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‘Abstract )

Rate constants have been measured for the .gas-phase

reactions of CCl(X'N) with some _inorganic vcompo%nds,r

saturated compounds, and representati‘e series of alkynes,

silanes, cyclic and heterocdyclic cempounds.

CCl was generated from the isothermal flash photolysis

of dibromochloromethane in the presence of helium., The decay
of CCl was monitored by kingtic absorption spectrq@scopy, by
following the (Q, 0,0) band of the A?A— X*I1 system at
277.7 nm. The rate constant, k,, for th& reaction of CCl

with a substrate was Qderived from the - increase in the

observed decay rate of CCl, in the presence of a reactive

- substrate, relative to the background decay rate.

CCl is less regctivé‘than CH, and consequently displays
more. selective behaviour towards tﬁe substrates. It is non-
reactive towar@s H,, primé}y‘and secondary C-H bonds, but
inserts slowly into tertiary C-H bonds, and perhaps also
reacts with C-Cl and N-H bonds.

It is concluded that the principal feature of the
reactions Qith alkynes is cycloadditiops to the acetylenic
boﬁds sincejérimary and secondary C-H bonds. are relatively
| inert.' The ' observation that k, increases with increasing

alkylation of the substrates from -~ 10’ to ~-10'* M~ >S",

and the 1linear correlation between log k, and ionization

potential of the substrates, reveal the electrophilic nature .

of CCl. The few deviations from linearity observed with

highly -suﬁstituted alkyn!!? can be ascribed to steric
‘ - ' .
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e 4 )
hindrance. No isotope effect was detected upon deuteration
of acet léhe. |
Peactibns with silanes afe, in general, quite rapid (k,
= 10® M-' s-'), and appear to be mainly restricted to Si-H
bond inse}tibn, since Si-C, Si-F, Si-Cl bonds were found to’
be non-reactive and reaction with Si-Si bonds is relag!vely
fslow. The électrophilic nature of CCl was again ;€Vealed in
the increase/decreaée of k, with the electron-donating/with-
\drawing substituent groups at Si, and jn the  linear
relationsifip observed between log k, and ionization
potential of the substrates. The reactivity of the silanes
also correlates with other bond péraméters such as
stretchipg,frequency and hydridic character of the Si-H
bond. |
| _A\primary isotope effect was observed upon deuterqtion
of the.silanes! up to a factor of - 2 depending on the rsac-
tivity of the Si-H bond. ;
. The preéeﬁce 6f Fhe heteroa%ohs O and S grgatly
enhances the reactivity of saturated cyclic subs?rates (k, -
10* M~' s ') as coﬁpared to their inert hydrocargon analogs.
The nature of the_interactions with the heterocatoms is still
unclear, but probably involves ylide-type intermediates
resulting in apparent C-heterocatom bond insertion products.
- In general, substituted benzenes are quite reactive (k.
= 10* M"' s-') as are aromatic systems containihg hetero-

atoms (k. = 10°* M s"). In the lqtter case, however, no

correlation was obsegved between 1o0g k, and ionization



o

potential; this was ascribed to the fact that the overall

rate constant comprises two reactions, cycloaddition across

the C=C bond, and reaction at the héteroatdm site.

\ J

, The reactiivity of CCl is discussed in comparison with

-

that of other electrophilic species such as | CH(X),

CBr(X*m, CH,(A'A)), SiH,(A'A,)#S(*P) and O(*P).

vi
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I. INTRODUCTION

A carbyne 1is a .monovalent carbon radical intermediate in
thch the carbon atom is connected to anothef group by a
covalent bond. Carbynes are the least understogd c;rbon
radical species, for two reasons: 1) they are difficult to
generate iﬁ a clean, kinetically defined manner, and 2) they
are eitremely reactive. CH,\\the simplest of the carbyne
family, was ‘first observed several decades 5@0 in the
sbectra of stars and comets and has been detected, by means
of flash photolysis - kinetic spectroscopy, as‘a transient
"intermediate in a number of systems. Until recently, more
kinetic data were available on CH reactions than on any
other carbyne.

In general, the photochemical decomposition of suitable
precursor mdlecules generates carbynes in very léw"yields,
making ﬁroductv analysis diff;cult, and the simuitaheous‘
production of other highly reactive specieg renders
mechanistic conside?atizns speculative, at best (with the
exception of CCO,Et, the chemical reqctivity of which has
been well delineated, vide Iinfra). For these reasons the

~_vast majofity of experimental data reported in 'the
literature conéi#ts of rate constant measurements obtained
by the flash phdtolysis - kinetic spectroscopic technique.

The following carbynes have been detected upon photo-
lysis of suitable sourck compounds: CH, CBr, CCl, CF, and
\perhaps= CCN, all \Of which have been ob;eived

spedtroscopically, and CCO,Et, whose presence was

\

1 *



rationalized both in terms of product analysis and the

~

nature of the esr signal generated upon photolysis of the

source compgund.

Of the labove carbynes, CF and CCN have not yet ‘been

studied kinetically due to the lack of suitable precursors
which would produce transient spectra strong enough for
kinetic . measurements  using conventional photolysis
apparatus. C has totally eluded‘detection, probably due to
a combinatidn of factors which include the instability and

high reactivijty of the carbyne, or low yield for its genera-

tion.

A. CARBYNE CHEMISTRY .
/.

1. Nature of Carbynes

The bent sp? hybrid has long been regarded as a logical
structure for a carbene, although a linear sp hybrid is glso
possible. ' ATherefore, the most reasonab%e structure fér
a carbyne is an sp hybrid.

The #rbital occupancy on the carbon atom of a carbyne
comprises/ a doubly \occupied 4 orﬁital, a half
filled rﬁbrbital and an empty » orbital (Figure I.la). This
electroqﬁ deficiency in the » orbitals can be partially
compens#ted in the halomefhylidynes, CCN, and CCO,Et, by the
back donation of electrons from the halide, CN, and CO

groups to the carbon atom. This phenomenon is possibly
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stronger with the halometbylidynés and CCN, where bo;h.
pr oYbitals of the carbyﬁe c;rbon may overlap with those of
‘the halide. or with both the CN « molecular orbitals, but
wé#ker with»CCO,Et,vwhere~only{one pr orbital of the~¢arbyne'
carbon can overlap with the CO » molecular orbital (Figure
I1.1b). '
Therefore, although 'lhe carbyne carbon becomes inore
positive as the §uﬂ%fi%uent becomes more electr¥negative, in
the sequence  CH, Ci, CBr, CCl, CF, there 1is also an
inc;eased transfer of charge back to the carbon atom via the
pr orbi;als, in going from CI to CF. In general, studies on
carbene reactions have ihdicatedl‘that the electrophilic
character of the carbene is governed bylthe population of
the pr orbitals and, but. to a much lesser extent, by the
total charge, on the carbene carbon. If the carbynéﬁwbehave
simila;ly, CF wopld be the least electrophilic caggyhe, due
to thé’laréer degree of overlap between the p~n orbitals of
the carbon and the fluorine aton, w%

)

donation occurs, would be the most  electrophilic -

ile CH, where no back

carbyne.

2, Electron Configuriiion and Term Symbols

In the ground state, the electron configuration of
methylidyne CH,. the simplest carbyne, is 16’2;’30’11': The .
other carbynes possess analoéous configurations:
R P LA & ifor. the halomethylidynes, ...30’11}40’2#’ for

cyanomethylidyne CCN, and ce.27x21102 37" for

~
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carbethoxymethylidyne CCO,Et. All of them give rise to a
ground state term X'[I. Four spectroscopic states, ‘-, ?A,

3¢ and *Z-, arise from the first excited configuration
(1a’2a13:'1}’) of CH, :he halomethylidynes'(...wr‘xa‘Qr’),
CCN . (...30%17'40'2x*) and CCO.Et (...27%110'3x%). The
%yartet state ‘E is the lowest lying exc;ted state in all
the carbynes. The electron arrangements assoc1ated with each

of the above symbols are given in Figure I.2 for CCl.

3. Transition Spectra
In kinetic-spectroscopic studies, the attenuation of

the carbyne's transition band with time can be used to

monitor its concentration. The obserQed low energy transi- .

tions and their corresponding wavelengths for CH, CCl, CBr,

~ CF and CCN are presented in Table I.1.

E
Methylidyne, CH

CHE has been studied most exfensively. Three bands are

most often seen in the near u.v. reg}on at 430.0 nm, 390.0
nm and 314.3 nm, in decfeasing_order of emission intensity.
In absor}tion thé Situation is reversed, with the 314.3 nm
band being the most.reaaily oBhgrved.‘ | S |

Being one of the most abundant »raaiCals in"comefs,
stellar atmosphere, and interstellar ¢space;i CH.hés been
6bservgdjin comet emissions énd in the.absorption-spectra of
séarsi for more than half a century" Its emission vas also

observed in Bunsen flames,‘ in carbon arcs - burning in
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TABLE I.1

Observed Carbyne Transitions and Their Corresponding
Wavelengths in the Near U.V.Region’® :

CH ' CBr

Transition  Wavelength (nm) Transition  Wavelength (nm)
C*2* <> X1 314 BZ*<—X*I - 250
B2Z <« X2]] 390 A?A <« XN - 305
AlA <> X1 430 (vis.)
az:—/x'n - 1674 (i.r.)

ccr CF
Transition Wavelength (nm) Transition Wavelength (nm)
B «—X' 230 B'A.—X'm 203
AlA X1 T 278 AT e X211 ’ 240

. ‘{ - “
CCN

Transition Wavelength (nm)

C2Z* «—X?] 470

B2~ X2 ' 446
AlA <X 375




‘vhydrogen,’ and in electrical discharges through organic
vapours e.g. acetylene, methane, benzene.®' The bands at
430.0 nm, 390.0 nm and 314.3 nm have long been identified és
the transitions A?A - X', B*X" - X' and C*Z' - X'N
respectively.‘ However, the absorp;ion spectrum had  not
been . seen in the laboratory until 1952, when Norrish et al.
observed\the three characteristic transitions foilowing the
oxidation of acetylene initiated by the flafh photolysis of
a small quantity of nitrogen dioxide.*

- Kinetic absbrbtion spectroscopy has been used to study
the ‘reactions of CH, generated by the phbtolysis of
compounds such as CH,N,,'® C,H,'' and CH,,'? by monitoring
the C32Z* <+~ Xl absorption band aﬁ 314.3  nm. With the
advancement of laser technology, recent kinetic measurements
vere made by monitoring the'laser‘induced fluorescence (LIF)
of the A*%A — X*II band at 430.0 ' PRERRRY

| The guartet state *Z- has elhded,conventional spectro-
scopy, but was detected recently, ih abéorption, by lasér
photoelectron spectroscoby‘and was esfimated toblie 17 kcal
mole-' (0.74 ev, 1674 nm) above the ground state,'*® in
qgreement"dith'an earlier estimate, by 'ab Initio calcula-
tions, of 0.52 - 0.75 eV.'®

Herzberg and Johns,'® following the flash photolysis of
CH;N,, observed a number of new transitions in the vacuum
u.v. region. This included a Rydberg series, starting at
137.0 nm, and some strong absorptions at 300.7, 165.0, 156.0

and 154.0 nm, which were identified by rotational analysis



)

as transitions involving the higher spectroscopié states,
DM — B'Z-, D'Mli— X', E'M— X'l and F'Z* — X'N respec-
tively.

-

9
/

W
Bromomethylidyne, CBr.

The Cﬁr spectrum consists of bands in the region
306 - 300 nm and two diffuse bands at 252.6 nm and 249.6 nm.
Unlike CCl, the emission of whish has been observed
bqfh in flames and elec;rical discharge experiments. CBr
does not appear to emit, under siﬁfla: conditions. Emissions
around 290 nm, ob;ervedifn-flames containing Br,,'’+'* and
bands in the region 350 - 265 nm, reported in the electrical
dfscharge 05 carbon tetrabromide vapour,'® were first
bélieved to be due to CBr, but were -later ideﬁtifiédu as
bromine bands.?* ’
CBr can be seen in theiabsérbtion following the flash
- photolysis of orgaqic bromides.*':?? The system_peaé 300 nm
was shown to bé the A?A — X?II transition yn the Sasis of the
rotational analysis >carried out by ;ixon andf'Kroto."
Tyerman also observed two diffuse absgrption bands at 252.6
nm and 249.6 nm and pravisionally assigned them as belonging
to the B*Z* — XN Ftansition."v .
To date, kinetic absorptioﬁ spectroscopy has been the

only me{dod used to.study CBr reactions by monitoring the

) . 1 i - .
(Q, 0,0) band of the A?A — X’ transition at 301.4 nm,**:**
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.

‘cyanogen - chlorine mixturé.""f On the basis of rota-

®
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C e )
Chlor::methjl idyngs, CCl
e

The transition spectrum of CCl consists of a strong,

‘comp}ex bﬁpd system near 278 nm and a weaker system near 230
nm. " . ‘; V«'

The emissions Qghr3278 nm obtained in electrical dis-
;chargés -of chldrine-containipg hyd}ocarbons e.g. carbon

first reported by Asundi and

(YR

tetrachloride vapour, were,
N ) o = - . .
Karim?’ in 1937, and subsequently confirmed by a number of

_ AN
workers.**:»** This system also occurs -in the flame of a

tional analysis, these emissions were identified in 1961 [as
the A’AA-X’H‘transition."-” The same system could |pe

observed in absorption following the flash photolysis pf

some chloromethanes and chloroethylenes,?'»22 32,34

A band emitting‘ at 244 - 236 nm, first:observed by

o

“"Barrow?’ in the electrical discharge of carbon tetrachloride

vaédut, Qas later attributed to chlorome;hyliéyne cation,
CCl*,** . In 1969, Tyerman®* studied the flash photolysis oﬁ
”CF,CCl,*+ N, mixturés and discovered two new absgrptfon
bands at 231.1 nm and 230.4 nm, which wefe assigned to the
B:Z* — X1 system; o~

Thf (Q. 0,0) band of the A’A'— X'Il transition at 277.7
nm has been Mused in kinetic absorption s;ectroscopy for
monitéring the cCl concentration.’* . . f ’
| Most recently, kinetie studies 6f the CCl reactions

have heen made by following the laser induced fluorescence

(LIF) (of the same line.**



Asundi and Karim reported that the emission spectrum of
CCl, also featured strong, wide bands hav{ng maxima at 460
nm, 307 nm and 258 nm, and a medium band (maximum at 335
nm), .and ascribed these to CCl. However, further investiga-

tion is required in order to substantiate this claim.

Fluoromethylidyne, CF

So far, two bands of CF have been observed: one near
240 nm and the other near 203 nm. | |

.Thetemiésions near 240 nm can be observed following the
decomposition of CF, or other fluorocarbon vapours via
electrical: discharge,®>’~*® or shock-heating.*' They also
occur in flames burning in CF,.*? The same system in absorp-
tion has been observed iﬁ electrical discharge experiments*?
and in the carbon-tube furnace decomposition of CF,.**

A rotational analysis done by Andrews and Barrow®’
identified the 240 nm band as the A3?Z* - XM transition.
These authorshf’ and also Carroll and Grennan,*° assigﬁed
the 203 nm system to the B?A - X tra§5ition, which, so
faf, has only been observed in emission. Both systems have
been observed in emission, in electrical discharges through
fluorocarbon vapours,”-""°-and in the laser photolysis of’
CF,Br,“ gndACF,Cl,,“ The lowest lyiné ‘2" state has not
been observed, but was estimated to lie about 2.66 eV (60

kcal, 466 nm) above the ground state.*’
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Cyanomethylidyne, CCN

The "only report concerning the transition spectrum of

CCN is that of Mé{gr and Travis,‘* who flash photblyzed
diazoacetonitrile and ascribed a new transient absorption
spectrum tngCN, A.rotational analysis carried out by the
aﬁthorsh indicated. that the three bands observed at 470 nm,
446 nm and 375 nm beionged'to the A’A — X°[I, «+ B?*X- — X[l and

C*z* — X' transitions rgspecfively.

4. Geéneration of Carbynes

As noted above, carbynes are uéually genérated in
secondary proce§5es: ‘these »are little ungerstood' and
moreover are expected to be influenced by a number of
factors such-as the wavelength of irradkgéion and pressure,
For e:%mple, it will be shown that CHBr, and CHCl, generate
CBr and CCl réspectively upon photolysis; however, the
spectral . lihes attributébie to CBr are strong and well
defined, whereas under the same conditions, those for cCl
are so weak that a vacuum u.v. apparatus must be used.

An addiiional'complicating factor is the simultaneous
generation of other reactive spec{es which may interfere
with the reaction under study, and/or absorb in the same
spectral region as the species being examihed.

For thF above reasons, and bearing in mind that the
transition line(s)» being Astudied should not bé masked bj
-absorptions”frém the sburce compéund, éaah of the carbynés

studied to date has been generated under ad hoc conditions.

%+
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The methods and sources used are summarized in Table 1.2 and

will now be described in detail.

Carbethoxymethylidyne, CCO,Et

The A‘< 280 nm photolysis of diethylmercurybisdiazo-
acetate in 1liquid alkanes and alkenes*’*~*? leads to the
";~_Sormation of a variety of products which can be rationalized
via the intervention of‘carbethoxymethylidyne, CCO,Et:
\ o
—_— EtCO,CN,

| :
Hg + hy (A < 280 nm) ——> Hg + 2N, + 2CCO,Et

I
EtCO,CN,

Moreover,_ the -196° photolysis of the sourcegcdmﬁound in a
_giass matrix generated a single symmetfical esr ‘'signal yith
no hyperfine splitting at g = 2.001, indicafing the.
presence of a doublet ground state species containing no
.protons adjacent to the radical sitef lTlc—CO,Et,

°

Methylidyne, CH

CH can' be generated by the phoﬁoleis of a gfeat
variety ofJHYdrocarbon precursors. Norrish et al.* were the
first to observe the CH ,absorption spectrum in the

~laboratory in 1952, following' the oxidation of aéeEYlene
ihiéiated by the flash pﬁo%olysis'of a small quantity of
nitrogen diéxide, Subsequentiy,. with improved techniques,

several groups including Callomon and Ramsay,'' who flash
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photolyzed diacetylene, and Herzberg and Johns,'® who flash
photolyzed diazomethane, obtained stronger }absorption
spectra of CH.

Haovever, the first experiment designed to study the
rate of CH reactions was done by Braun et al.,'* wvwho flash

photolyzed methane and concluded that CH can be formed

either by the secondary photolysis of methylene radicals,

CH‘ + hV ——r H; + CH:

Lh? o u + cH

or via the unimolecular decomposition of vibrationally
excited CH,, because at the phétolysis wavelength used (A 2
105 nm) the inifially produced CH, can contain up to 170

~

kcal mole-' excess energy:

CH, + hy (A 2 105 nm) —— H, + CH,t*
. ~ 7

L———>-H + CH

However, the resuits of a vacuum u.v. steady state photo-
lysis of .methane (A = 123.6 nm, 106.7 - 164.8. nm,
74.37 - 73.59; nm) studied by Ausloos and coworkers®?:%*
indicatéd that vibrationally excited methyl radicals, which
are also produced in the primary processes, could also be

the precursors of CH:

'
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L CH + H, (or 2H ?)
They also showed that iJ the pulse radiolysié of methane, CH
may arise from the fragmentation of neutral, excited methane

molecules formed by electron-impact, instead of via an ionic
"

\

mechanism,

Lin fiash. photolyzed CHBF%(M/SF. systems (M = 0,,*?*
SO,,** NO*'’) and proposea that CH 1is generated via the
sequential absorption of three photons by bromoform and the

subsequent primary and secondary fragments: : .

\
v

£

CHBr, + hvy (A 2 165 nm) -+ Br + CHBr,
U4
Br + CHBr

Eﬁ Br + CH

The above‘mechanism differs from the one proposed by
‘ Simons and Yarwood?''?? for the produétion of CBr from
bromoform (vide infra). Actually, CH was not observed
spectroscopically, but 1its presence was inferred from the
‘fact that C,H, is a reaction product, brobably formed . from

., the recombination of CH radicals.
More recently, CH has been produced by pulsed  lasers.
Lin and coworkers'?:'* employed a high-power, pﬁlsed ArF

excimer iaser (193 nm) to photolyze bromoform, under miIdly‘ﬁ

focussed conditions thatfwould allow 2-photon absorption:**

CHBr, + hy (A = 193 nm) —» virtual state.-JEL—>
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.Similarly, Messing et al.*' produced CH from the
multiple photon dissociation (MDP) of methylamine CH,NH,
induced by a TEA CO, laser. Methylamine was chosen since it
has’well developed P, Q, R branches of the C-N stretching
mode: in the CO, laser region near 10 um. CH is presﬁmab;y
formed from the seconé;ry MDP of a primary fragment such as
CH,NH, or CHNH,, because the formation of CH from CH,NH, in
a sinyle step has a prohibitively high energy requirement:

i

LY , Nfi, + cH

—— H, + CHNH, '

1 . NH, + cH

The same authors also investigated other compounds such as
methanol CH,OH, ethanol C,H,OH, methyl cyanide CH,CN,
ethylene C,H, and ketene CH,CO, and found these can alsé be

used as sources of CH.

Halomethylidynes

Simons and Yarwood®':?? investigated potential sources
of halomethylidynes extensively by flash §hptolyzing a
number of‘halogenated compounds, primarily halomethanes, and

observed CBr, CCl and CF in absorption. According to their



scheme, the halomethylidynes were produced via the unimole-

19

cular decomposition of vibrationally excited halomethyl'

radicals:
CHX, + h¥ ———— CHX,! + X

(CHX,t )gpeg*——— CX + HX

— M (CHX,)e<e*

where X = Cl, Br, F, and E* is the minimum energy required.
for the unimolecular decomposition.

By varying t¥We energy of photolysis by changing :he
wavelength of the irradiation, they showed that a large
portion of the oxcess energy availableg in the Qrimary
process ended up in the vibrationally‘excited halomethyl
radicals. When this energy exceedeq' a minimim required
value, E¥*, secondary unimolecular decomposition took place
to produce the halomethylidynes. Helium was used as a
diluent gas to maintain isothermal conditions.

It should be noted that, contrary to Lin's claim,®35-3"
neither Simons and Yarwood nor Strauszland coworkers could
detoct CH following the flash photolysis of CH,Br,, CH.ClBr,
and‘ CH,I;,J with either conventional or vacuum u.v. appara-
tus, under either adiabatic or isothermal conditiono/ Simons
and Yarwood ascribed. th;s to the relatively high energy

requirement for CH generation, and thus, even if sufficient

energy resides in the halomethyl radicals for this process,



the alternative decompoéition to yield halométhylidyne,
which requires 1less energy, would still be more favorable,

for example:

Radical Decomposition # Minimum Energy for

Decdmposition E* (kcal mole- ')

CH,Br ——» GBr + H, . 65 Lo
_ ) D
»
CH,Br —— CH + HBr - 101

Bfomométhylidyne, CBr:

The iny k{netic studies on CBr reactions have been
carried out by Strausz and coworkers, % ¢ employing bromo-
form as the source of CBr. The producﬁion sﬁheme, as

‘proposed by Simons and Yarwood,?''?*? is given as:
CHBr, + hp (A > 200 nm) —— CHBr,* + Br

(CHBr,t)epe*® —> CBr + HBr

~

"where E'= minimum energy for decomposition‘= 57 kcal mole-',

!

Chloromethylidyne, CCl:
‘Simons and Yarwood®':®? were the first to observe the
absorption spectrum of CCl, which until then had only been

reported in emission, by flash photdlyzing a series of



21
-
chloromethanes. They reported that the best sources of CCl
are CHC1Br,, CHCl1,Br and CCl,Br,.

Husain®® flash photolyzed trichloronitrosomethane and

suggested the following mechanism for the production of CCl:

© CC1,NO + hy (A > 190 nm) —~CCl,t + NO E < 42 kcal mole-"

cClt—~cCl + Cl, E - 107 kcal mole"!

/ .

The CCl concentration was found to depend on the first order

of the. flash energy, which is indicative of a one-photon

process such as the one given above. Since the lower limit .

of the photolysis flash at 190 nm corresponds to about 150

kcal mole”' energy, Husain concluded that after the primary
process, which requires < 42 kcal mole-' energy, the excess
energy was concentrated*in the trichloromethyl radical, so.

as to meet-the‘energy requiremeﬁt.of‘approx. 107 kcal mole-’

;for the unimolecular decomposition to generate CCl. This is

‘supported by the observation that the nitric oxide produced

was not vibrationally excited, since only strong (0,0) tran-
sitions of the y~system of NO were seen, while the'(0~— 1)
tfansitions were'extremely veak.

Tyerman®+* also generated CCl from the flash photolysisf

of 1,1-dichloroethylenes: CF,CCl,, CFCICCl,,  C.Cl.,

”CEClCClz, CH,CCl,, in decreasing order in terms of“ahount of

"CC1  produced. The CCl concentration was found to be

gT dependent: -on . the sécond o:der. of the flash energy, from

f

v
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)

which he concluded that the CCl production is a two-photon

process: |
~ 0 .

CCl,CX¥ + hy (A > 200 nm) — CCl, + CXY '

| X,Y = H,F,Cl

CCl, + h¥ —— CCl + C1

¢

Also, the CCl intenéfty was'not affected by the pressure of
a -foreign gas suéh as N,; this r&les out the possibility of
a vibrationaily.excited species as being the precursor of
the CCl. Furthermore, Tyerman observed vibrationally hot CCl
(v' = 1) in the absorption spectrum of CCl, but only in the
flash photolysis Qf;CF;CCl;. His explanation was that since
CF,CCl;Fhas>no fundaméntal between 993 and 640 ém-', it
fails to induce rapid vibrational relaxatidn of the hot CCl
(v' = 1) (fundamental frequency = 864 cm-'), as the other
1,1—dichloroethy1eneé would, because they-all have fundamen-
tal fréquencies of the order of'864. + 50 'cm".A'Recen;ly,
Wampler and coworkers?®¢ studiedythe ArF laser‘phétélysis of

CCl, and CC1,F, and discovered that, in both cases, CCl

radicals were produced on the average by more than two laser

~

photons. On the basis of the various products formed, they
suggested that several different primary processes involving
the  absorption of one to- three photons were actually

involved:

.
\ .
’ 1



ccl, — CCl, + Cl AH =

— CCl, + Cl, . aH =

f——;> ccl + Cl, + Cl aH =

CC1,F —» CCl,F + Cl AH =

. — CClF + Cl, | AH ©

o ,

— CF 4 cl, +Cc1 aH =

—> CCl +Cl, + F AH =

— CCl + C1 + C1F AH =

In g{;he steady state photolysis of
Ausloos*® suggestéd that the - following

‘occur, depenaing on the wavelength:

cCl, + hy (A < 213.9 nm) —— CCl, + Ci

71 kcal mole™'
80 kcal mole”'
172 kcal mole-'
75 kcal mole-'
90 kcal mqle"
159 kcal mole”'

} -

208 kcal mole- '

206 kcal mole- "
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CCl,, Rebbart and

primary processes

-

(N £ 163.3 nm) —> ccl, + 2C1

At shorter wavelength, an additional process was believed to

be feasible:



(AN € 147 nm) — CCl + C1, + 1'(0; 3Cl)

,mAltHough theeauthorSffguld\not obtain any prod cts attri-
butable to the pre;:nce of ccl, ev1dence for the generation

of CCl at A £ 147nm, was provided bg Davies e al.,* ’who

postulated that CClBr,, one of the products obtained from

the steady- state photolysis of CCl, - Br, mixtures at 147

nm, arises from the reaction of CCl with Br

CCl + Br, —— CClBr,

CtlBr,yiﬂBr,-—————; bClBr, + Br.

The above results indicate thatvchlo:omethanes, such as
CC1,NO, CHClBr,, @yCl.Br,. CCl,Br, and 1,1-dichloroethylenes,
suCh_ae.CF.bCi, and CFC1CCl, are all good -precursors of CCl,
usiné flash photolysis - kinetic spectroscopic techniques.
The production of CCl from CCl, in sufficient quantities for
_kinetic etudies ﬁas not yet,been‘definitely proven, except
-'unaer laser photolysis conditioﬁs, probaﬁly'due to the high
energy requirement for the process.. _ L |

N
—

Fluoromethylidyne},CF:

CF has been observed spectroscop1cally following th

1
flash photolysis of CHFBr, and CFBr, by  Simons

Yarwood,?':?? who used a vacuum u.v. appatatus because /the

s

absorpt1on spectrum at 230 nm (A’Zﬂ~— X’H) overlaps ’tha of

g‘;
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the parent compounds. The presence of CF in other systems
has also .been inferred from a number of other experiments,
because its*generation is energetically feasible uAder ~the
conditions employed. For example, shock-heéted CF, or C,F,
in argon diluent was found to decompose to CF,, some bf

which may subsequently decompose to CF:*:
CF, + Ar —— CF + F + Ar

By analogy> with the proposed production of CCl from the

steady-state photolysis of CCl, at short wavelength, *
CCl, + hw (A £ 147 nm) —— CCl + Cl, + Cl (or 3Cl)

CF was believed to be generated in the primary process in
the . steady-state photolysié of - CFCl, carried out by

Rebbert::’

CFCl; + hv (A £ 147 nm) —— CF + Cl, + Cl1 (or 3Cl)

, ;’;} . Co. . N
The detectzon‘?f CFBr,, when bromine was added to CFCl,, _is
ev{ﬁ’;ce fo; the formation of CF, 51ncem1t can be formed by
the reaction of CE with Br,:, '
k] . y
w#

B ‘::_-,';' '~..
P~

CF + Br, ——» CFBr,

CFBr, + Br, ——» CFB;," + Br
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Furthermore,.in the flash 'photolyzed systems CFBr,/M/SF,
(M =" NO,** SO,‘'), CF was thought to be responsible for the
laser emission of CO, which supposedly arises from the

reaction:

CF + 0 — COt + F
~
By analogy with the generation of CH from CHBr,,"*¢'*’ the
proposed mechanism of >CF production from CFBr, 1is a

successive photodetachment of Br atoms from CFBr,:

CFBr, + h¥ (A 2 165 nm) — Br + CFBr,

: E'f; Br + CFBr, ,
. . . .
Ef Br + CF

Receﬁtly, CF emissions were observed by Wampler’et
al.,“”‘.in the laser . photolysis of CF,Br, and CF,CCl,
"using an ArF excimer laser. The energy;nequirements and the
pfoducts observed suggested at least a three photon ' absorp-

tion by the parent compounds.

' Ioggmefhyiidyne1 CI}

The ;nly‘ kinetic study involving CI repofted in the
literature 1is. that of Refaey and Franklin, ** who'
investigated ion-molecular collision processes involving
negative ions. The O~ ion detected was proposed, to have

originated from the reaction I- + CO -0~ + CI. Perhaps the
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® only attempt reported in the-literature to generate CI was
that of Simonszénd Yarwood,?'+?*? who flash photolyied‘ CHI;‘
and ’CH,I,: but failed 'to detect any transient spectrum . -
‘attributable to the éarbyne. : . |

Cyanomethylidyne, CCN

So far, no kinetic studies have been performed on CCN,

wﬁich was believed to be generated in the flash photolysis
of diazoacetonitfile, and three absorptign bands observed in
the near wu.v. region have been ascribed to it.*® Howeverﬁ

the production scheme was not considered and no further work

has been reported.

5. Reactions of Carbynes

.

