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Niin pdivini ensimiisnid
~ itse seppo Ilmarinen
kallistihe katsomahan
ahjonsa alaista puolta
- mitd tullehe tullesta,
selvinnehe valkeasta.

On the very first day

he himself, smith Ilmarinen
looked down, looked caréfully,
into the bottom of the furnace
if perchance amid the fire

‘something brilliant had developed.
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CHAPTER 1

Introduction.

I.1. REDUCTION AND OXIDATION IN ORGANIC CHEMISTRY AND IN

BIOCHEMISTRY.

Oxidation and reduction are fundamental processes account-
ing for many chemical reactions. In the oxygen-rich atmosphere
of the earth, oxidation of compounds is usually easy to bring
about. Often oxidation even tends to proceed all the way to
the most oxidized compounds that can be derived from a given
substrate and oxidation to only a certain level requires the
use of more or less complicated control mechanisms. Technolo-
gically and biologically the oxidation process is the primary
source of emergy. Though nuclear fission today and nuclear ‘
fusion in the future will become more and more important tech~
nological sources of energy, the availability of oxidizable,
enérgy-rich compounds will remain of the utmost importance for
all living beings. '

These oxidizable compounds (i.e. food in a very broad
sense) can be formed from oxidized materials (COZ, HZO) by
green plants because in their cells the fundamental reductive
process of photosynthesis can occur. Many text-books describe
this process more or less detailed', but a few salient points
will be noted here.

The energy of light is captured by chlorophyll in plant
cells and used to split water in oxygen, protons and high-
energy electrons. Carrier compounds transport the energetic
electrons into different photosystems where, among other
things, two important high-energy compounds are synthetized,
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‘ v1z. Adenoside~TriPhosphate and Nicotin- amlde-Aden051ne Dinu-
,cleotlde Phosphate, commonly referred to as ATP and NADPH.
{See figure 1.)
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Fig. 1.

In biological systems, ATP serves as an energy-ca&rier.
Splitting of one or more of the anhydride phosphate linkages
in ATP releases much free energy, for instance:

(1)e... ATP —> ADP + P, ; AG® = -7.0 kcal.mole™l.

NADPH {or NADH, which is an analogous cdmpound missing

the phosphate ester on the 2'-position of the ribose ring)
sd¢rves as the most important source of hydride ions. Reduction

~of a substrate is usually accomplished by the transfer of a
hydride ion from NADH or NADPH with the concurrent uptake of a
proton from the aqueous medium: )

#° I =’

NHy o H' o Substr —w (f )| NHz ¢+ Substr —Hy

e

N
-
R
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In the glucose producing Calvin-cycle?, reactions (1) and
(2) are coupled enzymatically in the reduction of the C=0 group
of 3-phosphoglycerate to an aldehyde group {glyceraldehyde-
3~phosphate). This latter compound is used to form glucose and
ribulose-5-phosphate in another enzymatically catalysed process,
called the"pentose shunt"”. Ribulose-S-phosphate is once more
energized by ATP and reacts subsequently with free C02 in an |,
enzymatic process catalysed by diphosphoribulose carboxylase.
Two molecules of 3-phosphoglycerate are formed and the Calvin-
'cycle starts anew., Note that the glucose forming reactions are
driven by the energy supplied by ATP and the reducing power
supplied by NADPH. In this way the energy of light is ultimate-
ly stored as reducible compounds. In quite analogous fashion
the formation of fats, which represent a class of even more
reduced, i.e. energy-richer substances than the sugars, is also
driven by ATP and NADPH.

In animal cells the energy stored in reducible compounds
(sugars, carbohydrates and fats) is released via accurately ba-
lanced oxidative processes. NAD" serves as the important hy-

" dride acceptor (= oxidator) in the mitochondria of animal cells.

During these oxidative processes, ATP is formed from ADP and
phosphate groups. ‘ ‘

In the well known Krebs-cycle?, activated acetic acid,
derived from fats and sugars and present as CoASmCO.CHS, is '
"burnt” to o, and NADH plus other high-energy compounds
(such as GTP and FAD}. The energy of NADH is released in a
chain of reactions called the 'respiratory chain". The step-
wise oxidation-reéctions in the chain lead to the formation
of three molecules of ATP for each molecule of NADH oxidized
and the ultimate formation of water from oxygen and the trans-
ferred hydride ions plus protons. Though the chain is composed
of many complex enzymatic reactions, the overall-reaction may be
represented by:

(3)... Substr.Hz + %Oz + 3 ADP + SPi-—4>Substr. + Hzo + 3 ATP, .

In figure 2 the respiratory chain is schematically drawn and
a few important cycle-reactions are included.



The important reactions of the "respiratory chain' in-

volve either hydride transfer reactions or electron tramsfers,
accompanied by proton transfers. In this respect there is no
cessential difference between these enzymatically catalysed

reactions and red/ox reactions in organic chemistry. In the

" latter case, reduction is also accomplished by the transfer
of either "free" hydride ions (i.e. hydrogen with both bonding
electrons) ggvby the cooperative action of electrons and
protons. The metalhydrides (LiA1H4,NaBH4, LiH etc.) are reduc-
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Plg.2. The "respiratory chain".
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‘tors of the first kind,but also many organic compounds forming
stable cations (such as cycloheptatriene and triphenylmethane).
The alkali and the alkaline earth metals form reductors of the
second type (e.g: Birch-reduction or reduction via Grignard-
compounds) . ‘
Biochemical reduction by NADH or NADPH always involves
the transfer of a hydride ion together with a proton in an
enzymatically catalysed reaction. Formally, one can speak of
the transfer of an H, molecule. Two important properties of
enzymes are responsible for the catalytic rate enhancement
and the stereospecificity of enzymatic reactioms, viz. the
stereospecific binding on and the bifunctionality of the

catalytic site., Most enzymes are very large protein-chains
with a very ordered geometry {the so-called tertiary structure)
while the reactive site itself is often surprisingly small.
As far as we know now, every enzymatic reaction starts with
properly orienting the molecule (or molecules) near the cata- .
lytic site of the enzyme. In this way the right scene is cre-
ated for the reaction that is bound to occur or, as one could
say, the molecules are oriented in z stimulating surrounding s¢
‘that reactions, which would require much more drastic condi-
tions otherwise, can proceed very fast and very stereospecificﬁ
As an example consider the reaction between NADY and an
aldehyde (glyceraldehyde-3-~phosphate) catalysed by a dehydro-
genase enzyme®. [See figure 3). In this reaction NADY is first
properly oriented and bound on the catalytic site of the en-
zyme and a sulphur-carbon bond is formed. The incoming alde-
hyde is protonated, presumably by the thiolic proton, and the
hydride transfer per se is accomplished by the fast nucleophi- .
lic attack of sulphur on the developping carbenium ion center
under the concurrent release of a proton with its pair of
bonding electrons (i.e. a hydride ion is transferred). Due to
the stereoselective binding on the catalytic site, the hydride
ion transfer is also stereospecific. Furthermore, the bifunc-
tionality of the catalytic site is introduced here by the
presence of a reducible thiol group, the acidity of which is



6

greatly enhanced by the formation of the sulphur-carbon bond

and the presence of an oxidizable group capable of adding to
+ ‘

NAD .

Fig. 3. Dehydrogenase catalysed hydride transfer between
NAD® and glyceraldehyde-3-phosphate.



Reactions cccurring in vitro between reducible compounds
and hydride donors often also show stereoselectivity. The
reduction of ketones by means of Grignard-reagents, for instance,
proceeds in a stereoselective way. The B-hydrogen atom of the
Grignard-compound is transferred as an hydride in a cyclic
transition state (see figure 4). Deuterium labelling® and the
use of optically active Grignard-reagents® revealed the stereo- .
specific nature of the transition state.

CHi
(H3ChliC \  / H - CaHg
AWASDN

é”gw/ cfa¢“3'
I (’l M
o) (o
\/"“Mg/ \H

]

Fig. 4. Reduction of methyl,tert.-butylketone by an optically
active Grignard-reagent,

It may be noted that the phenomenon of bifunctionality
plays a r8le in these reactions quite analogous to the enzyma-
tically catalysed hydride transfer reactions. Due to bond

.polarization in the C=0 bond, both an acidic and a basic center
are present in the same molecule, capable of liganding with the
metal and the developping hydride ion at the same time. Thus,
cyclic transition states emerge and these features are found
back in the well known Meerwein-Ponndorf reductions and
Oppenauer oxidations®.

Furthermore, it may be noted, that the liberation of the
reduced compound {i.e. the alcohol) requires the addition of
protons, usually in a discrete second step. Formally, however,

_we may say that a hydride ion plus a proton are transferred to
achieve the reduction of a carbonyl compound to its correspon-
ding alcohol.
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I.2Z. INTRAMOLECULAR RED/OX REACTIONS IN HYDROCARBONS: HYDRIDE
AND ALKIDE SHIFTS. ‘

The generation of carbenium ions (for the nomenclature on
carbocations: see ref.7) may be followed by rearrangements
leading to more stable products. Either intramolecular or
intermolecular hydride or alkide shifts may occur. Bo€h~react«
ions are of fundamental importance for the formation of high-
octane fuels in acid catalysed cracking and branching processes
carried out in refineries. A few examples of intramolecular
shifts are given in figure 5. These examples are merely illus~-
trative; for more detailed information concerning intra- and
intermolecular hydrogen- and methyl-migrations, see refs. 8 and
9.

Note that reactions (a) and (b} represent tertiary-tert-
iary shifts; H-shifts are faster than CHS-shifts, preéumably
due to steric reasons. Secundary-secundary shifts (c) are also
very fast, as indicated by the fact that cyclo-pentyl cations
are observed'’ in PMR spectra as singlets (8§ = -4.75 ppm.) at
temperatures as low as -130° C. The lower stability of secun-
dary carbenium ions as compared to tertiary ions causes the
secundary-tertiary shift (k in (d)) to be rather slow. In the
reverse case (k' in (d)) it is quite the opposite: tertiary-
secundary shifts are very fast indeed. Non-classical stabili-
zgtion (as in (e))} lowers the rate of 1,2-hydride shifts tre-
méndously while the same occurs when unfavourable orbital
orientation®! (as in (f)) introduces a high po;ential‘barrier
fbr the‘T,Z—shift. The rather slow proton exchange in hexa-

1 at -100° )2, which
can be regarded as consecutive 1,2-hydrogen shifts, may be
due to the above mentioned factors: unfavourable orbital

methylbenzenium ions  (about 18 sec

orientation ( in the rigid pentadienyl ring, rotation around-
C~C bonds is impossible) and the loss of resonance stabili-

zation in the transition state. Both factors may decrease

the exchange rate (cf. with tert.-tert. shifts :10% to 10°

sec™ ! at -100°¢C).



¢ ¢ ¢
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(a) k > 5 x10° sec™! (-180°C) (4) k = 10 sec”! (-40%)

) k> 10% sec”! (-100°C) k> 104 sec™! (-40°C)

() k >  10% sec”? (-130°C) (e) k = 2.9 x1073 sec”! (~29C)
' (£) k < 2 x107° sec™! (+105°C).

