
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resulting in the stereospecific addition product -

H H
| |
R -C -¢C
| Il
Rl - ¢ N (D), -
/' \ 7
H N

which may be isolated (depending on the nature of R and Rl). Three

alternative reaction paths are now open to (I):

H H
| ]
(I R - C - C- + N
N/
c
7/ \
RL H (Ia)

Cis- 1,2 dialkylcyclopropane

H
{
—> R - C - C - H + N,
l
T
Rl - ¢ (Ib)
!
H
Cis-olefin
H H
| !
— C - C - R + Ny
!
I
1 H (Ic)

R -C
: {
Trans-olefin
(Ib) and (Ic) are cis-trans (geometrical) isomers, which, in
the case of cis-butene-2 (R= CHj, Ri= CH3) are cis- and trans-pentene-2
respectively. It should be pointed out that the trans- 1,2 dialkylcyclo-

propane is formed only in very small yields. Apparently, then, a reaction




involving the isomerization of excited cis- 1,2 dialkylcyclopropane to
the corresponding trans isomer does not occur very readily, i.e.,

rl R¥ L

\/ — v (1)

is not important in solution, probably because in solution, like high

pressures in the gas phase, collisional deactivation occurs before iso-v
merization. In the present work, however, there is a distinct preséure
dependence involving the dimethylcyclopropanes which would indicate that
there probably is some trans-DMC appearing because of the isomerization

of hot cis-DMC (eq. (1) above). Moreover, the olefinic compounds cis-
and trans-pentene-2 and 2-methylbutene-2 (but not 3-methylbutene-1) are
also found as products in the present work; these compounds may arise
through an excited molecule (trans—DMC*) mechanism. The pressure de-
pendencies of the yields of these CS hydrocarbons are given in table 8
page 37. Unfortunately, too few thermal experiments were performed and

so trends with increasing pressures of inert gases are unrecognizable.
However, these olefinic compounds also appear at the highest pressures of
inert gas utilized, which is evidence, perhaps, that they are formed
directly from the heterocyclic intermediate. The formation of cis— and
trans-pentene-2 from this nitrogen containing intermediate requires rear-
rangements involving methyl group migrations, most probably through
radical intermediates. The amounts of 2-methylbutene-2 formed in the low
temperature reaction is surprising, totalling, in some cases, as much as
30% of the total yield of C5 hydrocarbons. The formation of this compound
from the heterocyclic intermediate does notv require methyl group migration

(but does require H migration). The outcome of these thermal experiments
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gives a method whereby gas phase reactions involving diazomethane may be
tested for the appearance of "freen methylene (rather than molecular
reactions involving diazomethane).

Of course, the original purpose of the thermal work (to follow
the reactions of triplet methylene with increases in pressure) still re-
mains to be done. It is interesting to note in this regard that Setser
and Rabinovitch report that at temperatures below 225°C reproducible data
could not be obtained, probably because of heterogeneity. In the present
work (220°C iS) there was no evidence for heterogeneity with regard to
wall effects, probably because of the very large volume/surface ratio
used (3 liter reaction bulb). Also of interest are the two different me~
chanisms for the reaction of diazomethane alone, at high and low tempera-
tures. In the reaction studied by Steacie (65), no free methylene is

formed at low temperatures, reactions proceeding molecularly:
2CHpNy —> CoH), + 2Ny at 135°C,

while at high temperatures, as reported by Pearson, Purcell and Saigh (66)
the reaction is

CHp + CENp—> CoH, + N, at L00%C.

Thus, it seems reasonable to assume that at temperatures of around 225°C
the reaction

CHpoNy + cis-butene-2 —> pyrazoline

is important, whereas at higher temperatures the methylene reaction pre-
Cominates. In this regard, it is noteworthy that the reaction of diazo-
methane with cis-butene-2 at 150°C did not produce any products (this

work) even though reaction time exceeded 15 hours (compare 135 hours at




225°C). This is in keeping with the theory éf pyrazoline formation from
diazomethane andlcis-butene-2; 150°C is not a sufficiently high enough
temperature to decompose this product.