Methylidyne, CH

The reactions of CH have been studied since fhe early
sixties. CH has been élluded to many times and suégested as
a possible transient in the feactiong of carﬁoﬁ atoms with
hydrocarbons.*”:¢?* WOlf,;5 in his study of the reactions of
;ecoil ''C with hydrocarbons, proposed that ''CH was formed
by ''C insertion .into a C-H bond} followed by the decom-

position of the energized radical,

''C + HR —/ [H-''CR]t ~—> ''CH + R

°
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and ‘that the ''CH thus produced was:responsible for the
subsequent production of ethylene-''C by . insertion into a
primary C-H bond of the hydrocarbon;, followed by C-C bond

scission:
“CH + CH;R —— [Hz"C_CH'zR]T — H;"C‘CH; + R

"'CH insertion infé"secondary and ' tertiary C-H bonds was
‘believed to account for the products 1-butene, in the.
reaction with butane, and isobutylene-''C, 'in the reaction

with isobutane, respectively:

“CH + CHJ_CH:-CH:—CH) — [CHJ—CH_CHz_Cﬂgl? "—""
. ] I

1|CH2
—> CH, + H,''C=CH-CH,-CH,
9
N . . . ] ~ A}
CH; CH; . » ) CHJ
‘ I | . : /
"'CH + H-C-CH, —> [H,''C-C-CH,]t — CH, + H,''C=C
| o | N

CH 3 W - CH F ] R . CH 3

-

Fu;thermore,'the reaction with ethane .and those hydrocarbons

conféining an ethyl group gave appreciable yields of propy-

1ene-"C;_With ethane, the mechanism probably involves C-H

bond scission:

e

~ ‘ i ' e

. ‘ | ‘ ,
''"CH + CH;"CH) — [Hz"C—CH-CHQ]T — Hz_"CgCH—.CH; + H

£
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¢

More evidence for the occurrence of CH insertion into,

C-H bonds was later p;ovideﬂ'by Wolfgang and coworkers,?':’?

[
who reacted ''C, produced by nuclear recoil, wi&hrﬂ, + C;H,

mixtures. All the products could be assigned to C,’ CH, or
CH, precursors, except 1-pentene, which apparently arises

~from ''CH insertion into the C-H ‘bond of C,H,:

‘'CH + C,H, — [H,''C-CH=CH,]t"
The allyl radical may add to ethylene to give a pentenyl

radical, which undergoes H-abstraction with another molecule

or radical:

‘ RH
[H,''C-CH=CH,]* + C,H, —> CH,-CH,-''CH,-CH=CH, —>

—» CH,-CH,-''CH,~CH=CH,

Alternatively, the allyl radical may combine with an ethyl
radical to give 1-pentene: |

[H,''C-CH=CH,1" + C,H, ————> C,H,-''CH,-CH=CH,

. A
Bréun et al.'? were the ﬁirst to study the kinetics' of
CH reactions. Unﬁil then, the only rate constants reportéd
were those estimated"for-the.reaCtion of CH with ammonia,
dedﬂcéd from{ expériménts with an acetylene - 0, - NH,
flame,”? aﬁd for\the teaction of CH with 0,, deduced from

C:H, and C.H, flames.’* In the study done by Braun et al.,

’

e v
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G ."\

CH was generated from'the flash photolysis of methane, and
igs decay was followed by monitofing the Q branch of the
C*z* — X1 system at 314.3 nm. The rate constants for the
reactions given below were determined relative to the rate
 constant of recombination of CH, estimated to be 1.2 x 10'"
M-' s-', and are listed in Table 1.3:

¢

CH + CH, — CH,CH,? ‘ N

CH + H, — CH,t

©
CH + N, — prodpcts
fhey suggested'that CH in;ertion into methane, as pro-
posed earlier by Wolfgang and coworkers,’*® played a dominant
role in the formation of gthylene, a major produét. ‘This
would explaib the formation of essentially d., d,, d, and.
d,, and the non-abpearance of d. ethylené, in 'tbe flash

phdtblysis of a CH, - CD, mixture:
CH + CH, ——> CH,C!i‘,? — > CH,CH, + H
CDh + Cl;h —— CHDCH,?t —— CHDCH, + H
CH + CD, —> CHDCD;t — CHDCD, + D

cD + CD, —> CD,CD,t —— CD,CD; + D

»



"TABLE I.3
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Second Order Rate Constants k, for the Reactions of CH(X*m)

Substrate kK, x10-*(M-'s-")
Early Braun'? Bosnali & Lin’*
~ estimates - Perner’
hydrogen H, 0.62 10.5 ¢ 1.2 15,7 ¢ 3.0
nitrogen N, 0.043 0.61 £ 0.3 0.56 + 0.06
oxygen O, -0.067° 424 TR 4.8
. ' 19.8 ¢ 2.4*°
ammonia NH, >0.067* 59 ¢t 9
‘water H,0 ‘ 27 ¢ 5
_cargon monoxide CO 2.9 12.6 £ 1.8
carbon dioxide CO, . 1.14 ¢ 0.24
nitric oxide NO 175 ¢ 42
methane CH, 1.5 20.1 £ 0.5 60.2 & 18.1
ethane C,H, 241 £ 60
propane C,H, . 82 + 20
n-butane n-C.H,, e .78 %7 349 + 30
ethylene C,H, -~ 69. ¢ 6 126 + 48
acetylene C,H, 45 ¢ 9 132 &+ 24
pgépyne C,H, 277 = 90
‘cyclopropane c-C,Hl 144 + 42
cyclohexane c-C.H,, 277 £ 114
beﬁzené c~C.H, 47.6 %

19.3
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The insertion reaction of CH with H, was inferred from the
large increase in thé.yiéld of ethane, presumably formed by
the _recombination of CH,, upon the addition of hydrogen. Ab
initio calculations carried out\\fy Brooks and Schaefer’*
yielded very low energy barriers for the insertion reactions
of both CH(X®N) and CH,(A'A,) with H,,

t

CH(X®M) + H, ——> CH,(X%A,)
CH,(A'A,) + H, —» CH,(X'A,)

but smbstantial barriers for the abstraction reactiéns.

- The above results support thQ\:iew that, on a spin m;l-
tiplicity basis, doublet ground \state methylidyne may be
cregarded‘as the analog of singlet methylene, and quartet;~

lowest excited methylidyne"as that ofitriplet’methylene.
Siﬁglet, lowest excited CH,(A'A,) has been ‘'shown to insert
into C-H bonds and H,,‘and'%t appgarg'thét CH(X*Il)rgacts

similarly. - : ' . o
Bosnaii and Perner’’ measured rate consﬁants for the
reactions of CH with 11 sUbsfrates._CH was produced frdl 'the
pulse radiolysis of methane, and its decay was also followed
. by monitoriﬁg the C?Z* — X' systeh. No product,énalysis was

carried out and the results are summarized in Table I.3.
Thes reaction af CH with 0, was studied vety recently by

Messing et al.,*’ who prdduced CH by the multiple photon

dissociation of methylamine using a TEA CO, laser. The " rate
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constant, measured by following the laser induced
fluorescence (LIF)wof the Q branch of the (0,0) band of the
A’A — X?*I1 system at.431.4 nm, was " in good agreement with
that determined from the chehibuminescénce pfAthevOH(A’Z‘)

radical, thus establishing the nature of the reaction as:

CH(X'N) + 0,(X°Tg") —. CO(X'Z*) + OH(A?Z*)

' AH = -56 kEal mole !
The measured rate constant, (19.8 & 2.4) x 10’_MK’ s°', was
in agreement Qith the one determined earlier by Bosnali and
Perner. In addition to the above reaction, other channelé
éfe possible/ such as /£he ohes proposed byb Lin,®*® who
observed infrared laser emission from both CO (5 nm) and Co,
(10 nm), following the u.v. (A > 165 nm) flash photolysis of
a CHBf,/O,/SF. mixture:

4

CH(XM) + 0,(X*Zg") —— CO(X'Z") + OH(X"M)
' red
— CO,(X'Zg*) + H(128)
] .

Additional routes‘yielding CO(a’MN) or HCO are also energe-

tically feasible, but haye not been confirmed:
CH(X®N) + 0,(X*Xg") —— CO(a’M) + OH(X:I)

—— CHO + 0(°P)
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Lin also investigated other systems, such as CHBr,/SO,/SF,**
and CHBr,/NO/SF,,*’ and’suggesteé the following reactions as

being responsible for the observed CO laser emission:
CH(X*M) + O(*P) ——> CO('Z*) + H(?S)
CH(X:I) + NO(*Tf) — CO('Z*) + NH(®Z")

In this system O(*P) atoms are formed from the photolysisrof
SO.; SO, is a good source of O(°P) because of its high ex-
tinction coefficient at A < 200 nm and the high quantum

yield of production of O(°P) atoms:
SO, + hv (A > 165 nm) —— SO(?Z") + O(°P).

Oon the basis of product analysis, and the variation of the

laser intensity with the flash energy and SO, concentration,

-

Lin concluded that the laser emission intensity was limited

. .

by the following side reactions:
' 4
CH + CH — C,H,

CH + SO —» products

CH + SO, — HCSO,, CHO + SO
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LinA_and cowofkers;""v"v” have also measured the
rates of reaction of CH with a variety of substrates. They
photolyzed CHBr, using a pulsed ArF laser and monitored the
LIF of the A?A — X*II trénsition.at 429.8 nm. Their repérted
rate constants are presented in Table I.8. Since the rate
consténts for some substrates 5uch.as C,H, amd C,H, were
redetermined in their latest paper,’’ only the latter values
are presented in Table I.3.

A comparison of the rate constants measured by Braun et
al., Bosnali and Perner, and Lin and coworkers indicate that
Lin's values are, in general, high. Lin ascribed the lower
values reported by Braun ta his overestimate ‘of the CH
recombination rate, on which the .evaluation of {the rate
constants for H,, N, and'CH. were’baseq. The values.fot the
- rate constants of insertion into primary, secondary and
te:tiary C-H bonds of éatura;ed hydrocarbons indicate the
rather iﬁdiscriminate nature of the insertion rea;tion,
béing close to colliSioh frequency. -Furthermore, a compari-
son amohg the rate constants for reactions with CH,, C,H;
and C,H,Afeveals that CH reacts with the unsaturated bonds

as well, probably in a fashion parallel to the well

documented concerted cycloaddition of CH, to alkenes and

alkynes. In fact, ab. initio molecular orbital &alculations
carried out by Strausz and -coworkers" predicted a zero
actiVatidn energy for the asymmetric concerted cycloa&ditibn
of CH(X?II) to ethylene. In cqmpérisﬁn, rate - constants for

'CH,(A'A,) reactions with alkanes and alkenes are of the
: ‘ ‘

)

4
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order of 10° M"' s°', pointing to the lower reactivity of
this species.

’

Lin and coworkers’® also speculated about the nature of

the following reactions of CH with.indrganjc substrates:

-

CH + N, === HC=N=NT —M__ ycn,

"CH + CO X~——> HC,0 ?

CH + CO, ——> HCO + CO

yet product analysis is reguired to confirm the occurrence

: . 3 A
of these reactions. -

Bromomethylidyne, CBr_and Chloromethylidyne, CCl

So far, kinetic studies on CBr and 'CC1 have been

restricted to oniy a few reports. Strausz and coworkers?*®»?*¢

studied CBr reactions by flash photolyiing CHBr, and
monitoring the A?A — X?II absorption at 301.4 nm. Tyerman®®
flash photolyzed CF,CCl, to generate CCl and monitored the
ATA — X*II absorption at 278 nm. Most recently, Wahpler and
coworkers". photolyzed >CC1, with an ArF excimer laser, and
followed the CCl concentration via the LIF of the 278 nm
band.. - ' ‘
The great simiiarityhin the r‘!:iivity of these two
Earbynes makes it appropriate to discuss them together. The

rate constants measured are summarized in Table 1.4. Unl}ke
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CH, \which inserts into C-H bonds indiscriminately at rates
~ approaching collision frequency, CBr, on .the other hand, Iis
quite non-treactive towards primary C-H bonds, and the data
on fsébu;ané suggest a_§1§w insertion into the tertiary C-H
»béndl Similar studies. for CCl are less conclusive, since
Tyerman observed slow reactions With propane and éyclo—
hexine, whiiéf.Wampler reported no measurable reaction with
saturéfﬁd"hydrocarbqns. Also, values for 'thé halomethanes
.iﬁdicate that the C-F bond is slightly more reactiQe than
the c-Cl bond? This is unusual because the C-F band is much
stronger than the C-Cl bond. | |
k\ Both O, ;nd NO are redctive towards these carbynes, but
.O; reacts at ieast ten times féster'gith CH. Furthe g{e;
the reactions of 0, with CBr, which ar;'gighlx éxofhe;%;?;ﬁf
could contribute to the CO-and CO, laser gmissioh observed
by Lin,®**® in the flash photolysis'of CHﬁr,/o, mixtures:. |
CBr(*m) + ,(*£g") — CO*('Z*) + BroC*‘m) |

AH

-117 kcal mole-' .

— CO0,%('zg") + Br(P)

AH

=188 kcal éole;‘

The same could be true for the CO laser emission observed in
" CHBr,/NO mixtures,*’ although BrN has nét been detected ‘and

the exothermi;ity of this reaction has not been evaluated:

o
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CBr(m) + NO(:m} —— co*('Z*) + BrN

— CN(3m) + Bro(?m)

AH = -11 kcal mdle"
y

The lower reactivity of CBr and CCl, compared to Cﬁ, is
again displayed in the results on alkenes and alkynes

‘(Tables‘I.Sv 1. 6) For exampig, CBr and CCl react two orders

of magnitude slower (or as much as three orders of
. N . ) .
magnitude, based on Lin's results) with ethylene, and three
: k4

v
>

‘orders of magnitude slower with acetylene. Consequengly, CBr

and CCl display & more selective behaviour in their

reéctions, vhich seems to be manifested more with the 1less
reactive aikynes than with the alkenes. For CBr, the rate

9

constants for .the methyl-substituted and fluorinated ethy-

lenes, compared with: that - for ethylene itself, clearly

. reveal. the electroph111c nature of thlS carbyne which, as

4

<Q

sﬁggesf%d 'earllera can be attributed to the presence of an
empty and a .half_f;lled p orbital on &he carbon atom.
However, Tyerman rebofted that the reactivity of CCl with
ethylenes increases with inéreasing halogenation; these
results ;ppear to be unusual and warrant further ihvestigé-

tion.

Fluoromethylidyne, CF

From studies in shock -tube heating of CF, - C,F,

‘,hixtutes,"* a value of k = 6 57 x 10%¢ T-%** ml? mol-?* s-'
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%4k Second Order Rate Constants k,
q& ~and CCl1(X3I1) with Alkenes and Benzene

TABLE I.5

<
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for the Reactions of CBr(X3f)

benzene c—g.H.

. 0.22 + 0.02%

Substrate ki x 10-*(M"'s~')
. CBr CCl

Strausz and Tyerman®'

coworkers??* ‘
ethylene C,H, 0.46 + 0.07° 0.33 ¢ 0.04
proéylene C,H, 5.5 ¢+ 0.2 ) 2.5 £ 0.25

» 0.13 £ 0.01® |
1-butene 1-C,H, 9 ¢ 1 s
'tréns-z—butene t-C.H, 6t 1 - 9.6 £ 0.8
- . {1so-butene fso-C.H, 15.5 ¢ 1.1

tetramethylethylene 12 £ 1
(CH,):CC(CH,), 9
CF,CCl, 1.9 £ 0.15
CFClccl, 8 t 4
cac1'£c1,_ | 4 £ 2
c,lc1'.‘~' | ) 10 ¢ 5
C.H,F - 0.18 ¢+ 0.01
c,t-C,H,F, 0.12 ¢ 0.01
C.HF, ' side réactions
C,F, sidé'réactiqué .

p'. a) Ruzsicska'* .

b) Wampler and co-workers®? .

°
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TABLE I.6

Second Order Rate Constants k, for the Reactions of CBr(X’H)
and CCl(X?*[) with Alkynes

Substfate". ‘ E k, x 10"(M"s")
CBr CCl
Strausz and . Tyerman*'’
_ coworkers?*
acetylene . 0.081 £ 0.007 0.11 £ 0.01
‘acetylene-d, - 0.072 t 0.007
propyne - ‘ 4.8 + 0.6 2.4 £ 0.2
1-butyne 6.2 t 11 | '
-2-bu£yne - . 2815
1-pentyne . 3.6 t£.0.8
,'Z-bentyne C 20 + 3
2,2,5,5- tetramethyl- 9.7 ¢ 1.6 (’ Y -
3- hexyne C}

. 2-butyne-F, - 0.020  0.002




was estimated for the reaction CF + F + M, where M = Ar, To
date tﬁis is the only kinetic measurement on'CF reactions
;epofted in the literature.

' However, the presence of CF was invoked in order to

explain the origin of the CO 'laser emission observed by Hsu

. and Lin*®* in the CFBr,/S0O.,/SF, éystem,

CF(?M) + O(*P) ——>.COT('Z*) + F(?P)

with the possible side reactions postulated to be:

CF + CF —_— C;Fg.
CF + SO‘—$t3> products (FCB & S, etc.)

CF + SO, — products (FCO + SO, etc.).

Also, in the CFBr,/NO/SF._ system, examined by Burks ang

Lin,¢* CF was proposed to be the precursor of O(°P) atoms:

~

CF(*M) + NO(*M) —> FCN + 0C°P)

CF(*I) + O(°P) —— COT('=*)_+ F(?P)

. A
Y

The following possible side . reactions were suggested as

limiting the laser output:

-
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CF + CF —— C,F,

\

CF + NO ——> FCO + N

CF + N —— CN + F

-

Carbethoxymethylidyne, CCO,Et

The 1liquid phase study on CCO,Et is, to date, the sgost
comprehensive mechanistic investigation of the nature of
carbyne reactions.*’*-**» Photolysfs'of mercurybisdiazoacetate
at A < 280 nm produces CCO,Et, which was found to undergo
insertion into the C-H bonds of alkanes, alkenes and
alcohols, the O-H bonds of. Aalcbhols; ?nd stereospecific
cycloaddition to C=C bonds.

On photolysis in <cyclohexane, C-H inSeftion was
regafded as being reéponéible for the .formation of the
.principél préaucts ethyl cyclohexylacetate (I) and diethyl-
2,3—@icYclohexylsucci&ate (I1)¢ ’ |

Q

CH-CO,Et . CH,-CO,Et

O + CCO,Et —» O/ H abstraction O/
2 . i
. : ‘ . dimerization R O )

/7 \
CO,Et  CO,Et

(1)

1

: (11)

Cycloptdpyl. radical 'intermediates played an importabt'role

¢



A

‘-",

in the reaétio@g with alkeges. With cyclohexene, the pro-
ducts ethyl'endo;'(III) and ethyl exo-norcarane-7-carboxy-
late (IV) were ascribed to cycloaddition of the carbyne,
followed by H abstraction:

N

CO,Et . CO,Et f

. H
@+ccozzt—>c% —_ CV<H (111), ()7<'c'o,m~.(1v)

A

The observation that. the “less stable endo isomer is the
{ ‘ :

predominant prqducF“ygg ratiohaliiéd on EEe basis of steric
considerations, i.e,. fadical aftack would preferentially
take place on the more exposed side of the*p orbitél, giving
rise ‘to the endo product. The endo - exo ratio was found to
be,depeﬁdent on the photolysis Qavelength, decreasing from
8.2 to 4;3' with increasing wavelength: of irradiation.
However; at all wav;lengths, the wvalues 'are cohsiderably .
higher than those obtained from the reaction of carbéﬁhoxy-'”
methylene - (which is - a minor photolysis product) with
cyclohexene. Thus the photolysis of ethyl diazoacetéte (a
precursor df éarbethoxyme;hylene) iﬁ cyclohexene ‘leads' to
the formation of endo and exo addition products in the ratio
of ~ 0.5.";“ Therefore the high prepbnderance of the endo
isomer 1in the 'bhotolysis of mgrcurybisdiazoacetéte.is-a
clear indigation tﬁat the rea;ting species is definitely the
carbyne. . |

The cyclopfopyl~radical intermediate can also- undergo

an addition reaction with cyclohexane and the resulting’
o .

',‘
E .
*



45

radical subsequently , disproportionates to form ethyl
norcarane-7-(3'~cyclohexenyl)-7-carboxylate (V) and ethyl

norcarane-7-cyclohexyl-7-carboxylate (VI).

-

CO,Et CO,Et CO,Et :
[% . O m 07\0 disproportionation
. EE— . + . >

CO,Et CO,Et

— 7O w - 7V

CCO,Et was~ also sﬁown to insert into the C-H bonds of
cyclohexené, and exhibits a slight»preference for the weaker
allylic C-H bond, as indicated by the relative.yields of
ethyl (3;-cyclohexenyl)écetate (vi1i), ethyl (1'-cyclohexen-
yl)acetate (VIII), and etﬁ}l (;'-cyclbhexenyl)acetate (1X):

~

H CH-CO,Et H CH,CO,Et

) ” ' H abstraction ‘
() + cco.et — Eji —= == Ejj (VII) 50 %,

CH,CO,Et
( (Vi) 10 g )
H CH,CO;Et

) a (e Ejj (1X) 41 % )

Similar fesults were observed with cfs- and trans-2-butenes,

In addition to allyiic C-H bond insertion products,

-~
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cycloaddition led to. the formation of ethyl
cls~2,3—dihethylcyclopfopane?cis-carboxylate (endo isomer)
(X) and ethyl cis-2,3-dimethylcyclopropane~trans-carboxylate

(exo isomer) (XI) in the reaction with cis-2-butene:

Me  Me " Me Me
\=/ + CCO,Et —> \Ag—co Et ——————
_ Me Me Me Me
’ : CO,Et
—_— \gfihﬂ (x) + \Aﬁiﬁy/ (X1)
CO,Et : |

In contrést, only ethyl trans-2,3-dimethylcyclopropane-
carboxylate (XII) was obtained with trans-2-butene:

N\

Me Me CO, Et

./==/ + CCO,Et — 'Zhgco Et —> ’A/ (X11)
Me |

These results clearly reveal the stereospecifity of the

cyclopropane - formatipn, and strongly suggest - that
CCO.Et(X*M), and most likely all équblet éround state
carbynes, undergo concerte&i but, as‘molecula; orbital cal-
culations suggest, orbital symmetry “forbidden, addition

reactions with alkenes. This confirms the hypothesis that,

‘on a spin multiplicity basis, doublet ground state carbyne

can be regarded as the analog of singlet carbene, which is
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addition reactions

concerted,

known .to underg asymmetric

with alkenes. ‘ ,

The reactions with 2~propanol is slightly more complex

since insertion into both the O-H and C-H bonds takes p ace,‘
leading to the formation of the principal products XIII \ and

X1vV:

OH o 0
| J

CHCO,Et
l

Me

H abatractton \

Me-C-Me + cco Et —> Me-C-Me ~———> CH-O-CH,CO,Et (XIII)

l |
H | : H

OH
I

Me

 Me

H abstraction l

—> Me-C- Me ————> Me-C-CH,CO, Et ('irv)

‘CHCO,Et . OH

Ethyl

3-methyl-@-butenoate (XV) and isopropyl ethoxyacetate

(XVI) were also formed XV was postulated to arise from the

dehydratlon of XIV

beé}eved to involve a ketene type

ethoxy migration:

n " /\

whereas

the production of XVI was

intermediate formed via

C ~-C-OEt —>» -C=C- OEt —_ 0=C=C-d,Ef H abstractionﬁ‘

(1PPO-)(H*)

—> 0=C=CH-OEt ——» 08? CH,0Et (XVI)

o-IPr
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Kennépohl" also iinveétigated the reaction of CCO,Et uiﬁh )
pyrrole and benzene. The prominent feature o{ the reaction
with these substrates was the formaﬁion of a cyélopropyl
radical. intermediate,. followed by facile ring expansi’on.
With pytrole, the predomlnant products vere ethyl pyrx-
d1ne 3~carboxylate (XVII) and ethyl a- pyrrolacetate (XVIII). |

XVI1 was most likely a ring-expansion product, "

CO,Et CO,Et
..' \ -
N N
l .
H - « - H (XVII)

while XVIII was probably formed‘by:-

7\ + CCO,Et —>' <‘/ ; Hmn /2 Y’ 'CO,Et
<N> - N <Nj ,
" . | )

. H : H H

© WN/"CH,CO0,Et _
-
H - (XvI11)
Traces of ethyl pyridine-2-carboxylate (XIX) and dihydro-

pyridines (XX). (XXI) were also detected, and thexr prqdhc—

t1on schemes vere tentatlvely formulated as:
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</ \>+cco.Et-——></ \> R (\/L
N N N#™~CO,Et (X1X)

H HCCO,Et
CO,Et CO,Et CO,Et
| . \ i H sbstraction l H
N. H N7 <H
| |
H H H .
(XXx)

| ,COo.Et’ CO,Et
lbl"‘{c(lm

'H H (XX1)

The photolysis in benzene led to_ the .formation of ethyl
cycloheptatnene carboxylate dimer (XXII) via addition of

the carbyne across the C=C bond

+ CCO,Et —n <>'—CO.E!: —_—
l o QO;Et

CO,Et

V4 v
dimerization v

CO,Et.  (XX11)
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B, FLASH PHOTOLYSIS

Since the original paper of Norrish and Porter*’
appeared thirty years ago, flash photolysis has undergone
significant technical refinements, and has become a m§jor
implément for photochemical studies of fast reactiohs.~sgnce

flash photolysis is na longer new and many articles have

been written on this subject, a brief description of a

conventional.éystem‘here should suffice.

In flash photolysis, a non-equilibrium sffuation can be
c;eated, in a short initiation time of microséconds, and
dkcently, nanoseconds, by a photolysis lamp which produces a

_ ) - .

high intensity flash. This provides the energy required for

" the generation of large concentrations of the radical inter-

\ .
mediate being studied. Reaction of the radical with an added

substrate would alter its decay rate, which can be measured

in two ways by kinetic absorption spectroscopy. =

~

-

1. Flash Spectroscopy
‘in the first approach the whole absorption spectrum is
recorded at a given time.. This is accomplished by a

monitoring beami from he spectroscopic lamp, fired at'a

pre-set delay time, whifh provides essentially a background

continuum. After - passing through the reaction mixture, the .

beam is resolved by the spectrograph and recorded on a

{

photographic plate. The procedure is repeated at variousg
. . . }
delays, so as to obtain a time profile of the chosgn

absorption band of the transient.



2, Kinetic Spectrophotometry

Hére, a single absorption 1line is monitored as a
function of time. This requires the replacement of~the
spectroscopic flash lamp by a continous light source, and a
monochromator to isolate “the si;gle wavelength, which is
detected by a phoﬁomultiplier. The output 1is stored in a
transient recorder and the decay profile of the transient

can be displayed on an oscilloscope or on .graph paper by

using an x-y recorder.

c. AI)( OF THE PRESENT INVESTIGATION
‘- . The development of improved techniques for the . pfodUc—
tion and deteﬂ%1on of rad1cal intermediates in the past two
decades has 1‘2 to a growing body of knowledge concernxng
the chem1stry - of earbynes. CH has been well st ﬁled and
shown to 1nsert 1ndlscr1m1nate1y into pslmary, sec:Ldary and
tertiary C-H »bonds, and also to wunderge concerted,
asymmetric cycloadditions with aikenes_ and alkynes.A'Raté
constants héve been measured for a variety of substrates:
they are ali very ‘high, close to collision gfrequency{ and
consequently exhibit littl; variation with the nature of
e;ubstrafes. CCO,Et als? undergoes inseffion 'and' concerted
cycloaddition, and these-reactions appear to be character-
istic of';arbynes’in general,

The early work of Simons and Yatwood has shown that CCl

and CBr can’ be produced by the flash photoly51s of a varlety

~acwad. : 15 -
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sf precursors. Although the~sjmuithneous generation ofﬁothsr
radical speci%s pqpc%pdes mechanistic studies by means‘oi"
product angfysis, all these systems até“-perfectly amenable’
to kinetic studieg. : | »

| At the‘t?%s this project was initiated, some rate
constants fof the reactions of CCl and CBr with selected
alkanes, alkenes and alkynes had been rgported (cf Tables
1.4 -1.6). 1In 'general, the& are somewhat lower thsn those
for the dnslogous CH reactions and in fact the pattern of
reactivity towards alkenes .and alkynes upon substitutisn,
suggests. a marked siectropﬁilic charactzt for CC1 and CBr.
Insp;ction of the data in Table 1.4, hsweyef; reveals some
.incdhsistenties: |
j‘iurausz and “ coworkers?® repo. ed that CBr is
non- react1ve tovards primary and setondary..c-H bonds,
and inserts slowly into tertiary C-H bonds,. whereas
;Tyérman" reported that' CCl, whose reactivity\\should

;;zfclose1y~-parailel. that of CBr, reacts at a measurable,

/
Ly

data for the halomethanes suggest that the
o #5-%F reaction with C-F bonds are faster than with
X ".‘ i ,_-. ; ,';‘ds XN : . P @

.,

l;

3;§§$f‘ the reactxons of CcCl w1th a variety of substrates, nst

,vt‘only 1n order to {psolve the above dxscrepanc1el,' but. to. -~

1 4!’

. 3 ‘, 4
[ - . P i o -
R . : S a0

ore,dec1ded tQ 1n1t1ate a kinetic 1nvestlgat1onv“



LY : -y R .
delineate, hopefully on a quanfitative basis, the
relationship between the reactivity of CCl and the physico-

chemical properties of the substrates. CHClBr, was chosen as

the precursor of CCi sifice i%‘is,feadily avéilable and has

been shown to generate CCl in alinore or less well defined.

manner. The following substfates were chosen for study:
- straight'chain, branched and cyclic alkanes, in grdgr to
‘.assess Phe effect of the, C-H bopd stréngfh on the.rate
of insertion; | | *

- #n_‘éxtensive serias of alk}nes, to firmly estabiish the

electrophilic nature of CCl;

- silanqs, in ordgé?&o see whether the d-orbitals on the

cd

»

silicon atom wou'ﬁ“ﬁffect the reactivity of CCl; ‘and ™

also to investigate the possibility of .insertion into -

the Si-Si bond:

A

- hglogehated sfianes,i as a further teét of thé“elé&;}o;

philic nature of €€l and to see whether "the Si-F and

S$i-Cl bonds are reactive; °

- finglly, a few selecmgd heterocyclic compounds in order . '

PRI
P

w3

to see whether the site of attack would be shifted tg

- S .
the 0, S or N}atom.

:
v ok



11. EXPERIMENTAL

A. APPARATUS

1. The Vacuum System

The Main Vacuum System .

A conve%tﬂonalvh1ghbvaeuum system constructed of Pyrex
was used ),9:’ tbeﬂ‘pﬁ?se kinetic s#ydy. It was completely

greas ree, utl‘;zlng mainly hel1um tested Hoke Valves and

~and consxsted of a d1st1llat1on train and a

.St e'ﬁn1tp(F1gure I1.1).

g . «Théj vacuum system was evacuated to a pressure of 10-¢

o .

togr by means of a mercurywdiffu51on pump backed by a rotary
pump " (Duo- -Seal Vacuum Pump, Model 5KC42 JG14A,/W.M. Welch_

Manufacturing Company). Relative pressures were monltored by
: : Tw,
Pirani Vacuum Gauges (type GMA140), while absolute measure-

~

ments were made by mercury manometers and an MKS sBaratron

L%
-

Pressure. Meter‘ (type 77) capable of measuring absolute

¥

pressures in the range '10° to 10-* torr.

The distillation train,lconsisting of a series of three *

traps isolated by Teflon Valves,. was used for “‘purification
- : . . ’,:1:‘-5’ . :
of -the reag%pts. The storage.Jystem consisted of four 3 -

litre bulbs for the temporary storage of reaction mixtures

to be used in t¥ flash.photoly51s.

. . . CIN N ‘ B
R " ) v "
" 2y ot G ~
’ - ° 0
, .

- At L “a

a o, “ i . . Q * ‘ :
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| FIG.URE‘II.