R

i

Fig. 5. 1,2~-Shifts in alkyl carbenium ions. (from ref. 9 and
references cited therein.)
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That the occurrence of alkyl carbenium ions is - not res-
“tricted to strongly acidic conditions and low temperatures is
nicely demonstrated by one of the key-steps in the biosynthe-
sis of sterols, viz. the enzymatically catalysed cyclization
of squalene to lanosterol. Bloch and Chen'® showed that cycli-
‘zation of squalene in the presence of 2H20 or H2180 did not
result in labelled lanosterol, while cyclization in the pre-
.sence of 1802 gave lanosterol, specifically labelled with 180
in the hydroxyl group. Van Tamelen and co-workers'® demonstra-
ted that the first step of the oxidation-cyclization process is
the formation of 2,3-epoxysqualene. Once formed, this interme-
‘diate can be converted anaercbically to lanosterol. Squalene~-
epoxydase and epoxysqualene-cyclase, respectively, catalyse
these reactions,

As has been noted already (page 5), every enzymatic react-
jon starts with properly orienting the substrate(s) near the
catalytic site of the enzyme. In the case of the cyclization
of 2,3-epoxysqualene it has been suggested!®, that the confor-
mation of 2,3-epoxysqualene in the substrate-cyclase complex
is such, that the m-orbital interactions favour the formation
of proto-lanosterol, presumably in a concerted process. The
coiling of the molecule (see figure 6) already resembles the
product that is to be formed.Cyclization is imitiated by the
attack of a proton (or another strong electrophile) on the
gpoxyde bond, generating a tertiary carbenium ion cenéer on
C(i) Presumably in a concerted process, o-bonds are formed
between C(2) and C(7} and between C(6) and C(11), respectlvely,
while the positive charge shifts to C(10). Note that C(6) and
C(10) are tertiary centers. In the enzymatic reaction, the
third ring is also six-membered indicating ring closure be-
tween C(19) and C(15), while a secundary carbenium ion is formed
on:C(14) in this step. Some unknown interaction between the
enzyme and C(14) of epoxysqualene may be operative and,pre-
sumably, the favourable orientation of the C(15) w-lobe, which
is directed towards the C(10) w~lobe, also forces the formation



Me Me Me

2.3- epoxy -squalene

cyclase enzyme

protolanosterol

-@

" lanosterol

-Fig. 6. Enzymatically controlled cyclization of 2,3-epoxy~-
squalene to protolanosterol.

11
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of a C-C bond between these two carbon atoms. Proto-lanosterol
is finally formed upon the attack of C{14) on C(18).

The non-enzymatic cyclization of 2,3-epoxysqualene differs-

- from the enzymatic process in that the reaction stops at the

formation of a tricyclic compound®®, having a five-membered
C ring (see figure 7). Thus, in this case the tertiary carbe-
nium ion center on C(10)} attacks C(14), generating the more
stable C(15) carbenium ion. On quenching this ion gives mainly
the tricyclic alcohol due to deprotonation of the CH3-group
on C(15). However, a substantial amount of rearranged product
is found, containing a double bond between C(10)} and C(11),
indicating that in the non-enzymatic ring closure 1,2-hydrogen-
shifts are as rapid as deprotonation.

The formation of lanosterol from protolanosterol involves
two consecutive 1,2-hydride shifts and two 1,2-methide shifts,
and the subsequent removal of hydrogen on C(11) as a proton'?,
geherating a double bond. This rearrangement is also enzymati-
cally controlled and probably a second catalytic site of the
cyclase enzyme is involved!®.

Fig. 7. (a) Lanosterol; (b) Tricyclic product from the non-
enzymatic ring closure of 2,3-epoxysqualene.
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I.3. INTERMOLECULAR HYDRIDE TRANSFERS.

. 1
According to Demo et all® the characteristic features of

hydride transfer reactions are: (1) the hydride ion does not
exchange with labile protons from the medium nor does it react
with these protons to form molecular hydrogen, and: (2) the
carbon atom accepting the hydride ion must have an actual or
potential open sextet of electrons. Carbenium ions clearly
fulfil condition (2), but also any unsaturated carbon compound
may be capable of shifting electrons away to neighbouring

atoms and thus serve .as a hydride acceptor. Olefins and car-
bonyl compounds often can be readily reduced by hydride-donors
under acidic conditions (Brdnsted or Lewis acids may be used).

The rapidity of hydride transfer reactions between (tran~-
sient) carbenium ions and tertiary alkanes was demonstrated
in a very elegant way by Bartlett, Condon and Schneider?® in
1944. Within 1072 sec., isobutane or propane were formed at
25% ¢ when a solution of AlBr3 in isopentane was allowed to
react with tert.-butyl chloride or isopropyl chloride. Further~-
more, an equivalent amount of tert.-amyl bromide was formed.

Since that time a large number of observations has been
published dealing with hydride transfers between ter-
tiary alkanes and alkyl or aryl carbenium ions. It was gene~
rally believed that acids were necessary only to generate the
carbocatidns, either due to an oxidizing action (as in the
case of the deuteration of the methyl-groups of isobutane in
D,S0,, studied by Otvds et al?!) or due to its solvolysing or
protonating ability (as in the case of the acid catalysed
disproportionation of 4,4'-dimethoxy~-diphenylmethanol, studied
by Bartlett et al??).

The introduction, early in the sixties, of very strong
acids (such as HSOSF, HP/SbF51§nd H803F/8bF5) together with the
application of PMR and later “CMR spectroscopy resulted in a
steadily growing number of publications concerned with carbo-
cations. This field has been reviewed by several authors®,®,1%,
In this connection the work of 0lah and co-workers and of
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ﬁrouwer, Hogeveen and colleagues deserves special attention.
‘Actually, hydride transfer belongs to the general
class of electrophilic substitution reactions and it goes
without saying that knowledge concerning hydride transfer
reactions also increases our understanding of electrophilic
reactions in general. ;
Kinetic studies on intermolecular hydride transf%rs are
limited to reversible reactions, with a few exceptions. The
. reversible hydride exchange between isobutane and tert.-butyl
" cations has been studied by Brownstein and Bornais?" in
SOZ/CH2C12 solutions containing AsFS and by Olah et al?® in
SOZCXF containing HSOsF/SbF5 {(1:1). In both cases the bimole~

1 sec™!

cular rate constant was found to be about 104 1.mole”

at -40° C. Deuteride exchange between ZwZH—isobutane and tert.-

butyl cations proved to be about five times SIOwer, indicating

a rather small isotope effect {kH!kD). It may be noted that
" exchange of label with protons is much slower.than the hydride

exéhange reaction, in accordance with the definition of

Deno’?,

Kramer*®, studying the solvolysis of 2-C1-2-CH,-pentane
" in the presence of methylcyclopentane in HSOSF/SbFS, found

97.6 % of unrearranged 2-methylpentane together with 2.4 % of
/rearranged product (viz. 3-methylpentane). From the known rate

of the methide shift in 2-methylpentyl carbenium ionséhe esti- -

mated the concurrent tertiary-tertiary hydride transfér to have
> @ rate of at least 200 l.mole : sec” ! at -50° C. :

: Methylated benzyl cations {(e.g. pentamethylbenzyi cations}
and some aromatic radical cations (such as perylene+; tetracene’)
are excellent hydride acceptorséi. Isoalkanes react very fast
with these cationic hydride acceptors but also secundary alkanes
are reactive. Even primary alkanes have been reported to donate
hydride ions as well as molecular hydrogen. The reaction between
penfamethylbenzyl cations and isobutane is clearly acid cata-
lysed and in HSGSF the rate is at least 60 1.mole-1.sec—l at

-65° c2¢8,
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Intermolecular proton exchangé and carbon-hydrogen bond
protolysis are important side reactions that may interfere with
hydride transfer reactions in strong acids. With deuterated
alkanes, the following reactions may occur:

4y)... RT—D+H+..X' —> R} + HD + X
(5)een Ry=D + H'..XT —>Ry-H + D*..X7

——3> R + R.,-D

1
+
1 1
+
————>R1 + R

(6)... RT-D + R

(7)... R1-D + R

e

2 27D

In principle, all reactions (4)-(7) are reversible, but
(4) and (7) can be made quasi-irreversible by a proper choice
of the reaction conditions. For Ry = tert.-butyl and X~ = SbF,
the rates of reactions (4), (5) and (6) differ markedly under

the same reaction conditions . Reaction (6) is by far the

4 1 1

l.mole “.sec ~.
~at -40° C, Extrapolation to 0° C and assigning the value

one to the latter rate constant, relative rate constants of 10“8;
107% and 1 1.mole”! l, respectively, are calculated for re-
actions (4)-(6)°%'. These values reflect the much lower deuteride
(or hydride) abstracting power of acidic protons, of,'in/other '

fastest with a rate constant?®s%2% of about 10
.sec

words, the much higher electrophilicity of alkyl ‘carbenium ions.
The positive charge of protons is undoubtedly delocalized
much more than in the case with alkyl cations, due to the much
stronger solvation of protons, even in solvents with a very low
nucleophilicity. The oligomerization®® of methane and other
alkanes, which occurs in HSOSFbeFS (1:1) at high pressures and
temperatures between +60 to +160° C has been attributed to
protolytic attack on methane with the formation of transient
methyl cations and molecular hydrogen. The formation of tri-
methylcarbenium ions from isobutane and SOZ/SbFS at low tempera-
tures, on the other hand, has been ascribed to the hydride
abstracting power of SbF; (J. Lukas, quoted in ref. 11). It~
is known since long that Lewis acids, such as AICls, PClS,
,BFS’ SbCl5 and SbFS, are powerful hydride-abstractors (cf. the -
formation of tropenylium ions3®’ from cycloheptatriene and
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' SbClS]. Therefore, it has been argued that in HSOSPXSbFS (1:1)
free SbF; is responsible for the formation of alkyl cations®?.

Tertiary butyl cations react with molecular hydrogen in
HF/SbF5 soiutions (dilute in SbFS) and the kinetics of this
reversible reaction have been investigated by Hogeveen et ali?
Reduction of tert.-butyl cations by Hz was found to bé rather
slow: 3.5 x10™% 1.mote™! 1
cyclopentyl cations or 2-propyl cations is much faster: about
107" 1.mole t.sec™d at -73° c.

.sec ~ at -16 °C, while reduction of

II.4. PROTONATED ALKANES AS INTERMEDIATES IN PROTOLYTIC HYDRIDE
TRANSFER REACTIONS.

The existence of CH; and other protonated alkanes under
mass-spectrometric conditions nowadays is firmly established®?
Field and Munson®* suggested that CH; can act in the gas-phase
either as a Lewie acid, abstracting hydride ions from (cyclo)~
alkanes with the formation of CH, + H,, or acts as a Bridnsted
acid, donating a proton to the alkane with the subsequent
removal of this same proton and a hydride as an Hz molecule
from the alkane. In the reaction between CH; and cyclo-CéDlz,vmainly
C6D?1—ions were formed and proton-deuteron scrambling in these
ions was not observed. Field and Mumson concluded, that if;Cﬁg

behaved as a proton donor, the bonding between the entering
pfoton and the cyclo-alkane was rather different from fhe
bohding between the C-atoms and the originally present§D~atoms.
: Cacace and Speranza®® showed, that the gas-phase tritio-
de&;otonation of meso-1,2-difluoro-1,2-dichloro-ethane.by means
ofi the extremely strong Brdnsted acid SHeSH* {generated through
the radioactive decay of 3Hz)

occurs via a retention me- Hif{ y
chanism. This observation indi- ‘“% //
cates a Cs—symmetry for the F———-C\
transition state (see figure 8). g &[ \g;F
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The methonium ion {CHE) has been the subject of many
quantummechanical calculations®® and the C -symmetry (see
figure 9) is generally agreed to be the most stable of the
various possible configurations, though the calculated
energy differences are rather small.