An interesting observation made by Kirkbride and Norrish (L2)
indicates that under certain conditions the photolysis of diazomethane
(alone) results in a brownish, nitrogenous liquid residue, having a low
vapor pressure and basic character. In this present work, a similar (in
appearance) residue was observed when mixtures of large amounts of dia-
zomethane and butene-2 were photolyzed. Previous to the work of Kirkbride
and Norrish, Azzarello (67) had found that diazomethane reacted with
ethylene (gas phase) to give an adduct which readily lost hydrogen to give
the corresponding (stable) pyrazole.

Still further evidence against free methylene‘reaction at the
temperatures studied is the low yields of butene-1 product (table 11 b,

p. B83). As mentioned earlier, this compound probably arises from methylene
reaction either across the double bond (of propylene) or direct insertion
into a carbon-hydrogen bond. Failure to produce this compound is taken as

further evidence that no methylene is produced.
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Spin-0Orbit Interactions

At the very heart of the question of singlet to triplet
transitions lies the problem of spin—ofbit coupling. Before discussing
the method and results of the latest calculations involving the reson-
ance splitting found in methylene, a short introduction would be
helpful.

For a linear symmetrical molecule, the orbital angular momen-
tum about the molecular axis is given the notation ¥ ,TT , A ... which
denotes a value of O, 1, 2... (units of h for the angular momentum). For
linear methylene, we may have the orbital angular momentum of each electron
adding vectorially to produce a total angular momentum of O and 2, i.e.,2_
and /\ states. The multiplicity associated with each state is signified
by a superscript, and for the methylene case this would be either a singlet
or triplet state, resulting in six wave equations overallv(see p. 116).
Bent states are designated by Roman letters, for example, 1A1, where again
the superscript refers to the multiplicity. fhis symbol is called a
"species" or an 'irreducible representation' of a certain symmetry group.
All the irreducible representations (of the symmetry group) define the
eigenfunctions of molecules belonging to particular point groups (i.e. the
eigenfunction must transform as one of the irreducible representations of
the point group). In the case of the linear configuration of CHp, this
molecule belongs to the D, n point group having ‘the irreducible represen-
tationsl'Zg"', Zg‘,Ag, etc. The bent case belongs to the Coy point
group, having the irreducible representations A3, Az, By and Bp, where,

again, these terms describe how the molecule behaves when the symmetry

1 for a complete discussion, see G. Herzberg, Infrared and Raman Svectra,
D. Van Nostrand Company, Princeton, New Jersey, 1962
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operations of point group Coy are applied.

As a first approximation, it may be assumed that there is no
interaction between the orbital angular momentum and the spin vector of
the electron, For very light atoms this is a justifiable approximation,
and the sﬁin orbit interaction may be added as a perturbation. For ele-
ments of high atomic number (Z) spin-orbit coupling is too large to ke
treated as a perturbation and the orbital and spin angular momentum quantum
numbers no longer have meaning. If a 331 and a lAl state mix very strongly,
the very terms used to describe these states have no significance since
they do not represent the true picture, since the spin and orbital angular
momentum are not separately conserved or quantized but only their sum. The
guantum numbers used to identify these states, then, are not "good guantum
numbers". On the other hand, for atoms of small %, this strong interaction
is replaced by a perturbation, with the quantum numbers in this case being
"almost good quantum numbers". The possibility of mixing in this case will
be small, but definite; and the actual probability for the crossing may be
calculated,

With the methylene molecule our problem is concerned, first
of all, with the possibility that the singlet and triplet states of CHj
mey mix (if they do not, the experimentaliconclusions drawn in earlier
sections would be false). Secondly, the extent of this perturbation
(resonance splitting) has to be calculated in order that, thirdly, the
actual probability of this crossing may be calculated. Before proceeding
any further,.reference should be made to Fig. 18, after Jordan and
Longuett-Higgins (30). Here, an energy correlation diagram is shown,
wherein the potential eﬁergy is shown as a function of H-C-H bond angle.