The Main Vacuum System

: Inlet for the mtroduchon of luqouAtogonts

:.lnlot for thc mtroduchon of gosous reogents
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The Helium Line

_Helium was 1ntroduced into the main vacuum line. after

passage through a 30. cm long column- of copper turnings

(heated to - 350°C by heating-ribbons for the removal of

‘oxygen) and a 30 cm long column of molecular sieve (type 5A,

for the removal of water vapour).

The Lamp Vacuum System

‘\' A separate mercury- free line was used to £ill the ilash

lamps. Vacuum was achieved by a Duo Seal Vacuum Pump (Model

N

5KH35KG1138) _and the pressure .was measured by a mercury

P SN

et
.
o

manowete thh N. §‘C DC 704 pump 011 covering the,cﬂprfaces
‘\ \u ‘?\..""‘.’ ":".“'
)‘y"‘d

t’o ,!

drical tube 72\cm/long and 21 mm in inner diameter. It was

-

equipped with fla quartz windows on both ends and a side -

arm for the 1in

-

mixture. The side-aBm was connected to the main vacuum

system by a Nupro whieh facilitated the detachment of

. . ] - ’ " @0,‘
ash Photolysis System . ﬁpﬁ

oduction and removal of the reaction

4{.. .



57

B

) Eoum.wm s1sd1030yd YSeTd ' aylL Z°II F¥A9IdL -

. [
-

a

' 4doiBoii>eds

\

Sulj wANdDA dwo|

1 ’
« ..x. ; . *. m- °~ * e -
o 5 ‘ : SU!| WANJDA UIDW L
: W dwpo) o} ’ .
"sishjojoyd - .
, © T > o
[ i - . 'k
S v..,c’
) -« - . N lﬂt”ah
— _— o ™ — .
ejo|d - .. -
L f Cdwgy "
21ydoiBojoyd Buisnoy 21d05s0u3 948, . "%
v . ~ - o
) L9
. ; . K



~ends allowed the passage .of light in and ou
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- < e
EER 8 . ’

The ;eact1on vessel, sitting on two end-suppofts, was
pos1t1oﬂéd .at the centre of alreflec{ive'hopsiﬁq aSsémbly'
lying horizontally along ﬁhe thiéil:path. Apertures on both

| éjthrough'thé
reactlon vessel ' \ | Wy
| The hous1qg (Figure 1I1.3) was constructed of aluminum
ana was cyl1ndfncal in shape, 80 cm long and 15 cm in inner
diameter. It consisted of two half-cylinders joined together
by hinges on one side, so that the upper half could be
opened for the removal of thg reaction 'yesSel and the
photolysis lamb for cleaning. The lower half, upbn'which the
ends of .the reaction vessel and the photoiysis lamp rested,

~

was mounted by two supports ontd’the optical .-bench.
LN

The 1nner surface of the reflector was coated with MgO
which was hlghly reflect1ve in the v151b1e and quartz Uu.v..

region of the spectrum. Occa51ona1 repainting was necessary

ue to the tendency of the MgO to flake off rather easily.
4 : ’ )

A% ’ i .a‘ ) N 3
The Photolysis Lamp:. | + : 'P%A,"

Y

\The photoly51s lamp (Figures 1I1I.2 and ¥I. 3) Qas a

: quart% tube 19 m‘ in inner d1ameter equ1pped with a s1de arm

for flllrng and evacuation. Molybdenum alloy ‘electrodes

(Vitreosil Model T/Ef/232) were sealed inﬁo each end by

.standard lead seals able to withstand' high thefmal shock.

The. dietance between the tips of the electrodes, 73 cm, was

.about the same as the lehgth of the reaction vessel. The

side-arm 'ﬁhé qon@écted to the lamp-vacuum line through a

B
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o

high vacuum stopcock (Pyrex V-4) and a detachable bal% -
joint. The stopcock isolated the lamp from the vacuum line
whil the ball-joint facilitated the removal of the lamp for
cleaning. - »

The lamp was placed horizontally next to the reaction
vgssél, with the electrodes resting on the ends of the
reflector housing and protruding oufside through the end

apertures. When filled with 50 torr krypton, the flash

reached its maximum intensity in 14 sec and had a half-life

-~

e :
of about 22° see¢. The lamp circuit included an ignitron

(Type NL 7703), which controlled the firing of the lamp, and

a’'G.E. Energy Storage Capacitor (capacitance = 14.5 jiF,

voltage: = 20 kv) which dissipated 2900 Qs)per photolysis

flash. L - .
. To condition a new lamp the following method was used:

the fémb was fired initially at a low voltage and the fir-

ings were repeated with gradually increasing voltages until
- R O . ’ . ~

‘ the‘designéted voltage (20 kv) was reached. The repeated
firings helgéa"‘to condition the new iamp.to the thermal
shock of firing at a high voltage, andi{_” degas the
electrodes. | -

~.

The Sﬁé@troscopic Lamp
v

The spectroscopic lamp (Figure 11.4) was also made of
quartz, and molybdenum alloy electrodes (Vitreosil Model

T/E7/232) ~were sealed into the side-arms by standard lead

seals, They were separated by a short capillary tube, 5 cm’
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.

- SR

long and 3 mm i@ inner ‘diameter, to ensure high current
density_ and the generation of a plasma. An aperturé which"
was close to the lamp window mihimizeé’the'passage of silica,
\tbwards the window, and an expansion bulb was used to
accomodate the shock wave which accompanied the: flash. The
lamp parts were sealed together by black wax to facilitate
frequent cleaning, and the lamp was connected to the lamp
vacuum line througﬁ a high vacuum stopcock (Pyrex V-4) qnd a
detachable ball-joint. ,
Like the photo-lamp, the spec-lamp was also filled with:
.50 torr krypton. At this pressure, the spectfoscépic flashA
prov%ged essentially a . background cqntinuum.- The flésh.
ggacheé its maximum intensity in 6 pusec and had a half-life
of about 14 ﬁsec. The lamp circuit also included an ignitron
(National Tube NL-7703) and a Tobe Energy Storage Capacitor
(Model ESC-357, capacitanée =,1.0-uF, voltage = 20 kV) which
ﬁrovided an energy of 200 leper:fIgéh. Thei spec—lampr was
also conditioned by repeated firingi.at lower voltages. A
The Lenses . : : S .
'Fuséd quartz igi%es vere used to collimate - the spectro-
scopic beam during its passage-across the reaction vessel
~and to focus it at the entrance slit of the specfograph.
Since the refractive index, n, of the 1lens changes rwi;h
' 0O

light frequency, a small focal length adjustment, was

necessary. »
~~
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The focal length N se two facesyhave radii

of éurvature ry and ry
1 PRI N |
F = (n ) ( r.+:r,)

This -results. in the following relationship for the focal

lengths of a lens in light of wavelengths \a and AB: .

f(Aaz= nAf) - 1
£E0B)  na) - 1

" The refracti&e index 'n of fused qﬁartz ih Na 1light

(A = 589.3 nm) is 1.46, aﬁd in cd lighﬁ (A = 274.9 n;?,

whi is élosg'_to 280 nm, the region of ;heju.v. épectrum

under investigatiéﬁ‘here, n = 1.50. @B?refbfe,
qq . | .

fzvo.’nm = f:li::nm(}"'—g-g—:—:)

The foc#) lengths of lens #1 and lens #2 in %isible light
% . ' ¥ . .

are 16 c¢cm and 32 cm tesp%ttivégy. Th?sr
h ‘ & T e
for 1eQ§.#1: fzi.;im = 16 o (}f%g%;"})

= 14.7 cm

' 1,46 - 1°
32 em (50—5)

M

fO_!' len"s #2 . £., a9 nnh

7 - ) 29‘0.4 cmh



" closed the lamp circui

Therefore lens #1 was placed 14.7 cm from the spec-lamp and

lens #2, 29.4 cm from the spectrograph1c slxt (Figure 11.2).

y

The Spectrograph

The mon:torxng beam from the spectroscop1c lagp entered
the spectrograph_ (Hilger & Watts Model 742.1) through an

entrance slit (slit width = 0.010 mmn) (Figure II.5). In this

‘Littrow mounting system, utilizing a quartz prism as a dis-

. . persion device, each incident ray traversed the prism  twice

and the resolved spectrum was focussed on a light—sensitive
photographic plate (Kodak Spectroscopic Plates CI1FO . Type
103a-0). The ab;orption lines in the speQFruh were traced

out as abgorption peaks using a microdensitometer.

-

The, Operation of The Flash Photolysis System

The circuit diagram is illustrated in Figure II
Thev twoo lamp capacitors were first chargéd up to the
deSifed voltages. Pushing the 'start' but suppfied the
‘necessary energy for the firing of the pbqtolamp ignitron,

which’behaved.in a similar manper to' a spark ‘gap.A This
and caused the Cepacitor to
discharge bhroﬁéh t lamp,.producing the phoéolysis flash.
The cﬁrfent‘ nerated from the di;cherge waS'relayed~te the
delaf nerafor through the trigger coili‘,This, after a

pre-selected ‘time' delay, fired the spectroscopic-lamp.’

fgni;ron and in turn caused the capacitor to discharge

”’ thfbugh‘ the lamp.-.The spectroscopic' flash traversed the
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';nthe gharging of a capacitor; the'rate of chargdng was depen—'

'Vthe following m%nner: the delay pulse wh1ch was

a®

R 3
N
v-“'

. " L3 . ...' . v i ° -
O R 6%

1
: . .

reaction vessel a}xally and, vas resolved Ey the spectro-
A

aph. The resulting spectrum was recorded on ad?hotogrAph1c

!
i

plate.. .
b yh - !
- . S
; 2 E ."..1_ v -

The Delay Generator.

ensured that the spec lamp was fired at a pre- selected delay ﬁf

[

" P

the photo lamp circuit through the tr1gger ‘coil entered the

output pulse circuit of the Delay UGenerator and initiated

" dent on the values of a res1stor 1n the c1rcu1§g “"which " was

U,

The delay generator (Type 1217*C Gen!ral 'Radio Company)

ayed” from

:1me after the photolys1s flash 'rrus was accgllshed in ° .

'controlled by . the sett1ngs=of a Delay3T1me Dia). Qﬁce the l.

3 : s
capacrtor was charged up, the voltage in the‘notrcu1t "would

V..
x -

[}

a delayei pulse as~an outpu,t of th c1rcu1t“,, whi k

. be suff1c1ent1y strong to turn on a vactIum tube, g‘eia‘ti;ng
« :

tual;yqfeadhed the spec- lamp tircu1t and f1ﬂ%d the spec- lamp

. iy . . . . o . .
1gn1tron. R R - o .
F Y . ., . 5. “._ .,‘-’., : N -
e Owlng to the limitatigns ';ofD the apparafus (+ 8% .

5 8 ] .
‘pncerta1nty), a means of mon1tor\ng the real time delay was

necessary :The method was as follows. \ A

v, Y

Time-Delay Monitoring. : : .

When the rphoto-lamp. capacitor 'discharged across the
lamp, - but before the h1gh intensity pulse was produced the

current relayed to the delay generator s1multaneously

even-
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‘ ' (Hewlett Packatd 130C). Moreover, the light pulses from - the

N

two flashes vere p1é°ked up by a photdcell (5ylvan1a, 90CV)

:amph‘fxed, and alse'd1splayed on the escxlloscope screen but
. ‘%s., “yertical- @ignals. The' trace ~ was photographed
: ‘Hewlett—ﬁcﬁrd Oscilloscope

' "‘and' ﬁ%ite'- Fiflms (Typk 107 ‘Land Film). The

. )
~Nrodel 197A) using’

¢

gctxvated the hor1zont~é1 . sweep of 't'he' oseilloscepa'i )

e ‘“iﬁepa_;at'itonx ’tv}een the peak .of the .phbtolysis flash signal‘_ T

“&ha tnet of the followzng spectr;oscopw flash 51gnal was

t, -

: .taken%ﬁhe time d.elay., A typu;al- osc1lloscope “trace is

. i ‘;»" o . e )
‘shown in Figure II.7. o -
: Lo I ' % u’ N S .-.3. .
. vl‘.: %J 4‘..;;." V % “,0‘. ' g‘ : é’l. e A
.. Y I Lo - o i S ,;w ‘ o &
. 3. m sce an.eous et _ . (R i
B ¢ ‘ﬁ. U‘ :\‘ , e ‘ ' ‘ % }t‘ “.: ;“ \-_)v.(‘
ﬁm")«eten Head

<

The Baratron P:essuré Meter and th

The MKS' Baratron Type Electrog' ,Pressure Meter~
' e 3" . Y e
(?F1gure II 8) ' was. connected ‘to a Pressure Me s e ’Head (Type .
- e -

L)
>
r’ ‘
A 77H- 300) by a. cable. The Haadmeéswresv absold‘?p pressures_ by
&

l‘he'%ns _of a me.chanlcal dqu "'m.'._ The sample' s.ide Px was

. \

" UL I separated from the. referenc‘, Pr, wh1ch was alwafrs under
g &“:@ Al e . £ c @ S
vacuum, by closmg the valve ~(Fi gure Ir 1) . .

- -
- \

w

DY S ' o
e The Pressure Readout Dlals controlledg)the amount of

« Pressure applied - electromcally 'te the d1aphragm on the’
;eference, side "P'r ' the pr-eefS_ure at Px > Pr, tne' meter
would deflec’tﬂ_ e right (positi‘ve »presx.\re), whereas if
Px <'Pr,“ t'he'k’mete; wou]'.d" move to the left (negatwe_

p‘ressure)j' .fc:r.P_':f'= Pr the meter would :ead'lze_ro.

¢,

o

-

.
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‘The ':egre of a gas in the vacuum line eould‘be
directly "tea.! on the Panel Meter. Alternatively, the
Pressure ﬁeadout Dials could be used to return the meter.to
the zero reading, in which case the Meter Renge Diel should
be turned down to a more sen51t1ve scale to ensure that the
meter actually returned to zero.

\

The Microdens i.tometer :

~

Th‘ microdensitometer$ QJoyce Loepl Model MK11C, Figure

'II 9) ﬁ operated on a double‘beam 7;ystem. A manually

adjustable optical den51tf wedge, in /the path of the

14

reference - beam,“‘w\as used to establ1sh the baseline. The two

. beams were.alt‘ernaéely fed into the photomuitiplier. As t-he

- ,
‘ensltles of the beamg FELW 'amp11f1ed and . the. reSulting

s;;.Qnal . acﬁvated’ &» setﬁ Mtor " to dmve« an optical
9 T ‘
attenuator (angther optical deris:ty‘ we*e,' also placed ‘1’

",

,ythe path ,of  thé reference ’rbeam) so q; to nu_lhfy the

1ntens1ty dlfference.' A .pen attdched .tam. the attenuator: *

~

traced out the resulting absor tion spectcum, -

. . . oy
“ R S

G’ﬁ

Y3 -
A

¥

*";_r.'_'s_‘qmple .spectrum was. be1ng gcanned any différence in the. .

e
L
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1. The Vacuum System
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B. OPERATIONAL PROCEDURES

N
‘o

N iF . -
The reaction mzxtures, each containing a different

amount of the sgpstrate plus % torr CHC1Br, (the source of

CCl) in a.totai pressure of 500 torr hel1um, ‘were prepared 4

\r‘

us1ng the ‘3- 11trq bulbs A, B, Cj and D (F1gure I1.1).
e v

B\

v I
.u:J . o B 5. : ‘\ﬁ ) . ’ N
ﬁ%e procedure for preparing a mlxture (consrst1ng, for

W’

of 0 3 torr.subStrate and 3 torr CHG&Br, 1n”ﬂftotal

4

of 500 to;rmheb1ﬁm) g@ the'stonage bulb Ly ‘1s as

h1ghesﬂ' piessures)‘

.j rfassih1ng ~€ka the substrate*was stored in bulb M

q.-, o Loty v
and CHC1Br wag St ;ed 10 buib N, T ;““MAWp:F * ‘
. 'J.'u& RIS y R .
R e - .
[ N ’ ) w'.) L

Introduct1on of The Subs;gate

w3 v
dnaariigro "

The Pressure Readout D1als ~of ‘the quatrpnv'Pr?§§Ure

. uMeter _were set at 0.3 torr.‘ WitRall the valves ¥losed

except aiand k,~va1ve m was slowly opened to expand 0.3 torr
. . Pt 2
substrate into. bulb A. The meter on the Baratron Pressure

Meter should then return» to zero. Valves m and a were

closed, and .h opened to. pump away the sibstrate in the .
i ) . o ’ . D .

vacuym line.

] Pressures were monltorﬁd by the Barakron Dressure Meter (for

pre;ghres below 300 tofrf and the mercury mgqpmeter #1 (for

-

1
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. .Introduct1on of CHC1Br, ) o i)

»
.. \§1nce 0.3 torr substggto was'already in bulb A, é; tptal

 J
’”I ptéssute of 3.3 torr ﬁgeded to be set at the Pressure
.Readoqut D1ali and a higher pressure \mag'.ntaine;?in the
vacuum line sd‘chat-when valve a was opened CquBr, would

diffuse 1into bulb A...Wiﬁﬁ 'all‘phe valves closed (except
\ v ° ‘ *
for k), valve n was slowly opened until the mgter on the

o "& N X
Pressure Meter mnioved ‘to the’ iar r&ght; Valve ff was then
closed. When valve- a was slowly opened, CHClBr, ‘ would

diffuse into bulb A, as ‘indicated by the dradual leftward

*)t

movement of the me;é& ‘Once the meter was past the zero,’

valve a was closbd, valve n opened again, and the process
repeated. As’the pressure difference between the vacuum line

.

and the 1n51de of bulb A became smaller, the Pressuré Range

=2

Dral was tﬁrned q"yigradually unt1l the total preégurgqyln

tf/,

the vacuum liné’ "A was 3 3 torr._Valves a and“n qere

then closed,_and"va“

..V”,,t . l- ! . b
, Qe_» ine,

N

Introductxoq‘ Qf Helwm

 With all the valves closed (except g and k), valve e.

was opened to admit helluﬁﬁﬁethe ‘pressure of which was

| ﬁonisored‘ by the mefbury mahpmeter #1. Valve a was opened,

“'x"' ¥

and n 500 torr helzum had “been admitted lnto bulb A,
valvee ;a and e we;e, closed and valve h was opened to

evacuate the excess helium. -

h opened to pump away the CHClBr.: hﬂi;

-
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The reaction mixtures were stored in bulbs A, B, C, and

ﬁ& b for three to fcur hours to achieQe homogeneity; For the
' flash photolysis of, say, the mixture in. bulb A, all the
valves were closed except for h and i. Then valve a was

©  slowly operred to fill the line with 50 torr of the mixture.

. L]
* Valves a and i were closed and valve k opened After firing,

. valve 1 was 1mmed1ately opened' ‘evacuate the reaction
vessel, the process being moS::ored by the Pirani Vacuum
Gauge Tubes #2 and #3. Valve ;rwas then closed and {valveﬁmh

¢ opened to introduce a fresh mixture. ., | '"£d§

’ - "]
-~ - After the study of the whole set of ‘reaction ‘mixtures

1

(in bulbsrA, B, C, and-D) the reaction vessel was cleaned
. either,by flaming or»rihszgg with 10% hydrofluoric acid. The

F’two lamps were also ciean with 10% hydrofluorlc acid after

% the study of each substrate was completed P 2
v:.';_ ., IuA“. . . o - . . .
S , _ : SR -2

. 2. ,Development of The Plates o

- v

~..!~ The 'photoéraphic plates  were developed in Kodak D-19
' Developer for 3 min @24°C . 4,min @20°C 5 min @16°C. They’
- were then' rinsed succe551vely Lh the Stop Bath (1% Acetic
Acid) for 30 sec, Kodak R&P;deriégf for 2 m1n, and runn1ng
water at 18 - 21°C 'for‘ 20 - 30 min. The plates were then

. : . . . ' I
air-dried in a dust-free container for a few hours, and

- finally placed in the microdensitometer for scanning.



C. Materials:

~ .

All the reagents used in this work were of research

grade. Wom low temper

dused for mosf of the purificati

t"

e vacuum distillation was __

\ The substrate placed, in |
' trap- W (Figgx?.-II.l) was £im t‘paSSed through.the trap X
s immérsed in a7cgid slush to retain heavy imgurities and was
then.c;ndensed in the second trap Y, Wﬁich was immersed in a
colder slush;at the temperature of which the‘ﬁapbur pressure

of the substrate was close to zero. Light impurities having,

« .Vapouf pressures higher than that . of the sybstrate wou%éh
péss thfough thé sécond trap Y and be pumped away. The
procedufé;was usually repeated once or tw1ce and only - the

. m1dd1e port1on of the Q1st111ate was retalned for suhsequent
use and stored in bulb M or N. s § Co |

, The reagents sed; the1r Qources, and method ;k-
'ﬁ.puuf:tcat@bn are- glﬁ’

LY

in 'I»‘a,bl
’ge‘p, ammonia, 1ﬂtopahe ~armgheny1-
s were degassedwat ~196° C. *,;L’

1 to-,II 6. With th,_e,-
' - exception of hell_um,&
. .

acetylene, all materia

‘-
v
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I111. RESULTS

A. SOURCE

Simons and Yarwood?':?*? invéstigated potential sources
of CCl by flash photolyzing a series qf chloromethanes.. Both
| CBr,Cl, and CHClBr,, recommended by these authors, were
examined for this study. 1In both cases, a few absorption
lines were obtained near 278 nm. CHC1Br, was adopted because

it produced a somewhat stronger spectrum (Figure III.1).

// X !

" B. ABSORPTION SPECTRUM OF CCl(X?[I)

The parent combound CHC1Br, was pgofolyzed in the
p;e;;ncé of a large excess of helium to maintain isothermal
conditions. However, a vibrationally. hot transition, the
.(Q. 1,1) band at 277.81 nm, was st@ll observed at a time
delay of about 30 pusec. |

The assignment “of the CCl absorption 1lines was
accomplisheé on the basis of the rotatiopal analysis carried
out by Gordon and King’' and Verma and Mulliken.®? The three
isothermgl'transitions observed here were the (Q, 0,0) band
at 277.7 nm, the (Q, 0,0) band at 278.59 nm, and the
(P, 0,0) band at 278.76 nm, all of which belong to the
AT — X1 system. The most infense absorption line at 277.7

nm, which has an atdmic line shape,’was monitored for this

kinetic study.

83
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(R I

~———— 277.70nm >
(@, 0,0)

<— 278.76 nm

(P, 0,0)
277.81nm |
(@ 1.1) . 278.59nm
| (@, 0,0)

<)
FIGURE IIT.1 Absorption Spectrum of CCl(X°m)
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C. RELATIONSHIP BETWEEN THE ABSORPTION PEAK HEIGHT AND THE

CC1(X*[1) CONCENTRATION

Thé band intensity, or the absorption pe&k height, is

related to the carbyne concentration through a modified form

of the Beer-Lambert Law as follows.

The absorption spectrum was recorded on a photographic

plate. The density of a photographic image D is related to

’

the exposure E by the expression:

«where

D=a.lnE +b ' f
N

a and b are constants. Since the exposure E measures

the light intensity I falling on the plate,

Et

I,

It

o

- Lo
It

Exposure of the plate with no absorbingbspecies

v

present .
Exposure of the plate with absorbing species present at
time t . . |

Light intensity falling on plate yith no absorbing

species

Light intensity falling on plate with absorbing species

‘present at time t

3 &1



Py -
On tﬁe other Hand, as the absorption band intensity is
transformed into the absorption peak by the microdensito-
meter, the peak height PH should be tRe difference between
the density of image with no absorbing species prédsent, D,,

and that with the absorbing species present at a particular

time t, Dt, i.e.:
PH =D, - Dt = a.ln (E,/Et)
= a.ln (I,/1t)

At this point, it is necessary to introduce a modified form
of the Beer-Lambert Law. This is due to the poor resolution
of the spectrograph with respect to the fine atomic line
structure of the cCi(x=n) absorption at 277.7 nm; in other
words, this deviation from the Beer-Lambert Law occurs when
the absorption band is narrow relative to the spectral
slit-width. In such cases, the absorbance, 1n (It/I.),.is no
longer directly proportional to the concentration of the

absorbing species: ¥

In (It/1,) = -k(c.1)!

The Beer-Lambert Coefficient y is an empirically determined
correction factor whose value is dependent on the type of-
absorption system. y = 1 for broad molecular peaks such as

ethylene selenide and well resolved atomic lines. However, 'y
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N\
approaches 0.5 when thelatomic lines are unresolved, such as
. in Se(4°’P).** k is an empirical cohstant, incorporating the
effect of variation of the absborptivity over the spectral
band-width. ;
The relationship between the absorption peak height,

.

PH, and concentration, c, becomes:

\

PH oc 1n"(I,/It)

-

o< k(c.l)y

pe

D. DETERMINATION OF THE BEER~LAMBERT COEFFICIENT vy
The Beer-Lambert Coefficient y for this absorption
system was determined by the Path Length Method, which gan

be accomplished as follows. r

1. Full Cell Length versus Half Cell Length

Flasﬁ photolysis of a mixture of 0.3 torr CHClBr, in 50
torr He was carried out, using a fixed set of time delays,
'with_the reaction vessel fully exposed.FIt was then repeated
using the same set of time delays, but with a cardboérd tube
placed over half of the vessel, thefeby reducing the path

length 1 by two:

PH(}-cell) o<k(c.}1)”

»

u?
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PH(F-cell) o« k(c.l)y‘
L y \

o« 2 ,PH(3;-cell)

Therefore, the slope of a plot of PH(F-Cell) ‘vePsus
PH(%-Cellf, for a given set of time delays, is 2. Such a
plot is shown in Figure I11.2, from which y = 0;46 + 0.13.
The vértical lines accompanying the data points, also shown
in all subsequent least square method plots, are the errdr
bars for the root mean square deviations of the y entries.
2. Variatién of Cell Length

The mixture was photolyzed here with various. portions
of the reaction cell covered up, thereby wvarying the path
length l. The concentration of the absorbing species

remained constant at a fixed time delay.
PH o< k(c.1)”
In PH o [1n (k.c”) + y.1ln 1]

Thus a plot of 1ln PH versus 1ln 1 at a fixed time delay gives

a slope of y = 0.57 ¢+ 0.06 (Figure II1.3).

An average value of y = 0.51 t 0.1 was obtained from the

above experiments.
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10.00
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FIGURE IIT1.2 Peak Height of Full Cell Length

versus Peak Height of Half Cell Length

(CHC1Br,, 0.3 torr; He, 50 tarr; Flash Energy, 2900 kJ) N
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FIGURE III1.3 Ln (Peak Height) versus Ln (Cell Length)
(CHC1Br,, 0.3 torr; He, 50 torr; Flash Energy, 2900 kJ)
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E. The CC1(X*[I) DECAY

1. Determination of the Background Decay Rate Constant, k'

A first order CCl decay expressionAis:

-d{ccl)/at = k'[ccCl)

~ -

.

“1n [CC1) = -k'.t + constant ‘ - :
¢ \

where [CC1lT = concentration of CCl

¢ t = time delay

s

o .

k'= background decay rate constant of CCl

In such a case, the absorption peak height is related to k'

as:
.

»

PH o [cc1]”
1n PH o y.1n [CC1] . .

= -y.k'.t + constant
.
The linear proportionality observed betﬁeen 1n PH and time
delay t (Figure III.4), for a mixture consisting of 0.3 torr
CHC1Br, in 50 torr He photolyzed with an ;netgy of 2900 kJ,

indeed 1indicates a first order decay process. This linear
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LN (PEAK HEIGHT)

o

l\. . .
.00 40.00 80:00 120.00 160.00  200.00-
TIME DELAY t (microsec) . ‘

-

FIGURE III.4 Ln (Peak Height) vérsus Time Delay t
(CHC1Br,, 0.3 torr; He, 50 torr; Flash Energy, 2900kJ)
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L
relat&onsQ&p vas stall observed upon ch‘pgzng the pressures

o! CHCI‘.Bh or He, or the flash enerQy, (vide Infra).

{d {
A mean value’ uf yk'm = 8.0 ¢ 0.4 msec" was " obtained

under the abobe conditions °(455 measurements). k' is
'actually a pseudo*f1rst order rate constant measuring the
rate "of dxsappearance of CCl1 in the absence og‘substrates

'However, ance the photolysxs lamp and reaction vessel were

ﬁ;';, replaced severa;< t1mes dur1ng the course of this work, k'
. oy 4,
“‘,"var1es, due to these sl1ght variations in the experimental
RIS LIS ) ’
aond1t1ons, from ° 12 msec"' to as high as ° 26 msec™'.
- N l‘»' -

o
2 *

.9"”"2 Eifects of Flash Enerng Pressure of CHClBr, and Pressure
of Be on Tho Backgtound Decay Rate Constant k'

The flash QQergy vas varied by changing the photo-lamp
>~

l‘?.:

%capac;tor 3&§put,;ﬁ§siﬁb.&a mixture consilt1ng of 0.3 torr
' () , G
o CHClBr3 1n 50 torr He. The CCl decay rate was found ,to

- iv
Te R, i

1ncrehse l1nearly w%th the ﬁlash energy (Figure IfI.S)

-@% '1nd1cat1ng thatuCCl waééﬁemoved mainly by reactlons with the
photolytxm prbducts. Thus, yfor each flash, the energy .
hept cqnstant at ngp iJ the maxzmum output for the
photo lamp,capacutor bgtchargmng the capacitor to 20 kV.
5 - However, ,th& ‘gil decay vag found to have a non- 11hear

) : it
i relat1ons§§p wﬂgh.the preisure of CHCIBr,, the CCl parent
» compound * (Figure k}l 6) Therefgre, 0.3 torr CHClBr,,{%g 50

R R
torr He, gas used”for each run because k' was found to level

X off to a constant vaiue gf 5%17«nsec" at this pressure.

Increasing the He pressure Irom 50 torr -(k' =
_ it e ‘
(16 2”\ 1.8) msec") to, 500 torr (k' * (17.4 ¢+ 0.8) msec™?),

k] H
n_" o . ;
. H



28.04

k' (msec-!)

24.04

94

. O ) \'/4 4
O o -
i L L
2.0 3.0

FLASH ENERGY (10°kJ)

v

FIGURE II1.5 k' versus Flash Energy

(CHC1Br,, 0.3 torr; He, 50 torr)
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FIGURE III.6 k' versus Pressure of CHCl1Br,

(He, 50 torr; Flash Energy, 2800 kJ)



96

in the presence of 0.3 torr éHClBr;, hqdr.no significant
effect on the decay rateugﬁ>CCl. |
. .

3. Determination of the Pseudo-First Order Decay Rate
Constant in,the Presence $¥"Substtate; k"

In the presence of ; reactive substrate:

-dlccll/dt = k'[ccl) + k,[ccl)S] = k"[CCl]
where
[S]A= concentration of the substrate

"k, = second order rate constant for the reaction

~

<

of CCl with the substrate

k" = pseudo-first.order decay rate constant = k' + k,[S] .