Fig. 9. Some possible geometries for protonated methane (CHS)
The existence of CH; and related five-coordinated carbo4
cations in solution remains speculative as these species have
never been observed directly by spectroscopic techniques until
now. Based on the observed chemistry of methane in very strong
proton acids, Olak et al.?’ suggested the occurrence of CHE
with Cs—symmetry as a reactive intermediate. Their main
argument for the suggested geometry is, that electrophilic
attack will take place on the main lobes of the sp3-orbitals;
i.e. in the region in C-C or C-H bonds where the electron
density is highest. Furthermore, it has been argued that
attack leading to Cs-like transition states is more probable
for steric reasons®®, Proton-deuteron exchange in adamantane,
labelled on the tertiary positions, corroborates this view.

On the other hand, free SbF may be responsible for the
observed chemistry of CH in HSO FbeFS (1:1), as SbF may
abstract H  from methane, generating CH ions. The observatlon
that H was not evolved in st01ch10metr1c amounts®? supports
this view?. It should be noted that, although protolytic

reactions may be thought to proceed via Cs—like transition
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states, it is not necessary to assume the same kind of
transition states for non-protolytic reactions (e.g. H -trans-
fer between isobutane and tert.-butyl cations)}. In the latter
case, linear transition states rather than triangular,‘cswlike
transition states may occur due to steric reasons. ‘

The problem of the geometry of penta«coordinatedicarbon
species still seems to be unresolved and even the presénce
of CH; and related protonated alkanes is speculative. Though
mahy arguments favour Cs~like transition states for proton-
exchange, hydrogen~-formation and hydride exchange reactions
(for instance: the low or negligibie isotope effects for the
prbton exchange between deuterated methane®®, ethane"® and

isobutane?®®

with strong proton acids and the low rate for

- methide-transfer between neopentane and tert.-butyl cations??
compared with the fast hydride exchange between isobutane
and tert.-butyl cations?**2%), the occurrence of linear
transition states can not be ruled out.

The postulated Cs~symmetry for five-coordinated alkanonium
ions remains controversial, although it should be noted that it is
by no means necessary that Cs—like transition states should be
symmetrical, as has been pointed out by Ofaks’ on steric grounds and,
more recently} by MeIver“! based on a group-theoretical analysis.

" The hydride transfer reaction between alkanes and@methy-'
lated benzyl cations showed some remarkable features wﬁich~
prompted a more detailed investigation. A few salient Qoints
may be noted concerning the reaction, which forms the éubject
of this thesis. First of all it turned out, that this ﬁydride
transfer reaction is acid catalysed in a true sense, i.e. )
protons play a r8le in the transition state. From the obser-
vation, that the rate of hydride transfer from isoalkanes
vtolpentamethylbenzyl cations was found to depend linearly on the

- proton-activity ay *+ (log(k) = -Hy + comstant), it followed
that one proton participates in a termolecular transition
state or intermediate. Furthermore, carrying out the reaction
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~in tritiated acids or with specifically labelled iso-

alkanes (deutefium as well as tritium were used), scrambled
products‘were obtained. Exchange of transferred hydride (or:
deuteride, tritide} was found to occur during the transfer
step per se; proton exchange prior to the actual hydride
transfer step or after the actual transfer step could be

ruled out as a source of scrambling. Finally, variously
‘substituted benzyl cations turned out to be nearly equally
reactive towards iscbutane and other isoalkanes, in spite

of the quite different stabilities of the benzyl cations
used. This points out, that the rate limiting step preceeds
the actual hydride step.

Another remarkable feature which should be mentioned here

is the fact, that quinones could be reduced quantitatively,

by isoalkanes in the presence of catalytic amounts of penta-
methylbenzyl cations, whereas no reaction at all occurred in the
absence of benzyl cations. (See figure 10).

The resemblance of figure 10 with the "respiratory chain" is
noteworthy (see figure 2 of this chapter).

H3Cs .
oH Z;———CH3
H3€’ } HaC
e CH3
‘1!!i;> \\H ‘iii" "
: |

OH Q

Fig. 10. Catalysed hydride transfer between isobutane and
quinones.
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It is assumed that the reactivity of benzyl cations is
caused by the bifunctionality of the system, i.e. a hydride-
accepting group and a proton-accepting group are both present
in the same molecule close to each other, enabling the trans-
fer of a transient proton-hydride pair from solvated, or
protonated, isobutane molecules. Due to the much smalﬁer pola~-
rization of the C=0 bonds in quinones, compared to the
C~CH; bond of benzyl cations, reduction of quinones réquires
other hydrogen donors in which the charge separation between
,thé transferable proton-hydride pair is much larger, such as
is the case in protonated hexamethylbenzene. In this context,
a close parallel is found between these red/ox reactions
and enzymatically controlled reductions.
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CHAPTER II

Generation and Properties of Benzyl Cations.

II.1. INTRODUCTION.
The cleavage of a carbon-halogen bond in benzyl halides

has been studied under a wide variety of conditions. Nucleo-
philic displacement reactions have received special attention!.
- In weakly nucleophilic, polar solvents these reactions usual-

_ ly occur via a SNl—mechanismz. Depending on the dielectric
constant of the solvent, the nucleophilicity of the leaving
group and the stability of the benzyl cation, either free car-
benium ions or ion-pairs may be present as reactive interme-
diates?®. \

The generation of benzyl cations as long lived, more or
less stable, intermediates requires the use of strong, anhydrous
acids as solvents, usually at low temperatures to prevent de-
composition of the generated benzyl cations“, Either Brdnsted
acids (e.g. HZSO4, HF, HSOSF or CFSSOSH) or Lewis acids) (such
as SbFs, BF3, PF5 or A1C13) or mixtures of these (the so-called
"super-acids" such as HSOSF/SbFS) are suitable solvents
in carbocation chemistry because of their very low nu-

" cleophilicity. Liquid SO2 or SO,C1F may be added as rather

inert diluents. :
The formation of benzyl cations is either initiated by
proton attack on the parent halide followed by cleavage of
the C-Cl bond®, or it is accomplished by the direct abstraction
of halide ions by a Lewis acid.
In both cases the rate of bond cleavage is enhanced by
solvation of the polar transition state and the energy pf the
intimate ion-pair initially formed may be further reduced by

solvation of the two separated ions. Using Winstein's notation,
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the process may be visualized as follows:

_— @—cuzmm H

CHyCl-+-H™ | caz---m-—ﬁ
* +

=<2 CHyee- CIH N “'CHz

In strong anhydrous acids HC1 behaves like a base and
protonation® of HC1 will shift all equilibria to the right.

CHyCl || + || H

Qe

Pl

5

The actual driving force of the solvolytic process is the
energy, gained by solvation of the generated ions. As Gold
has pointed out, this gain in energy may be substantial’. The
1owering of the energy of the tertiary butyl cation by sol-
vation with water may be in the order of 50 kcal/mole., for
example.

Even under the most favourable conditions, such as very
low temperatures, very low nucleophilicity of the solvent and
the exclusion of moisture, the generation of the primaty phe~
nyl carbenium ion (benzyl cation) as a long lived intermediate
has never been accomplished until now, due to the concurrent
polymerization reaction. Chromium-tricarbonyl complexed benzyl
cations® and para-methoxy substituted benzyl cations® are the
only known mono-substituted benzyl cations to date. These ions
can be observed as stable particles because the positive char-

ge is extremely well delocalized into the substituents.

CHy CHj
C{3
e . CHz
CHy CHy

Alternatively, polymerization reactions between benzyl cations
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_and thelr precursors may be effectively blocked by the intro-
ductlon of substituents, such as fluorine or methyl, whmch are.
poor leaving groups in electrophilic substitution react;ons
The substitution of hydrogen by methyl-groups or fluorlpe not
only prevents polymerization, but also stabilizes the cation
due to hyperconjugation. Substitution thus may have a twofold
effect, viz. delocalization of positive charge and "blocking”
of polymerization side reactions. ‘
Based on the above mentioned considerations, the follow-
ing benzylchlorides were chosen as starting materials to study
the effect of substituents on their solvolytic behaviour,
stability and reactivity towards hydride donors:

- CH3 CHy CH3y CH3 CHy CH3
H3CO —{@}cnzc: —chzcn F CH,CL
CH3 CH3 CH3 CH3 CH3 CH3
Ia Ib iIc
CHy CHy CH3z CH3 CH3z CH3
Br CHyCI H CHyCl 05N CHyCI
CH3 CHj CH3 CH3 CH3 CH3
Id Ie It

11.2. UV/VIS SPECTRA OF SUBSTITUTED BENZYL CATIONS.

1 Dilute solutions of different substituted 2,3,5,6-tetra-
methyl benzyl chlorides I{a~f) were prepared in four solvents
with increasing acidity: concentrated HZSO4, an equimolar
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mixture of H,50, and HSOSP, neat HSOSF and a mixture of'HsosF
with'SbF5 (3.6:1 molar ratio), having Hammett acidities of
-12, -13, -15 and -19.5, respectively'!

On solvolysis compounds I yield the correspondlng benzyl
cations II, which are intensely coloured (from red to purple-
blue) and show characteristic absorptions in the 300-650 nm.
region.

Solutions containing 1074 mole.17! of I(a-£f) were made
by mixing 10.0 y 1. of 2 solution of the parent chloride in

CH Cl2 with 2.5 ml. acid and the UV/VIS spectra of these solu-
tions were recorded at 14.8° C. Increasing absorption at a
certain wave-length was taken as evidence for increasing
solvolysis, neglecting minor changes due to solvent effects.
The results are summarized in table I. Only the data for the
‘twa long-wave absorptions are given as these are characteris-
tic for benzyl cations. The absorptions in the 200-300 nm.
region may be due to unsolvolysed benzylchlorides as well as
to the corresponding cations II. Included in table I are the
data for ions Ila, IIb and IId as given by Olak et.all® and
those of the tricarbonylchromium(0O)-complexed benzyl cation®.

As can be seen in table I, halides Ia and Ib solvolyse
completely in every solvent used, whereas Ic and Id solvolyse
only partially in concentrated HZSO4. Quantitative solvolysis
of Id occurs in stronger acids, such as HSO,F and HSOSF/SbF
Though Ic solvolyses only partially in HZSO , also,
more ions IIc are generated in this solvent than is the case
with IId as can be judged from the larger calculated molar
absorptions. Neglecting solvent effects and using the molar
‘extinction coefficients for the long-wave absorptions of Ilc
and IId in HSOSF/SbF5 (in which solvent complete solvolysis
occurs, as shown by PMR), one calculates about 10 % solvolysis

~for Id in concentrated H2804 and about 65 % for Ic under the
same conditions. ‘

Compound le is merely protonated in H,80, and HZSO4/HSOSF
as can be concluded from the light-brown colour of the solu-
tion and from the rather intense band at 460 nm. In HSO3F a

5"



Uv/VIs spectraa) of solutions of ions Il in different acids .

max

Acid HZSO4 HSOSF/stO4 HSOSP HSOSPbeP5 HSO3FXSbFS
{neat) (1:1) {neat) (3.6:1) {1:1,-50%)
Chloride This work Ref. 12.
la | 435(0.10) 430(0.12) 425(0.11) - 420(0.07)
335(2.30) 330(2.40) 335(2.50) - 334(2.40)
ibv 510(0.15) 500(0.16) 515(0.18) 529(0.21) 520(0.21)
334(1.50) 330(1.40) 330(1.60) 330(1.60) 330(1.70)
Ic 475(0.14) 4706(0.15) 480(0.17) 480(0.17) ——
, 315(0.79) 315(1.05) 315(1.45) 315(1.45) ——
[d 490(0.02) 480(0.16) 510(0.20) 540(0.24) 540(0.24)
345(0.22) 350(0.70) 365(1.70) 364(1.40) 364(1.20)
le - 460(0.55) 545(0.13) 545(0.18) ——
335(0.10) 340(0.70) 320(0.81) 320(1.00) -
if - 410, sh. 420, sh. 420, sh. _———
345(0.10) 350(0.40) 345(0.74) 330(0.85) -
fc“H 514(0.04) dec. --- -—- ---
"‘- Y | 348(0.15) | dec. --- --- -
CricOly |
a)y in nm., calculated molar absorption (x 10“4} between brackets.