In preparing such a diagram, we are aided by Hund's rules. From the
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20

180

H-C-H BOND /—\NGLE,' DEGREES

Figure 18

Correlation Diagram of Bent and Linear
Configuration of Methylene with CHz EBond
Angle (30)
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geometry of the linear molecule, we have, as before, all the irreducible
representations. According to Hund, for a given configuration, the state
with thg highest multiplicity lies lowest in energy--thus, as indicated
in the diagram, 3Z:g' has less energy than 1): g+' Another of Hund!s
rules is that for states of the same multiplicity, and arising from the
same configuration (eg. 1yand 1A ), the state having the highest value
for the orbital angular momentum ‘lies lowest--in this case the 1Ag state
is lower in energy. For the bent case similar rules apply. What Hund's
rules do not tell us, however, is the relative energy of each linear state
with respect to each bent case; one may ask if the lAl state has a lower
energy than the 32 g-' This question can only be unequivocally answered
by experiment. Another factor not revealed by Hund's rules, yet needed
for the construction of the diagram, is concerned with which linear states
correlate with the bent states of the methylene molecule. This question
may be answered by a study of symmetry properties, as outlined below.

The electronic configuration for the linear methylene molecule
is

10,2 20,20, T2, N

where 1, g2 is the molecular orbital due to the ls electrons of carboﬁ,
20 g2 is the orbital formed from the overlapping of carbon's 2s atomic
orbital with the 1ls of hydrogen,and (7, is the molecular orbital formed
by the overlapping of the hydrogen ls atomic orbital with the carbon 2p.
atomic orbital. Ty is the doubly degenerate molecular orbital formed
from the Eﬂ atomic orbital of carbon. This electronic configuration
gives rise to the 3Zg", LT g» and lz g- wave functions. These func-
tions are composed of spin parts and orbital parts:
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. A(1) a(2)
3% \/'““ ]‘Il.m T2) -T2 T(2)] A1) 8(2)+ 81 (2
V"
a) §(2)
(orbital part) (spin part)

1z +, L ‘ + 1 -
g V-a—[ﬂ+(l) m(2) -]T_(l) TI...<25} \/5{0((1)3(2) 8(1) O((2)}

1 2) Afla(1)8(2 1)oc(2
" o T T Ao 8(2)-g (e (2}
g’ ~ T -1 12 lgok(l)s(z) gWx(2)]
where theT[, andTj_. symbols represent the molecular orbitals formed from
the 2p,‘_f atomic orbitals of the form e"mand the numbers in parentheses

indicate the electron in question. Rewriting the orbital function in terms

of a defined coordinate system (see footnote) results in

ok [ T T2 - T T2 ] ama

2

1 +,q_1?-__ [ 1) T2 = TT() Hz(z)] for the orbital parts

L [ T T2+ o) To02)
Yz -[z(l) TT(2) + TTx(1) T1(2)

1l Each atomic orbital is a product of three functions; one radial function

and two angular ones, i.e.

2p, = R(r) B(6) D)

The "TT" designation relates to the R(r) *F( O ) part, while the + and
- relates to the + or - coefficient of the exponent in etl® | Alterna-
tively one may replace the !+ designation by a Tix and Tz notation of
a defined coordinate system. Both nomenclatures have their respective
advantages; the + .and - notations immediately define the + or - nature
of the ¢ dependency, whereas the x and z notation makes it easier to
zssign the correct behavior under the symmetry operations of the appro~
~ priate point group (D o h) For the case under consideration, the y

axis 1s taken as the molecular axis (px and p, will then be the p
orbitals in carbon). L}

.-
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' When the molecule is bent in the yz plane, the molecular orbitals

correlate as follows:

D

; o h (linear) Coy (bent)

: Oz < > a)

i 011 & > b2
0z < > eyl
TT= < 4 by
Tiz < >

81

The ground state configuration for the bent molecule is thus

lal2 2&12 b22 812 lAl )

where both pTl electrons have been placed in the a; orbital. If one, or

both electrons are excited, three other states may arise:

1312 2&12 b22 all bll 3B1 > 1Bl

1312 2@12 b22 b12 lAl .

Noting the behavior of Tix (px) and TT, (p,) under Cpy, it is

seen that
3L ,C —— 38,
'17_. g+ — 1 All
1 A . — 1 Ay ‘ , lBl .