The above expression leads to:
In PH = ~y.k".t + constant

k" can thus be obtained from the slope of the plot of 1n PH
versus t, for.a given amount of substrate, Thosé plots
having correlation coefficients < 0.9 were rejected. Fof the
alkynes, which were the girst substrates examined, eight
measurements were éarried out for a given piessure of
.substrate. Subseguently equally good correlations were
.6btained for seven measurements at various time delays. In
all cases'the pressures of CHClBr; and He wvere 0.3 and: 50
torr, respectively, \ but when the pressure.of the Substraté
exceeded 50 torr, no He was added ﬁb the reaction mixture.
The upper limit of the substrate pfegsure range was eitch

the vapour pressure of the substrate at ‘rdom temperaturg,
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such as in the case of Si,Cl,, or the extent where the
absorption signals became too weak fof'meaningful decay
plots to be' made, due to rapid consumption of CCl. ‘
Determination of the Second Order Rate Constant for the
Reaction of CCl wifh'Various Substrates, k,.

k, can be obtained from the slope (= yk,) of the plot
of yk" versus [S], fé:laggiven subsfrate. The yk" values )
were given equal ﬁeights-in she plots, since weighting‘theu
k" entries. according to their root mean sguare (rms)
errors, obtained from the 1n PH versus 't plots, does not
necessarily improve the correlation coefficients of the
plots, as shown by a comparison betweeh the results of'the
standard and the weighted plots for a few randomly selected
substrates (cf Appendix). Similarly, where the yk" values (=
yg') were not measured at [S] = 0, nb\ovérall improvement in
the correlation coefficients could be obtained by including
the mean value yk'm, 8.0 £ 0.4 msec-' (vide supra), _into
such plots (cf Appendix). As méntioned eariier,'the vertical
error bars in such plots indicaté the rms deviations of yk".
The préssure of a substrate was converted into concentration

[S] using the Ideal Gas Egquation, PV = nRT.

Inorganic Substrates

, i ‘ ) .

Hydrogen:

'
]

o i . ¢ .
The 1n PH versus t plots'gave identical slopes in the

pressure range 20.0 - 180.0 torr, indicating no measurable
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reaction with hydrogen. The values of the slopes, or yk",
are summarized in Table III.1

" Ammonia: ‘

The plots of ln PH versus t for four different concen-
"trations of ammonia (pressure range 0.050 - 12.0 torr) are
presented in Figure 1III.7. The plots are linear and the
values of yk" are summarized in Table III;2. The data are
somewhat scattered due to the tendency of ammonia to adsorb
on the glass surfaces of the apparatus, as evidenced from
the slow but gradual decrease in pressures indicated by the
Baratron Pressure Meter. The slope of the plot of yk" versus

ancentration (Figure III.8) yielded k, = (4.0 + 2.0) x 10°*
M-' s-', A more reliable estimate was obtained as follows.,

. The react1v1ty of a substrate can be roughly estimated
by comparlng the data for substrates in comparable pressure
ranges. For ammonia, yk" - 12 msec-' at 12 torr, but all the
CCl signals were'quenched when the pressure was increased tb
25 torr. For jsobutane (k, =.(4.5 + 0.4) x 10 M~' s '),
however, the CCl signals were.week but still discernible atib»
86.5 torr, the maximum pressure used. Thus for emmonia,
ki > 4.5 x 10¢* M"' s°',-0On the other hand, for aeetylene (k,
= (3.5 % 0.4) x 10" M"' s-'), the maximum pressure used was
T 11 terr; at wﬁich’yk" " 21 msec”'. From this we can imply
.that ammonia is less reactive than\acetylene " Therefore, for

ammonla, the estlmated rate constan\ is (4.5 x 10¢ M~ s°')

<k.<(3SX10’ M-' s1). )
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. TABLE III.1l

\

N

yk" as a Function of Concentration for the Reaction

with Hydrogen

Conc : yk"
(Micromolar) - (1/msec)
1p60.3 5.9 = 03
1061.3 5.6 + 0.2
2648B.0 5.9 + 0.8
2650.6 5.6 £+ 0.6
- 4769.6 6.0 £+ 0.5
4769.6 6.1 * Q.?
9529.7 6.3 £ 0.7
9545.5 5.4 £ 0.2

-

99
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1 3.09

g
(o}
]

LN (PEAK HEIGHT)

t
]

1.0 T T T T T
20 60 100

TIME-DELAY t (microsec)

FIGURE III.7 Ln (Peak Heightl versus Time Delay t for
Ammonia ' (0) 2.66 M; (4) 2?.39 M; (O) 165.65 M;
. i":

(©) 272.32 M



vk" as a Function of Concentration for the Reaction

TABLE III.2

with Ammonia

5

Conc yk"
(micromolar) (1/msec)
2.66 7.0 t 0.2
2.67 oo ' 7.2 £ 0.5
21.33 | 8.2 ¢ 0.5
21.39 8.5 t 0.2
53.31 9.6 + 1.2
53,38 ‘ 9.6 £ 1.7
107.69 7.2 + 0.8
106.94 9.0 + 0.5
165.21 8.5 + 1.8
165.65 10.2 t 1.0
'185.79 10.1 0.5
186.28 . 9.3:0.3
271.51 ° 9.6 + 1.2
272.32 14.8 + 1.4
340.30 E 8.9 £ 1.7
342.11 11.5 + 2.1
424.10 L | 9.2 % 1.2
427.21 - 8.9 + 1.2
637.21 9.4 t 1.5

640.82 . o 11.6 t 2.5

Al
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FIGURE III.8 vyk" versus Concentration for Ammonia
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Alkyl Chlorides and Alkanes

No meggurable reaction was observed with methylchloride
(Table I1I1.3; pressure raﬁge 4.0 - 10.0 torr) and with
propane (Table III.4; pressure range, 50 - 250 torr).

Isobutane: |

In the case of lsobuténe, the enhancement in the values
of the pseudo-first order decay rate constant k", with
increasing conéé;trations,of the substrate, is appatent from
the increase in ;he slopes of the 1ln PH versus t plots
‘(Figure 111.9) Agaiﬁ, the plots ‘indicate first order
behaviour and the values of yk" as a function of concentra-
tion, summarized in Table III.5 (pressure range 2.0 - B6.48
torr), are plotted in Figure III.10, from the slope of which

k, was determined to be (4.5 + 0.4) x 10¢ M-' s-',

Alkynes

The alkynes examined were acetylene, acetylene-d,,‘

propyne, 1-butyne; z-bgtyng, 1-pentyne,  2-pentyne, 3,3-
dimethyl-1-butyne, 2,2,5,§-tetrameth%ir3—heXYne and phenyl-
acetylene, b

Acetylene:

The plots of 1n PH versus t, for four concentrations of
acetylgne, are preﬁented in Figure III.11, The values of
vyk", obtained from the slopes of su;h plots, are summarized
in Table I11.6 (pressure range’O.gBG - 10.690 torr), and k,
was found»to be (3.5.1 0.4) x 10” M~ s-' from the slope of

the plot of yk" versuys concentration (Figure III.12).
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TABLE III.3
“ .
Yk" as a Function of Concentration for the Reaction

with Methylchloride

Conc Yk"

(micromolar) ' (1/msec)
213.82 6.3 £ 0.5
213.96 ) B 5.0 + 0.4
533.06 5.8 % 0.3

535.19 5.8.4 0.3




TABLE III.4&

yk" as a Function of Concentration for the Reaction

with Propane

Conc vk"
(micromolar) (1/msec)
2669.2 9.1 ¢ 0.9
2682.6 8.7 t 0.8
3220,2 7.8 0.4
3220.2 8.1 ¢ 1.1
4807.7 8.8 ¢ 1.2
4333.5 6.7 £ 1.1
8050. 4 8.3 ¢ 0.8
8055. 8 8.8 £ 0.5
9634.7 12.7 ¢ 1.3
. 9676.7 10.4 .+ 1.2
13408 8.8 + 1.4
19911 8.3 £ 0.8

105
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vyk" as a Function qf Copcentration for the Reaction

o with Isqbfitane
’ “ . - .
- * Conc . : Tk"
M (micromolar) - | *(1/msec) _ ¢
1107.12 v 11.3 % 0.6
107.09 11.3 ¢ 0.7
214.10 9.6 + 0.6
214.10 .. 11.1 ¢+ 0.6
321.16 - 9.5 + 0.5 .
. - ». ’
' 321.16 9.6 % 0.5
o 428.21 10.0 % 0.4
© o 428.49 © 11.6 ¢ 0.8 ;
, . 1123.6 - 10.5 % 0.5 :
1123.6 | 10.4 £ 0.6
1863.8 | 12.1 £ 0.7
1865.0 . 13.7 £ 0.5
2405.2 13.2 £ 1.0
2405.2 e 16.0 + 1.0
© 4632.0 e\ 19.8t1.1 7
4632.0 o 21.6 t 2.1
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vk" as a Function of Concentration for the Reaction

with Acetylene

k"

Conc ‘
(micromolar) (1/msec)
37.33 © 0 12.8 + 0.5
—~J 37.33- 14.3 + 1.2
78.73 : 13.4 ¢ o?t; . N
78.73 \ 16.6 + 1.6
108.30 15.0 ¢+ 1.7
108.41 12.6 ¢ 0.9
108.66 14.0 + 0.9
136.84 16.0 + 0.9
136.98 15.9 + 1.4
161.75 s 16.3 + 1.0 >
161.92 15.5 £ 1.3
162.30 13.6 + 0.7
213.82 18.4 + 2.0
214.03 17.8 + 1.2
267.27 17.3 +°1.9
.267.54 15.8 + 1.1
320,73 117.2 £ 2.0
321.05 15,1 ¢ 2.2
' 571.43 2008 2.4
573.34 21.5 ¢ 2.2
With no substrate, yk"=yk'=9.3 + 0.6, 9.6 § 2.8,510.1 + 0.5,

10.3 + 0.5, 10.
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Acetylene-d,:

Similarly, ln PH was plotted against t for variops
concentrations . (Figure 1III.13). The values of yk" thus
obtained are summarized in Table 111.7 (pfessure range,
0.140 - 2.857 tprr) .and plotted against concentration in
Figure III.14, from the slope of which k, was determined to
be (3.1 % 1.3) x 107 M"' s-'. The large uncertainty in the
result can.be'ascribed to the small'pressure rangé studied.

Plots of 1In PH versus t for the remaining alkynes (as
well as all the substrates studiedl in this work) were
linegr, and henceforth will be omitted for the sake of
brévity. The values of yk" as a function of concentration
are listed in Tables III.B - II1.12, and the correéponding
plots presented in Figures III.15 - I1T.17, from which the
second order rate constants k, were obtained. These,
together with the number of measurements and the pressure

ranges studied, are summarized in Table III.13.

Silanes, Halogenated Silanes, Disilanes and Halogenated
Disilanes |

Silanes:

The silanes studied were silane, monomethylsilane, di-
-methylsilane, trimethylsilane, tetrémethylsilane, silane-d,,
monomethylsilane-d,, dimethylsilane-d,, trimethylsilane-d,,
diethylsilane and triethylsilane.

The values of yk" as a function of concent}ation are

presented in Tables III.14 - III1.19, while the plots of yk"

Y
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TABLE III.7

vk" as a Function of Concentration for the Reaction

with Acetylene-d,

Conc . Yk" ‘
(micromolar) (1/msec)
7.534 ‘ 9.2 + 1.5
7.534 12.2 £ 1.3
22.79 11.0 £ 0.7 .
22.85 | 11.1 % 0.7
52.12 12.5 + 1.0
52.24 11.7 ¢+ 0.9
60.938 10.9 + 0.7
60.938 | 12.0 + 0.8
86.511 | 13.3 %+ 0.7
) 86.511 14.7 % 1.1
106.59 ) 12.6 + 0.9
106.59 13.4 % 1.0
110.44 12.4 + 0.8
.o 110.44 | 14,3 £ 1.1
125.21 ’ 10.7 + 0.2
125.50 12.8 % 1.6
125.50 | . 15.2 % 0.1
152.72 . ' 11.8 + 0.9
152.72 12.7 + 1.1
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TABLE 11I1.8

.Yk"™ ‘as a Function of Concentration for the Reaction

" with Propyne

Conc k"
(micromolar) (1/msec)
0.748 8.3+ 1.5
2.15 10.1 + 1.0
2.80 9.1 ¢+ 1.1
2.80 11.3 + 1.1 »®
3.23 11.1 £+ 1.1
3.77 10.0 £ 1.6
3.77 14,3 £ 2.3
4,30 8.4 £ 1.0
4.30 " 13.1 + 1.9
4.73 . 14.4 + 1.5
4.73 l14.6 + 0.6
5.328 . 11.3 + 0.5
5.328 o 14.0 £ 1.0
6.393 . 12.9 + 1.2
6.393 ' .« 15,0 £ 0.7
7.685 ‘ 15.6 ¢+ 3.0
7.685 16.0 ¢ 2.2
9.286 l16.4 + 2.6
8.286 . : 21.1 + 2.3 °
10.67 : 16.5 + 1.8
+ 2.1

10.67 20.5

N

With no substrate, yk" = yk' = 8.0 % 1.0
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TABLE III.S

Yk" as a Function of Concentration for the Reaction

ﬁith 1-Butyne and 2-Butyne —

-

1-Butyne* - . 2-Butyne**
Conc - . Yk" Conc vk"
(micromolar) (1/msec) (micromolar) (1/msec)
— &
1.07 8.5 + 0.5 0.21 11.1 £ 2.8 =
1.61 13.1 ¢ 1.1 0.21 12.5 ¢ 1.1 *
& .61 10.5 + 0.8 0.21 15.1 + 2.1
2.20 14,0 + 1.3 0.32 12.2 ¢ 0.8
2.20 15.2 ¢ 2.0 0.32 13.8 + 1.1
2.68 15.8 + 1.5 <~ 0.43 ~ 15.5 % 1.5
2.68 17.1 ¢ 1.5 0.43 16.2 + 2.1
3,83 14.9 + 1.5 0.538 % 14.7 + 1.2
- 3.44 ~16.4 1.9 0.540 ©17.0 £ 5.3
'3.75 188 + 1.2 0.700 16.1. % 2.2
3.76 ) 18.0 + 2.2 10.702 ©18.0 £ 1.0
4.23 : 15.5 + 2.0 0.861 15.6 + 3.4
4.88. . 19.1 + 1.8 0.861 17.0 + 1.2
. 4.88 19.8 t 1.3 0.861 17.9 + 1.8
5.417 18.0 + 0.9 0.969 17.1 + 2.2
5.421 19.8 + 1.1 0.969 18.3 + 2.2
0.969 22.7 ¢ 2.2
« With no suﬂstrate, yk" = yk' = 8.4 + 0.8, 10.4 % 1.1
++With no substrate, yk" = yk' = 8.0 + 1.0 o
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TABLE III.10

yk" as a Function of Concentration for the Reaction

with 1-Pentyne and 2-Pentyne

l1-Pentyne

Conc ' k"

(micromolar) (1/msec)
1.12 ' 8.9 s 1.0
2.45 11.7 ¢ 1.1
2.90 | 10.9 + 1.4
2.90 | 15.0 + 1.8
3.24 11.9 t 1.5
3.24 13.4 £ 1.2
3.63 14.7 + 1.8
3.63 15.3 % 2.5
4.24 | ©15.2.% 0.9
4.24 ' 15.2 + 1.6
5.739 15.6 % 2.3

5.739 17.0 = 2.1

2-Pentyne*
Conc vk"
(micromolar) (;/msec)
0.32 10.6 £ 0.5
0.32 12.9 + 0.6
0.43 17.2 0.8
0.43 16.0 ¢ 1.0
0.536 17.9 % 0.7
0.590 11.7 + 0.9
0.644 18.2 ¢ 1.4
10.644 18.6 + 2.1
0.697 18.3 £ 1.1
0.698 | 17.9 ¢ 1.1
0.751 19.0 + 1.3
0.751 16.9 £ 1,7
0.803 22.8 ¢+ 1.1
0.804 14.9 + 0.9
0.804 21,3 1.1
0.858 24.3 £ 3.0
0.859 19.9 t 1.5
1.07 18.0 £ 1.6

* With no substrate, yk"=yk'=8.3 % 0.4, 8.6 % 0.7, 9.4 ¢ 1.6
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TABLE 1I1I. N

vyk" as a Function of Concentration for the Reaction
with 3,3-Dimethyl-1-butyne and 2,2,5,5-Tetramethyl-3-hexyne

4/"“\
3.3-Dimethyl-1-butyne* 2,2,5,5-Tetramethyl- /
3-hexyne**

Conc k" Cone rk"
(micromolar) (1/msec) (micromolar) (1/msec)
0.21 8.0 £ 0.3 0.53 8.6 £ 1.2
0.27 8.4 ¢+ 0.9 0.53 - 9.7 ¢ 0.8
0.27 8.6 £ 0.4 0.53 12.5 ¢t 1.5
0.42 8.5 £ 1.1 0.799 10.5 ¢+ 1.1
0.43 7.9 £ 0.5 0.799 10.6 ¢ 0.6
0.532 9.1 £ 0.5 0.799 8.6 + 0.8
0.540 10.0 ¢ 1.3 . 1.06 10.8 + 2.1
0.748 9.0 + 0.4 1,07 11.4 £ 1.0
0.750 9.0 + 0.6 « 1.16 15.2 ¢+ 2.3
0.846 9.5 £+ 0.5 1.17 12.6 £ 1.2
0.847 9.7 + 0.3 1,33 : 11.2 + 1.3
0.961 7.9 £ 0.7 1.34 10.5 £ 1.5
1.18 9.6 + 0.4 1.60 13.6 £ 1.7 .
1.18 8.7 £+ 0.8 1.60 12.8 £ 1.6
1.39 9.0 £ 0.4 1.60 16.9 £+ 1.8
1.38 9.4 ¢ 0.4 l.61 19.4 £ 1.7
1.53 . 10.3 20,5 1.86 13.1 £ 1.1
1.53 10.6. ¢ 0.4 1.87 - 010.2 t 0.4
1.71 9.9 £ 0.5 2.13 - 11.2 ¢ 1.5
1.88 12,3 £ 0.3 2.14 17.6 £ 3.1
1.89 12.6 + 0.9 2.14 17.5 + 1.8
1.93 10.3 + 0.9 2.40 ' 16.6 £ 2.5
1.93 11.5 £ 1.0 2.41 19.4 ¢ 1.3
1.94 9.3 ¢+ 0.6 2.66 19.9 ¢ 3.1
2.11 11.5 £ 0.7 2.67 . 21,7 £ 1.8
2.11 9.8 + 0.6 2.68 22.5 ¢+ 1.6
2.42 11.8 £ 1.0 3.15 . 18.0 = 1.3
2.42 12.9 £ 1.3 3.18 21.3 £ 2.7
2.50 9.9 + 0.8 3.71 22,1 t 3.8
2.69 13.1 £+ 1.0 4.31 18.7 & 4.1
2.68 11.2 £ 1.4 4,35 25.8 £+ 2.4
3.22 12,2 £ 1.0
3.23 11.5 ¢+ 1.3
3.69 . 12.7 £ 0.7 -

. 3.70 12.3 + 0.4

* With no substrate, yk" = yk' = 8,5 + 1.2, 8.8 + 0.5

#*+With no substrate, yk"=yk'=7.4 * 1.4, 8.4 + 0.4, 8.9 + 1.0



TABLE I11.12

yk" as a Function of Concentration for the Reaction

with Phenylacetylene

Conc ) vk"
(micromolar) (1/msec)
‘ .

1.07 12,2 ¢+ 1.8
1.07 12.8 ; 1.1
1.71 12.4 ¢+ 0.4
1.71 ‘ 16.4 + 1.4
2.14 N 7 i4'2 + 1.8
2:14 15.1 + 1.1
2.78 15.4 £ 1.0
2.79 18.3 ¢ 1.3
3.20 16.9 £+ 2.0
3.21 15.4 + 0.7

With no substrate, vk" = yk' = 9.3 3 0.6, 10.3 £ 0.5
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TABLE II1.14

vyk" as a Function of Concentration for the Reaction

with Silane

Conc rk" .
(micromolar) | (1/msec)
1.07 = 9.9 £ 0.9
1.07 11.7 + 0.4
3.21 '11.6 ¢ 1.0
3.21 | 11.9 £ 0.5
5.362 | 13.8 ¢ 0.7
5.372 14.3 + 0.4
10.70 | 13.7 + 0.5
1070 7 15.5 1 0.6
21-.35 . 15.5 % 0.8

21.40 . 16.2 £ 1.2
© 26.83 L 17.8 1.3

26.89 : \j\ 20.7 % 0.7
) 34.77 17.7 + 0.7
34.83 '  20.0 % 1.4

¢3.21 - 22,1 % 1.1
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TABLE 1II.15

vk" as a Function of Concentfation for the Reaction

with Monomethylsilane and Dimethylsilane

L] . . - L] L] L . .

Monomethylsilane* ‘ Diﬂfthylsilane'“
Conc Yk" Conc rk"
(micromolar) (1/msec) (micromolar) (1/msec)
0.21 9.2 £+ 1.1 0.11 9.9 + 0
0.21 10.2 *+ 0.6 0.11 10.1 £ 0,
0.32 10.5 ¢+ 0.5 0.27 - 9,2 %+ 0.
0.32 10.6 + 0.4 0.27 ' 10.4 £ 0,
0.43 9.3 £ 0.7 0.43 9.2 + 0.
0.43 8.8 + 0.7 0.43 - 11.1 # 1.
0.534 12.2 £+ 1.0 0.538 11.3 2 0
0.535 11.0 + 0.5 0.538 11.3 + 0.
0.643 11.2 + 1.5 0.806 10.9 £ 0.
0.644 12.2 = 0.7 0.806 11.7 £ 0.
0.750 12.8 £ 2.9 . 1.07 12.1 = 0.
0.751 10.2 + 1.1 1.07 12.3 2 0
0.855 12.5 £ 0.7 1.34 13.3 = 1.
0.858 10.6 £ 0.6 1.34 12.4 £ 0.
. 0.961 13.2 # 0.9 l.61 10.6 + 1.
0.963 12.4 ¢ 0.7 l1.61-- 11.4 = 0.
1.07 10.8 + 0.3 1.88 12.4 +°0.
1.07 12.4 + 0.6 1.88 13.6 = 1.
1.49 10.1 + 0.4 2.15 12.8 ¢+ 0.
1.49 10.9 + 0.6 2.15 14.3 + 1.
2.14 13.4 + 0.8 2.68 ' 14.1 + 0
3.22 13.8 + 0.4 2.68 14.7 = 0
3.22 11.9 + 0.9 3.02 -13.7 % 1.
4.29 12.8 + 0.9 3.02 13.6 + 1.
4,30 -156.2 % 0.5 3.66 . 13.1 £ 1.
5.362 14.7 £ 1.0 3.66 . 14.1 £ 1.
5.369‘ l16.7 = 0.6 4.31 : 17.6 £ 1,
6.447 14.9 £ 1.1 5.388 19.3 + 1,
7.511 17.4 + 1,2 5.392 . 18.8 + 1
8.573 - 15,0 £ 1.5 6.462 18.5 £+ 1
8.573 19,1 %+ 2.2 7.541 17.8 £ 1.
. 7.541 21.1 + 2.
8.622 24.4 t 3
s 8.607 - 20.4 + 2
9.703 23.2 £ 2,
* With no substrate, yk" = yk' = 8.6 * 0.5, 9.4 + 0.4
= 8.8 £+ 0.2, 8.6 + 0.4

* Wit - " = !
» Wlth’no substﬁéte, vk vk,

Ny
-~
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TABLE III.16

vk" as,a Function of Concentration for the Reaction

with Trimethylsilane and Tetramethylsilane

Trimethylsilane* Tetramethylsilane
Conc. vk" Conc ;k"
(micromolar) (1/msec) . - (micromolar) (1/msec)
1.61 10.7 ¢ 0.7 . 5.326 9.3 + C.4¢
1.61 12.5 + 0.7 5.342 10.7 * 0.6
2.68 14.0 £ 0. 26.57 9.7 £+ 0.9
2.68 14.4 + 0.3 - 26.61 9.2 0.7

- 4.27 "~ 14.0 + 0.7 54,429 9.3 + 0.
4.29 16.6 % 1.4  54.465 8.4 + 0.4
5.363 17.9 % 0.8 106.27 9.0 0.6
5.369 16.0 + 0.8 106.34 ° 9.1 + 0.3
6.427 17.4 + 0.8 123.39 6.6 % 0.5
6.43¢  18.6 £ 1.0 123.72 ©11.5 % 1.0
7.504 18.3 + 1.4 132.62 R 6.7 + 0.5
7.506 21.7 + 1.6 132.93 9.3 :'0,8
8.570 22,0 ¢ 1.5 212.53 8.0 * 0.3
8.578 . 20.8 £ 2.0 213.23 9.4 % 0.5

329.15 7.7 £ 0.9
| + 0.4

! | 330.14 9.9

* With no substrate, yk" = yk' = 8.3 t 0.5, 9.1.% 0.6

I
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.

vk" as a Function of Concentration for the Reaction

with Silane-d, and Monomethylsilane-d,
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Silane-d,
Conc vk"
(micromolar) (1/msec) -
1.08 10.0 + 0.5
1.08 10.0 £ 0.7
2.15 10.5 + 0.7
2.16 11.8 £ 0.6
4.31 11.0 + 0.8
- 4.31 11.2 % 0.9
6.460 11.3 + 0.1
6.462. 12.0 + 0.9
6.468 11.9 + 1.1
8.072 12.8 + 0.6
8.088 11.5 + 0.5
9.686 12.9 £ 0.4
9.703 13.0 £ 0.8
12.92 13.4 £ 0.7
12.95 13.1 t 0.5
27.40 13.1 ¢ 1.0
27.43 15.0 ¢ 0.9
44.36 15.4 ¢ 1.0
44.36 16.9 £ 1.2

Monomethylsiléne—d.

Conc

(micromolar)

k"

" (1/msec)

0.11
0.11
0.16
0.16
0.27

0.27

0.27.
0.37
0.38
- 0.48
0.48
0.535
0.539
0.693
. 0.694
-0.754

0.755:

.0.805
0.812
1.07

215

2.15
4.28

4.29

6.436
6.438
8.558
8.587
7.526
10.75
10.78
12.90
13,93
15.05
15.09
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TABLE III.18

yk" as a Function of Concentrat1on\\or the Reaction

with D1methy151lane d, and Tr1methy151lane a,

. Ll

Dimethylsilane-4d,"* . Trimethylsilane-d,**
Conc k" Conc vk"
(micromolar) (l/mgec) (micromolar) (1/msec)
0.32 8.8 £ 0.7 0.537 9.3 + 0.
.0.32 10.1 £ 0.3 0.538 10.4 £ 0.
0.43 8.8 £ 1.2 0.806 . 7.5 & 0.
\0.43 10.2 ¢ 0.5 0.807 ’ 8.4 =0,
*0.534 ¢ 9.3 % 0.4 | 1.09 9.8 & 0.
0.537 T 9.4 % 0.4y 1.09 12.7 = 0.
0.642 9.8 £+ 0.4 l.61 12.3 £ 1.
0.642 8.3+ 0.3 l1.61 12.0 £ 0.
0.756 8.9 + 0.7 2.17 12.7 ¢ 0.
0.756 9.1 £ 0.6 3.23 12.5 % 1.
0.961 9.5 + 0.3 3.23 | 14.3 + 1.
0.961 9.9 £ 0.8 4.30 14.5 = 1.
1.28 9.6 + 0.5 . 4.30 15.5 = 0.
1.28 10.1 £ 0.4 5.37 17.6 + 1.
1.51 9.9 ¢+ 1.1 5.383 16.5 %= 0.
1.52 10.4 £ 1.0 6.506 1(18 70
1,60 1.3 + 0.8 7.253 '18.8 + 1
1.89 11.9 ¢ 1.0 7.262 18.8 £ 1.
1.89 11.1 £-0.5 7.610 . . 20.4 = 1.
~2.13 11.8 ¢+ 0.5 8.140 22.1 = 0.
2.14 11.7 £ 0.8 8.593 18.47% 1.
2.15 11.0 £ 0.6 8.613 20.4 £ 2.
2.15 10.1 £ 0.8
3.23, 11.3 ¢ 0.5
4.30" ) 14.0 £ 1.4
4.30 12.8 £ 1.5
- 5.387 ' 13.7 £ 0.9 -
5.387 15.2 + 1.9
6.455 14.8 £ 1.2
. 7.519 . 15.0 % 1.5
7.539 1445 0.8
8.641 16.3 £ 1.5
* With no substrate, yk" = yk' = 7.4 £ 0.5, 8.2 + 0.5
**With no subsgrate, yk" = yk' = 8.4 + 0.6, 8.4 ¢ 0.7

-



TABLE I11.19

yk" as a Function of Concentration for the Reaction

with Diethylsilane and Triethylsiiane

130

.y

Diethylsilane*
Conc 1 . yk" ‘
(micromolar) (1/msec)
2.14 .13.8 t 0.9
2.14 12.5 ¢ 0.8
4.27 14.1 %+ 1.4
4.28 _17:9 + 0.9
5,321 17.9 + 0.7
5.360 17.2\: 2.2
6.415 19.3 £ 0.8
6.430 16.3 + 1.2
6.910 21.1 ¢+ 1.5
. 6.947 18.9 % 1.2
8.018 22.2 + 0.8
9.576 21.2°¢ 3.0
9.648 23.9 % 1.4
e 3

Triethylsilane**

Conc T oyk™
(micromolar) (1/msec)
0.27 10.4 = 0.3
0.27 ' 11.6 £ 0.6
0.37 11.9 + 0.3
0.37 : 11.4 = 0.2
0.535. 10.4 £ 1.5
0.535 10.3 £+ 1.0
0.801 ' 10.2 + 0.8
0.801 - 12,6 = 1.7
o 1+Q7 . 14.2 £ 0.7
¥1.07 12.3 + 1.1
1.33 - . 11.6 £ 0.8
1,34 14.7 + 0.4
1.60 11.7 + 1.4
l.61 13.5 £ 1.3
2.14 14.2 + 1.0
204 . 13,2 1.2
3.10 . 17.8 + 1.7
3.11 ' 18.3 + 0.7
-3.21 16.8 = 0.9
3.21 14.1 £ 1.1
4.38 20.0 £ 0.4
- 5.354 22,0 £ 1.6
6.423 26.2 £ 2.4
6.425 22,8 + 1,2
- 4.488 © 25.9 t 2.3
= .501 28.4 3.3
8.561 . 27.6 £ 2.3
8.564 129.0 £ 3.0

» " With no substrate, yk" = yk' = 7.3 % 0.4, 9.8 ¢ 0.4

-

#»With no substrate, yk" = yk' = 7.3 % 0.7, 8.7 * 0.3
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versus concentration are given in Figures I1I1I1.18 - III.20.‘

Halogenated,silanes:

Trichlorosilane, dichlorosiléne, methyldichlorosilane,
dimethylchlorosilane, trimethylchlorosilane, methyltri-
fluorosilane, dimethyldifluorosilane, trimethylfluorosi;ane
were studied. h

The values of +yk" as & function of concentration are

presented in Tables III.20 -~ III.25. No measurable reaction

was obtained with trichlorosilane, trimethylchlorosilane and
the methylfluorinated silanes. The plots‘of Yk" - versﬁs
concentration for the ofhér'halogenated silanes are given in
Figures III.21 and fII.22. The data for dichlorosilane are
quite 'scatfered, probably due to the occurrence of side
reactions. |

Disilanes and Halogenated Disilanes:

Disilane, disilane-d., hexamethyldisilane and hexa-

chlgrodisilane were studied. The values of yk" as a function

of concentration are presented in Tables I111.26 and 1II1I1.27.

No measurable reaction was obtained with hexachlorodisilane.
The plots of yk" versus  concentration for the pther
disilanes are given in Figure I111.23,

The values of k, for silanes, halogenated silanes,

. . Y
~disilanes and halogenated disilanes were determineéfzrom the

slopes of the yk" versus concentration plots and are

summarized in Tables I1I1I1.28 - III.30.