JiqrelL

1

. 8¢
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purple~-blue solution is obtained showing a different spectrum
with Anax 2t 545 nm. Addition of SbF5 leads to increased ab-
sorption at this wave-length, pointing to increased solvolysis,
Generation of cation IIf is extremely difficult , even in
HSOSF/SbFS, due to the NOz-substituent. Protonation of If pre-

dominates in strong acids (vide infra) and this side reaction

'

presumably prevents solvolysis to a large extent.

At this point, the striking similarity between the UV/VIS
spectra of cation IIb and of the Cr(CO)S-complexed benzyl cation
is noteworthy. The calculated absorptions of benzyl+ are:
420(0.08), 290(0.55), 206(0.01) and 200(0.27) {(nm, (oscillator
strenght))*®»!*, Introduction of 5 CH;-groups or complexation
with Cr(CO)3 leads to the same shift: 90 nm. HanazakZ and

1% observed a same red-shift in a,o,2,4,6-pentamethyl-

Nagakura
benzyl cations and attributed this shift to steric hindrance
between the ortho- and a-methyl groups. In the case of cation
IIb, and especially for the Cr(CO)3~comblexed benzyl catibn,
this can hardly be a good explanation. Rather it must be as~
sumed , that strong charge-transfer occurs from the substitu-
ents to the lowest vacant MO of the benzyl cation. Thus Cr(CO)3
may be considered as an extremely good electron donor in ac-
cordance with the '"metallic" character of this group. This
charge~transfer stabilizes the cation tremendously (A pKa =6
according to TrahanovskyGI’ but also considerably lowers

the reactivity towards hydride doners.

To check if any unwanted side reactions had occurred
between compounds I and the solvent, or cations 1I (sulphona-
tion, formation of diphenylmethyl compounds or polymerization)
a small amount of adamantane in CHZCI2 was added to the HSOKF—
solutions of I(a-f) and the UV/VIS spectra were recorded sub-
sequently. Adamantane is known to be an excellent hydride donor,
stable in HSOsP, while the adamantyl cation does not absorb
above 200 nm. The UV/VIS spectra of the resulting soclutions
showed unambiguously the formation of the proton complexes of

compounds III in each case.
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The UV/VIS spectra of pure reference compounds III in
HSGsF at 14.8° C were nearly identical with those of the
compounds formed from ions II via hydride transfer. This in-
dicates that in no case irreversible side reactions had oc~-
curred and that compounds I either solvolyse cleanly or at

“the most undergo reversible protonation in the acids used.

The introduction of a stream of isobutane in dilute so-
lutions of Cr(CO}s-complexed benzyl cations in HZSO4 did not
give any visible reaction within a2 few minutes. Only slow de-
composition was observed after about 5 minutes, but this de-
composition also occurs in the absence of hydride donors. This
lack of reactivity supports the view of Trahanovsky® that
stabilization of benzyl cations by Cr(CO)3 is effectedéthrough
electron-donation, leading to a decrease of the positive charge
in the CHZ—graup of the complexed benzyl cation.

11,3, PMR MEASUREMENTS.

‘ Solvolysis of chlorides I{a-f) could be accomplished in
non-nucleophilic solvents at low temperatures. The ease of
fdrmation of cations II is, of course, strongly
dependent on the para-substituent. Therefore, solvents with
~ increasing solvolytic power had to be used going from Ia to

If. The PMR data of Chlorides I(a-f) and of benzyl cations II(a-f)
are summarized in table ITI.
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Table II
PMR spectraa’b of chlorides l(a-f) and cations (a-f).
-X s(cu,e1)  [sccg) e8] s(cHg)®® [s(x) | solvent?
e d .
8 (CH3)
-OCH; | I 4.75 2.30 2.20 3,70 (1)
11| 8.25 3.00 2.70 5.05 (2)
~CH, 1 4.80 2.30 2.45 2.30 (1)
11°] 8.70 2.70 2.35 2.70 )
-F I 4.55 2.15 2.00(d,1.5)} -- 1)
II | 8.70(d,2.5) 2.80 2.30(d,1.5)] -- (3)
-Br I 4.65 2.40 . |2.30 -- (1)
11 9.05 2.90 2.70 -- (3)
-H I 4.70 2.20 2.15 7.00 (1)
I1 | 9.10 2.75 2.40(d,2.0)]8.45 (4)
-NO, I 4.75 2.10 2.35 -- (1)
II | 9.40 2.75 2.55 - 4)

a. Shifts (in ppm.) relative to TMS. Multiplcity and J (in Hz.),‘
between brackets.
. b. The numbering is as follows:

c. See also ref. 12.

d. {1}: 802, -65%; (2): HSOSF with 10 vol. % S0, or SOzClF,

2
—650; {3): HSO F/SbF (about 5:1 molar ratio) with 10 vol. °

% SO,CIF, 6s°, (4): soz or SO,CIF with SbF, -70°. After
the recording of the PMR spectra TMABr was added in each

case.
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The PMR data of ions IIa, IIb and IId agree well with
those published by 0iah et al.?, except for small differences
(0.1-0.2 ppm. downfield), ascribable to our use of internal
reference as opposed to Olak's use of external TMS,

In the case of le and 1f, protonation occurred as a side
reaction in strong proton acids. Upom the addition of about
20 vol.% HSO.F to a solution of Ie in SGZ at -70°, para-
protonated Wheland complex IV is formed immediately. The PMR
spectrum shows temperature dependent line broadening of the
absorptions of HSOSF (6= 10.6 ppm.) and of the aliphatic
-CHZ group (3.9 ppm.), indicating fast intermclecular proton
exchange between Ie and the acid. (See figure 1).

HSO5F 4 HQCHQCI - :CHZCI
- e IVe
—4o° -//\\u- “qﬁﬂ«*,Jﬁ\a._u.JL

12 10 3 0 sppm:

Fig. 1. Proton exchange between HSOsF and complex IV in 802
with 20 vol. % acid.

The assignment of the peaks at 4.6 and 3.9 ppm. to
—CHZCl and CH , respectively, is based on the fact that a S0
solution of o,a-dideutero-2,3,5,6~ tetramethylbenzyl chloride
with 20 vol.% HSO F gives the same PMR spectrum except for
the absorption at 4 6 ppm. This latter absorption thus must

2
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be due to the -CHZCl group of complex IV.

The fast exchange between Ie and HSOSF at ~40° points to
a decreased basicity of this compound compared with, for in-
stance, pentamethylbenzene or durene. These latter compounds
show negligible exchange at -80° in HSOsF as follows from their
PMR spectra. At low temperatures, solvelysis and protonation.
of Ie are competing processes in HSOSF. The fact that
solvolysis is not observed in rather concentrated solutions.
(0.1 molar) indicates that protonation dominates and prevents
the generation of cation Ile to a large extent.

Compound If is protonated on the NOz—group in HSOSF/SOZ
at -60 °C and shows nearly the same spectrum as a solution of
If in CDCls. At =25 0C, fast proton exchange causes the methyl
signals to coalesce. In HSOBF/SbFS (1:1), a broad signal at
about 7.5 ppm. is observed, presumably due to the formation of
strong donor-acceptor complexes between SbF5 and the CHZCI of
If. In this case, protonation of the NOZ-group may also suppress
solvolysis to a large extent.

Due to these protonation side reactions, cations Ile and
IIf could only be obtained in SOZCIF/SbFS solution at -70°,
When a mixture of HSOSF/SbFS (1:1) was added to a solution of
Ie and If in SOZ at low temperatures, solvolysis was obscured by
side reactions, viz. protonation and formation of complexes with _
SbFS.
11.4. THE STABILITY OF SUBSTITUTED BENZYL CATIONS.

The rematkable stability of the pentamethylbenzyl cation

IIb is demonstrated by the fact that the ion does not decompose
when a solution of IIb in HSOsF is heated at 75 °C for 15 minu-
tes'?, On the other hand, If is quite reluctant to solvolyse
smoothly even in SOZC1F/SbF5 due to the strong destabilizing
action of the nitro-substituent. Two observations point out
that the stability of ions Il decreases in the order: Ila >

‘b > e > [Od = e > ILf, viz. the observed solvolytic
behaviour (stronger acids are needed in this order to get
complete solvolysis in dilute solutions) and the observed
differences in PMR chemical shifts between the -CHZCI group
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" and the -CH; group. (See table III),
Table III
14 and 1%F-chemical shift differences for ions I (a-f) and
p-X- C6H4 CF cations, respectively.

Para-subst. A (1H)a) e A (IQch)
‘—OCH3 3.50 - -
-CH3 3.90 324.6 -
-F 4.15 327.3 69.7
~C1 - 326.4 72.1
-Br . 4.40 - 72.3
-J R -—— 73.0
-H 4,40 347.9 75.6
—NOZ 4,65 345.4 -

) 5 ('m) = s (CH,C1) - 6 (CH}), in ppm., from table II.

b} pp = p (CH,C1) - p (CH ), in 103 electron units, as cal-
culated in the CNDO/2 approx1mation.

) a (*F) = ¢ (CEy) - ¢ (CE}), in ppm., from ref. 15.

The strong charge delocalization by the para-methoxy
group is apparent from the rather small downfield shiﬁt of
the CH; protens upon ionization, while the nitro-group is
seen to be the least stabilizing substituent, as expeéted.
The observation that para-fluorine accomodates positive char-
ge better than para-bromine needs some comment. Olaht*
deduced from the experimentally found gF chemical shift dif-
ferences between para-substituted benzyl,a,a-difluoro cations
and their precursors that halogen back~donation increased
from iodine to fluorine. For cation IlIc. this would mean that
the quinoid structure IIé(Z) becomes less important in going from
. para-F to para-J. -
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However, structure IIc(Z) implies the formation of a
fluoronium-like particle and this is incompatible with the
known strong electronegativity of fluor. This kind of mesome-
ric charge delocalization was also rejected by Mikhailow'® in
his review dealing with carbon-halogen bonds. It was shown that

the concepts of mesomerism, when applied to these bonds, frequently
led to contradictory explanations. According to Mikhatlow's

view, halogen effects must be explained by the fact that the
bulkier halides have less favourable overlap with the orbitals
of the carbon atom to which they are bonded.

CNDO/2 calculations, however, show that chlorine donates
slightly more negative charge to the benzylic center than flu-
orine. In polar solvents this inductive electron~donation may
be strongly counteracted by solvation. Noting that the bulkier
halides are much more polarizable, stronger solvation of the
para-~halide substituent will tend to fix charge on the outside
of the atom and this charge will be blocked from the positive
center. Thus, stronger solvation of bulkier halides would lead
to larger downfield shifts of the -CH; or —CF; group in the
benzyl cation.