The correlation energy diagram, Fig. 18, may now be drawn.
As mentioned previously, one of the problems to be solved con-

cerns the possibility of mixing between the lAl and 3% g- states. Alter-
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natively, the problem may be resolv_ed into one of finding which sta‘be's

mix with 3B1, since this state corrglates with the BEg“ state (note that
singlets correlate with singlets and triplets with triplets).

© According to quantum theory, states will mix under the influ-
ence of spin only ii‘< Wal Hspl \‘_ftb # 0 , where Hgy is the Hamiltonian

spin operator (68). The spin operator itself has certain symmetry pro-
perties, and con‘t_:.a;Lps the irreducible representations Bj, Bs ;and. Ao. Our

. problem may be restated, then, as finding the species, X, which obey the

<\¥331_l Hspl wx > 0

The direct product, w3B]_ x wx’ must then have the symmetry By, By or Ap,

s0 tha‘b<\y3Bl IHSle’5> results in non-zero solutions. Another rule

relation

pointed out (68) is that this equation will be valid only ii‘w3Bl differs
.f.‘rom\_'/x by the spin qf one electron, that is, triplets will mix under Hsp
only with singlets. Therefore, the 2By species will mix with the 14y (or
1A1:.L) species. On theoretical grounds, then, the lAl state may mix with
the ST g- state and thus the molecule may cross from the singlet to the
Yriplet surface.

The next logical step is the calculation of the perturbation
(resonance splitting) involved in the crossing qi‘ the lAl level with the

BZg" one. The method used involves perturbation theory for degenerate

systems (69). Briefly, the method is thislz one assumes that there is

no per‘burba;bion » and writes the general Schroedinger equation

1l For a detailed account, reference should be made to H,Eyring, J. Walter
and G. Kimball, Quantum Chemistry, John Wiley & Sons, New York (1957)
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Ho\yn° = Eno ‘wno » where H, is the Hamiltonian, E,® are the
eigenvalues a.nd\yn° the related eigenfunctions. Under some slight spin-.

orbit coupling, the Hamiltonian will be altered slightly to accommodate

- the perturbation. The Hamiltonian may then be written

HE = Ho + )LH(I), where the H(1) term is called the pertur-
bation (small in comparison with Ho). Ais a parameter which determines

the amount of perturbation. The equation which we wish to solve , then, is

(B, + ABY) - BY . (1)
Actually, W= c1“11° + 02w2° + eee +,\\y(l) +)€\V(2) + +..; these
\yi° 's correspond to the wave equations describing methylene before the
perturbation. E and\y from the preceding Schroedinggr equation may be
expanded in powers of A, » and, after expansion, re-inserf.ed. The energy
of perturbation H%) 1s defined as

Hk§1) = j\-i-jko H(l)\HJ.O dT", where, as before, H(1)
is the spin operator. The equation (2), after these expansions becomes
m

Nt
(1) . . ~

Now, may be written as a linear combination:

A ”’_Zj' Ay ¥

Likewise, for H(l)yf :

'
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The Ats are constants which must be determined.

After suitable substi-

tution, one arrives at a set of m (in the case of CHp, m = L) simulta-

neous equa'bibns, from which one may derive the secular equations in

determinantal form:

(54 (1) &(2)) . ‘H.l'z(l) H13(1)
Hyp (1) (sz(l)_E(l)) H23(1)
Hy (V) Hyy (L) CROES
1, () o 7,0 )

In this determinant, the ij's are the actual perturbation energies,

equal in value to Hyjy. They are

B, = <’B|Eg|'E> = 0
Hpp = <°B|Hspt °5> = 0
Hyy = .<‘B|Hsp"B> -0 ,

7, (3
iy

34

where thé Bis doriate the

three (triplet) wave functions, defined as\‘flc » chandw;, respectively,

while the +, 0, - symbols denote theg , (X8 +8X) and @9 spin components

respectively. Also,

Rt = mpt) - nlEg B
B = mp(t) - OBlHg| B>
<-B‘Hsplob

L°|Hgp| °B> = 0, where

1

n

RN o
L)

]