[
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TABLE I1I1.20

-

vk" as a Function of Concentration for the Reaction

. ™ -
with Methyldichlorosilane and Dimethylchlorosilane

. . &c\uuL051lan » 'Y
-— e'\;\\‘l.\'a ° : .
wichloromethylsilane Dimethylchlorosilane™*
Conc” k" .. Conc © Yk"
(micromolar) (1/msec) (micromolar) (1/msec)
2.69 9.4 ¢ 0.5 Q\\\ 2.69 9.6 + 0.3
2,69 - 9.8 +:0.2,
10.73 5.6 £+ 0.8 2.69 9.4 £ 0.5
10.78 10.3 + 046 . _
26.77 4 9.4 £ 0,7 ~ 10.74 ‘ 12.4 £ 0.6
26.84 8.7 ¢ 0}7 N
" 42.99 8.9 ¢ 0.5 10.75 «» 11.9 £ 0.6
43.05 11.3 ¢ 0.5 i c
54.028 9.6 £+ 0.6 21,41 16.0 #0.8
54.265 9.1 + 0.7 C - .
85.300 10.0 £ 0.3 21.58 - 16.5 +.1.2".
85.585 " 11.0 £ 0.4 o
113.22 11.0 £ 0.7 37.48 - 18.9-% 1.5
"134.31 10.6 £ 0.7 : ‘ ‘
134.99 10.1 £ 1.0 - 37.85 17.9 £ 1.3
161.44 10.7 + 0.7 ., ‘
161.66 10.8 £ 1.0 42.98 . 17.0 £ 1.0
188.03 - 10.7 % 1.3 . |
188.98 13.0 £ 1.0 42.98 18.1 = 0.7
203.34 12.2 £ 0.4 , :
215.40 11.4 + 1.0 58.997 22.2 £ 1.7
215.47 13.6 £ 0.8 .
242.99 .. 13.2 ¢ 0.4 . 59,514 23.6 £ 1.7
244,22 ”* 13.7 .+.0.3 ’ A )
293.12 12.1 = 0.4 107.41 29.6 £ 0.9
294,20 13.5 ¢ 0.9 - '
| : | ©107.59 U 29.4 % 3.1

+« With . no substrate, yk" = yk' = 8.3 0.4, 8.8-+ 0.3

L/;,«-a;?itb no substrate, yk" = yk"-}7.9 t 0.6, 8.6 + 0.5

N
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TABLE I1II.21

vk" as a Function of Concentration for the Reaction

with Trichlorosilane

Conc vk" ) Conc yk"

(micromolar) _ (l1/msec) . (micromolar) .(1/msec)
0.27 B 9.8 + 0.6 8.024 8.5 + 0.5
0.27 9.0 ¢+ 0.2 8.029 8.9 ¢ 0.5
0.533 8.5 + 0.4 10.70 9.6 + 0.5
0.536 8.4 + 0.3 10.75 9.2 ¢+ 0.5
0.743 9.3 + 0.7 16.03 8.2 + 0.6
0.747 9.1 + 0.5 - 16.05 9,2 ¢+ 0.7
¥.06 28,7 £ 0.3 21.32 9.2 ¢+ 0.6
1.07 8.3 + 0.4 21.41 7.9 ¢+ 0.4
1.48 9.3 %+ 1.0 26.75 9.6 + 0.7
1.49 9.4 £+ 0.2 . 26.76 8.6 + 0.8
1.70 - 9,3 + 0.2 32.17 8.0 + 0.5
1.71 8.9 + 0.4 32.32 9.3 ¢+ 0.7
2.12 9,6 £ 0.5 37.44 8.6 + 1.1
2.14 - . 8.1 + 0.6 55.466 7.9 + 0.7
2,54, §1 t 6.2 55.503 - "8.4 £ 0.5
2,554 .8 + 0.6 _ 168,77 8.6 £ 0.7
3.18 7 8.8'+ 0.2 “ 169.79 10,0 + 0.4
3.24 9.7 + 0.6 . 1267.86 8% + 0.4
4.20 "B.2 ¢+ 0.8 * ' 269.76 9.7 ¢+ 0.6
4.26 ‘9,7 + 0.3 371.03 8.8 + 0.9
4.80 8.0 + 0.5 371.27 8.6 + 0.4
4.83 4 8.1 % 0.7 482.16 8.8 + 1.0
5.317 8.5 + 0.5 8.5 + 0.6

485.08

With no substrate, vk"™ = yk' = 8.0 + 0.5, 8.9 % 0.5

«@:



TABLE III.22

vk" as a Function of Concentration for the Reaction

%

with Dichlorosilane and Trimethylchlorosilane

- &

137 .

Dichlorosilane*

Trimethylchlorosilane -

Conc yk" v Conc rk" '
(micromolar) (1/msec) (micromolar) (1/msec)
26.37 8.0 + 1.2 209.69 6.0 + 0.7
26.57 10.0 * 0.6 209.90 6.8 £ 0.4
52.908 11.5 £ 0.8 429.73 7.5 + 0.5
53.153 11.8 ¢ 0.7 429.87 7.2 % 0.6
80.155 18.2 £ 1.9 o .
80.370 16.9 + 0.4
10589 15.2 + 1.2
105.96 19.3 + 1.3 A
131.88 . 18.0 ¢ 1.2
132.88 16.2 £ 2.7
160.26 | 25.3 % 2.1
'160.58 5%?6 + 1.8
268.27, 19.0 1.6
359.10 19,1 ¢ 2.1
1 359.94 26.5 t 5.7
“1089.6 16.8 + 1.4
2717,3 13.3 £ 2.9 4
2721.8 17.4 ¢ 2.0
£0.7

* With no substrate, vk" = yk' = 6.6.% 0.3, 7:3

[



Yk" as a Function of Concentration for the Reaction

TABLE III.23

with Trimethylfluorosilane

138

Conc k"

-~ (micromolar) (1/msec)
1.06 7.1 + 0.8
1.07 7:6 + 0.8

“2.66 7.8 + 1.4
3.08 8.2 + 0.8
3.08 10.5 + 1.6
5.374 - 7.0 + 0.7
8.032 7.6 + 0.5.
8.061 8.1 % 1.3

+37.00 7.9 + 0.6
" 37.08 C 8.0 + 0.6

42.77 9.5 1.4

47.59 7.5 % 1.5

47.76 8.6 0.5

9.1 % 0.9

‘63.721




TABLE III.24

-
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vk" as a Function of Concentration for the Reaction

S

[

.with Dimethyldifluorosilane

Conc :
(micromolar)

k"
(1/msec)

21.27
2130
42.55
42.61
69.335
69.427
195,740
95.740
160.15
- 160.20
240.20
240.28

10.

9.6

+
(=]
(o)

8.1

+
o
L)

w

8.6

H
o
L]

'S

9.0 £ 0.9
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TABLE III.25

yk"™ as a Function of Concentration for the Reac®ion

with Methyltrifluorosilane

Conc k"
(micromolar) (1/msec)
5.299 8.3 + 1.5
©10.68° 7.4 % 0.6
10.69 | 8.3 % 0.6 -
21.37 7.3 + 0.8
21.39 8.6 t 0.4
$23.13 9.1+ 0.9
23.19 L 10.6 £ 0.3
23,24 71 10.2 + 0.6
26.55 o 9.7 £.0.7
37.39 - ©\e s 1.0
37.41 \9;3 + 0.4
PERY 2 9.3 + 0.4
42.47 ; 7.8 % 1.3
 53.455 | 8.1 + 1.0
53.455 8.6 + 0.4
63.679 8.4t 1.4
63.721 7.2 £ 0.6
95.803 ' ©10.7 + 0.5 .
95.899 - 10,32 1.1
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TABLE II1.26

vk" as a Function of Concentration for the Reaction

with Disilane add Disilane-d,

Disilane
Conc ’ yk"
(micromolar) (1/msec)
0.21 . 7.4 t 0.5
0.21 6.3 & 0.4
0.43 7.5 % 0.4
9.43 7.9 ¢+ 0.3
0.43 7.7 £0.4
0.642 ~ 6.5 ¢ 0.5
0.643 6.5 + 0.3
1.07 - 10.0 £ 0.6
1.07- 8.1 % 0.5
1.61 9.7 + 0.9
™61 : 9.9 £ 0.5
2.68 0 14.1 $ 1.1
2.68 14.4 % 1.0
3.48 17.8 0.7
3.49 175 ¢ 0.9
4.29 . 19.1 # 3.5

Disilane-d,"

6.961 o+ 26.1 t 4.

* With no substrate; Yk" = yk' = é.B + 0.3, 6.9 £ 0.1

Conc rk"
(micromolar) (1/msec)
0.533 . 8.1 £ 0.5
0535 7.0 + 0.5
1.34 8.3 £ 0.2
1.33 | 8.9 0.6
2714 ©12:1 % 0.8
2.67 - “14.4 £ 1.2
2.67 © 121 1.5
3.46 15.4 + 1.9
3.48 . 15.9 + 1.4
:.81 21,5 & 1.3
4.81 . 17.4 £ 4.0
1

t
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s

TABLE I11.27

Yk" as a Function of Concentration for the Reaction

with Hexamethyldisilane and Hexachlorodisilane

h]

Hexamethyldisilane*

Conc . k"
(micromolar) (1/msec)
1.63 9.1 + 0.6
1.63 10.0 + 0.7
5.524 9.6 % 0.6
43.50- 10.4 t 0.4
44.24 10.8 + 0.3
97.585 11.9 + 1.2

98.016 10.8 % 1.0 -
128.38 11.0 + 0.4
128.68 10.3 + 0.2
235.97 12.1 + 1.0
236.20 12.4 + 0.8
299,85 13.5 + 0.5
300.25 14.4 * 0.5

¥

P L

Hexachlorodisilane
Conc .yk"
(micromolar) (1/msec)
21.41 8.8‘1 0.7
21,47 9.8 ¢ 0.8
32,18 . - 7.8 £ 0.6
32.23 8.0 + 0.6

« ¥%h no substrate, yk" = yk' = 8.3 £ 0.2, 8.8 + 0.4
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Cyclic Compounds and Heterocyclic' Compounds

) ‘*

Cyclic'Compoundas .
el

Cyclohexane, cyclbpentane, cyclohexene, 1 3-cyclohexa—

diepe, 1 4-cyclohe:adggge, benzene, toluene, chlorobenzene

0

and Eluorobenzene vere studzed

’ The values of °yk" as a functlon of concentration are

‘presented in Tables 111.31 - III 35. No measurable ' reaction

.'yas observed w1th cyclohexane and cyclopentane. Only seven

measurements vere made for cyclopentane at 26.52 torr due to

'1nsuff1c1ent amount of pure substrate. The plots of yk"

versus concentration for the remaxnxng cycl1c comﬁbunds are

' g1ven in F1gures II1.2¢ and II1.25.

.Heterocy&lic Compounds:.;:

*Thiacycf \exane, tetranydrothiophene,' ﬂ‘ptolidine,

tetrahydrofuran, ,thiobhene, pyrrole, 1-methylpyrrole and

N

PYr;dzne vere exam1ned. | N \\;‘

yrrolldzne, like ammon1a, exhib1ted a great affinity

f*fl sxnce “the ccCl sxgnals were quenched

§strate pressure of only one torr. A

' ‘;--(k’. = (4 B 2 o 5) x 10* M-* s°'), in

sugge;ts thet for pyrrol1d1ne§ Kk, _>»
; '.] ’ : ‘ . .
\ﬁgf“"w”“*" - f: L §

"'i "othir heterocycllc compounds, the values of 7k'

ction of concentrst1on are. presented in Tables,
7. - .

Rt ;
A
2T _ ;



TABLE III.31 - -

.‘ryk* as a Function qof Concentration f¥@r the Reaction

150

" . with Cyclopentane and Cyclohexane
, o ,
Cyclopentane A Cyclohexane
Conc k" . gonc yk"
(micromolar) (1/msec) ®Kv {micromolar) (1/msec)
7 - '
1416.3 10.0 + 0.8 53.580 8.4 £ 0.5 .
. - '53.669 9.4, 0.3
i 267.54 8.1 + 0.4
e .
~ ' 268.35 8.9 t 0.5
547.24 7.3 ¢ 1.0
° »547.24 .8.4 £ 1.0
r : it
1929.3 : F8,9 + 0.7




A TABLE IIT,32

S o with Cyclohexene

\

7 ‘.-""', g R *
K '2#{ ~ Conc Ii;ﬁA Yo . oayk"
e . R " (micromolafry. - ,_-'«*‘(. i (1/msec)

oL -";% /"i e ?
i o/w(ﬂ, % Y 7.7+ 0.8
w2 s eniee
o : . 10.2 £ 0,7

_yk" as a Function of Concentration for the Reaction

16@’ e 110.3 £ 0.6

AR
A ]

vizis
13,4
14.7

15.4

| 21.4
19.9
22,6
24.0
" 25.6.
) Lo

28.3

+.0.9

+ 0.2

i l.l'

+ 0.4
t+ 0.5
+ 1.0
+ 1.9
+ 1.4
$2.2

‘:‘!‘.,&
27. T_ ¥3.5
t 2.3

151



TABLE III.33

vk" as a Function of Concentration for the Reaction

with 1,3-Cyclohexadiene and -1,4-Cyclohexadiene

152

1,3-Cyclohexadiene

Conc. - Yk"
(micromolar) (1/msec)
0.27 5.9 % 0.4
0.27 7.1 %0.6
0.43 b 6.3 1 0.4
0.43 5.3 + 0.3
1.29 6.4 + 0.6
1.29 8.1 % 0.9
2.69 B2 s 0.9
2.70 © 9.0t 1.4
3.77 9.0+ 1.1
15.78( o 8.9 + 1.3
4.58% % 7.0 % 0.7
4.58 7.6+ 0.6
5.385 11 1 :,2.’6
5.390 ° 8.5 % 1.2
' 6.475 9.2 % éib
6.475 '1 C10.6 ¢ 1.2
7.541 13,1 % 2,3
7.544" 1.8 : 1.0

-

1,4-Cyclohexadiene

Cone ,‘yk"

- (m. omolar) (1/msec)
0.27 6.9 % 0.4
o.zin 7.3 5 0.3
0.799 8.5 + 0.4

. 0.801 6.8 £ 1.0
2.13 y.5 + 0.7
214 9.0 + 0.3
2.67 9.7 £ 0.7
2.67 10,7 0.6
3.74 ; 11.7 ¢ 0.7
4.80 14.9 + 1.1
5.858 L. 6t 2.2

' e
5.870 17.9 + 2.3
8.530 22.6 43,2
'8.536. T e 21040t 1.6
. A 21.4 _
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*+ With no substrate, yk"

»

o
4
-

¥k’ = 6.9 ¢ 0.2,.7.3 £0.5

g >
TABLE 211.34
‘ yk" as a Function of Concentration for -the Reaction
\\ with Benzene and Toluene
Benzene* Toluene
Conc ’ yk" . Conc yk" . ~
(micromolar) (1/msec) (micromolar) (1/msec) =
: sl
T 2.67 7.4 £ 0.3 5.370 < 10.1 # 0.3 .
2.68 9.4 0.5 . St T
5.349 9.0 % 0%2. Fe 5.387 9.4 + 0.8 "V,
5.353 10.8 £+ 1.17 7 ]?ﬁ;
10.67 10.0 £ 0.9 17.66 9.3 + 0.9 e’
10.71 8.0 % 0.1 @5
16.01 ' 10.8 + 0.7 17.68 12.0 £ 0.8 ¥
16.04 " 10,4 * 0.4 |
26.73 9.5 + 1.4 21.48 12,92+ 0.8
©26.74 N0.4 + 0.6 ‘
34.78 *11.5 + 0.6 21.54 13.8 + 0.5~
34,78 11.5 + 0.9
42.73 C12.2 = 2.4 32.21 12.6 £ 0.7
- 42,78 - 10.1 % 0.9 & ;
58.761 10.1 + 0.8 32.29 - 13.080.7
58.898 11.1 + 0.8 _ .
©107.79 11.8 + 0.6 . 35.11 14.6 A5
108.04 ° 13.1 £+ 1.2 '
161.11 14.9 £ 1.8 35.19 ' 15.6 £ 1.7
186.10 17.0 £ 0.7 . .
-223.39 18.4 = 0.8 42,95 16.9 = 0.7
223.47 16.4 + 0.7 o ' .
298.86 1872 £ 1.1 42,99 15,7 £ 0.3
298,15 17.5 £ 1.0 ' : , '
) 64.596 19.3 £-1.3
64.705 - '18.4 + 1.0
- 91.775 24.4 £ 1.7



TABLE III.35

yk" as a Function of Conceptration for ﬁhe Reaction

with Chlorobenzene and Fluorobenzene .

[Xad

154

}T'ﬁ} . "

Chlorobenzene Fluorobenzene
Conc vk" Conc rk"
(micromolar) (1/msec) (micromolag) - (1/msec)
3.86 9.6 + 0.4 10,7880 > 8.3 1 0.5
3.86 9.4 ¢+ 0.8 10.72 8.8 + 0.2
10.72 12.9 + 0.6 28.84 7.9 ¢ 0.3
10.73 11.0 t 0.4 28.84 9.4 + 0.3
26.88 15.1 + 0.8 36.57 8.8 ¢ 0.2
26.89 14.4 £ 0.8 36.60 10.6 ¢ 0.9
40.32 . la.3 1 1.0 A£6.769 9.7 + 0.6
40.33 13.2 #A1.2 66.791 10.7 + 0.8
54.651 17.4 ¢ 1.1 107.39 12.7 £ 0.5
54.724 14.9 + 1.3 107.46 12.0 + 0.9
6'A7.128. 17.1 + 2.9 125.94 12.8 + 1.0
87.496 s17.6 2.5 ‘
87.525 __,.*'_ is‘.g + 1.5 ,
107.16 .ig‘z;..q £ 2.0 ./
1107.23 L}}g‘i—}zz ” ‘
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8 8
:". (A) CHCLBR2/BENZENE/HE ::". (B) CHCLBR2/TOLUENE/HE
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FIGURE II1.25 .+k" versus Concentration for (A) Benzene

(B) Toluene (tg)"c‘hlorobenzene (D{;‘Flubrobeniené
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TABLE III.36
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¥ o yk" as a Function of Concentration for the Reaction
‘ ‘wit‘h Tetrahydrothiophene and Tetrahydrofuran
~ Tetrahydrpthiophene Tetrahydrofuran
Conc » yk" Conc yk"
(micromolar) (1/msec) *+ (micromolar) (1/msec)
0.27 %" 6.9 % 0.9 22.92 12.9 ¢ 1.
., 0.27 | ~8.1 ¢ 0.8 ;22.93" 15.6 £ 0.
-o;sho; 10,1 % 0.8 54.547 17.§ 3 0
- 0.581 9.2+ 0.8 54.621 15.6 + 0.
1.08 17.1 ¢ 0.9 64.779 14.7 + 1
1.08 15:6 ¢ 0.7 64.801 17.7 + 0.9
. 1.62 18.1 ¢ 1.5 107.59 19.2 £ 0.8
. 1.62 186 £ 2.3 107.63 16.8 £ 0.6
E .:2.;3: 20.3 t 2:1 134.87 15.7 + 2.2
. ‘,2.43 ) 20.0 + 1.4 135.05 18.0 t#‘?
" 3,23 16.4 + 1.8 150.68 20.8 +'3.1
13,24 15.6 ¢ 2.0 190.78 20.6 t 1.6
4.31 30.6 37,2 190.97 24.1 £ 0.7
.32 20.5 1 4.7 - 288.26 21.6 + 1.3
5.390 28.2 % 3.9 | )
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D S TABLE III.37

yk" as a Function of Concentration for the Reaction

with Thiacyclohexane and Pyridine

Thiacyclohexane Pyridine*
Conc vk" Conc .yk"
(micromolar). (1/msec) ’ (micromolar) (1/msec)
0.43 10.5 + 0.9 0.42 6.5 % 0.7
0.43 10.1 ¢ 0.3 ' 2.13 10.5 ¢ 0.6
0.800 14.8 + 1.2 | 2.13 9.2 + 0.5
0.800 13.4 + 0.5 3.19 8.5 + 0.8
1.33 14.8 + 1.1 4.76 16.7 ¢ 1.3
1.33 15.3 £ 1.00 4.77 T 13,1 : 1.4
1.33 19.3 ¢ 1.6 7.449 20.2 % 1.5
11.33 . 21.2 ¢ 2.3 “ 7.456 21.7 * 3:5
Y 2.13 17.3 £ 1.3 7.45% 22,0 ¢ 2.9
2.13 21.5 £ 1.5 9.530 24,5 % 1.7
2,14 % 20.7 £ 0.8 9.539 2140k 1.7
2.93 - 25.7 ¢ 2.0 12.75 28.7 + 4.5
2.94 24.7 2 }TW 12,79 25.2 £ 3.9
- 3.47 o 22.3 % ;?g : .15}89 : 28.8 + 3.8
5??%&2% | 29.6 % 1.5 15,94 ©26.3 % 2.4
" 427 27.6 * 0.8 IR
s 4.28 26.8 + 1.5 | '
 5.03 | " 30.9% 2.

TEy

.+ With no substrate, yk" yk' = 10.8 ¢ 1.2
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TABLE III.38

\

yk™ as a Function of Concentration for the Reaction

\

with Thiophene and Furan

-

Thiophene* . | ‘ Furan
Conc S yk" ‘ Conc rk"

(micromolar) (1/msec) (@jcromolar) - (1/ms§c)
0.43 7.5 + 0.6 1.07 8.2 + 0.6
0.43 8.5 % 0.6 1.08 7.7 + 0.4

1.07 30.8 = 0.6 2.68 8.5 % 0.4
1.07 0.2 : 0.9 2.69 8.0t 0.2
1.87 - 137211 4.83 9.2'% 0.5
2.69 16.0 £ 1,7 4.84 8.3 % 0.6
2.70 14.9 + 0.6 7.526 10.0 % 0.4
3.75 ©16.7 £ 1.3 7.529 . ¥ 10.5 1 0.8
5.372 - 21.7 + 1.6 1620 15.8% 0.8
5.379 22,9 +0.8 32.36 19.5 & 3.2
| | 32,42 . 22.8 % 1.3
£ 48.53 ‘ T 27.2 £1.0

48.56 25.9 % 2.1

. 75.440 28.3 + 3.3
9

75.542 : 30.6

34
LN

* With no substrate, yk" = yk' = 64 #+ 0.2, 6.7 % 0.4
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TABLE I ‘
vk" as a Function of ConcentMgtiofi f46r the Reaction
with Pyrfole ka‘nd 1-Methylpyrrole ’
Pyrrole " 1-Methylpyrrole
Conc : \yk" Conc k" :
(micromolar) (1/msec) (micromolar) (1/msec)
0.43 | 7.3 + 0.8 0.27 . 5.5:.0.4
0.43 8.7 + 0.5 0.27 | 7.4 ¢ 0.2
1.07 ~ B.7 % 0.7 0.539 -~ - ..-+8.7 ¢ 0.5
1.07 8.8 + 0.4 -0.541 7.9 0.7
I 71 10.9 t 0.8 1.08 8.0 + 0.5
1.72 1‘10.5 £ 0.6 1.08 8.8 + 0.8
2.68 13,7 ¢ 1.2 1.62 10.0 + 1.8
2.68° 16.2 % 1.2 162 U ser1s
3.22 16.0 2 &7 o 2.43 9.5 ¢+ 1.2 .
3.49  14.8 £ 0.8 2.43  10.8 1.9
3.49 16.0 £ 1.2 3.23 © . 10.8 £.3.5
A - g0 : | ¥
4.28 13.33¢ 1.0 - g . 12.8 £ 1.3
4.29 - ©.12.7 £ 0.6 ~ | 3:77 %_ % 18.7 & 4.3
82 1745 ERTHN 15.9% 2.1
4.84 © 16.0: T2 - 408 . o161 % 3.0
5x356% . 16.0 % 2.0 4,06 18.4 % 2.0
 5.369 16.4 + 1.1 4.31 . - 16.8 t 2.3
. 6.427 17.3 % 1.0 P 5.398 19.0 £ 1.1
6.438 . 15.4 % 1.2 | -
© 8.045 21.6 £'1,9 ~ "3

L 4
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are given in Figures‘IIi.zs and II1.27.

The second order rate constants k.ldetefmined‘from' the
slopes of the yk5 versus conqentgation plots fof“yhe cyclic
and heterocyclic compounds are summarized in Tablés”AiIIfhoi

and III.41 respectively.
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. ¢ M. GENERATION OF CC1(330) "‘ o L
oo . Snmns aﬁd Yarwood“'“ hape pr‘oposed a ger‘mral scheme'
. for the- péoducmpn of carbynes from the flash photolysis of
e
) &
. halomethanes. ,Accordmgly, the )rrad1at1on of.dxbromochloro-
¥
_"Hmethane, CHClBr,, the cel patent compound tised for this
stud’y,l in thé absorption ﬁ:ontmbum from - iOO to- 240 nm.
St i
Produces. a’ v1brat10nally gted bemOCBWmethyl rad1ca1‘ -
’ N ‘ "l ‘ . o
‘ followmg cleavage of the v ps.t C-Br"bon X, ta .. excess'’
. : . 'y .
| eﬁergy in the’ e&plted rad1ca1 e)tcegds the ue, E*
& .requn‘ed for ummoleculab’ de%‘omposnion, ‘hﬁ%l w1ll be
Y :‘9.‘0 . . N ;‘(. . .
B generated" . ’dq B T . TS _‘h
“‘)“ o . ﬂ.’ ‘ ‘q ....x ' ‘ . . .'* ‘? . . . .
. - L ’.’ . L} o . . . ; .
- , !" - i o Qp L v .w . .“
o ‘bHC‘Er, _+*tw ‘% cuciBet + BrF R
n B S e
R TYE é oo G e R ,
. (CHC1Br bezes "> cc1 “HBr R I .
T I IR S,
- % L e cnr >HC1 ” L. 'f; |
Vwa . e .
o , o : _ L
RO .\ EKE* ———» CHCI1Br % L
] @
‘This bmecha_hism is substantiated by the following observé-
tions: e g e

LA
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- photolysi§ of CHClBr, in excess 0, prgfluced an intense

‘. !
,g 3 Bro spectrum, but no ClO spectrum was detected This 1s‘

' strongly indicatjve of C Br bond breakage as be1ng the

_____

:& L . "(.

9 v
'

sole_pr1mary_pggcéss.p
the varioys uni-

';-on the basis of the endothermicitl- -
° f “ﬁ\
on

«\:

molecular “ébcomposition reactzoq,wn

- h'respectﬂto ?ke,

irraéiation‘ energies, they concluded that a large
‘a % . s J ’

proport1on Qf the energy,’1n excess ot that {squ1red to

promote c- Bn,cleavage,'1s concentrated in  the vibra-
N ' :

T tlonally exc1ted halomethyl rad1cals.
- the overalltenergy requ1rements for the proposed mechan=+

: 1sm are cohs1stent wath the~ nature /of - the carbyne
3

products obg;rved For example, CHCl%;t y1elded ‘both CCl
' s
« +and CBr (qﬁe overall energy!requ1tedrﬁE ), is:> 10%

iﬁ kcal mole"*for CCl product1on,. and*'f’los kcalcmole",
s R - . ’,-
‘ .-CBr ,product1on) while, gpl .Br, y;elded onfy CCl

’ (E(tot) > 115 kcaje mole-' for CCl productlon, but v 128

kcalgpdfe" for CBr‘product1on) -
‘”Q

= the. aktétnatlve route for ,the production Bt mBr and HCl

by hydrogen abstract1on fcom.the parent compound is not
s . .

.iavoredﬁuhdef conditions of hioh light jntensitx and‘low

cconcentrationfof.the parent compound; Also, as mentioned

befofe, .no trapsient productiop of "Cl atoms . was
s . )
detected based on the non- appearance of clo spegtrum 1n 

the.photolys1s of CHCl_Brz in excess O,. & f .

s ., | L .
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— the concentrationaw"w CCl and CBr were found to be
linearly oroportional to the flash energies, thereby

implying a‘one-photon process. | |
— a linear relationship exists between the reciprOCal
concentration of CCl or\CBr‘and.tHe-pressure‘g% N,. Thie
ind&cates that the unimoiecular decomp051t1on of the
ene;glzed rad1cals, by analogy w1th the fluorescence of

»r

an exc1ted specaes, follows a Stern-Vblmer Law in compe—
%

:t1t1on,w}thhc6i;1elonal deactivation by a. forelgn‘ gas.

. Furtherinore", ﬂe slope, which reflicts the mean llfetme‘.

‘ ofghe energ1zed rad1cals, 1ncreases”as "the wavelength
‘pf 1rrad1at1on 1ncrease§, 1nd1cat1ng a decrease in the
rate of decompos1t1on due to less ava1lab1e energy.
u“"J ‘ . v .9 " F‘tT |
AN ’ . ) »

praeti -
' SR ‘i ﬁ’\"’ e

) S1nce«-the ptOpo?ed mechanlsm ~of Simo ns and Yaprwood

appears to be ‘well substaﬁtlated, no furth r 1ﬁgestigation
concern1n§ ‘the product1on mechan1sm of CClixcq__Qﬂéiﬁr; vas .

. = -,

. carried out for this work. It should be noted- that the CCl'

signals were weak but st1ll d;scern1bleCln,the presence of
250 torr pnggane / suggestlng the possibility that ‘other

channels, such as secohdary photolys1s of'CHClBr to generate

b Y

CCl‘\may occur. Even so, secondary photolysis of CHC1Br must

~

be‘”relatlvely insignificant” compared to'unlmolecular decom-

c ¢

fpoéition of the radical, simce Simons and Yarwood observed a
» : . - .
ilneer gelat1onsh1p between CCl concentration an8 flash
N AR Y e Ty T T S
' energy, 1mply1ng that the major mode of. productaon of ccl is
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W

a one-=photon ,prot'::s.

# |
I .
e .o

. y . : ~v
. j , . - ) .
B. REACTION WITH INORGANIC COMPOUNDS AND SOME SATURATED

. . i ,,‘“ ;
COMPOUNDS #'. , = s
Since only a few ino;gq’ic compounds, .a‘];kane's and ‘one

o Woooo -
-alk'ylcl‘;‘loride were examined, they will be discusseéd together 4
- . ‘\"

here. The rate constants measured in’this wo:k», and those

P

obtained by Tyerman®' and by Wampler and coworkers, mon@

with comparable 'results on- CBr,?** are summasrlzed 1n Table
4 # g O . "

IV.'i. For the sake of companson, rough gstlmates for the

vy . .t

4
. .

“

upper kimits of IR ct1v1ty we,re cakmd out,,rfor hydr.ogen, ne
“*

.-"

methylchl‘ondeaand propane, fob al.l of whmb no reactlon was

" R ‘ ; PN - .y

detectable, as follows. ”'_" . f - L -t

-,

% N‘ measurable «'eacho

: hydro,gen " and 250 tor?”p

s observed with ﬁp tqr 180 torr )

ne..Smc,e, fzo§ isobin!'ane (k. :-=> |
:(4510{)x10‘ M‘ "'l*‘the ccl . nals 'were aimost‘“
completely quenched at 86 5 torr, the maxlmum pressure used
1t can be concluded that ‘for: both hydrogen and propane, .
ky <. 4 5 x 10‘ M oSt Sim1lar,ly, s1nce the maximum -
}pressures used for 'n‘iethylchlor-'i‘_de‘ and acetylene_ (k, .
(3.5 £ 0.4) x 10;,‘\ M“.‘s“()' ".we_re_bo_'t-hw, 10 torr, we.can i_nfer.
that k, <_3.5"X 10° Mot osTt for methylchTo‘ride. .