Referring again to the paper by Gold’, it may be stated
as a quite general rule, that the total energy of a conglo-
merate of ions and solvent molecules will be lowered both by )
solvation and by delocalization, the two processes operating
in opposite directions: delocalization spreads out charge
while solvation leads to charge localization. In different cases,
different compromises between the two processes may prove to
be favourable.

The reluctance of Id to solvolyse as compared with Ic
then reflects the stronger solvation of bromine which leads
to a diminished tendency of bromine to delocalize positive
charge during the {solvolytic) transition state.
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CHAPTER III

Alkanes as Hydride Donors; PMR Spectroscopy.

1II.1. INTRODUCTION.

In 1964, Buck' discovered that a purple-blue solution of
pgntamethylbenzyl cations in HZSO4 turned yellow imme&iately
after the addition of isooctane. Hexamethylbenzene was formed
via a fast hydride transfer according to reaction (1):

CHy
. =)
H

ITI

Malehiek and Hannan®, studying the alkylation of para-
cresol, found that isopentane inhibited the concurrent formation
of bismethylene-phenols. They explained this effect by assuming
that a rapid hydride transfer occurs between the isoalkane and
transient benzyl cations so that these latter reactive species
were removed from the medium before they could couple with pafa-
cresol. Reaction (1), however, showed unambigously that this
reaction indeed takes place.

A wide variety of hydride donors was found to react with
IIb, for example: isoalkanes, 9,10~ dlhydroanthracene, cyclo- '
heptatriene and even molecular hydrogen? The reaction w1th iso-
alkanes is very smooth whereas H, reacts much slower.;The repor-
ted reactivity of methane is questionable as no trace of
‘tritium could be detected in hexamethylbenzene formed via
a reaction between tritiated CH4 and IIb in HSO,F

As will be shown in chapter IV the hydrlde transfer re-
action between benzyl cations and isoalkanes is acid cata-

. lysed. In HSOSF the reaction is completed within a few
seconds at -65° C and ions II{a-f) form products III(a-f) in
high yield upon the addition of isobutane. Due to their
basicity, compounds III are protonated in strong acids and
Wheland complexes IV are formed.
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In sections 2 and 3 of this chapter the PMR spectra of compounds

IV and the basicity of compounds III will be discussed.
The effect of miscellaneous hydride donors (other than

isoalkanes) will be discussed in section 4.

111.2. PENTAMETHYL,X-BENZENES FROM CATIONS II AND ISOBUTANE.

" Solutions of chlorides I(a-f) in 1iquid $0, or 50, C1F ,
were mixed with HSOBP or HSO F/SbF5 at -75° C and an equl— .
valent amount of isobutane was added. Frequently an iscbutane/

nitrogen mixture was used to ensure good mixing of the solu~
tion and to avoid side reactions of isobutane with the acid
{for instance: hydrogen evolution"). The mixture usually
changed colour within 10 seconds and subsequently the PMR
spectrum was taken at low temperature. Table IV summarizes
the PMR data of protonated compounds I11I(a-f).

Quenching of the acidic solutions of III(a-f) in cold
water or methanol and extraction with n-heptane generally
yielded rather pure pentamethyl,X-benzene (80-85%). In the
case of If, however, the pentamethyl,nitro-benzene formed via
the hydride transfer reaction was sometimes contaminated with
unreacted If. This was not the case when isobutane was added
very slowly (about 2-4 mznutes) to a solution.of If in
HSO F/SbFS.

Pentamethyl,methoxybenzene forms para protonated Wheland
complex IVa in HSOSF in which oxygen.carrles a formal p051t1ve
charge. The fact that the PMR spectrum shows no trace of pro-
ton exchange at all accessible temperatures (-80° up to - 10 °C)
and the inequivalence® of the two CH groups ortho to the ‘
methoxy substituent point to strongly hindered rotation a- s
round the 0-C bond of IVa. (See figure 2 for the PMR spectrum
of IVa.)
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Table IV

PMR spectraa) of compounds III(a-f) in strong acidsb) at -70° c.

SR B s(cH)®® | st § (H) 8 (CHy) !
-OCHj 2.15 2.4, 2.6 4.55 [4.15(q.,7)%7|1.55(d.,7)
-CH, 2.85 2.55 3.00 |4.30(q.,7) |1.90(d.,7).
-F 2.70 2.25(d.,1.5) | === 4.35(q.,8) |1.75(d.,8)
-Br®) | 2.40 2.70 -——-  |4.60(br.) |2.80

-H 2.20 2.50 4.45(q.,4) 2.65(t.,4)
-NO, 2.70 2.95 --- 14.6°) 2.85

a) Shifts in ppm., relative to TMS. TMABr (= (CH3)4N+.Br_)

as internal standard;
HSOSF/SO2 or HSOSF/SbF5 (5:1) with SOZC1F as cosolvent.
Multiplicity and J(in Hz.).
A complex pattern was observed between 3.0 and 2.1 ppm.

b)
c)
)

GTMS

= 3.2 ppm.

The main species is believed to be IVd(1) (see figure 4).

e) Nitracidium proton, only observable in HSOSF/SbF5 (1:1)
at -75 °C.
CH3 CH3
H3C
CH3
§O= H
CH3 CH3
i
H .L i ; 5 ppm.

Fig. 2. PMR spectrum of IVa in HSOSF/SO2 at -65° C.
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The fluorine substituent in pentamethyl,fluoro-benzene
{IIIc) enhances the basicity of the para carbon atom of thé
ring as can be concluded from the formation of rather stable
Wheland complex IV; upon protonation of IIlc in HSOSPXSbFS V
{5:1) at -65° C. (See figure 3). A four-bond coupling between
19F and the CH3 groups ortho to the fluorine is observed
(Jg_c-c-c-y = 1.5 Hz.) but coupling between 19¢ and the ali-
phatic CH.CH3 group is virtually absent. That five- and six-
bond coupling is too small to detect (or even absent) can be
inferred from the fact that irradiation of the doublet at
1.75 ppm. results in the collaps of the quartet at 4.35 ppm.
to a sharp singlet without observable splitting and vice
versa.

CHy - CHg
aOns
H

CHg CHy

il

% 3 3 F TE PR

Fig. 3. PMR spectrum of IVc in HSO F/SbF, (5:1) at -65° C.
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In protonated hexamethylbenzene (IVb) a small splitting
of 2 Hz. has been reported due to the coupling between the
aliphatic C-H proton and the para-CH3 group®, but in HSO F/
SbF5 (5:1) diluted with SO this coupling was not observable
even at -75° C. Line broadenlng due to the viscosity of the
solvent may account for the absence of observable splittings
or, alternatively, the different solvation of IVb in HSO Ff
SbF as compared with HF}SbF or HF/BF may lead to a more
distorted geometry of the cyclohexadlenyl cation.. In .the
former solvent, [H SO F~ SbFS] is thought to be the proton—
ating agent while the much less bulky HZF ions are the pro-
tonating agents in HF/BF5 or HF[SbFS. The bulkier agents will

- lead to more steric repulsion in cations such as IVb and IVc-
and this will lead to smaller splittings’. In this context
‘mention may be made of the work of van der Lugt et al?, who
reported para-protonation of biphenyl in HSO;F/SbF, and ortho-
protonation of the same compound in HF/BFS, and explained
this behaviour on steric grounds.

Pentamethyl,bromo-benzene (IIId) presumably torms a mix-
ture of different ions in HSOF/SbF. (5:1). Protonation on
carbon carrying a CHS-group can be ruled out as the character-
istic doublet in the region & = 2.0-1.5 ppm. is not observed.
The spectrum consists of small broadened absorptions at 4.6
and 6.2 ppm. and more intense absorptions in the region where
aromatic CHs«groups absorb usually, at & = 3.05, 2.95§and
2.50 and at § = 2.80, 2.70 and 2.40 ppm. These two sets of
absorptions are believed to belong to two different sﬁecies
as each set has an estimated integral ratio of 1:2:2 and,
.furthermore, as one set has a larger intensity (as a whole)
in HSOsF/SbF5 while the other set diminishes at the same time.
The solubility of IIId in HSOsF or HSOSF/’SbF5 is low and the
absorptions are rather broad -this may be due to the nuclear
quadrupole moment of Br together with the viscosity of the
solvent at the low temperatures- so that accurate integrals
could not be obtained.

Drowning the acidic solution in water gave 11Id mixed
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with some pentamethylbenzene (about 5 to 10 %). Methanolysis
with cold CHSOH»(-GSQC)gave‘more debrominated product IIle
(up ‘to 30%) together with II1Id, as found by GLC and PMR. All
these facts suggest that considerable amounts. of another
cation were formed, besides product IVA(1}. Because of
the absorption at 6.2 ppm. this other cation is suggested to-
be bromonium ion IVd(2). (See figure 4). The PMR spectrum of
1,1,3-trimethylethylenebromonium ion® shows signals at 6.58
ppm. (tert. proton, quartet, J= 6 Hz.), 2.62 ppm. (CH, in the
3-position, doublet, J= 6 Hz.) and 3.10 ppm.( two methyl
groups, singlet). °~ The strong resemblance in the chemical
shifts of the two different bromonium ions seems to support
our suggestion of ion IVd(Z) as the second species present in
solutions of IIId inHSOzF/SbFS.

Br Br H Br H H
+* H* 5 .Br* '
| _H* +Br*
I1Id vd (1) Ivd (2) I1le

Figure 4,

Catjon IIf is presumably present only in low concentrations
in solutions of If in HSOsF as this ion is not observed by PMR.
Nevertheless, on the addition of isobutane,pentamethyl,nitro-
benzene is rapidly formed. Protonation of IIIf occurs in the
NO2 group in HSOsF/SbP5 (1:1) diluted with 10 vol. % SOZCIF.
The nitracidium proton absorbs at § = 14.6 ppm. at -70° and
the -NOOH® group seems to be frozen in a position perpendicu-
lar to the phenyl ring as the ortho methyl-groups absorb at
the same field. Altermatively, rapid intramolecular proton
exchange in the NooH* group may 1ift any inequivalency
of the ortho-methylgroups. In protonated nitro-mesitylene,
the same phenomenon is observed!®. The collaps of the methyl
signals at temperatures above -30 °C in HSOSF/SO2 may also be
due to intermolecular proton exchange.
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- Figure 5 shows the two possible
cénfigurétions for protonated
IITf, At this point it may also
be noted that the formation of
IITf from If goes markedly
slower than, for instance, that
‘of IIIb from IIb.

I1I1.3. THE BASICITY OF AROMATIC HYDROCARBONS.

Compounds III(a-f) are all acting as weak bases and form
rather stable cyclohexadienyl cations (Wheland o-complexes)
upon protonation in HSOSF or HSOSF/SbFS at low temperatures.
Products I1II, originating from the hydride transfer towards
cations II, are rapidly and nearly quantitatively transformed
into their conjugate acids IV (with the exception of IIIf
|which is protonated on the NO2 group). Thus the revers?ble
reactions leading from halides via solvolysis to cations II
and, subsequently, via hydride transfer to products III be-
come quasi-irreversible due to the "terminating" protonation

reaction in strong acids.

The reverse process, i.e. the formation of carbenium ions
upon the protonation of neutral molecules has been observed
with triphenylmethanes!!. In HSO,F/SbF. triphenylmethane
cleaves readily to (C6H5)2-CH+ ions and benzene. Para-methoxy
substituted triphenylmethanes show the same reaction even in
HZSO4. The high stability of the diphenylmethyl cations com-
pared with the stability of the protonated triphenylmethanes
is the driving force for this reversed Friedel-Crafts react-
ion. In the case of the primary benzyl cations, the reaction
with benzene, anisole or durene, for instance, always leads
to the expected diphenylmethanes which indicates the low sta-
bility of the benzyl cations compared to the stability of
the protonated end-product.