\

0

v and

°A is defined as\{/)® and V

refers to the spin-orbit coupling constant of carbon. Placing these ij

values in the secular determinant gives
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£ 0 0 v
0 -E 0 0
= 0,
0 0 -E v
v 0 v -E

since Hjj = 0. This determinant is an equation of the fourth degree in
E(l), and will have four roots El(l), E2<1), E3(1) and Eh(l). Solution
of this determinant has the actual values Ej = 0, Ep = 0, E3 =\/2 V and
E) = -\/5 V. It remalns to find the eigenfunctions corresponding to these
eigenvalues. These functions are found by putting each eigenvalue into |

the set of simultaneous equations from which the secular determinant was

derived. These are

(Hll(l)'AE(1)301. + . H12(1)02 + H13(1)03 & thﬂl)ch

=0
Hgl(l)Cl + (ng(l) —E(l))Cg + H23(1)C3 + th(l)Ch =0
a3 (Ley + " Hp(Ldez 7+ (H33(1) E(M))ez+  Hyflde)y =0

1Moy v oMoy Moy s (1) 2M)ey= 0

Therefore, to find the eigenfunction%{l corresponding to the eigenvalue Ej
(=0), we place this value in the simultaneous equations; this procedure is
done for all the-E's. As an example, consider E3, which eqyals\JE'V. It
one places this value in the aforementioned simultaneous equations, the
following relationships are obtained:

6p = C, , G =0 , C3 = Q)

Ve - V2

Placing these values in the equation

g{ ' = 0y +B &+ 02°B + C3—B + Ch?A
- E=h )
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results in

Y-y h(\fh 1]3 + o)
Normalization and collection of terms results in
Yy o= %(B +B + V2°%)
E=L
The other wave equations, derived in a similar manner, result in
\yEl = ©°B

L (*s - B)

oS
Nt‘l
S

(*B+ B - \/E op).

Mo
=

As noted earlier, the eigenvalues were given in terms of V,
the carbon spin-orbit.coupling constant. The value for carbon (70) is

16.4 cm-l. The actual separation, E, of the split levels in thus

Vev - ( V2v) = nfZ - 16.L ent = L6.2 em™L.

Calculation of the singlet-triplet transition probability

The probability of intersystem crossing1 of states (different

species) is given by the Landau-Zener equation, which is

P = e b ]WQEP2
T P ERL sy

1 r"crossing® indicates (see Fig. 19) following the 3B1 surface and
remaining on it, i.e. traversing from point M to point N
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where 1
P = probability of crossing
h = Planck's constant
Ep = spin-orbit perturbation as found in methylene
|Sl-S2| = agbsolute value for differences in slopes of the two species
at the crossing point

v = velocity with which the system approaches the crossing point.

The perturbation (Ep) has been calculated to be L46.2 em™L or
9.18 X 10-15 erg. The velocity of approach is calculated from the bending
frequency of CHy and the C-H bond length (1.03 x 10'8 cm), and has a value
of 7.28 x 105 em sec ™t or L.05 x 1015 degrees sec™t., The value for 151-32‘
has been calculated from the results of P.C. Jordan (71) who has kindly
furnished the dﬁta needed for construction of Fig. 19; this value is
L.88 x 107LL erg deg_l. Substituting these Valﬁes in the Landau-Zener
equation leads to a (dimensionless) value for the exponential of 2.53 x 1073.
The transmission coefficient, t, for one vibration is (l1):

t= 2p(1-p) = B2 Ey2
h|S1-So| v

The transition rate (singlet to triplet) is. given by x\), where ) is

bending frequency. Substituting these values in this relationship leads to

-a 7rate of 2.2 x 1013 sec™Ll,

1l see, for example, K.J. Laidler, The Chemical Kinetics of Excited States,
Oxford University Press, Oxford (1955)

cazananc]
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CLAIMS TO ORIGINAL RESEARCH

An experimental technique allowing one to follow the progression
from purely singlet to mostly triplet methylene behavior has been
devised.

Pentene formation in the photolytic reaction was féllowed as the
change from singlet to triplet methylene occurred.

The relative abilities of the different inert gases in fostering
the singlet-triplet transition were determined.

The relative abilities of the different inert gases in cooling "hot"
dimethyleyclopropanes were determined.