‘ Tyerman®*’ reported very high cat'e conrseants' foc the
reactlons og CCl with hydrogen, methylchlonde and pfropane,
whorps, (mder s1m1lar expenmental condatmns, .'noy

detectable rdactxotr could be observeﬁle!;e. Sance,. how;ever,. -

-
PN
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ler and covorkers" ‘and ' Strausz and cewor®ers*® have

t C(!l qnd CBr are relathly .1nErt with resp’ect to

-that Tyerman's results aq.‘in,error.-‘ \
_ ;jﬁ’- -The lack of reactivity‘of CCl wzﬁh H, i§ -in sharp
- ;entrast to CH which rapidly 1nserts 1ntot5‘?rogen to fogm

methane. at a rate ~ 10'°® M- ;§".’Tv” '

The ‘resulr for propane ;ndicates that the reactions of
CCl with prinary and secondary C-H-"bonds -are relatively
:insignificant. Similarly, no. ;§a¢t1én was observed with the
‘C!r + CH, system (k. < 3 x 18:ﬁ§ ' gTt), demonstrat1ng ‘the
inertness of primary C-H bonds towards @Br. Therefore, the

observable react1ons measured for CCl and GBr w1th Isobutane

can be cpnstrued as a clear
the weaker tertiary C- H b

'prlmary, secondary and te

at rates cloge to cglllsIon frequ nc1es. ' S
' » s .
Thé . nature of the interaction of singlet carbenes w1th

V-

S L£-H bonds ‘has been exam1ned in a number of exper1menta1 gn&

theoret1cal studles'-’ and the results po1nt to-a concerted .

171

react1ons w1th propane aqs hydrogen, it must be conclgded

d:cat1on of 1nteract1ons thh“

f ohtrast, CH inserts into

dy C H bonds 1ndxscr1m1nately“‘

insert1on mechanlsm wh1ch is stereospegﬁ@;c and 1nvolves, a

. qv' ,_ )
‘three-centre transition state: "%, g, oy
: ’ oA
. v . ':'::
. R P . e R N ’ R

, o | \
R}C-H + :CH,(A'A,) —> R-C----H ——> R-C-CH,
o , /I~ ; /0
R. T R C , R
. , H,

B
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\
The alternative mechanlsm proposed involves abstraction of a-
hydrogeaiatom, followed by recombination of the radical
intermediates: |
R SN R, R

e

[ a

\ , \
R-C-H + !CH,(X’B,) —— R-C:- + :CH, — R-C-CH,

: /
R | R .,%', R

However,',genera;ly speaking, the concerted route and the
abstraction route are'viewed as the most likely for singlet
Tand tripdet carbenes, respectively. ‘ :
on: ;nerBEETE“of-spin-muieiplicityT;ground~s€%tE’doublet
methy!1dyne may be regarded as the/’halog'of‘singlet methy-
'y }erle, andc.quartet methylldyne, as that of triplet methylene.
Thus ‘bﬁ(x*n) ﬁas predlcted to undergo concerted insértion
1nq‘r CLH »bonds, and  this has been proven to be §o ® many
experlménts.’?:”t” CCO.Et insertion .1nto C-H bonds has
also been'obs%rred but unlike CH, whichl inserts indiscrim-
inage;y, CCO?Et shows a .marked pfeference in thebseries
primary < secondary < tertiary C-H bonds.;’4hcl and CBr on
~the other hand, react only extremely- slowlyqi;f at all with
) primar§ and secondary C-H bonds, and the rate of reaction of
CCl with tertiary C-H bonds is very slow, The reason for
this is unclear, but it may be that electranic ‘states and/or
steric effects exert a cruc1al 1nfluence on the react1v1ty
of carbynes, 1n the same way as Carbenes are affected Thus

singlet CH, inserts very rapidly into C-H bonds, .showing a

>
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s1i8ht preference for tertiary C-H bonds.
However, CCl, does not react w:th CH., reacts vety

slowly w:.th second%Monds, and mo

tely fast with

tertg,“;- f' bonds. Th1s preference for t ry C-H bonds

'tare examples of insertions of CCl, .into allylic or

' v
benzyl:d\c H bonds lead1ng to racemization at the asymmetr1c‘
\carba‘E centres can be explained by the abstraction =

Qo

recomb1nat10n process" ' i

\ . \ | \ .4 |
7F‘H + CClj ——» -C* + “CHCl, —- -C-CHCl,  * |

- T / : / : \

To nationalize the -preference of substituted sihglét

carbenes. for tertiary C-H bonds, on the basis of the ' *

. concerted mechanism, Doering*® proposed a. polarized ‘"tran- é.'

_ o a .
.sition state which would favlr the for idn of carbonium

1ons: : « & = K o
[ % T . o,
N \ “' ";‘v,;‘l ‘_- Pl -
/‘\ 'll / / N - ;
. C ' -C
Rz Rz \

where CR., denotes a substltuted 51nglet carbéne. _
;AnalbééuSly, for the carbyne’ reactlén;,\%CI ot CBr probably )
stabilizes the anlon more than CH, and this may contr1bute _;;
to the hlgher select1v1ty exhlblted by the halo;Zrbyn:s. |

CCl was observed to react with ammonia at fa- rate of.
\r«‘-!

about threg”orders of éagnltude slower than that of CH (k -=_,'
. - . . ) ’ 3 - * N -0 "

r



T EERT
(5.9 % 0 9) x 10" *"M ' "')' ’Vf The "na‘ture o‘f the reaction

“Ybut it may be insertign, by analogy

and C-N bonds ﬂuch poss1b1y mvolve >an  initjal ,.el.ectro-

R » '
?‘j,ﬁmhc attack on the heteroatom. v

.’

on” this basis, as well as from the above observations, one

might exQect CCl to react with the C-Cl: bond of ',_‘_methy.l—
o :v‘chloride, CH,Cl. No observable reactiorf (ﬁg < 3, 5 x 10’
~ “') was detected however, in contrast to 'l'yerman s .

N v

“value of . k. = (2.2 £ 0.1) x 10% M~ s“." Iﬁ5ereat»ngly,

Wampler and coworkers" measured k,.= 1 8 x 10° M ' f“‘?‘ for

1{" <.3.5'x 10" M s-' estimated ”'for the -

. methylchlogide is not entirely unf "\"na-,pile.-

L O

g REACTIONS u:wn ALKYNES ©

W - | .
S | CCl closely résembles -CBr. and other electr,ophq*

spec1es . such’ as S(’P)” and O(’P)"*" whose reac 1on§</w1th

.

! "alkynes have been extenswely studa‘ed (Table 1IV. 2) in that

the reactlvzty, tin‘ general Qanoreases with the degree of
- alkyl subst1tut1on on the acetylenxc bond Bral‘ g of the
*‘ galkyl chaln results in.a lower react1v1ty,_as indicated by
-3, 3 dzmethyl A= butyne bemg 50% less reactzve than 1- butyne.

3
$£nce _-‘the study on alkanes has sho‘vn thab the reactlons of .

,',o'él _w1th f.:nm‘ary and : secondary C-—H bonds ~a_re relat;vely :

-
. * .

.« Carbenes are also known to insert into C-Cl bonds and

reactxong of carbenes 1nto%« -Hy O-H, S-H

‘ .
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dnsfgniticant, ‘the rate constants measured and the trend

«ﬂ;observed here thus refer to the interaction of the carbyne

with the acetylen1c bonds. The 1ncrease~1n the reactivity of

CCl with ;ncteaszngwalkyl substitntxon therefore ‘reflécts,

the 'electrophilic nature of the interaction, and can be
&
ascrlbed to the increase in the x electron dens:ty--of the

tr1p1e°bonds. : o .
Qhe rate constant for propyne is in good agreement w1th

thé. -value ‘reported by Tyerman 0 whlle hxs value for acety~

'lene 1s three times hxgher than th"current measurement. CCl

- is iess reactwg,towards the sxm;ﬁe alkynes than its c-lose ‘

qu

-carbyne ﬁd!log, CBr," but the4' d1f:e:ence. graduably

L] 'ﬂ .'l

:'dxmxnls “} with 1ndreanxng co@pl‘pxty ot the alkynea and

P A th .
: B y : ) ' av
"eyen.aibears to be reuersed with “the pentynes..‘v -
o “ N ~ ) ‘ s
e Rate parameters for: thg react1on of CH w&th acetyiene,'

:epprtéd by B
1 "') )

M“* s") and w1t'

n and coworkers" (k. = (1, 3 + 0, 2) x 10!

C fre s

a‘opyne, reportedﬂby L1n and” coworkers”
(k. {2.8 £0.9) STARNEYE ;-'i show ‘that' CH is aboyt two'

L] Q

wree .orders of magn;tude more reactlve,than CCl and
:s is not Unexpected, slnce the bhck - donation -of
Erom. “the* .halogen5a to’ the oarbon aton woula -

@ .
drm:ais tuthe electron def1crehcy of the carbon w orbltalgf

| and consequently, lower the electro\ﬁ*11cxty of . h halo-

) carbynes. Th1s phenomenon could also be eeponsxble for the
r

lower veact1v1ty of CCl, ompared to CBr, tqnards _the

. g
smaller alkynes, due to a gteater dqgree of overlap between
! . . . . ?

-0

li-and Perner”, (K, *= (4, 5 + 0.9) x 10|e.~'¥

é
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the p»r orSitals of and Cl, as compared to C\gnd Br,
resulting in a higher degree of back donation of electrons
and lower electrophilicity. However, the reason for the
trend reversal with the pentynes is, at this< point, still
unclear, even though it is difficult to decf&e whether CCl
is definitely more reactive than CBr towards the pentynes,
given the limitations of the error of the measuréﬁents.
Furthermore, accompanying the lower reactivity is a manifes-
tation of a greatér selectivity towarés the substrates:
propyne is only three times more reactive than acetylene
towards CH, according to Lin's vplues, but 59 times more
reactive with CBr and 63 times with CCl.

Additional _evidence for the electrophilic nature of
these reactions is revealed in the linear corelation between
log k., and the i@nization potential of the substrates, a
relationship which was alsd found earlier for CBr?* (Figure
Iv.1). The'ionization_potential measures the.energy required
for the .removal of electron from the highest occupied
orbital of the kmolecule, which in this case is in,fhe
acetylenic bond, and therefore can be correlated with the
activation energy ‘of the reaction. Therefore, since the
reaction rate constant kK, is related to the activation

‘energy Ea by the following expressions:
' _Ea
o RT
., ky = A.e

—
(o4
o]
xR -
I

= log A - 2.303(Ea/RT)

N
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114

10+

LOG k,

‘ 10 n
- IONIZATION POTENTIAL (eV)

o-

‘ .
FIGURE IV.1 Log k, versus lonization Potential for CCl(X*)

(open symbols) and CBr(X®M) (closed symbols) Reactions with
' Acetylenes. a HCECH; v DC=CD; © -8; ¢ --; 0O ---%;

4 ==E=; U =+; O +=+; O D p

b —-=-

.
’
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\\ a linear relationship between log k, and ionization poten-

- tial implies essentially constant A-factors for the
reactions. Similar linear correlations were shown to exist
in the reactions of S(°’P)ratoms with simple alkynes'® and
alkenes,’’ and for those few cases with the alkynes where
slight deviations from linearity were noted, the A-factors
were shown to be smaller.

Some deviations from linearity were also observed for
the reactions of CBr with alkenes,?* while the correlations
for the reactions of CCl or S(’P) with alkenes are linear.**
g%ds for the substrates examined, CBr exhibited an obvious

. curvature in the log k, versﬁs ionization potential plot,?**
due to the 1lower than expetted reactivities of t-2-butene
and tet~am€thylethflene. This was ascribed to the large size
of Ck waich renders it more "~susceptible to steric
hindrance .ieated by the alkyl groups, thus 1limiting the
access of the carbyne to the unsaturated bonds under attack.
This appears to be the major factor in causing smaller
A-factor values for the highly alkyl substituted substrates.

Therefore, by énalogy, in the reaqtions of CCl or CBr
with alkynes, the lower reactivities of those substrates
having branched substituents, which are clearly displayed as
negative deviations from the linearity of the log k, versus
ionization potential plots; can be ascribed to steric inter-
ferenéé; Tﬁis is most severe with 2,2,5,5-tetramethyl-

‘3-hexyne, which posseéées aff additiohal't-butyi substituent,

as compared to 3,3-dimethyl-1-butyne.
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On the other hand, phenylacetylene displayed a positive
deviation from linearity. Since CBr has been shown to react
with. benzene (k, = (2.2 + 0.2) x 10* M- s-",** CCl is
expected to behave 1likewise. This, together with the
electron - releasing property of the benzene ring'toﬁards
the triple bonds, may account for the higher reactivity
observed vwith phenylacetylene.

The reactivity trend observed for Ehe reactions of the
electrophilic species CCl, CBr, O(°P) and S(°P) atoms with
alkynes is véry similar to that found with the alkenes, in
that the reactivity of the substrates intreases with the
degree of alkyl substitution but decreases with halogen
" substitution. Tke ‘results of Tyerman" on the reactions of
CCl with haloethylenes are anomalous because they do not
reflect the electfophilic natureoof CCl as revealed by the
other investigations; thus remeasurements of' his rate
constant values would ﬁbe highly desirable. 1In general,
alkynes appear to be somewhat less 'reacgive than alkenes.
‘This is most pronounced in acetylene, which is, for example,
about 100 times lefs reactive than ethylene towards "CCl.
Consequently, a greater selectivity was observed for the
fggctions of CCl with the alkynes: the increase in reac-
tivity from the least reactive acetylene to the most
reactive, 2-pentyne, in the a}kyne series studied here, is
about 100-fold, as compared to an increase of 50jfbla from
the least reactive ethylene to the most .reactive J[sobutene

'in the alkene series ‘studied by Tyerman.

A
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Thgj;addition reactions of‘o(’P) and S(°P) atoms with
alkenesﬁg;d alkynes have been thoroughly investigated, both
from the experimental and theoretical points «of view. It
would be constructive at this point to summatize briefly the
salient features of these reactions,

* The primary adducts formed in the reactions of Q(’P)"
~and S(°P)*’ with alkenes are triplet biradicals, :c@:, and‘
triplet thiiranes, ;d§t:, respectively; with alkynzs, theo-
retical and experimental results point to the intermediacy
of the triplet carbenes RégR and Ré@R.

In general, theoretical calculations on the reaction
paths for the additions of divalent species to ursaturated
bonds concordantly predict an asymmetrical approach towards
the béhd under attack. Thus the primary step of the reaction
of O(’P) with :lkyne appears tc involwe the formation of
.vibrationally excited ketocarbenes, which can undergo
1,2 hydrogen shift to form unsaturated ketones, or rearrange
to form ketenes. The ketene could further undergo fragmen-

100

tation to produce CO and alkenes; for example :

0
‘ y o
‘O(’P) + CH,C=CCH, ——> CH,-C-C-CH,(T,)"

o) - ' 0
. I * L _
CH,-C-C-CH,(T,)? ——> CH,-C-C-CH,(T,)

o
I
CH,=CH-C-CH,
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.

—_— (CH;):C‘C.O'(T|)

(CH,),C=C=0(T,) ——— CO + (CH,),¢

L———> CH,CH=CH,

.where T denotes a Qibrationally excited species. Avery and
Heath'®' proposed that the methyl vinyl ketone is forped via

a carbene - enol - ketone rearrangement:

o) . N OH .
. |
CH;_C_C-CH; D CH;SC_Q_-CHg
e

OH OH
o ) |
CH,=C-C-CH, —— CH,=C=C-CH,*

\ .

OH 0

I - I
CH,=C=C-CH,' === CH,=CH-C-CH,*

However, the intervention ‘of the enol has not been proven
experimentally. A

Furthermore, the réte constants measured for the
reactions of O(°P) with selected alkynes (Table 1V.2)
indicate that except for acetylene, O(°P) is three to ten
times less reactive than CCl. The increase in reaction rate

) )

with 1increasing alkylation of the alkyne reveals the

"electrophilic nature of the O(’ﬁ’?atom.
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On the other hand, the reactions of S('P) with alkynes
are much more compliéated due to t;e higb, reactivities of
‘the primary S + alk&ne adducts. On the basis of spin conser-
vation rules and molecular orbital calculations,6'®?:'®?
S(’P) ‘readfs analogously to O(°P) with alkynes to form
ground state triplet thioketocarbene as the primary adduct,
vhich subsequently leads to a variety of products, including
thiophene product’s which are common to all S + aikyne

reactiions.***

S
: !
S(°P) + RCECR' ——> R-C-C-R'(T,)

S

R-C-C-R'(T,) =———> products

" The rate constants for the alkyne reactions 1indicate that

-~

" except for acetylene, with.which S(°pP) is teﬁ times more
reac;ive than CCl, the reactivities of S(*P) and CCl are of
the same order of magnitude, withlctl perhaps being slightly
more reactive.

At this point it 1is interesting to point out that
unlike O(°P) and S(°BR) atoms, O('D,) and S('D,) atoms
probably react with alkynes tovform the corresponding cyclic
antiaromatic adducts oxirenes and thiirenes. Unfortunately

: . ' ' o '
rate constant measurements for these reactions have not .been

reported in literature.

¢ ~
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Singlet methylenes':?® undergo concerted cycloaddition
reactions-wifh &lkenes and alkynes to form cyclopropanes and
cyclopropenes, respectively, and relativg rate studies on
different substrateés have élso indicated the electrophilic
nature of cérbenes. By analogy, CCl'L and CBr?** were postu-
lated to wundergo éycloaddition reactions with alkenes to
form cyc{opropyl radicals, which can undergo H}drogen
abstractions, combine with other radicals, R, or rearrange

to allyl radicals:

4
B

N / N / ‘R \ /
C=C +CX ——» C—C — (C—C
/ \ 7\ /N 7N /N
“C C
| /\
X X R

{

N\ .7
— ‘c=Cc-C -

In the liquid - phase study of the reactions of CCO,Et with
alkenes, the éorresponding cyclopropyl adducts have been
detected.*' In their studies of S('P) reactions with alkenes
and alkynes, Strausz and coworkers®®:'°®s found that the
activation energies are higher for the alkynes than for the
alkenes, and proposed that this may be related to thé
ionization potential differences of the substrates.'®* On

the other hand, the A-factors were also found to be higher.

for the alkynes. Owen et al.'®’ observed the same trend in
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the reactions of CF, radicals with alkyﬁes, and attributed
this to the gain in entrbpy in going.from a' linear acety-
lenic molecule to a non-linear activated complex. Thus the
higher A-factors observed for the S(°P) + alkyne reactions
may partially compensate for the higher activation energies,
but this probably would not be sufficient to render them

more reactive than the alkenes.
It is likely that , the Arrhenius parameters for the
CCl + alkyne .reactions follow the same trend; and it is
.equally possible to ratdionalize the 1lower reactivities of
the alkynes, as compared to the alkenes, on the basis of a
cycloaddition mechanism. Ab initio molecular orbital calcu-
lations on the reaction bf CH with acetylene'®® predicted an
asymmetric, concerted,; mechanism, with zero activation
energy, to form a ‘vibrationally excited cyclopropenyl

radical,

=N

H
-C
/N
CH + C,H, —— (HC==CH)

and CCO,Et was shown to add stereoselectively - to alkenyl
bonds to form cyclopropyl radicals; therefore, there is no
reason why halocarbynes s;ould behave differently, it is
thus probable that CCl undergoes cycloaddition reactions
with alkynes to form the corresponding - chlopropenyl

radicals, which may undergo hydrogen abstractions, combine

~
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with other radicals, R', or rearrange to-allenyl radicals:

R
R-C=C-R + C-X —— R-C==C-R — R-C==C-R
\ / \/
C C
b / \
X X R'
-
) ~R
——» R-C=C=C

. X
Onfortunately, no product analysis -has been performed to
substantiate the above proposal. Doering and Henderson'®’
suggested that the transition state for -the cycloaddition of
CCl, or CBr, to an alkene, in 1liquid solution, could be

represented by:

N gt 7 / \ /o,
Q==4: - q;——C -—> C——+
WA VA 2
C C C
/\ /\ /\
X X X X X X
where X = Cl. or Br. By analogy, a somewhat similar polar

structure can be, envisioned for the transition state for the
cycloaddition of CCl to an alkene or perhaps an alkyne; the
lower reactivity of the alkyne would then be due to the fact

that the carbocation formed from the alkyne is less stable

than ;hat fbrmed from the alkene, because it cannot attain~

the sp? hybrid orbital configuration, which is generally-

~

Y



L 187
regarded as the most stable confiquration for a carbocation.
No secondary isotope effect was observed for the

A
CCl + acetylene sysfem; as with the CBr, S('P) and O(*P)
reactions, knH/kp is equal to wunity within experimental

error, indicating that the new vibrational frequencxa@x e

47
created in going from acetylene to the act1vated cOmple; Q;e

r,.

not sensitive to deuterium substitution and thereforeA§§F§
generate-an isotope effect. . R %C}§ PR
\ X»;‘ "\' {s{_ .

WX
D. REACTION QITH SILANES

Studies on ‘the CCl + alkane reactions have revealed
that, unlike CH which inserts into primary, secondary, and
.tertiary C-H bonds indiscriminately with rates close to
céliision frequencies, CC1, on»the other hand, is much more
selective. It does not react with primary or secondary C-H
bonds, but perhaps undergoes a slow insertion (k, =
(4.5 £ 0.4) x 10¢ M"' s°') into the tertiary C-H bond of
isobutane. The reactions of CCl with some silanes were
examined, because it was felt that the weaker Si~-H bond may
be more amenable than the C-H bond to attack by the halo-
carbyne. Thus, since SiH,('A,), which does not react‘with
C-H bonds, inserts-into Si-H bonds very rapidly,''® CCl may
behave likewise. The valéhce electronic structures of

Si(3s?3p?) and C(2s?2p?) are similar, however Si may utilize

the 3d orbitals for bonding. Thus Si can be pentacoordinate,

N
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thereby providing reaction pathways distinctly different
from aarbon systems. ; I
Previous to this study, no other work on carbyné
&éactions with silane had been reported in literature.
'Tﬂerefore,~for the sake of comparison, the rate constants
measured for CCl are presented in Table VI.3, along with
daéa‘ for other well studied radical specie? such  as
C§iHL('A,), 'ttt CHL(PAL) R CH, 't and Hut
| The most prominenthfeature of the results presented 1in

Table VI.3 is that, in general, CCl reactions with silanes

_are quite rapid, and in the case of disilane, the reaction

is 1/40 that of the collision frequency*' Comparatively,

they are of the same order of magnitude as those for

SiH,('A,) and CH,('A,), slightly faster than H, and up tq\

six orders of magnitude more rapid than CH, reactions. Since
it is known that both singlet SiH, and CH, feacsi with
silanes.mainly by insertion intosSi-H bonds, while H and CH,
undergo hydrlogen abstraction, it can be concluded that\ the
reaction of CCl with silane is mainly Si-H bond insertion.
It is not surprising to find no .- measurable reaction
with tetramethylsilane, because the C-H bonds are non -
reactive towards CCl. However, provided  steric hindrance

created by the methyl groups was not the deciding factor in

o ——n e e -

** collision freguencies-at 25°C were calculated to be
2.56 x 10'* (Si,H,); 2.26 x 10'' (SiM,); 2.40 x 10*"'
(MeSiH,); 2.59 x 10'' (Me,SiH,); 2.82 x 10'' (Me,SiH) in
M-' s°' units. g(cCl) = 4.065 A,''” o(Si,H,) = 6.50 &,
o(SiH,) = 5.04 A, u(MeSiH,) = 5.80 A, o(Me,SiH,) = 6.54 &,
o(Me,SiH) = 7.22 A '

. .
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causing this lack of reaction, the result may have another
implication, 1in that the Si-C bonds are inert as well., If
this is the case, CCl closely resembles SiH,('A,), which
does not react with either C-H or Si-C bonds, but readily
inserts into Si-H bonds. On the other haﬁh, CH,('A,), 1like
CCl and SiH,('A,), readily inserts into Si-H bonds'and does
not react with Si-C bonds, but does'react with tetramethyl-
silane by inserting into the primary C-H bonds.

The effects of alkyl substitution in the silanes on the
tates.'of the CCl reaction do not follow those observed for
SiH,('A,) and CH,('A,). For example, Qith increasing
alkylation of silane, an increase 1in reaction rate was
observed for cCl, yet’SiH,('A|) does not display any parti-
culaf trend, while a decrease 1in rate was observed with
CH, ('A,).

Perhaps a more meaningful comparison of the rate
consﬁants is one carried out on the basis of rates per Si-H
bond (Table IV.4). CCl and SiH, react with the alkylated
monosilanes primarily by insertion iﬁto Si-H bonds. However,
CH,('A,) also inserts into C-H bonds at rates seven to nine
times slower-than ihsertion into the Si-H bonds of the same
substrate. Therefore, the rates of reaction of CH,('A,) with
silanes on the &asis of per Si-H bond insertion, 1listed in
Table 1V.4, were determined by converting the C-H bonds into
the equivalent number of Si-H bonds using the known values

for the relative rates of C-H and Si-H bond insertion.
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..TABLE Iv.4

Second Order Rate Constants k,, per Si-H bond, for the

Insertion of:CCl(X’n), SiH,('A,) and CH,('A;) into Silanes

Substrate = k, (per Si-H bond) x 10-*(M-'s"')

; .
cc1® SiH, - T oH. -

SiH, 0412 0.14 -

MeSiH, ©0.57 2.15 2.51

Me,SiH, 1.4 1.52 | 2.82

Me,SiH 2.8 4.46 3.13

SiH, .~ T 1.1 0.61

sip, " 0.06

MeSiD, ' 0.33 )

Me,SiD, 0.9

Me,Sib ‘ 2.8

SiD, 0.93

a) This work.
b) Purnell and coworkers''"''?

c) Per Si-H bond values calculated from the data given in
Table IV.3 and the relative rates of CH,{('A,) insertion
into C-H and Si-H bonds''?*''*: SiH/CH = 8.9 for MeSiH,, 6.9
for Me,SiH, and 7.1 for Me,SiH. Hence the equivalent number
of Si-H bonds are: for MeSiH,, 3 + 3 x 1/8.8 = 3.34; for
Me,SiH,, 2 +.6 x 1/6.9 = 2.87; for Me,SiH, 1 + 9 x 1/7.1 =
2.27 :
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In this case, better correlations between reaétivity
and séructure of the subsgrate can bébfohhd for all these
species, in that the reaction rate obviously increases with
the degree of alky1$@ibn“bf the silane. However; the value
for the SiH, + MeSiH, reaction reported by Purnell and
coworkers does not appepar to follow the general pattern and
its redetermination may be desirable. The reactivity of the
Si-H bond is, therefore, ‘in the order, tertiary > secon-
dary > primary. A comparison of the rate constants fof
trimethylsilane (k, = (2.8 £ 0.2) x 10° ' M-' s°') and
isobutane (k, = (4.5 t 0.4) x 10* M"' s ') indicates that
for CCl, there is a tremendous preference for the tertiary
Si-H bond over the tertiary C-H bohd. Although CH,('A,) also
" shows some selectivity, as.mentioned before, the insertion
rate ratio Si-H/C-H observed, -~ 7-9, is much smaller.

Upon deuteration of the silanes, a primary isotope
effect was observed, the magnitude of which is dependent on‘
the reactivity of the Si-H bond (Table IV.5). The effect is
negligible in the case of tertiary Si-H ‘boﬁds; but
increases, as reactivity .decreases, to a factor of 1.9 with
the Si-H bond of monosilane. Comparatively, the isotope
efféct is smaller, 1.15, for CH,('A,) insertion into primary
Si-H bonds, and larger, { 2.7, for the CH, abstraction
reaction with monomethylsilane:

An exam}nafion of the results with the halomethyl-
silanes shows that progressive replacement of the methyl

groups of trimethylsilane with chlorine atoms results in a



TABLE IV.5
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Isotope Effects for the Reactions of CCl(X*l) with Silanes

’

Substrate ky x 10°°(M~'s" ") kig/kip
\\i ' X = H \ X =D

Me,SiX 2.8 £ 0.2 2.8 + 0.2 1.0

Me,SiX, 2.8 £ 0.1 1;8 + 0.1 1.5

MeSiX, 1.7.¢ 0.2 b.sgv: 0.04 1.7

six, 0.48 t 0.05 0.25 £'0.03 1.9

r
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systematic reduction in the rate constant for reaction with
CCl. Each successive replacement leads to an order of magni-
tude decrease in the rate constant, so that the rate of
reaction with trichlorosila;e is at least two orders of
magnitude slower than the rate of reaction with trimethyl-
silane. For the sake of comparison, the upper limit of the
reactivity of trichlorosilane was estimated as follows.

‘No réaction was detected with up to nine torr
trichlorosilane. Since, for acetylene (k, = (3.5 % 0.4) x
10° M-' s°'), the ccCl signals were almost completely
quenched at ~ ten torr, the maximum substrate pressure used,
it can be estimated that for trichlorosilane, k, < 3.5 x 10°
M 3"..

The lack of reaction with methyltrifluorosilane ‘and di-
methyldifluorosilane supports earlier observations that
reactions with primary. C-H bonds are insignificant, and
furthermore confirms the inertn$§§ of the Si-C bond towaras
CCl, because the methyl; groups here -should impose léss
hindrance than the four methyl groups in tetramethYlsilane‘
to the atcessibiiity of the Si-C bond, and hence should not
be responsible for the non-reaction with the substrates.
However, variation of the S§i-C bond strength with the
substituents on either side |should not be ignored.''® Even
so, the observation that'the\{eactivi;y of the methylsilanes
follows the same order as thaé of the Si-H bond parameters
(vide infra) is a good indication that reaction with the

Si-C bond, if at all operative, is relatively dAnsignificant
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compared to insertion into the Si-H bond.

I1f the hydrogen atom of trimethylsilane is replaced by
a chlorine or fluorine atom, no measurable reaction can be
detected between CCl and trimethylchlorosilane or tri-
methylfluo}osilane. This is not too surprising, since the
results with CH,Cl have indicated that reaction of CCl with
the C-Cl1 bond . is raﬁher inkignificant  (k, < 3.5 x 107
ML' s-'). Moreover, Si-halide bonds are even more ionic than
the corresponding C-halide bonds, a factor which will no
doubt contribute to the low reactivity of silicon halides
towards electrophili; reagents. The higher electro-

.

negativities of F and Cl atoms would confgr a high partially
positive/charge on Si, causigg a stabilization of the 3d
orbitals of Si, which can thus interactbwith the lone pairs
of electrons of the halogens. This results in double-bond
character and higher bond energies for the Si-F and Si-Cl
bonds. Indeed, the results with the trimethylhalogenosilanes
indicate that both - Si-F and.SifCI bonds are non-reactive
towards CCl, whose teactioné with the monosilanes cah thus
be’restricted solely to iﬁsertion into Si-H bonds.

The order of reactivify established.}br the Si-H bonds,
tertiary > secondary > primary, along with the oﬁservation
that replacement of the me;hyl groups with chlorine atoms
results ih reduced rates of Si-H bond insertion, strongly
pointsﬁlto the electrophilic nature of the insertion

reaction., The «correlation between 1dg k, and ionizatioq\

potential''® of the substrates has already been recognized
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as evidence of such behaviour. This relationship was found
earlier for the reactions of CCl with alkynes, and is now
observed here for silanes as well (Figure 1IV.2). The
displacement of the graph for the ethylsilanes seems to
indicaté a different homologous silane - series. The
ionization potentials for hydrogenated and deuterated
silaﬁes were assumed to be identical, but in fact could
differ by 0.1 - 0.2 eﬁ; in thaf case it is possible that the
two plots for methylated silanes would guperimpose. The
linearity of these plots indicates constant A-factors for
the reactions, suggesting that steric hindrance caused by
the alkyl groups on  the inserti?n reactions is insig- -
nificant.