In IIIa the CHSO-substituent clearly enhances theébasici-
ty of the para-position of the aromatic ring as the PMR spec-
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trum of IVa does not change from -80° up to ~15% in HSOsF/SO2
and even in neat HSO.F at +35% the PMR spectrum is virtually
the same. At higher temperatures, however, IVa starts to ex-
change protons as 3udged from the broadening of the CH. CH
signals.

The fluoro-substituent in III¢ also enhances the basicity
of the para-position of the aromatic ring, but IVc exhibits
quite rapid proton exchange in HSO P/SbF (5:1) at temperatu-‘
res above -40 °C. From this it may be concluded that IIIa is
much more basic than IIIc.

Similarly, the observed rapid proton exchange in solutions -
of Ille in HSOSF/SbF5 (5:1) above -55% to -50° points to an even
lower basicity of 1Ile as compared with IIIc and, certainly, with
ITIa. It is tacitly assumed that the exchange processes for
the different ions IVa, IVc, IVd, IVe are intermolecular and
have nearly the same activation parameters. From the work of
MacLean and Mackor’® it may be seen that this is true for
compounds differing not too much in basicity, such as durene,
hexamethylbenzene and mesitylene: Using the same solvent '
(HSOBF/SbP5 (5:1)), the temperature where the CH.CH3 doublet
collapses may be taken as a measure for the basicity of the
dissolved compound.

Presumably, pentamethyl,bromo-benzene IIId is less basic
than IIIc and IIle, though this cannot be concluded with cer-
tainty from the PMR spectra. The low solubility of IIId in
strong acids , however, alsoc suggests this. Nitro com-
pound IIIf is the least basic of the six compounds

Hexamethylbenzene is thought to be slightly more basic
than pentamethylbenzene (log(Kb}i = +0,6 and +0.4 for IIlb
and IIle, respectively'?), but the rapid intramolecular pro-
ton exchange in hexamethylbenzendum ions can not be suppres-
sed entirely, even in HSO F/SbF5 (1:1) at -80°. Though this
behaviour has been attributed to tunnellng7b, it was found
that deuterated IVb in DSO F/SO C1F did not show a clear
deuterium spllttzng for the CD CH3 signal even at -90°. This
indicates that D' exchange is still rather fast. If, however,
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proton tunneling really is occurring one would expect deute-
ron exchange to be at least 20 or 30 fold slower'® and the
‘deuterium splitting of about 1 Hz. would be observable at this
low temperature. Remembering that methyl-substitution lowers
the basicity of the carbon atom to which the CHS group is at~-
tached and, at the same time, enhances the basicity of carbon
atoms ortho and para in the ring, it would be expected that
1IIb has a lower basicity than IIle. The rapid intramolecular
proton exchange then may point to a decreased basicity and
would put IIIb somewhere between IIIe and IIId.

On the basis of the PMR data the following order of ba-
sicity emerges for compounds III:

[fla > Iic > Ille > IlIb > IIld > IIIf.

_III.4. OTHER HYDRIDE DONORS.

Cations II react rapidly with isoalkanes {iscbutane, ada-
mantane, methylcyclohexane and 2,2,3-trimethylbutane, for in-
sténce) and it may be noted that the nature of the alkane does
not matter very much as long as there is a tertiary hydrogen
‘in the molecule. The rate of the hydride transfer reaction
diminishes, however, when bulkier alkanes are used (e.g. 2~
methylpropane reacts faster than 4-n.propylheptane or 5-n.bu-
tylnonane). This is attributed to steric hindrance leading to
a larger entropy of activation for the hydride transfer react-
ion.

With methane a slow reaction occurs when cation IIb in
HSOSF or HSO F/’SbF5 (5:1) is allowed to react at -70 °C and a
methane pressure of about 20 atm. Quenching of the acidic solution
after about 90 to 150 minutes gave yields of 35 to 50 % of
hexamethylbenzene. The crude product ususally contained also
considerable amounts of pentamethylbenzyl alcohol or halide Ib.
Carrying out the same reaction withitritiated CH4 (prepared
from CH zMgJ and tritiated water) gave hexamethylbenzene in
which no tritium could be detected. This suggests that some

unknown impurity rather than methane itself reacts with cation
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I1Ib. The low rate of the reaction indicates that this impurity,

whatever it may be, is not an isoalkane, anyway.
Under the same conditions (-70°, 20 atm. pressure, HS0,F/

SbF¢) molecular hydrogen reacts within 45-60 minutes and gives
nearly quantitative yields of hexamethylbenzene. It may be
noted, that reaction of H, with cation IIb in tritiated HSO3F,,
does not lead to tritiated hexamethylbenzene; only unlabelled
product IIIb is formed.
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CHAPTER v

The Influence of the Acidicy; Transfer of
Isotopic Hydrogen.

IV.1. INFLUENCE OF THE ACIDITY OF THE SOLVENT ON THE REACTION-

RATE OF THE HYDRIDE TRANSFER REACTION BETWEEN ALKANES AND

PENTAMETHYLBENZYL CATIONS.

As has been noted already, the reaction between isoalkanes
and methylated benzyl cations is rather fast in HSO,F or other

strong acids (with H, < ~15), even at low temperatures. In

weaker acids, for ingtance in sulphuric acid, cation IIb reacts
notably slower with isoalkanes. The rate of the hydride transfer
reaction thus was thought to depend on the acidity of the solvent .
employed. This dependence was studied by noting the time, neces-
sary to complete the hydride transfer reaction between several
alkanes and pentamethylbenzyl cations in different acidic sol-
vents.

;n concentrated HZSO4 or mixtures of HZSO4 with HSO3F,
halide Ib solvolysed quantitatively to cation IIb, as was shown
in chapter II. The time at which the hydride transfer is essen-
tially complete can be monitored conveniently by the change in
colour (from purple-blue to yellow) which occurs when the last
traces of pentamethylbenzyl cation disappear.

Concentrated HZSO4 was prepared by mixing reagent grade
H,80, with 60 % oleum until the conductivity was minimal?:

1.05 x1073 Mho.cm™!. Freshly distilled HSO,F was mixed with

100 % HZSO4 in volume ratios of 1:2 and of 2:1, respectively.
The Hammett-acidities of these three solvents were taken to be:
~11.9, ~12.9 and ~13.2, respectively, as determined by Gillegpie
et gl? As traces of water or other basic impurities, or a slight.
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ekcess of oleum, may lower or enhance the acidity of 100 %
‘HZSO4 considerably, the H0 value of this solvent may diffet
about 0.2 to 0.4 units. The HSOSFXHZSO4 mixtures are much less
sensible to impurities, as far as the acidity is concerned.
In a typical experiment, 0.5 ml. of a solution of halide
Ib in CC1, (0.5ymole.1‘l} was added to 5.0 ml. of the acid at
0° C. Upon shaking of the heterogeneous mixture, the halide
dissolved into the acid layer and solvolysed completely. To the
purple~blue solution of pentamethylbenzyl cations (about 0.05
mole.1'1), 0.5 ml. of a solution of alkane in CCl4 was. added
(3 mole.l—lj and the mixture was again vigorously shaken to
. ensure dissolution of the alkane. The time at which the colour
of the pentamethylbenzyl cations disappeared was noted. The
results are summarized in table V.

Table V

Overall-reaction times at 0° C for different alkanes with
solutions of IIb (0.05 mole.l'l) in H

2804 or HSOSF/HZSO4 mixtures.
Alkane t(sec) t(sec) t(sec)
Acidity Hy =-11.9 | Hy =-12.7 Hy =-13.2
Isobutane 80 25 =10
Méthylcyclohexane 80 35 =15
Adamantane 220 65 25
2,2,3-Trimethylbutane 250 75 40
4-n.Propylheptane 310 120 55
Cyclohexane >360 >300 2250
n-Heptane >600 >3260 >300

A plot of 10log (t) versus HO gave straight lines with
slopes of about 0.60 to 0.74. As the reaction between the al-
kane and pentamethylbenzyl cations may be considered togbe
pSgudo first-order (both the acid and the alkane are pr%sent
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in excess), the overall-reaction time t is inversely propor-
tional with the reaction rate R of the hydride transfer reaction.
Formally, a first-order reaction takes infinite time to go to
completion, but from the integrated rate-law:

(... ln(A}AGJ = -k.t
it follows, that:
(2)ess t = ¢c/k

in which ¢ (= ln(AafA)) is an arbitrary constant, assuming

A to be equal in each case. As every experiment was performed
in the same way, this assumption seems reasonable. From the
plots of the overall-reaction time t versus ho, the relation
between these two parameters is found to be:

)78

(3)... "r0g(r) = a.my + ¢ or:  (4)... (t) = c'.(hy

in which ¢' is a constant and a is the slope of the line given
by the 10log(t) vs. Hy plots.

Using (2), (4) can be rewritten to:

(5)... O10g(k) = -a.H

+ ¢t

0
Now, assume that the reaction between an alkane (A) and
pentamethylbenzyl cations (B) proceeds in two steps, the first
step being a rapid protonation equilibrium:
K

A o+ H _—— AHT

k

AHT + B fvx# Products.

the rate of reaction per unit volume of solution would be:

(6).c.R =k . Cp = k. (AHD)

obs
with kobs is the observed first-order rate constant, k the rate
constant of the rate-determining step, CA the stoichiometric
concentration of reactant A and (AH+} the concentration of
protonated alkane. From transition state theory it follows,that:

(7}... R = (kZ/h).(X")

with (X%} is the concentration of activated complex.
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Introducing activity coefficients (f), X and Kf can be
written as:
(). (A fyref
(8)... K = —a A
(AH")

fag*

#
(9)... K= DTy

+
(AH)  fay
If the concentration of protonated alkane is very small,

{AH+) may be given by:

#
(10)... (an*y = D22 fa _ (XD 5y

faH

Thus, (X#} is given by:

#
K . .f
(11)...x" = __.,M_A_

. K ff

and, using (7) and (11), the observed rate constant becomes:
K* aH+.fA

(12)... kobs = (KT/ ) o o i
; K f#
Noting that, by definition,:

_ 10
(13)... Hy = -""log(ayg*) . (Fypa/ Find.u*)
it follows, that:

(14)... 101og(k0bs) = -Hg + constant

if (fA/fAH*) is equal to (fIndeInd.H+}’ i.e. if the indicator
base, used to determine the Hammett-acidity of the solvent
behaves the same as the alkane as regards activity coeffi-
cients. '
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1Olog(t) plotted

versus H, gave straight lines with slopes between 0.60 and
0.74. Thus, experimentally, expression (5) was found:

Experimentally, it was found that

(5y...1090g k) = ~a.Hy + et
instead of the previously derived expression (14). The deviatioh
of the experimentally found slopes a from unity may arise from
the fact, that alkanes will behave differently from indicator
bases which are normally used in Ho-determinations. Assumption
of equality between (f,/f,y*) and (f;,5/fr.2 u*)(A= alkane and Ind=
indicator base) may therefore be not valid. Especially the
activity coefficient fa of the unprotonated alkane may be con-
siderably smaller than one in view of the rather large
concentrations of alkane in the acidic solvents, which are
expected to be nearly saturated with alkane. The fact that the
largest deviations of unit-slope are found with methylcyclo-
hexane, 2,2,3-trimethylbutane and tri-n.propylmethane agrees
with this as these alkanes are presumably less soluble than
isobutane (solubility about 0.2 mole.l'1 in HSOsF) or adaman-
tane. The latter compound contains four tertiary C-~H bonds
per molecule and actually, the observed reactivity of adamanta-
ne should be corrected for this. As the slope of the 10g(tj
vs. Hy line remains the same, this correction has been omitted.
In a first approximation, the reaction rate for the hydride
transfer reaction is proportional to the proton-activity. The
dependence of R on ay+ indicates a termolecular transition state
for the hydride transfer between isoalkanes and methylated benzyl

cations in which one proton participates.(see figure 1.)