Internal hydrogen abstraction mechanisms for the formation of
butene-1 and 3-methylbutene-l were proposed, consistent with the .
known facts. ‘

The effect of molecular oxygen on the photolytic reaction of diazo-
methane with cis-butene-2 is negligible when singlet methylene is
involved (as compared to the drastic effect on the triplet reaction).
Free methylene is not generated by the thermolysis of diazomethane
at temperatures lower than 225°C.

At temperatures of 225°C, the vapor phase reaction of diazomethane
with cis-butene-2 is a molecular one involving diazomethane (not
methylene) reaction.

A method'has been devised whereby one may test for the appearance
of free methylene.

The resonance splitting between the singlet and triplet methylene

species has been calculated, as well as the transition probability.
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SUGGESTIONS FOR FUTURE WORK

Resolution of apparent similarity of some of the inert gases in
effecting the singlet-triplet transition; to be accomplished mainly

by decreasing the partial pressure of cis-butene-2.

Mercury photosensitized reactions involving diazirine (if the
absorption spectrum permits; otherwise, ketene) and cis-butene-2

at relatively low pressures.

High temperature thermolysis (300°C and greater) to determine if

free methylene is actually formed.

Investigation of the high temperature thermolysis in the presence

of inert gas, followed by comparison with the photolytic reaction.




9.
10.
1l.
12.
13.
1L.
15.
16.

17.
18.
19.
20.

21.

- 127 =

REFERENCES

A. Geuther, Ann. 123, 121 (1862)
W. Doering and A. Hoffman, J. Am. Chem. Sec. 76, 6162 (195L)
W. Doering and P. LaFlamme, J. Am. Chem. Soc. 78, 5LL7 (1956)
H. Meerwein, H. Rathjen and H. Werner, Ber. 75, 1610 (1942)
W. Doering, R. Buttery, R. Laughlin and R. Chaudhuri,

J. Am. Chem. Soc. 78, 322} (1956)
P. Skell and R. Woodworth, J. Am. Chem. Soc. 78, LL96 (1956)
R. Etter, H. Skovronek and P. Skell, J. Am. Chem. Soc.

81, 1008 (1959)
G. Kistiakowsky and K. Sauer, J. Am. Chem. Soc. 78, 5699 (1956)
H.C. Brown, and M. Borkowski, J. Am. Chem. Soc. Tk, 189k (1952)
M. Flowers and H. Frey, Proc. Roy. Soc. (London) 4260, L2l (196L)
H. Frey, Proc. Roy. Soc. (London) A251, 575 (1959)
H. f‘rey and I. Stevens, Proc. Chem. Soc. 79 (1962)
F. Duncan and R. Cvetanovié¢, J. Am. Chem. Soc. 8L, 3593 (1962)
G. Herzberg and J. Shoosmith, Nature 183, 1801 (1959)
A. Walsh, J. Chem. Soc., 2260 (1953)
F. Anet, R. Bader and A.M. Van der Auwera, J. Am. Chem. Soc.

82, 3217 (1960)
J. Butler and G. Kistiakowski, J. Am. Chem. Soc. 83, 1324 (1961)
J. But;ler and G. Kistiakowski, J. Am. Chem. Soc. 82, 759 (1960)
T. Wilson and G Kistiakowski, J. Am. Chem. Soc. 80, 293l (1958)
J. Chanmugam and M. Burton, J. Am. Chem. Soc. 78, 509 (1956)

H. Gesser and E.W.R. Steacie, Can. J. Chem. 3L, 113 (1956)




22.
23.
2L,
25.
26.
27.
28.

29.
30.
31.
32.
33.
3k
35.
36.

38.
39.

L0.

L.

L3.
Lb.

- 128 =

R. Cvetanovié, J. Chem. Phys. 30, 19 (1959)

R. Cvetanovié, Can. J. Chem. 36, 623 (1958)

A. Knight, O. Strausz and H. Gunning, J. Am. Chem. Soc. 85, 2349 (1963)
0. Strausz and H. Gunning, J. Am. Chem. Soc. 8k, L080 (1962)

D. Setser and B. Rabinovitch, Can. J. Chem. LO, 1L25 (1962)

H. Prophet, J. Chem. Phys. 38, 2345 (1963)

E. Royals, Advanced Organic Chemistry, Prentice-Hall Inc.

- New York, (195L)