Given our previous observations concerning the electro-
philic nature of CCl, correlations between Ehe rate of
insertion and other molecular parameters of the Si-H bond
would be expected. The Si-H bond stretching frequencies for
‘a series of silaneg with various degrees of methyl ahd
chloro substitution have beeﬁ discussed by Hollanésworth and
Ring,'?*° who observed an increase in the stretching
frequency of the Si-H boad when the methyl substituents are
successively replaced by chlorine atoms. This correlates
well with the obsé}ved dec;g‘te in reactivity of the Si-H
bond with decreasing alkil ;;bstitution or increasing chloro

substitution (Table IV.6).

v

This variation in strdi;hing frequencies can be

predicted on the basis of the s gfnd P character of the
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LOG k&, (pqr Si-H bond )

R | L) . Ll
10 1 12
IONIZATION POTENTIAL (eV)

FIGURE 1V.2 Log k, (per Si-H bond) versus lonization

‘Potential for the Reactions of CCl(XI) with Silanes



TABLE 1IV.6

Second Order Rate Constants k,, per Si-H Bond, and Si-H
Bond Stretching Frequencies v of Silanes

199

Substrate k, (per Si-H bond) cm-!
: x 10°*(M-'s" ")

SiH, 0.12 2182%
MeSiH, 0.85 21672
y Me,SiH, 1.40 21439
“Me,SiH - 2.80 21259
Et,SiH . 4.50 21059
Me,C1SiH 0.39 . 2174%
MeCl,SiH ©0.029 > 2214°%
Cl,SiH <0.03 22579

a) Meal and Wilson'?*'

b) Wilde'??

c) Ebsworth et ali"’

d) Hollandsworth and Ring'?*®

e) Webster'3*
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silicqg orbital bonded to the hydrogen in the Si-H bénd. The
above obsqfvations suggest that the bond strength increases
correspondingly with increasing bond stretching frequency.
Although there are large discrepancies in the values of the
Si-H bond energies reported. in literature, in general they
do seem to decrease with increasing number of méthyl groups
on the silicon; for example, Austin and Lampe' " ¢ showed that
the Si-H bond strength, in kcal mole-' units, decreases in
the order, SiH., 93; MeSiH,, 90; Me,SiH,, 88; Me,SiH, 85.

The trisubstituted silanes were investigated more
closely in order to examine the relationship between reac-
tivity and stretching frequency, under‘the constant environ-A
ment that all the substrates possess only one Si-H bond. The
upper limit was log k, < 7.5 for Cl,SiH; although no obser-
vable reaction was detected. The plot of log k, versus Si-H
bond. stretching frequency (Figure IV.3) suggests a somgwhat
curved relationship,‘possibly due ‘to the fact that the
double bond characfeq of the §i-Cl bond would return
electrons to the silicon, which gbps as an electron sink,
thereby reduding’the negative inductive effect of'replacinq
the methyi groups by the chlorine atoms in _ghe- silicon
séries. Furthermsre, the above correlation also agrees with
tﬁe amount of hydridic character of the Si-H bond (vide
infra). © R -

Since C-H  bonds aré” non—reactine .towards cCl, 'the
‘reaction obseérved with hexamethyldisilane is strongly

indicative of reaction with the Si-Si bond. However, on the.
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basis of the low Si-Si bond energy, ~ 67 kcal mole-','?* a
much faster reaction would be anticipated. The rather low
rate constant observed, (2.5 t 0.3) x 10’ M"' s°', may
therefore be caused by steric hindrance, created by the ' six
methyl groups, which 1limits the availability of the Si-Si
bond. However, it does not éppear that the much larger rate
constant, (6.5 % 0.3) x 10° M"' s-', for the reaction with
disilane, Si,H,, is due to enhanced reactivity with the
Si-Si bond because, as will be shown below, the reactivity
correlates well with the rﬁte of Si-H bond insertion in
monosilanes. Therefore, it Ean be concluded that the
reaction of CCl with the Si-Si bond of disilane is slow and
does not make a significant contribution towards the overall
reaction rate.

Sefcik and Ring'?* observed that, on the basis of Si-H
bond stretching frequencies, thg hydridic character of the
hydrogen atom attached to silicon increases with increasing
methylation, This was confirmed by recent molecular orbital
calculations performed by Perkins et<?l.,"’ who obta;ned/
values for the negative charge density on the hydrogen of
the Si-H bond ranging from ~ -0.03 to ~ -0.11 in going-from
SiH, to Me,SiH. The reactivity of the silanes towards &CCl,
compared on a per Si H bond basis, thus follows the order of

the hydridic character of the Si-H bond,

Me,SiH > Me,SiH, > Si,H, > MeSiH, > SiH,
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However, this trend was not observed in the study of the
reactions of SiH,('A,) with silanes carried out by Sefcik
and Ring,'?* who found that disilane is more reactive than

- dimethylsilane, - - =

Me,SiH > Si,H, > Me.SiH, > MeSiH, > SiH,
.
They attributed this anomaly to the occurrehce of SiH,('A,)
_insertion into the Si-Si bond, the product of which is
indistinguishable from that formed by Si-H bond insertion.
For the CCl ‘reaction, howeJ%r, disilane follows the same

order of réactivdty as the order of hydridic character of

.\
\

the Si-H bond; this constitutes additional evidence to the
effect that reaction with the Si-Si bond must be relatively
insignificant compared to insertion into the Si~H bond.

When the methyl groups in hexamethyldisilane are
replaced with chlorine atoms, no measurable reaction .could
be detected. This suggests that the reaction with the Si-Si
bond 1is also electrophilic in nature, and that the lbw rate
constant associated with the hexamethyldisilane reaction is

°

solely due to an inefficient reaction with the Si-Si bond
itself, rather than to steric hindrance éreated by the
methyl groups, because this interference may be compensated
by the poéit!be inductive effect of the“methyl substituents.

The observation that the increasing reactiQity of the

silanes can be correlated with increasing hydridic character

of the Si-H bond may‘shed some light on the mechanism of the
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3 . 13 "b * . . ' .
insertion rea3t1on. Since the hydridic character of a Si-H

hond reflects the negagiveacharge density on the hvdrogen, a
L . ,‘ N ,,. - .
reasonable transition state would 1nvolve ‘an electrophlllc

attack by CCl on the hydrogep,‘result1ng 1n a hydride ion
.

" trahsfer with more or less simultaneous back donation of the

lone ba1r of electrons on the carbon of the carbyne to the

5111con§
\ .
Cl Cl Cl
i | | I
-G -C CH
N g \ - ~ S \\\ I
—-8i N — —8i---- H —» _Si "

The empty d .orbitals of the silicon may take part in the
back donation procéss during the fépmation of the transition
state, and ‘this may contribute to the fglative ease of Si-H
bond - insertion compared to C-H bond insertion, ' since
silicon's cabability of'being penfacoofdinate would doubt-
less enhanca\the stability of the transition state.
:A\\J The ~reac§1v;t1es of ccl(xzm), SlH ('A,) and CH,('A, )
with respect to silanes can be shmmarizéh-as follows:
— C-H bondsﬁ | |
néither CCl nor SiH, react with C-H' bonds, .while CH,
inserts rgadily: ' |
— Si-H bonds: | .
.‘ all th:ee species Qndergo insertion reactions with Si-H
bonds; CH, shows a slight préference towards Si-H bonds

over the corresponding C-H bonds (insertion rate ratio

AN



205

- 7-9)

— Si-C bonds:
CCl, SiH, " and CH, are all non-reactive towards Si-C
bonds. ° |

. — 8i-Si bonds:

SiH, inserts into Si=Si bonds,'?*‘ while the reaction of
CCl with the Si-Si bond is relatively slow; no products
attributable to Si-Si bond insertion could be obtained
in. the CH, + Me,Si, system,'?* the only study of the

, ) .
reaction of CH, with disilane reported in literature.

E. REACbeN WITH CYCLIC AND HETEROCYCLIC COMPOUNDS

.Carbynes undergo g}ectrophilic cycloadditions with

alkynes, alkenes and unsaturated cyclic compounds. Kinetic

studies . on the reactions of carbynes  with alkenes and
alkyneé have suggested that the behaviour of 2?11 carbynes
parallels that of 'A.A carbenes, therefore CCl was also

expected to undergo cycloadditions with wunsaturated cyclic

compounds. .

N

No measurable reaction was detected with cyclohexane

and cyclopentane; this is compatible with earlier
observations that CCl is non-reactive towards primary or
secondafy C-H bonds, and”strongly suggests that the rate

constants measured for “the unsaturated compounds are due to

" cycloadditions of CCl to C=C bonds.
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A comparison‘ of the rate constant values for cyclo-
hexene (k, = (3.1 £ 0.2) x 10°” M-' s-') and ethylene (k, =
(3.3.: 0.4) x 10* M"'"'s-'), reported by Tyerman,*' indicates
that the presencé of four methylene groups greatly enhances
the electron ®ensity of the double bond, and results in an
increased reactivity of an order of magnitude. The rate
constant measured for 1,4-cycloﬁexadiene, (3.7 £ 0.2) x 10°
M-' s-', is almost comparable with that _for cyclohexene.It
is quite surprising to measure an even slower reaction with
1,3-cyclohexadiene (k, = (1.4 * 0.2) x 10®* M~' s-') because
this compound is generally more reactive than 1,4-cyclohexa-
-diene towards an e}ectrophile. This discrepancy can be
ascribed to the lower eléctron density of the double bonas
in 1,3-cyclohexadiene due to conﬁugation and subseqguent
delocalization, thus retarding the initial rate of electro-
"phHilic attack; the,enhancéd reactivity of 1,3~¢yéldhexadiene
with respect to electropﬁilic substitution can be rationa-
‘lized in terms of~the stability of the ionized intermediate,

for which resonance structures can be written:

O ) — 10
: YA 27

- _ , | _
For /the cycl@addition reaction with carbynes, however, no
- cq e s ' . e
~such stabilizing styuctures can be envisioned for the cyclo-
S L , - . ,
propyl radical intermediate.
’ AN
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The ionization potentials of cyclohexene, 1,3- and
1;4-cyclohekadiene, and benzene have been determined by many
workers using different techniques'?’:'’® and the corre-
lation between reactivity and ionization potential of the
substrates, found in previous studies on alkenes, alkynes
igg‘jsilanes, was not observed for these four substrates.
Moreover, the data for all of these compounds deviate
significantly from the linear grth‘%T the log k, versus
ionization potential plot for "the alkenes, studied by
Tyerman; ‘this. was expected because they do not belong to the
same homologous series of alkenes.

The relatively high jonization potential of benzene,
9.24 ev,*?? compered to, . for exahple, .cyclohexeﬁe,
8.72 ev,'?’ is indieetive of extra stability of the benzene
ring due to resonance effects. Thus the slow reaction
observed with benzene jk. = (6.7 £ 0.5) x 10" M~' s~ ') can
be ascribed to the low availability of the » electrons éue~
to a high. degree. of delocalization. In fact, fhis slower
.'rate with beniene is compatible with the'slow fete measured
for '‘the reaction of.CBr with benzene (k, = (2.2 ¢+ 0.2) x 10*
M-' s-'),** end was also observed in 'a recent study of CH
feactione- by Lin and coworkerss” In the reaction with
benzene, both CH insertion into Qggibonds and cycloaddftion
to the C=C bonds were expectea)io occur; however, despite
the fect that the’statisticai factor for the attack on =
‘bonds is six times lafger in benzene ﬁhan in.acetylene, and

- the strength of the C-H bonds in both molecules are
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"com&ablé (- 112 kcalvmole"),” the rate constant measured
for the reaction of CH with benzene (k, = (4.8 ¢ 1.9) x 10'°
M-' s-') turned out to be two to three times slower than
%ith acetylene (k, = (1.3 £ 0.2) x 10'' M"*' s°'), |
The electrophilic substitution reactions of benzene and
subst1tuted benzenes'?' hﬁye been well studied for many
yéars. However, similar kinéin’ stud;es on the rate of
cycloadditions of carbenes and carbynes with benzene and
substituted benzenes - (except for CH, "’ CBr*:* and
CCO,Et*? + benzene systems) have not yet been reported in
the literature. For electrophilic substitution, the reac-
tivity of the substituted benzene was found to depend on the
'ihductive effect of the substituent group: alkyi groups are
known to activate, and halide groups deacfivate,vthe benzene
ring.

. In addition to altering the electro; density in the
ring by a combination of inductive and mesomeric effegts, a
substltuent group can also induce polarlzatlon of tlivri‘ng T

,system with the effect of reduc1ng the aromat1c1ty, due to =
electrons being localized at certain parts of the ring.
Dhingra et al.'** proposed that the dilution shifts of
aromaﬁic protons 'in non-polar, isotropic §olvents such as
carbon tetrachloride are directly'.proportional\ to aroma-
ticity, and estimated the aromaticities of some monosubsti--

tuted benzenes from proton resonance data as: benzene and

toluene, aromaticity, A = 100%; fluorobenzene, A = 89%;

chlorobehzene, A = 98%.
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However, the order of .reactivity observed here for the
reactiofis of CCl with substituted benzenes does not exactly
follow the trend establi;hed for electrophilic substitution
reactions, which is, toluene > benzene > chloro-
benzene > fluorobenzene in decreasiné order of reactivity.
Instead, the methyl group and, to a lesser.extent, the
chlorine atom, were found to activate the ring, while ‘the -
effect on reactivity due to the fluorine substitueqt is
negligible compared to benzene.

Kennepohl®? studied the reaction of 'CCO,Et . with
benzene, and éuggestéd that the cycloheptatriene radical is
the reactive intermediate, on the basis of the detection of
itS. dimers. vThe 'cycloheptatriene radical intermediate
supposedly arises from the cycloaddition of CCO,Et with

benzene followed by ring expansion:

©+cx———’|i)>'—x———> X —

X

dimerization O Q
—_— .

X

~
where X = CO,Et. CCl should react in a similar manner. Hence
the basic difference between electrophilic substitution and
cycloaddition reactions with the benzene ring i% that

electrophilic’ substitution involves the carbonium ion

intermediate,
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which can be affected by a substjtuent .group, G, already
attached to the ring: electron-releasing substituents such
as CH, stabilize the carbonium 1ion, leading to a faster
reaction than benzene; on the other hand, electron with-
drawing substituents such as Cl, F. intensify the positive
charge of the intermediate, destabiliiing it, thus causing a
slower reaction.~ Howéver, since .the ring stfucture is
eventually retained; the reactivity of the benzene ring may
be less dependent.on its aromaticity thén in a cycloaddition
reaction, which forms cycloaddition productsb that would
destroy the benzené ring system. Although the nature of .the
rate — determining step in electrophilic substitution
reactions may vary according to the reactants and the
gxperimental condition§‘ employed, of crucial importa;ce is
the fact that the carbonium iqn intermediate can vbe
stabilized by resonance, which does not exist in cyclopropyl
radical ‘intermediates. Therefore, in cycloaddition’reactions
with benzene ringg, ‘the afomaticigy of the‘ring may be of
comparable signi??génce to the electron~-releasing or
withdrawing effects of the substituent in.determining the
reactivity.

In toluene, the positive induttive_effect of the metﬁyl

group should be mainly responsible for__‘the observed
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reactivity (k, = (3.3 20.2) x 10* M"' s-') being five times
that of benzene (k, = (6.7 + 0.5) x 10" M"' s-'), Parti-
cularly interesting is the activation of the ring by Cl1 in
chlorobenzene (k..‘= (1.7 £ 0.2) x 10* M~' s°') since the
aromaticity is not considerably lower than that of benzene
(aromatidity: 98% of benzene, from proton resonance data,
93% of benzene, from resonance energy data{:"’ yet it
appears that the electron-releasing mesomeric effect of Cl,
aided by a slightly lower degree of delocalization of the
electrons, has more than overcome the electron-withdrawing
inductive effect of Cl, resulting in a twofold increase in
reactivity over that of benzene towards CCl. With fluoro-
benzene, the mesomeric effect should be minimal due to the"
high eleetronegativity of F, and in this case it seems that
the negative inductive effec; is neutgalized by the effect
of -a lower arohaticity, and as a result the observed reac-
tivity (k, = (6.1 + 0.9) x 107 M~' s-') is about the same as
that of be;zege, within experimental error.

The electrsphilic nature of the‘cycloaddition reactions
with benzene and'the substituted benzenes is again reflected
in the correlation between 1log k, and the ionization
potential'®?> of the substfates (Figure 1V.4). However, the
lack ofvsufficient data makes it difficult to conclude
whether there may be siight curvature in the plot;

The.results of the stﬁdy by Kennepohl 1lend further
support to the prediction that carbynes and carbenes behave
in an analogous. manner, sincé CHCO,Et also reacts with

2

4
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benzene to form a norcaradiene ester which subsequently
undergoes ring expansion by the Cope rearrangement to give

the cycloheptatriene ester:

©

. H H
@ + CHCO,Et —> ©>< _—
CO,Et CO,Et

For the carbenes, the expecéed reduction in reactivity 1in
going from methylene to chlorocarbenes is reflected in the
produéts obtained in- their reactions with benzene: CH,
‘reacts by insertion into C-H bond to give toluene and by
addition to the aromatic ring; followed by ring expansion,

' to give'cycloheptafriene;‘" CHC1 gives only the pfoduct of
ring expansion'?®*®* and CCl, does not react.'®’

The insertion reactions of carbgnes are not confined
only to C-H, Si-H or N-H bonds. Insertion into C-O, C-N, or
C-S bonds have also been reported,''? and the mechanisms
probably inyolve initial electrophilic attack on the hetero-
atoms to form unstable ylides.

The measurable, and in some cases high, rate constants
obtained with the. saturated heterocyclic compounds
thiacyclohexane (k, = (8.3 + 0.8) x 10; M-' s°'), tetra-
hydrothiophene (k, =:(7.6 +1.1) x 10° M ' s°'), pyrrolidine
(k,:> 4.8 x fO' M‘f s ') and tetréhydrofpran (k, =
(6.6 '+ 1.4) xA1Q’.M“ s~ ') constitute clear evidence for the

occurrence of interactions between CCl and the heteroatohs,

although the rate constant for reaction with NH, (4.5 x 10°¢
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M-' s-' <k, <3,5x 10" M ' s ') suggests that <eaction
with the N;H bond éould contribute to the overall reaction
observed with pyrrolidine. A cqmparison of the data for
thiacyclohexane and tetrahydrothiophene, which have statis-
tically six and five C-H bonds respecf?vely, shows that they
are equally reactive within experimental error, thus
implying that insertion into the ring C-H bonds is cogpara-
tively insignificant and that reactions are restr?tted~to
the heteroatoms. Besides, the introduction of a heterdatom
" into the ring does not appear to alter the C-H bond strength
to a great extent: fhe C-H bond eﬁergy of cyclopentane,
which 1is non—reactive-towards CCl, is - 95 kcal mole“,';‘
while the a« C-H bond energy of tetrahydrofuran is ~ 92 kcal
mole~'.,'?’ ‘

At this point it is rather difficult to pinpgint the
nature. of the interactions of CCl with the.heteroatoms. By
analogy with the behaviour of the carbenes, CCl méy undergo
electrophilic attack on the hetercatom to form‘ylides, which
may be either stable as in the case of sulphur ylides, of
undergo ring expansion as in nitrogen or oxygen ylides,

resulting ip apparent C-N or C-O bond insertion products:

Q"C“”‘"’('Z)“_"Q Q

I
cl
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where R denotes a reactive radical present in the system,
fhe introduction of two double bonds into the hetero-
cyclic ring, as in the case of thiophene, pyrrole and furan,
would satisfy the (4n + 2) rule and render the heterocyclic
compound aromatic. The aromaticity should be affected by the
electronegativity of the heteroatom, which determines the
degree the 1lone: pair of electrons from the heteroatom is

delocalized into the r system:

<"> < s <+> -— <+>; \
Z , 3 , z

/I
/ N ’ - —
Go G

where Z = S, N or 0.

However, §ome controversy exists in assessing the
aromaticity of the above compounds. The consensus is
benzene > thiophene > pyrrole > furan, although some results
based on resonance energy or ring current data reverse the
order of thiophene and pyrrole. The % aromaticity based on
resonance energy data (;rOm Wheland'** was compiléd by
Kanekar et al.'®' as: benzene, aromaticity, A = 100%;

thiophene, A = 78%; pyrrole, ‘A = 63%; furan, A = 44%. The

above order correlates well with the order - of

electronegativity of the heterocatoms, which is, § < N < o,

~



216

since the x electrons would be more localized on the more
electronegative atom such as oxygen, thus reducing the
degree of delchlization or the aromaticity of the ring.
Thiophene (k. = (5.7 t+ 0.2) x 10®* M"' s°') is somewhat
less reactive than tetrahydrothiophene (k, = (7.6 ¢ 1.1) x
10° M~' s-') towards CCl. Thistmay be due to the 1lone pair
of electrons from sulphur in thiophene being delocalized
into the ring. Consequently, the rate of attack at the
sulphur atom would decrease and this may not be—compensated
enough by the presence of the twe double bonds in thiophene,
due to a high dégree-of delocalization of electrons in the
system. On the other hand, the higher reactivity of furan
(k, = (6.3 £ 0.4) x 10* M"' s5°') compared to tetrahydrofuran
(k, = (6.6 + 1.4) x 10" M"' s~ ') may be attributed to the
presence of the two extra double bonds and a much lower
degree>of delocalization of the r electrons. Unfortunately,
it is impossible'to compare the reactivities of pyrrole and
pyrrglidine due to difficulties encountered during the study
of the pyrrolidine ;eaction, as mentioned in Chapter III.
Thiophene and furan yield cyclopropyl 2,3fadducts upon
reaction ‘with carbénes."" Although with pyrrole,*'*® only
substitution products (which are sometimes accompanied by
ring-expansion products) can be obtained, ﬁhe formation of
cyclopropane waé nevertheléss proposéd' as an intermediate

stép:

5
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&
2 . &N
) +cx, — (Vx 0
N N N CHX,
l l I
H H H

vhere CX, is a general formula for carbenes. By analogy,
carbynes should react in the same manner. Thus, Kennepohl®*?
studied the reaction of CCO,Et with pyrrole, and the major
product, 3-substituted pyridine, was rationalized in terms
of a cyclopropy? radical intermediate formed via cyclo-

addition:

__CO,Et

{ DN + cco,t ——s ( e ¢ N—co0,Et
N _ N N
| | I
H H H

The above result is in agreement with the observation
that the x bond orders of the 2,3 or 4,5 bonds afe'highe:
than those of the other bonds in thiophene, pyrrole and
furan.'*' Although carbene reactions with the heteroatoms in
thiophehe, pyrrole and furan have not been observed, such a
reactiqﬂ probably occurs with the moge electrophilic
carbynes. Thus Kennepohl has suggested that reaction of

CCO;Et with the nitrogen atom is the most probable route for

the production of pyridine-2-carboxylate, a minor product\\\
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from the reaction of CCO,Et with pyrroie. Although he did
"not speculate further bﬁ" th;‘ mechanistic nature of the
reaction, it _probably fnvolves,the fqrﬁation of ylide-type
radical intermediates. Moreover, the rate constants obtained.
for the reactions . of CCl vith ammonia (4.5 x 104
M-' 8" < k, < 3.5 x 10" M~ s;‘) and pyrrolidine (k, > 4.8
x 10* M-' s-') also suggest that insertion into the N-H bgnd
»may‘contribute to the overall rate constant measured with

pyrrole.

. The order Qiu reactivity .observed here, thiophene >

3

pyrrole >» furan, is different from the one .élready
established for electrophiliq substitutions, pyrrole:» furan
,57 thiopheﬂe;'!""f  Although the initial steb in both
reactions invoives thg?breakinglup of the.gromatic ring, the |

ionic ‘intermediate in electrophilic ~substitution can be
- ) . ' Q .

stabilized by resonance, which does not occur in cyclo-
? o

addition:

\

/\ ’ \— H e H *H
) e O e (O e (I
Z 2 A/

Z

and this partly explains the difference in the reactivities.
Also, the former reactiogé vere studied maiﬁly in solution
| réthér - than §n t;e.ga§vphase,'and solvation caﬁ stabilize
" the ionic intermediates‘qg fransition states. ,

Furthermore, interactions of CCl with the heteroatoms
. L. 7

" must also contribute to the difference in the order of
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reactivity as compared to electrophilic substitution. Linda

et al.'**"found a correlation, not observed here, in that

higher reactivity towards electrophilic substitution corres-
pohds to a lower ionization potential of the five-membered
heterocaromatic compounds, similar to the relationships
established previously for the reaction of CCl with ‘alkynes
and silanes. However,bthesg correlations are valid only if
the eleetrons are removed from the = system, and hence if
the reaction sites involve both the r electrons and the
heteroatoms, the lack of correlation between 1log k, and
ionization potential of‘the substrates in the CCl reactions
is not entirely unexpected. |

The positive inductive effect of the methyl group is

evident from.the increased reactivity of 1-methylpyrrole (k,

= (4.9 £ 0.5) x 10° M"' s°') compared tb pyrrole (k, =

(3.1 % 0.3) x 10*° M"' s°'). This also points to the electro-

philic nature of CCl and suggests that insertion into the
N-H bond is relatively insignificant.

_— .
.Furtheﬁpore, the increase in reactivity of two orders
1 )

" 3f magnitude with pyridine (k, = (2.8 % 0.3) x 10* M-* s°1),

' compared to benzepe (k, = (6.7 + 0.5) x 10’ %"‘s"), can be

attributed -to a lower degree, of delocalization of =
3" . _""“f' "’- . . . .
electrons in py;@élne, the - aromaticity of which w4as

estimated to be - 60% of that of benzene;'®’ the possibility

of interaction with tle nitrogen atom, however, should not '

be eiclhded.
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Fﬂnifiyf it may be of interest to point out that during
the investigation of the reaction of CCl with pyridine, the
ébsorption spectrum' of pyridine was clearly discernible
before pho£olysfs, became extremely weak immediately after
the photolysis flash and apparently recovered in intensity
when the spectrum was again taken two minutes later.

//fhe above observation may be indicative of pyridine
being vibrationally or electronically éxcited during flash
photolysis, and therefore the rate constant meaéured is tﬁat
for'the reaction of CCl with an excited pyridine molecule.
However, ‘

— the spectrum of 1,2 torr pyridine + 6.1 torr cyclo-
hexane, in SO’torf helium, was still barely discernible
506 pus after the photélysiS“flash;. indicating ﬁhat no
vibrational ér e;ectronic relaxation by cyciohexane has -
taken place. A |
— the rate congtant meésured,%ifh 0.3 torr CHClBr, + 0.09

torr pyridine in 50 torr‘ helium, ok, '_{4.9“¥ 103 ,M;'

s*', is somewhat smaller than that with 0.3 torr

CHC1Br, + 0.1 ﬁorr.pyridine + 0.5 torr‘cyclohexéne-(used

to collisionally relax. ekcited‘ ﬁyridine) in 50 torr

heiium, ok, ~ 20[2 x 10° M-' s-', However, it lis
" actually d{fficulg to ascertain whether this difference
is signifiéant, given the error limitations of ihe

experiment,
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These' results show that:

either cyElohexane is not an effective quencher 6f the
excited pyridine, or'the quantity used was insufficient.
In any casé, it appearé that a fairly long lived meta:
stable state of pyridine must have been formed.

if _there was indeed some relaxation by cyclohexane
leading to the increased rate of reaction observed, the
conclusion would be that the ground state pyridine is
more reactivé, However, further investigations on this

subject would be highly desirable. )

(.
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f V. CONCLUSIONS

Second order Péée constant measurements have been carried
out for the reactions of CCl(XM) with hydrogen, ammoﬁia,
hethylchloride, propane; isobutane, and representative
series lof alkynes, silanes, cyclic and heterocyclic com-
pounds. - .

CCl was produced from CHClBr, mainly via the secondary
unimolecular decomposition of vibfétionally excited CHClbr

radicals formed in the primary process:
CHCIBr, + hv (A > 200 nm) — CHClBrt + Br

CHC1Brt — > CCl + HBr

——— CBr + HCl

The sfmultaneous production of CBr is regarded to be insig-
nificant, since Iits adbsorption .line at ~ 301.5 nm. was
'extremeky weak although still somewhat_discernibie. However,
the ver§ low yield of CCl wunder conventional photolysis
conditjons makes direct mechanistic kinetic investigation
impossible. As a result, rate constants for‘the reactions of
CCl - with a variety of substrates were measured employing
‘flésh bho}olysis —.absorption.speétroscopic techniques, b&'
monitoring the CCl absorptionA'line at 277.7 nm which has
'.béen assigned to the (Q; 0;0) band‘of the A*A — X'II system.

The nature of the reacfions of CCl with the various

‘substrates examined was deduced on the basis of:"

v ‘'
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— the predicfion'that CH(?Il) should display chemical pro-
perties analogous to thase of CH,('A,);

- the known chemistry of CH aha CCO,Et;

— ab initio studies on the CH + C,H, and CH + C,H, reac-
tion paths; .

— and comparison of the rate constané data among analogous

substrates.

The rate constant values measured for the reactions of
éH, CCl and CBr with vérious substrates indicaée that CH is
the most reaétive carbyne, reacting indiscriminately at
rates close Vto collision ffeéuencies. On the other hand,,
ccl, being’léss electroéhilic, behaves like CBr and is less
reaétive and, conseguently, more select}ve.l.

Unlike CH which inserts rapidly into H, with a rate:-
constant of ~ 10'°® M~' s-', CCl does‘not react with H,, but,
like CH, it appears to_ﬁndergo insertion into the N-H bonds
of NH,. CH displays little'sélectivity in its reactions with
alkanes, while CCl does notgreact with propane, cyclopentane
6r cyclohexané, and thus is inert with respect_to insertiod
into primary and seconda}y C-H bonds; however, a slow but

-measurable reaction with jsobutane (k, = (4.5 ¢ 0.4) x 10°¢
M“_s”) was observed, poihting to 1insertion 1into the
tertiary C-H bond of isobutane.

The chémicaily similar»species CH,('A,) and CH(X?M) have
been sﬁown to undergo concerted insertion with C-H bonds,

o v
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CCl is expected to behave likewise. The existance of a pola-
rized transition state may explain the higher reactivity of
tertiary C-H bonds due to the formation of a stable tertiary

carbonium ion:

CCl + -C-H — =C~~H <—> -C' H

No measuraSIe reaction was detected for the CCl + CH,Cl
system; however, the upper limit estimated for the reaction
indicates that a slow insertion into the C-Cl bond may still
be possible. -
The rate constants for the reactions of CCl with acety-
lene, acetylene- d,, propyne, 1-butyne, 2-butyne, 1-pentyne;
2-pentyne, 3,3-dimethyl-1-butyne, 2,2,5,5—tetramethyl;3~
hexyne, and phenylacetylene fange from 10’ to 10'®* M"' s°',
As with the CCl + alkene reactibns; higher reactivity
corresponds to - increasing alkyl substitutions at the C=C
:bonds, reflecting tﬁe electrophilic nature of the reactions.
The mechanism of the réactions with alkynés is postulated to
be similar to that with the alkenes, in that CCl undergoes
asymmetric, ' concerted cycloadditions with the unsaturated
bondgs 'to form cyclopropenyl radical. intermediates. In
general, alkynes are less reactive than'a}kenes, and this
may ‘be aséfibed to higher acti&ation energies for the alkyne:

‘reactions, because the carbocation formed from the alkynes

- !
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' Y
is less stable than that formed from the alkenes, due to its
inability to achieve the sp? hybrid orbital configuration

believed to be the most stable configuratioh for a carbo-

cation:
+
-C=C- <———>—9:—_-C— < -C = C-
X L/ \ 7
C ¢ ¢
Cl cl Cl

The electrophilic nature of the cycloaddition 1is further
reflected in the linear correlation between 1log k, and
ionization potential of the substrates. Negative deviations
from the linear relationship in the cases of 3,3-dimethyl-
1-butyne and 2,2,5,5-tetramethyl-3-hexyne i;dicate that
steric hindrance plays a role here.