The observed reaction rate for the reaction:
(15) A + B + H"—= Products
may be expressed as:
(16) ... R = C.(ay).(ag).(ay*). exp(aS?/R - aH’/RT)

where a, and ag are the activities of isocalkane and pentamethyl-
benzyl cation, respectively, ayt is the proton-activity and
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AH# and Asf are the activation enthalpy and entropy of the
reaction. The constant C includes (k7/k) and activity coeffi-
ccdents fypg/frng.p* -

The observation that bulkier alkanes, such as adamantane,
2,2,3-trimethylbutane and 4-n.propylmethane, react slower than,
for instance, isobutane may be due either to differences in the
activity coefficients or to the smaller solubility of these alkanes
in strong acids. Also differences in &H# or ASf may play a réle,
but as in no case a very much slower rate was observed when the
temperature was lowered from +25° C to -70° C (using neat HSOSF),
AH’é may be assumed to be rather small, presumably not larger than
3 to 5 kcal.mole t. A difference of 0.6 kcal.mole ! then would
lead to differences in the rate of a factor 3, but a difference
of 2 cal.% 1 1 in as® would give the same result. In view
of the termolecular nature of the transition state, a rather

.mole”

large activation entropy must be expected and a small change in
AS# seems to be much more likely than relatively large
changes in aH, ‘

¢

Fig.1. Termolecular transition state for the reaction between
isobutane and pentamethylbenzyl cations in strong acids.

As will be shown in the following part of this chapter, the
participation of protons in the transition state leads to the
incorporation of hydrogen isotopes, originating from @he labelled

acid, into the products of the hydride transfer reactions, and
this observation supports the here postulated transition state.



55

IV.2. LABELLING EXPERIMENTS WITH HYDROGEN ISOTOPES.

The use of hydrogen isotopes (deuterium and tritium) for
the study of hydride or proton transfers makes it possible
to measure the position and the amount of transferred particles.
Furthermore, the occurrence and magnitude of isotope effects: o
gives valuable information about the reaction paths that are
followed. Side-reactions, such as concurrent proton exchange,
rearfangements or reactions with impurities, may escape expe-
rimental observation under normal conditions but are easily
discovered when hydrogen labelling is employed.

When solutions of pentamethylbenzyl cations in HSOSF were
treated with equimolar amounts of Z—ZH—isobutane, deuteride
transfer occurred® and deuterated hexamethylbenzene was for-
med. Quenching of the acidic solutions with water and purifi~-
cation of the precipitated hexamethylbenzene gave yielded 75 to
90 % of essentially pure 111 (mpt.160-165° C; pure hexamethyl-
benzene has mpt. 165.8° C, but traces of impurity are known to
have a rather large influence on the melting point).

/ In the mass~-spectrum of hexamethylbenzene, the principal
peak observed at low ionization potential (6.20 eV) occurs at
m/e = 162, i.e. the parent peak. Satellites at m/e = 163 and
164 are caused by 13C containing (C12H;8)~ions. Under the same
conditions, mixtures of differently deuterated hexamethylben~
zenium ions give peaks at m/e = 162, 163, 164 etc. Correcting
for the known 13C content, the percentage of undeuterated,
monodeuterated, dideuterated etc. molecules can be calculated
with an accuracy of about 0.7 %. The analysis of deuterated
hexamethylbenzene, obtained from the reaction of Z—2H~isobutane
and pentamethylbenzyl cations in various strong acids {(see
table VI) showed, that with‘increasing temperature, less
deuteride transfer had occurred. Thus, deuteride transfer is
accompanied by hydride transfer in spite of the fact that the
used deuteride donor (Z-ZH-isobutane) is deuterated better than



56

95 %, as evidenced by the absence of detectable amounts of
protio-compound either observable by PMR or by Raman-spectros~
copy. Analysis of Z-EH—isobutane by means of mass-spectroscopy
proved to be very unsatisfactory, due to the ease with which
tertiary-butyl cations are formed in the mass-spectrometer,
even at very low ionization potentials. ‘

Table VI
ZH—analyses of hexamethylbenzene formed via deuterideitransfer
from Z-ZH—isobutane to cations IIb.
' Acid t (° 0 dp | dy d, ds
HSOSF (neat) -60 21.2 78.3 1 0.5 -
-45 56.8 42.41 0.8 -
-30 63.90 35.01 1.7 0.3
HSOSFXSQZ (1:2 v/v) | =60 14.0 85.0| 1.0 -
SbFS;’SO2 (1:2 v/v) -70 10.4 89.11 0.5 -——
- CF;S0:H -40 51.4 46,0 | 2.5 0.2

At first sight, the fact that deuteride transfer is not-
100 % in SbFS/SO2 might point to imperfect deuteration of
isobutane, but it will be shown that traces of water or other
proton-containing impurities may lead to the formation of
HF in this solvent and the same scrambling behaviour will be
'observed as in the other acidic solvents. k
To ascertain whether or not proton exchange occurs between
Z-ZH-lsobutane and the acid, a set of experiments was carried
out in which the deuterated alkane was added to solutions of
3P at different
temperatures. In some cases, SbFS, KSOBF or 50, was added to

Z
enhance or to lower the acidity of the solvent and thus to

pentamethylbenzyl cations in tritiated HSO

promote or to prevent proton exchange reactions. Tritiation
was accomplished by adding a small amount of tritiated water
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{ 5 ul. with a specific activity of § mCi.ml_l) to freshly
distilled HSO3F {25 ml.). Hexamethylbenzene was prepared via
deuteride transfer from 2-"H-isobutane to cation IIb in these
tritiated acids in exactly the same way as before and the
tritium content as well as the deuterium content of purified'
samples was determined®. Table VII shows the results.

Table VII

2y and Sy content of hexamethylbenzene formed via deuteride-
transfer to cations IIb in tritiated acids.

Acid - «(° ¢) g 2y 4 SH(rel.)
HSO, F -65 - | 254
-65 83.2 24.3
-50 60.4 37.4
-45 42.4 56.3
-30 35.2 68.0
HSOLF/SbE, (5:1) | =65 61.2 27.0
-55 - 39.0
HSOLF/S0, (2:1) -65 84.3 14.0
-50 81.2 13.0
HSOLF/KSOLF (5:1) | -45 82.9 7.0
-40 .- 7.1

The calculation of the relative tritium percentages was
carried out as follows. Known amounts of tritiated HSO,F were
mixed with methanol at low temperature (-50 to -40° C) to
obtain dilute solutions of about 5 % by weight. Small samples
were taken from these mixtures and the tritium content deter~-
mined in the usual way, using Instagel as the solvent. Tritium
.contents were always expressed as dpm.mole_l. As proton exchange
between the methyl-groups of hexamethylbenzene or pentamethyl-
benzyl cations is negligible (vide infra), only one site is left
for the uptake of a tritide ion per molecule, i.e. the reactive

CH;-group. Because HSOSF is present in large excess, complete
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benzyl cations (IId and I1f) give rise to compounds III which
contain slightly more tritium.

Table VIII

Rélative l-content of compounds ITI, obtained via reaction of
cations II with 3H—labelledrisobutane (or: Z—ZH-isobutane) in
neat HSO.F at -70° C.

Compound $ 3H (rel.)a) % 3H (rel.)b)
Illa 4.5; 2.0 52.1
II1b 2.9; 4.9; 2.8 62.5
I11d 3.7; 5.0 69.5
IIIf 11.4; 9.0; 13.6 70. (£3)

3

a) With a mixture of Z-TH-isobutaneXZ- H-isobutane.

b) With a mixture of 2*ZH—isobutane/Z-SH-isobutane. !

The fact that a much higher relative tritium percentage
is found in products from the reaction with SH-containing

Z~2H~isobutane than in the same products obtained from the
3

reaction with “H-labelled protio-isobutane points tola
significant isotope effect for the hydride transfer r
The slightly higher tritium content of products IIId and IIIf

points to increasing selectivity with decreasing stability

action.

¥

of the benzyl cations.

It may be assumed that the low stability of, for instance,
cation IIf leads to a high reactivity towards the hydiide~
donor, i.e. to a lowering of the energy of the transiﬁion state
or the intermediate, in which hydride transfer takes place.

The apparent slowness of the reaction may very well point to
solvolysis as the rate determining step for the overall re-
action. This point will be discussed further in chapter VI.
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IV.3. PROTON EXCHANGE BETWEEN STRONG PROTON ACIDS AND HYDRO-

CARBONS.

‘The observation that deuteride or tritide transfer from
jabelled alkane towards methylated benzyl cations in HSOSF is
accompanied by extensive loss of label may in principle be due
to several reasons. At first sight, the results of the reaction
between labelled isobutane and pentamethylbenzyl cations (see
tables VI and VIII) may be explained by the following assump-
tions:

a) 2-
compound (up to 5 %} as an impurity, in spite of the fact that
great care was taken in the preparation of the deuterated com-
pound. Such small amounts would be hardly visible in PMR spectra
or Raman spectra -so that the presence of unlabelled isobutane
in the deuterated alkane can not be ruled out with certainty. -

2H—isobutane may contain small amounts of protio-

b) Large isotope effects for the hydride transfer reaction
would then lead to relatively large amounts of unlabelled
hexamethylbenzene. '

Assumption b) leads to an kH/kT of about 25 at —700 C,
based on the fact that hexamethylbenzene, prepared via hydrlde!
tritide transfer from SH-labelled isobutane contains about 4 .
tritium (see table VIII). Using the relation of Swain ,1og(kH/kT)
= 1,44 xlog(kH/kD), the hydrogen-deuterium isotope effect would
be about 9, and the deuterium-tritium isotope effect would be
about 2.7. Based on these values 2.5 % of protio-impurity in
2-2H-isobutane would give rise to about 22 % of unlabelled
hexamethylbenzene and the reaction between 3I-I-_labelled 2-2H-is0-
butane and pentamethylbenzyl cations would yield about 40 % of
tritiated product. Actually, 52 % is found( see table VIII).

Assumption b) seems to hold reasonably well, but the obser-
vation that also tritium originating from the acid is found back
in the products III and the observation that the amount of trans-
ferred deuteride decreases with increasing temperature {cf. tables
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VI and VII) peint out that assumptions a) and b) alone can
‘not explain all the experimental data.

In a first approximation, isotope effects are given by:
kakD = exp(-AE/RT), where AE is equal to the difference in
zero-point energy of the C-H and the C-D bonds that are broken

.in the reaction. It is at once seen that the differences in
the rate caused by isotope effects become smaller at higher
temperatures and relatively more deuterium would be expected
gﬁo be transferred at higher temperatures. Experimentaily, the

: ﬁeverse is observed (cf. tables VI and VII).