J. Pedley, Trans. Far. Soc. 58, 23 (1962)

P. Jordan and H. Longuet-Higgens, Mol. Phys. 5, 121 (1962)

A. Langer, J. Hipple and D. Stevenson, J. Chem..Phys. 22, 1836 (195&)
G. Herzberg, Can. J. Phys. 39, 1511 (1961)

H. Fre&, J. Am. Chem. Soc. 82, 5947 (1960)

F. Arndt and J. Amende, Z. angew. Chem. L3, LLkL (1930)

Sadtler Spectra, Sadtler Laboratory, Phil. Penna. (1961)

H. Frey, Proc. Roy. Soc. (London) A250, L09 (1959)
H. Frey, Trans. Faraday Soc. 58, 516 (1962)
J. Bartlet and D. Smith, Can. J. Chem. 38, 2057 (1960)

S. Glasstone, K. Laidler and H. Eyring, The Theory of Rate Processes,

McGraw-Hill Book Co., Inc., New York (194l)
J. Hirschfelder and E. Wigner, J. Chem. Phys. 7, 616 (1939)

K. Laidler, The Chemical Kinetics of Excited States, Oxford

University Press, London (1955)
F. Kirkbride and R. Norrish, J. Chem. Soc. 119 (1933)
R. Brinton and D. Volman, J. Chem. Phys. 19, 139L (1951)

R. Cundall and T. Palmer, Trans. Faraday Soc. 56, 1211 (1960)




L5.

L6.
L7.
18.
L9.
50.
i Sl.

52.
53.

5k.
55.

gé.

57.
58,

59.
é0.

6L.

62.
63.
éL.

- 129 -

J. Lambert, Atomic and Molecular Processes, D. Bates, Editor,

Academic Press, New York (1962)

G. Kohlmaier and B. Rabinovitch, J. Chem. Phys. 38, 1692 (1963)

G. Kohlmaier and B. Rabinovitch, J. Chem. Phys. 38, 1709 (1963)

H. Broida and T. Carrington, J. Chem. Phys. 38, 136 (1963)

C. Zener, Phys. Revs. 37, 556 (1931)

L. Landau and E. Teller, Physik Z. Sowjetunion 10, 3L (1936)

R. Schwartz, A. Slawsky and K. Herzfeld, J. Chem. Phys. 20, 1591
(1952)

B. Mahan, J. Phys. Chem. 62, 100 (1958)

B. Rabinovitch, D. Setser and J. Simons, Sixth Photochemical
Conference, Brussels (1962)

R. Norrish and W. Smith, Proc. Roy. Soc. (London) Al76, 295 (19L0)

K. Herzfeld and T. Litovitz, Absorption and Dispersion of Ultra-

sonic Waves, Academic Press, New York (1959)

W. Moore, Physical Chemistry, Prentice-Hall, Englewood Cliffs, N.J.,
(1963)

M. el Nadi, J. Chem. Phys. 19, 503 (1951)

W. Keesom, Helium, Elsevier Publishing Co., Princeton, New Jersey
(19L2)

G. Miller and R. Bernstein, J. Phys. Chem..63, 710 (1959)

. VonPechman, Ber. 27, 1888 (189L) |

. Von Auwers and E. Cauer, Ann. 470, 28k (1929)

. Von Auwers and F. K#nig, Ann. L96, 252 (1932)

. Von Auwers and O. Ungemach, Ber. 66, 1198 (1933)

< B - S

. Eistert, Newer Methods of Preparative Organic Chemistry, K. Alder,

Ed., Interscience, New York, (19L8)




65.
66.
67.
68.
69

70.

71.

- 130 -

E. Steacie, J. Phys. Chem. 35, 1493 (1931)
T. Pearson, R. Purcell and G. Saigh, J. Chem. Soc. 35, 1493 (1931)
E. Azzarello, Attl R. Acad. Lincei, 1L, 286 (1905)

J. Sidman, J. Chem. Phys. 29, 6Ll (1958)

H. Eyring, J. Walter and G. Kimball, Quantum Chemistry,
John Wiley and Sons, New York (1957) '

W. Kauzmann, Quantum Chemistry, Academic Press Inc., New York (1957)

P. Jordan, private communication