The feactions of CCl ;ith monpsilanes are confined to
insertion into the Si-H bonds, since Si-F, Si-Cl and Si-C

, . _
bonds were shown to be non-reactive. The -electrophilic
nature of the insertion reactidﬁg‘{é once again revealed in
the increase in reactivity observed with iné;easing alkyl or
decfeasing chloro substitution at the silicon atom, and also
in the lin?ar relatiénship.found between log k, and 1ioniza-
tion pétential‘of>the substrates. The reactivity of the Si-H
bond is in the order tertiary > secondary > primary, with

~

the .tertiary Si-H bond being 600 times more reactive than

the tertiary C-H bond.
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A primary isotope effébt was also observed, which
ranges from 1.0 wigh the tertiary Si-H bond, and increases,
as the reactivity of the Si-H bdnd decreases, bQ\f factor of
~ 2 for monosilane.

The ;eaétivity can also be correlated with other bond
parameters such as dissociation energy, stretching frequency-.
and hydridic character of the Si-H bond. The observation
that higher reactix‘ty corresponds to higher hydridic
character of the Si-H bond led to the férmulation of a
transit{on state which involves electrophilic attack by CCl
on the hwdrogen, resulking in a hydride 1ion transfer with
mofe or less simultaneous back donation of the lone pair of

electrons from the carbon to the silicon atom,

¢

cl cl cl1

| | I

-C ‘ .C, *CH _
\ /6+ \6— . ~ r:/ \\\ . I. «:ﬁ '
—8i%—HY —> —§i-—-H —> _Si-_
/ - -

.while the empty d orbitals on the silicon may also help in
the formation of the Cyclopropyl radical intermediate. T‘E
ability of silicon to be.pentavalent could play a role in
the very rapid Si-H bond-inﬁertion reactions compared to the
slowver insertibn into C-H bond. Results with the disilanes
indicate that CCl aiso reacts with the S$i-Si bond, the
reaction is also eiectrophilic but relatﬁvely insignificant

.compared to Si-H bond insertion.
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It is pqstulgted tﬁat CCl reacts with cyclic and
heterocyclic compounds mainly via cycloaddition to the C=C
bonds vto form cyclopropf@mfadipal intermediates, which may
further undergo ring expansion to form e.g., the cyclohepta-

triene radical in the case with benzene:

©+cc1-———>©>"c1——> c1

The orders of reactivity observed with benzene and substi-
tuted benzenés, toluene > chlorobenzene > benzene * fluoro-
benzene, and  with the heteroaromatic 'compounds,
éhiophene > pyrrole » furan,_do not exactly follow the trend
established for electrophilic substitﬁtion reactions; this
is not unexpected since the primary adducts and the rate
determining steps are quite different in the two systemg.
Similafly, the correlation observed between reactivity
and ionization potential of the'heteroaromatic compounas for
eleétrophilié substitutions was not observed for the cyclo-
addition reactions here. From this, and also on the basis of
comparison of the rate data foﬁDBeterocyclic compounds with
those of aqalbéous paraffinic and alkenic compounds, it is
concluded thﬁt, in addi;ionmgo cycloaddition, CCl can also
e ( N '
attack heterdatoms. ' |
Ffom the present study it can be concluded that
CCl(X?11) does not react with primary and secondary C-H

bonds, but undergoes slow insertion with tertiary C-H bonds

and perhaps'with~the C-Cl bond. It also inserts rapidly into
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Si-H bonds, but reacts slowly with the Si-Si bond, and is
relatively non-reactive towards Si-C, Si-F and Si-Cl bonds.
CCl also undergoes cycloadditions with C=C and C=C bonds,

and in the case of heterocyclic compounds, may react with

the heteroatoms as well.



1.

11.

. H. W. Harkins, Trans. Farad. Soc., 30 (1934) 221

229

Bibliography

W. Kirmse, "Carbene Chemistry", 2nd ed., Academic Press,
New York (1971)

"Carbenes" vol. I & II, R. A, Moss and M. ‘Jones, Jdr.,
Ed., John Wiley and Sons, New. York (19%73) |

R. W. B. Pearse and A. G. Gaydon, "The Identification of
Molecular Spectra", 3rd ed., John Wile§ and Sons, New
York (1976); B. Rosen, "Données Spectroscopiques Rela-
tives aux Molécules Diatomiques", Pergamon Press, Oxford
(1970)

R. G. W, Norrish, G. Porter and B. A. Thrush, Proc. Roy.

Soc. (London), 27164 (1953) i65

. P. Swings and O. Struve, Phys. Rev., 39 (1932) 142; W.

S. Adams, Astrophys. J., 93 (1941) 11; P. Swings, C. T.

Elvey and H. W. Babcock, Astrophys. J., 94 (1941) 320

K. H. Geib and W. M. Vaidya, Proc. .Roy Soc. (London),
1784 (1941) 351; A. G. Gaydo& and H. G. Wolfhard, Proc.
Roy. Soc. (London), 1944 (1948) 169 '

E. Fagerholm, Arkiv. Mat., Astrdn. Fysik., 27A (19)
(1940) 18; E. Fagerholm, Naturwissenschaften, 25 (1937)

106

L. Gerd, z. f. Phys., 118 (1941) 27

. G. Herzberg and J. W. C. Johns, Astrophys. J:., 158

(1969) 399 |
J. H. Callomon and D. A. Ramsay, Can, J. Phys., 35



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

230

(1957) 129 .

W. Braun, K. H. Welgéwand J. R. McNesby, J. Cﬁem. Phys.,
45 (1966) 2650; W. Braun, J. R. McNesby and A. M. Bass,
J. Chem. Phys., 46 (1967) 2071

J. E. Butler, L. P. Goss, M. C. Lin and J. W. Hudgens,
Chem. Phys. Letters, 63 (1979) 104 '
J. W. Fleming, G. T. Fugimoto, M. C. Lin and A.’ B.
Qarue¥*\\Proc. Int. Conf. on Lasers 1979, STP Press,
McLean (1980) 246 '

A. Kasdan, E. Herbst and W. C. Lineberger, Chen. Phys.
Letters, 37 (1975) 78

G. C. Lie, J. Hinze and B. Liu, J., Chem. Phys., 57
(1972) 625 | |

E. H. Coleman and A. G. Gaydon, Farad. Soc. Disc., 2
(1947) 166 |

G. Pannetier and P. Laffitte, Compt. Rend., 226 (1948)
72

R. A. Durie and T. Iredale, Trans. Farad. Soc;, 44
(1948) 806 o

P. Venkateswarlu, Proc. Ind. Acéd. Sci., 254 (1947) 138;
R. D. Verma, Proc. Ind. Acad. Sci., 47A (1958) 196

J. P. Simons and A. J. Yarwood, Trahs. Farad. Soc., 57
(1961) 2167 | |

J. P. Simons and A. J. Yérwood, Trans. Farad. Soc., 59
(1963) 90

R. N. Dixon and H. W. Kroto, Trans. Farad. Soc., 59

(1963) 1484



231

24. W. J. R. Tyerman, Spectrochimica Acta/QQBA (1970) 1215

25. R. S. McDhaniel, R. Dickson, F. C., James, O. P, Strausz
and T. Nw.Bell, Chem. Phys. Letters, 43 (1976) 130

26. F. C. James, B, Ruzsicska, R. S. McDaniel, 0. P. §t{ausz
and T. N, Bell, Chem. Phys. Letters, 45 (1977) 449

27. R. K. Asundi and S. M. Karim, Proc. Ind. Acad. Sci., 64
(1937) 328

28. T. Horie, Proc. Phys. Mafh. Soc. Japan, 21 (1937) 143;

| P. Venkateswarlu, Phys. Rev., 77 (1950) 79; Y. VY.
Kuzyakov and V. M. Tetevskil, Nauch. DoklngAVyéshei
Shkoly, Khim. i Khim. Tekhnol., 2 (1959) 233

29. R. F. Barrow, G. Drummond and S. Walker, Proc. Phys.
§qg.’(London), 67A (1954) 186

30, ﬁE“M. Vaidya, Proc. Roy. Soc. (London), 1784 (1941) 356;
G. Pannetier and A. G. Gaydon, Compt. Rend., 225 (1947).
1139 ‘ 4

31. R. D. Gordon and G. W. King, Can, J. Phys., 39 (1961)
252 ) *

32.‘R..D..Verma and R. S. nglliken, J. Eol. Spectroscopy,' 6 <>
(1961) 419

33. D. Husain, Nature, 195 (1962) 796

34.'w. J. ﬁ. Tyerman, Trans, Farad;wSoc., 65 (1969) 2948

35. Y. Y. ‘Kuzyakov and V. M. Tetevskili, Izveét. Vysshikh
Ucheb; Zzavedenii, Khim. i Khim. Tekhnol., 3 (196D) 293

36. J. J. Tiee, F. B. Wamplé} and W. W.A Rice, J. Chem.
Phys., 72 (1980) 2925 ’

37. E. B. Andrews and R. F. 'Barrow, Proc., Phys. Soc.



232

(London), 644 (1951) 481
38. J. E. Hesser and K. Dressler, J. Chem. Phys., 45 (1966)
.3149 | . A | |
39. Y. Y. Kuzyakov and V. M. Teteyskii, Optika i -Spektrosk,
‘5 (1958) 699 o .
4OJIR..K. Carroll and T. P. Grennan, J. Phys., 3Bl(1970)-865
41, J. A. Hafrington, A, P. Modica and D. R.-Libby, J. Chem.-
Phys., 44 (1966) 3380
42. D.E. Mann, H.P. Bréida and B. E. Squires, J. Chem.
Phys., 22 (1g545 348 | N .
43; B. A. ThrUQP and J. J. Zwilenik, Trang._Farad. Soc., 59

L

(1963) 582 " - . R
44. J. L. Margrave and K. Wieland, J. Chem. .Phys.} 21“(19§§%? -
1552 | | g
45. F. B. Wampler, J. J. Tiee,b W. W. Rice and R. C.
Oldenborg, J. C?em. ths., 71 (1979) 3926 lfh\ _t
46. J. J. Tiee, F. B. Wampler and W. W. Rice, Chem. Phys.
_Letters, 68.(1979) 403 . o I
47. T. H. Dunning, Jr.; W. P. White, R. M. Pitzer and C. W.
,vMathews,tJf Mo;. Spectroscopy, 75 (1979) 297
48. A. J. Meréb and D. N. Travis, Can. J. Phys., 43 (i965)
Ca1es . Lo |
: 49; T. DoMinh, .H. E. Gunnjhg and O. P. Strausi, J. Amer.
Chem. Soc., 89 (1967) 6785 ‘
50. 0. P. Strausz,” T. DoMinh and J. Font, J. Amer. Cﬁ;m.
soc., 90 (1968) 1930 ¥
51. 0. é. Strausz,” G. J. A. Kennepohl, F. X. Garneau, T.



52.
53.
54.

55.
56.

57.

58.
59.

62.

63.

i

65.

(1976/27) 265
'D. D. Davis, J. F. Schmidt, C. M. Neeley and R. J. |
. - i " '

. 233

Doﬁinh, B. Kim, S. Valenty and P. S. Skell, J. Amer.
Chem. Soc., 96 (1974) 5723

G. J.'A,AKennepohl, Ph. D. Thesis;‘University“of Alberta
(1972) . | L
R. E. Rebbert and P. Ausloos, J. Photochem., 71 (1972/73)
171 | _ B
R. Gordon, Jr. and P. Ausloos, J. Chem. Phys., 46 (1967)
4823 -

M. C. Lin, J. Chem. ®hys., 67 (1974) 1835

M. C. Lin, Int. J. Chem. Kinetics, 5 (1973) 17;; %} C.
Lin,'Int. J.vChem. Kinetics, 6 (1974) 1

M. C. Lin, J. Phys. Chem., 77 (1973) 2726

M. Cvi Lin, pfivéte communication .

1. Messing, C. M. Sadowskf and S. V., Filseth, Chem.

Phys. Letters, 66 (1975) 95

. R.  E. Rebbert and P. J. Ausloos, J. Photochem., 6

¢

Hanrahan, J. Phys. Chem., 79 (1975) 11

A. P. Modica, J. Chen. Phys., 44 (1966) 1585; A. P,

" Modica and S. J. Sillers, J. Chem. Phys., 48 (1968) 3283

R. E. Rebbert, J. Photochem., 8 (1978) 363

7. L. Burks and M. C. Lin, J. Chem. Phys., 64 (1976)

4235
D. S. Y. Hsu and M. C. Lin, -Int. J, Chem. Kinetics, 70

- (1978) 839 \

66.

K. M. A. Refaey and J. L. Franklin, 1Int. J. Mass

AA"



234

Spectry. & lon Phys., 20 (1976) 19
67. A. P. Wolf, Ann. Rev. Nuclear Sci., 70 (1960) 259
6.8“ ‘ . ’
o8 |
69. C. ‘MacKay- and R. Wolfgang, J. Amer. Chem. Soc., 83

P. Rack and A. F. Voigt, J. Phys. Chem., 67. (1963)

(1961) 2399
70. A. P. Wolf, Adv. Phys. Org. Chem., 2 (1964) 201
71. J. Nicholas, C. MacKay and R. Wolfgang, J. Amer. Chen.
Soc., 88 (1966) 1065
72. C. MacKay, J. Nicholas and R. Wolfgang, J. Amer. Chem,
Soc., 89 (1967) 5758 ‘
73. D. R. Safrany, R. R. Reeves end P; Harteck, J. Amer.
~. . Chem. Soc., 86 (1964) 3160 |
74. R. P."Porter, A. H. Clark, W. E. Kaskan and W. E.
browne, Eleventh ‘ Symposium (International) om
Combustgon, Berkeley, Ca11forn1a (1966) 807
75. J. Dubr;n, C. MacKay and R. Wolfgang, J Amer. Chem
soc. M85 (1964) 959
76. B. R. Brooks and.H. F. Schaefer III, J. Chem.“Physr, 67
(1977) 5146 )
77. M. W. Bosnali and D. Perner, Z. Naturfofsch., 26a (1951)
. 1768 |
78 J. E. Butler, J. W. Fleming, L, P. Goss and M. C. Lir 4
Laser Probes for _ Combustion Chem1stry, ACS Symp051um,
“‘. series 134, D. R.~Cno§}ey, ed. (1980) 397
79. J. E. Butler, J. w.:Fleming, L. P;,Goss‘and ﬁ. €. Lin,

Chem. Phys., 56 (1981) 855



80.

81,
82.

83.

.84.
85.

86.
87.
88.

89':

.90.

235

R. K. Gosavi, H. E. Gunning and ©O. ' P. Stfausz, Chem.
Phys. Letters, 76 (1980) 159 ‘

W. J. R. Tyerman, J. Chem. Soc. (A), (1969)‘2483

J. J. T1ee, F. B. Wampler and W. W. Rice, Chem. P}ys
Letters, 73 (1980) 519

S. W. Benson, "Thermochemical Kinetics", 2nd ed., John
Wiley and Sons, New York (1976)

B. Ruzsicska, unpublished data

P. S. Skell and R. M. Etter, Proc. Chem. Soc. (Loqdon),
(1961) 443 |

W. R. Moser, J. Amer. Chem. Soc., 97 (1969) 1135

R. G. W. Norrish and G. Porter, Naturé, 164 (1949) 658
A; B. Callear and W. J. R. Tyerman, Trans.‘Farad. " Soc.,
62 (1966) 371

T. L. Gilchrist and C. W. Rees, "Carbenes, Nitrenes and
Arynes", 2nd ed., Thomas Nélson and Sons, London (1969)

73

*A.. van Roodselaar, I. Safarik, O. P. Strausz and H. E.

" Gunning, J. Amer. Chem. Soc., 7100.(1978) 4068 ' R

91.
92.

93.
94.

95.

F. Stuhl and H. Niki, J. Chem. Phys., 55 (1971) 3954 (i
J. T. Herron and R. E. Huie, J. Phys. Chem. Ref. Data,-%LS
(1973) 467 |

c. A. Arrington, Jr, and D. J. Cox, J. Phys. Chéh., 79
(1975) 2584 | | |
P. Herbrechtsmeir and H. .Gé. Wagner, ‘Ber. Bunsenges.

Physik. Chem., 79 (1975) 461

P. Herbrechtsmeir and H. Gg. Wagner, Ber. Bunsenges.



236

Physik. Chem., 79 (1975) 673

‘96. W. M. Shaub, T. L. Burks and M. C. Lin, Chem. Phys., 45
(1980) 455 r | |

97. J.'Conndr, A. van Roodselaar,” R. W. Fair and O. °P.

Strausz, J. Amer. Chem. Soc., 93 (1971) 560

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

m

99. K. S. .Sidhu, E. M. Lown, O. P. Strausz and H.

Gunning, "J. Amer. Chem. ySoc., 88 (1966)° 254; .O. P.

Strausz, Pure Appl. Chem., 4 (1971) 165

100. J.; Fenwick, G. ' Frater, K.»_Ogi and O. P. Strausz, J.
Amer. Chem.-Soé., 95 (1973) 124 |

101. H. E. Avery and S. J. Heath, Trans. Farad. Soc., 68
(1972) 512 ' LI

102. 0. P. étrausz, R. K. Gosavi, A. S. Denes and I. G.

“ Csizmadia, J. Amer. Chem. Soc., 98 (1976) 4784

103. O. P. Strausz, R. Kfﬁcosavi and H. E. Gunning, Cbem.
éhys. Letters, 54 (1978) 510 O

104. B. Verkéczy, Ph. D. Thesis, Uhivérsity of Alberta (198f)'

105. 0. P. Strausz, W. B.‘O:Caliaghan) E. M. Lown and H. E.

- Gunning, J. Amer.\Chem. Soc,i a3 (1971)‘§59

106. P. Carlier, J. E. Dubois, P. Maselet and G. Monview, J.

Electron Spectry. Rel. Phénémena, 7 (1975),55

. 1072. G. E. Oweﬁ,}J. M. Pearson and M. Szwarc, Trans. Farad.

~Soc., 61 (1965) 1722

. ,
108. R. K. Gosavi and O. P. Strausz, to be published

109. W. von E. Doering and W. A. Henderson, Jr., J. Amér.

Chem. Soc., 80 (1958) 5274 : .



110.

112.
113,

114,

115.

116.
117.
118,
119.
120!

121.

122,

l
S . 237

{

ﬁ

I. M. T. Davidson, Reaction Kinetics, Specialist

Periodical Reports (Chem. Soc., London), 1 (1975) 212 ¢

P. John and J. H. Purnell, J. Chem. Soc., Farad. Trans.
1, 69 (1973) 1455 | |
B. Cox and J. H. Purnell, J. Chem. Soc., Farad. Trans.
1, 71 (1975) 859

C. J. Mazac and J. W, Simons, J. Amer. Chem. Soc., QQ
(1968) 2484

W. L. Hase and J. W. Simons; J. Chem. Phys., 54._(197t}

1277 . ,
R. E. Berkley, 1. Safarik, O. P. Strausz and H. E.

Gunning, J. Phys. Chem., 77 (1973) 1741; R.‘E. Berkley,

I. Safarik, H. E. Gunning and O. P. Strausz, J. Phys.

" Chem., 77 (1973) 1734; O. P. Strausz, E. Jakubowski, H.

S. Sandhu and H. E. Gunning, J. Chem. Phys., 57*\11969)

552

E. R. Austin and F. W. Lampe, J. Phys.. Chem., 87 (1977)

1134 ) s
R A Svehla, NASA Technical Report R132 (1962)
H E O'Neal and M A. Rlng, Inorg ‘Chem., 5 (1966) 435

R. Roberge, c. .Sandorfy, J. 1I. Matthews and 0. P.

Strausz, J. Chem. Phys., 69 (1978) 5105

R. P. Hollandsworth and M. A. Ring, Inorg. Chem., 7
(1968) 1635
J. H. Meal and M. K. Wilson, J. Chem. Phys., 24 (1956)

385
R. E. Wilde, J. Mol. Spectroscopy, 8 (1962) 427

?

ey



123.

124.

125.

"~ 126.

j27.
128.
129,
~130.

131,

132.
133.

134.

238
E. A. V. Ebsworth, M.’ Oyﬁszchuk and N. Sheppard, J.

Chem. Soc., (1958) 1453

D.‘E. Webster, J. Chem. Soc., (1960) 5132
I. M. T. Davidson .and A. V. Howard, J. Chem. Soc.,
Farad. Trans. 1, 71 (1975) 69 , ey
M. D. Sefcik and M. .A. Ring, J. Amer. Chem. Soc., 95
(1973) 5168 |

K. A. Perkins, f. G. Perkins and T. N. Bedl, unpublishedi
data | '

R. T..Conlin, P. P. Gaspar, R. H. Levin and M. Jones,
Jr.,.J. Amer. Chem. Soc., 94 (1972) 7165

M. I. Al-Joboury and D. W. Turner, J. Chem. Soc., (1964)
4434 )

J. L. Franklin and S. R. Carroll, J. Amer. Chem. Soc.,
91 (1969) 6564 o

R. T. Morrison and.R. N. Boyd, "OYganic chemistry”", 2nd
ed., Allyn and Bacbﬁ, Boston (1970); J. A. .Hirsch,
"Concepts 1in Therotical Organichhe$i§try", Allyn and
Bacon, Boston (1975) |

M. M. Dhingra, G.  Govil, C. R. Kanekar and C.. L.

Khetrapél, Proc. Ind. Acad. Sci., 654 (1967) 203

K. Watahabe, ‘T. Nakayama and ‘J.- Mottl, J. Quant.
Sﬁectry..Radiat. Transfer (1962) 369
W. vyon E. Doering and L. H. Knox, J. Amer. Chem. Soc.,

72 (1950) 2305 - \

135, G. L. Closs and L. E. Closs, Tetra. Letters, 10 (1960)

38



136.

137.
138.

139.
140‘

141,
142.

143.

144 .

239

K. C. Ferguson and E. Whittle, Trans. Farad. Soc., 67
(197f) 2618; S. H. Jones aﬁd E. Whittle, Int. J. Chen.
Kinetics, 2 (1970) 479; S. Furuyama, D. M. Benéon and S.
W. Benson, Int. J. Chem. Kinetics, 2 (1970) 83

D. M. Golden and S. W. Benson, Chem. Rev., 69 (1969) 125
G. W. Wheland, "Resonance in Organic Chemistry", John
Wiley and Sons, New York (1955) ‘

C. K. Kanakar, G. Govil, C. L. Khetrapal and M. M,
Dhingra, Proc. Ind. Acad..Sci., 64A (1966) 315

Sir D. Barton and W. D. Ollis, "Comprehensive Organic
Chemistry", 4 (1979) .

M. K. Mahanti, Ind. J. Chem., 158 (1977) ‘168

P. Linda, G. Marino and li} Pignataro, Ric. Sci., 39
(1969) 666 | | e ‘

P. Linda and G.vMarino, J; Chem. Soc., (1968) 392}
S. Clementi, F. Genel and G. Marino, Chem. Comm., (1967)
498 | - | A\
L. A. P. Kane-Maguire and C. A. ﬁansfield, J. Chem.

Soc., Chem. Comm., (1973) 540



APPENDIX A

Standard and weighted least square plots of yk" versus [S]
have been carried out for each of the following substrates:
1-butyne, disilane-d,, hexamefhyldisilane, benzene, cyclo-
hexkne, 1,4-cyclohexadiene and . tetrahydrofuran, using
unweighted and weighted entries of yk" respectivelyt

For the weighted plots, the weight factor = 1/0%, where
g is 'the root ‘mean square error in the siﬁpe, yk", of the
‘plot of 1n PH vensus delay time t. For example, O = 1.2

msec-' for +yk" = 10.4 % 1.2 msec-'. The results are as

¢

follows, .

1-butyne:
RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR
I A A EEEEE L TSR EEREEE R (A2 R R R EE R R TN XN RS LA AR E RIS A ESEER ]
SLOPE = - 1.9794 . 2.2065
Y-INTERCEPT o= 9.3290 7.8742
ESTIMATE OF RMS ERROR IN SLOPE = 0.23173 0.28612
ESTIMATE OF RMS ERROR IN INTCP = 0.78475 . 0.76560
ROOT MEAN SQUARE DEVIATION : = 1.5714 '~ 1.8073
CORRELATION COEFFICIENT i = 0.90563 0.92233

' hY
~ ) -

disilane~d,:
RESULTS OF ANALYSIS , STANDARD LINEAR WEIGHTED LINEAR
LR R R R g g g LB AR SRS EE TR REE ] AR R SRR EREREL 2
SLOPE = 2.8073 3 1.8964
Y-INTERCEPT = 5.9520 : 6.7418
ESTIMATE OF RMS ERROR IN SLOPE = 0. 15800 : 0.97667E-01
ESTIMATE OF RMS ERROR IN INTCP = 0.50265 0.25387
ROOT MEAN SQUARE DEVIATION . = 1.1313 : 2.6741
CORRELATION COEFFICIENT =

0.98152 0.90066

240
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.

hexamethyldisilane:

A Y
RESULTS OF ANALYSIS STANDARD LINEAR - WEIGHTED LINEAR
LR I R BN I R Y LE RN NN E R R EFE R EEY "'O‘..‘.‘.‘i.‘
SLOPE = 0.14310E-01 0, 15621E-01
Y-INTERCEPT * 9.3716 8.8787
ESTIMATE OF RMS ERROR IN SLOPE = 0.16375E-02 0.34519E-03
ESTIMATE OF RMS ERROR IN INTCP = 0.24927 0.10658
ROCT MEAN SQUARE DEVIATION = 0.65502 0.76313
CORRELATION COEFFICIENT : 0.92441 0.89337

benzene:
P ' 3
RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR
LR RS EREAEEENEEEEZNENEY AR A LA EE SR ERENESZES) A A EEA AR EERERE R R
sLoPE : 0.33620E-01 0.41083E-01
"Y-INTERCEPT = 9.1012 7.8843
ESTIMATE DF RMS ERROR IN SLOPE = 0.25969E-02 . 0.87458£-03
ESTIMATE OF RMS ERROR IN INTCP. = 0.31303 0. 12056
ROOT MEAN SQUARE~BEVIATION = 1.2026 1.5402
CORRELATION COEFFICIENT = 0.93527 0.90431

&
~In those cases ;heré values of yk" were not measured in.
the absence .of subétfates (yk"’ = yk' at [S) = 0), the
effects of includiﬁ%gthe mean value yk'm = 8.0 % 0.4 msec-',
- obtained from 455 measurements, in both the standard and the
weighted plots of yk" versus [S] were ex;mined. The results

obtained for cyclohexene, 1,4-cyclohexadiene and tetrahydro-

furan are presented as follows.



<

B

cyclohexene:

\ 242

SLOPE

without yk'm:
'RESULTS OF ANALYSIS -

T YRR I R R T

Y-INTERCEPT

ESTIMATE OF RMS ERROR IN SLOPE
ESTIMATE OF RMS ERROR IN INTCP
ROOT MEAN SQUARE DEVIATION
CORRELATION COEFFICIENT

STANDARD LINEAR . WEIGHTED LINEAR

L AR R TR R Ty [ EZR AR AR R AR R Y )
N 1.5316 2.0151
8.9441 7.8741
. 0.1082% 0.14061 °
= 0.76728 0.88202
= 1.761% S 3.2749
= 0.96903 0.95050

yk" (; Yk'm) = 8.0 £ 0.4 msec™':

RESULTS OF ANALYSIS STANDARD LINEAR -~ WEIGHTED LINEAR
WAL E P R AR AR RS G R N T Y] tRs PR RN R R,
SLOPE = 1.5473 2.0087
Y-INTERCEPT = 8.8027 7.9114
ESTIMATE OF .RMS ERROR IN SLOPE = 0. 10020 0.11609
ESTIMATE OF RMS ERROR IN INTCP = 0.68767 070509
ROOT MEAN SQUARE ‘DEVIATION = 1.7166 ' 3.1282
CORRELATION COEFFICIENT = 0.97188 0.96000
R y
1,4-cyclohexadiene: ¢
. A ‘ (] r

without yk'm: .
RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR
(R RE AR RNE R A SN ENER N v A AAAAEEE RS SN E T AR A A R R R Z N ]
SLOPE = 1.8719 1.5891
Y-INTERCEPT = 5.8460 6.4380
ESTIMATE OF RMS ERROR IN SLOPE .= 0.81982E-01 ' 0.62192€E-01 C -
ESTIMATE OF RMS ERROR IN INTCP = 0.364 11 . 0.25765
ROOT MEAN SQUARE DEVIATION = 0.80398 1.2078

. CORRELATION COEFFICIENT = 0.98869 0.96055

~ - C e ’

Yk" (= yk'm) = 8.0 * 0.4 msec™':
RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR
.ti»tt'at.titt‘#"tt (A AR EA RS RS EE TR ¥ I ERER N EREEEE R L E ]
SLOPE = 1.8110 1.4883
Y-INTERCEPT = 6.71889 . -7647628
ESTIMATE OF RMS ERROR IN SLOPE = 0.90465E-01 0.66667E-01
ESTIMATE OF RMS ERROR IN INTCP = 0.38816 ) 0, 26683
ROOT MEAN SQUARE DEVIATION = 0.93748 . . 1.4096
CORRELATION COEFFICIENT =

0.98416 0.94243

]
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tetrahydrofuran:

'without yk'm:

RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR
L Y T Vererseviraenny tesensnenmnunne
. SLOPE = ‘ 0.32990E-Q1 0.37473E-01
V-INTERCEPT = 14:133 14.279
ESTIMATE OF RMS ERROR IN SLOPE , 0.70148E-02 0.55744E-02

"o

ESTIMATE OF RMS ERROR IN INTCP 0.94422 0.73143

ROOT MEAN SQUARE DEVIATION = 1.8207 1.9724

CORRELATION COEFFICIENT = 0.80516 0.83791
yk" (= yk';m) = 8.0 % 0.4Nmsec":

RESULTS OF - ANAUY§}S il BSTANDARD LINEAR WEIGHTED LINEAR

‘totnturn.t‘t‘t.ttt LA LRI R ‘t‘i"ttt"tt.l‘
.

. SLOPE Y} \0.40638E-0) 0,60053€-01
CY~INTERCEAT. ~

TN
v 12.914 11.502

ESTIMATE OF RMs £ i o, sss -02 0.61480E-02
ESTIMATE OF ,RMS ERRCR. JRH . 0.77934
ROOT' MEAN SQUARE DEVIATION= & | = 2 2871 2.8228

CORRELATION COEFFICIENT 0.81070 0.8B2971

The above results indicate that the method used in this
work for the treatment of data 1is satisfactory, since

weighting the yk" entries or including the mean value vk'y,

in the ‘'plots.’ where the values of yk" were not measured at

[S] = 0 does not in general alter the correlation coeffi-

cients of the plots.

’, :
& o . e

-



APPENDIX B J

The correlation coefficiénts for the plots of yk" versus [S]

for all the substrates studied in this work are presented .

here, along with the second order rate constants k, and the

number of measurements. In all, there are 26 plots with

correlation coefficients > 0.9, 14 plots with correlatjon

coefficients between 0.8 and.0.9, and 3 plots with correla-
tion coefficients < 0.8,

The correlation coefficients.bf the plots for amaonia,
acetjléne*d,, and dichlorosilane are all < D.B. For ammgnia,
4.5 x 10* M"' s°' <k, <3,5x 107 M' s°' (160 measure-
ments) and the correlation coefficient was 0.44. for
isobutane, ky = (3.1 :'1.3) x 107 M"' s°' (152 measurements)
and the correlation éoefficient was 0.50. For dichloro-
,silaheﬁ k, was not‘dete%mined al;hough the yk" versus fs]
plot has been made (140 measuremenzgi, with a correlation
coefficient of 0.53. Possible explanations for the poor
correlations obt?ingd with these compounds have . been

discussed in Chapter III.

For isobutane, the rate constant k, was determined to

be éﬁ.S + 0.4) x 10¢ M-*' s-' (112 measurements) and the’

correlation coefficient was 0.94, Data for the other:

substrates are as follows.
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