Proton exchange, either between the acid and the labelled
alkane or between the acid and the labelled compounds III may
occur, prior or after the hydride transfer step, respectively.
Both exchange reactions were separately studied (vide infra)

" but it turned out that proton exchange between HSOSP and
isobutane on the one hand or hexamethylbenzene on the other

hand both are slow processes at low temperatures (beneath
-30° C). As a third possibility, therefore, proton exchange
during the hydride step per se must be considered. First the

experimental data will be given which form the basis for the
discussion of the reaction mechanism in chapter VI.

Proton exchange between the methyl-groups of hexamethyl-
benzene (and, presumably, those of other methylated bénzenes
as well)‘and HSOSF can be ruled out because quenching of a
solution of unlabelled IIIb in tritiated HSOgF (at -40° C)
gave back the starting material with negligible tritium con-
ﬁent,after an exchange time of about 10 minutes. The recovered
compound had an activity of 1.9 x10% dpm.mole'1, i.e. 0.09 %
of the activity of the acid employed. Taking into account that
there are 18 equivalent C-H bonds in hexamethylbenzene, this
amounts to less than 0.5 x1072 § exchange per C-H bond. The
findings of Ginzburg et gl? agree with this. They found that
hexamethylbenzene could not be tritiated when a solution of
this compound was refluxed in 5H4-1abelled CF;COOH for a few
hours. ~
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Using the relation given by Duffield and Calvin®:

17y k = -(1/t).(1/a+b).1n(1-x/x)

the rate of exchange between héxamethylbenzene (0.5 mole.l’l)’
and HSO,F (14 mole.l'l) can be estimated at -40° C. At t =
10 minutes, the mole fraction x/x_ that has exchanged is

8 1 1

6.5 x10-4, and k is calculated to be 1.3 x10 ° l.mole ~.sec
at -40° ¢ per C-H bond.

Hexamethylbenzene is nearly quantitatively protonated in
HSOSF and proton-attack on hexamethyl benzenium iomns will
take place predominantly on the meta CHs-groups. The transition
state of the proton exchange reaction will involve the five-

coordinated carbon species, pictured in figure 2.

¥
(7o

H

Fig. 2. Transition state for proton exchange in hexamethyl-
benzenonium ions.

The dedeuteration of CH;D has been studied by Hogeveen
and Bieckel? in HF/SbF5 {(11:1). Extrapolation of their data
gives k = 1.5 x1077 1.mole l.sec”! at -40° C for this exchange
reaction. The dedeuteration of CZHSD in the same solvent has
an extrapolated rate constant of 4.5 x107% 1.mole"l.sec™! at

-40° C!'? These proton exchange reactions are believed to
proceed via closely related transition states (see figure 3.
The observation that CHSD, CZHSD and (CHs)SCD are dedeu-‘e

terated with comparable rates®,!%»'! ynder the same conditions
(HF/SbF.(11:1) at 0°C: k = 0.2 x107%, 7 x10™% and 50 x107%
l.mole “.sec™ ™, respectively) 1led Brouwwer and Hogeveen'? to
_the conclusion that the five coordinated carbon atom in the
transition states (figure 3) carries little or no, positive

charge. Otherwise, charge delocalization by CH3~groups would
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lead to differently stabilized transition states and, conse-
quently, much larger rate differences would have been expected.
Taking into account the lower acidity of HSO;F (H, =-15)*%%
compared with the acidity of BF/SbF {(11:1) (which is estimated
to be about 10 to 100 times h1gher}, the experlmentaliy found
rate of proton exchange of hexamethylbenzene in HSOSF (1.3 x1¢ -8
1.mole L. sec™! at -40° C) may be as much as 100 times larger
in HF/SbF5 (11:1). Thus, the rate of this proton exchange is
quite comparable with the rate of dedeuteration of CZHSD and
the positively charged cyclohexadienyl-fragment is seen to have
little or no influence on the energy of the transition state
relative to the energy of the reactants. Again, this points to
little or no positive charge of the five-coordinated carbon

atom in the transition state as pictured in figure 3.

B P T+
i + . = - =
: CH5 : R1 R2 % RS = H,.
+ : ] . &= 3
HsC-CH4 : R1 = CHS’ RZ R3 H.,
'3,"(:& (CHS} S_CH : R1 = RZ = RS = CH3
e .
RS / Ry X 3 .
z @ CHy, Ry = @ s Rag=Ry=H

H H

Fig. 3. Transition state (Cs~symmetry) for proton exchange
reactions.

As has already been stated, proton exchange between la-
belled iscbutane and HSO,F is too slow to account for ‘the ob-
served scrambling in labelled products III, obtained from the
hydride transfer reaction between benzyl cations and labelled
isobutane. Experimentally, this was confirmed by measuring the
rate of tritiation of isobutane gas® in the presence of triti-
ated HSOsF. The heterogeneous exchange reaction between a gas
AX and an acid BX' can be followed by analysing gas samples
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provided that the gas-solute equilibrium is fast compared with .
the rate-~determining step (kz) of the exchange reaction.
Scheme A vizualizes the reactions which are relevant in the

system.
t
Axgas AXgas
-1 1 -1 1
' 2 + - 3
Axsolute * BX [ ———— (I) +B P —— BX + AXéolute
-2 -3
Scheme A,

The pseudo first-order rate constant k' and the bimolecu-~
lar rate constant kz are given by:

{(18) k' =(-1/t).1n(1-x/x_) = (K/K+1).(k2f2).{a'+b)

with K = k_1/k1 is the gas-solute equilibrium constant, a' and
b are the concentrations of AX and BX in the liquid phase and
x/x_ is the fractional exchange at time t. For experimental
details and the derivation of (18): see appendix A. Table IX
summarizes the results.

Table IX

Pseudo first-order and bimolecular rate constants (k' and kz)
for the exchange reaction between isobutane gas and 3H803F.

Temp. (° C) k! (sec"l) k, (1.mole"1.sec-1}
-5 52 x107° 25 x107°
0 93 x10°° 45 x107°
+5 180 x107° 89 x10°°
+25 745 x107° 390 x107°

From table IX, the following activation parameters were cal-
culated: sH? = 13.7 kcal.mole” ! and AS* = -22 cal.mole”'.%"T,
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~The dedeuteration of Z—ZH-isobutane was followed by taking
samples at suitable time-intervals and analysing these by
means of PMR spectroscopy. At 0° C, the rate of this reaction
was found to be 32 x107° l.mole” |.sec™ . Comparing this value:
with the rate of the tritio-deprotonation (k = 45 x10-
l.mole 1,sec ), a small isotope effect of about 1.5 can be
calculated . This is in agreement with the observation by
Hogeveen et al.®»'%»!% of negligible isotope effects in the
dedeuteration reactions of methane and ethane.

The dedeuteration of 2-2H isobutane was also briefly
studied by Hogeveen et ali' in a mixture of Freon and HF/SbF
(25 1). At 0° C a half life of about 3.5 hours can be calcula—

" ted from their data, whereas in HSOSF the tritio-deprotonation
has a t, of about 10 minutes. This points to a higher acidity
of HSOS% compared to HF/SbF5 (25:1). The rate difference of a
factor 20 amounts to a differeﬁcs in H0 of about 1.4 unlts,
i.e. Hy (HF/SbF (25:1)) = -13.6 (¢ 0.2) based on a Hj value ;3
for HSO,F of -15 0 (£ 0.1).

That proton exchange between labelled isobutane and HSO F
is indeed a slow process at temperatures below -10° C was also
confirmed by PMR spectra of solutions of 2- ZH-isobutane in
$0,-HSO;F/SbF, (5:1) at -15 °C. Even after 45 minutes the

~deuterium splitting of 1 Hz. remained clearly visible and no
trace of protio-alkane could be detected. The reported fast

' protbn exchange® is in error; it was found that freshly distil-
led HSOSF oxidized isobutane to a slight extent due to traces
of SO3 in the solution. Under these conditions, traces of tert.-
butyl cation are formed and the observed line-broadening and
doublet-collaps is caused by rapid hydride exchange between these

. traces of tert.-butyl .cation and dissolved isobutane.

This reversible hydride exchange was studied by Olak et all®,
who reported a bimolecular rate constant of 104 1.mole—1.sec'1
for this reaction at -40° C. in HSOzF/SbF5 (1:1) diluted with

SO ClF.

Thus, proton exchange between the alkane and the acid can
be ruled out as the source of the observed scrambling of label

in compounds III.
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CHAPTER V

Quantummecchanical Calculations.

V.1. ALKANES AND PROTONATED ALKANES.

The observation of protonated methane in the mass-spectro-
meter’ (in 1966) and the postulated intermediacy of CH; and
related five-coordinated carbocations during protolytic re-
actions between alkanes and so-called "super-acids" (in 1968)2,
triggered theoreticians to perform quantummechanical calcula-

tions on these species. It was hoped that these calculations

would show which geometry for CH; was energetically preferred
and, furthermore, calculated charge densities were supposed
to give valuable information aimed at a better understanding
of the observed chemistry of methane in very strong proton
acids.

Three different geometries were usually adopted as a
starting point, viz. the Cs-symmetry; the D4y -symmetry or the
C4V~symmetry, pictured in figure 1.

Fig. 1. Some symmetries adopted for five-coordinated carbo-
cations.

Gamba et al.®, using the semi-empirical CNDO/2 method of
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Pople, Santry and Segal®, calculated the C -symmetry to be
about 10 kcai.mole'l more stable than the DSh-symmetry. Ab-

-]

initio calculations, performed by van der Lugt and Rose® also

showed the Cs~symmetry to be more stable than both the D

3h
and the C, ~-symmetry (3.5 and 0.3 kcal.mole !

Av , respectively),
but the results of Mulder and Wright® appeared to be at va-
riance with these results. The latter authors concluded that
the energy differences between the three adopted symmetries
for CH: were so small that none of them was more favourable
~than aﬂother.,Later, Pople et al.” performed more refined ab-
initio calculations and found the Ci-symmetry to be definitely
more stable than the Dshand the C4v~symmetries.A11 reported
calculations give geometrical parameters, very similar to each
other, with the exception of the calculations of Pople et al.,
in which a much smaller angle for chHz and slightly longer
bond~lengths for C-Hl,z was found.

As calculations on isobutane or protonated isobutane have
not yet been published, it was decided to carry out some
GNDO/2 calculations on these molecules. To check the reliabi-
lity of the parametrization of the used programme, first CH4
and CH; were calculated. For methane, tetrahedral symmetry[Td)
was calculated and the C-H bond-length was varied between

1.64 and 1.14 . Table X shows the results of the‘calculatiohs.\

The minimal energy for CH4 was calculated to be -10.115
a.u. for a bond length of 1.09 R {(+ 0.02 R) for C-H. This geo-
metry agrees well with that, calculated by Pople et al.’, but
the energy is calculated much too high. It may be noted, how-
ever, that ab-initio calculations are much more suited for the
determination of absolute energies, but within the same frame~-
work, the CNDO/Z method is also suitable for the calculation of
energy-differences. Bond polarization causes carbon to have
a slight excess of electron-density in CH,. Though this may
enhance electrophilic attack on carbon, considerable electro-
static shielding may arise from the positively charged hydro-
gen atoms towards attacking, positively charged electrophiles.

{
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Table X

Calculated emergy® and charge densities® in CH, (T4-symmetry) .

1.08 1.09 1.10 1.14

r{C-H), A | 1.04

Eiot. -10.107
Eglec. -19.663
Ejind. - 1.387
u(Deb.) 0.028
p(C) - 0.050
p(H) + 0.0125

-10.109 | -16.115 | =10.115 | -10.114
~19.743 | -19.558 | -19.557 | -19.452

- 1.390 | - 1.395 | - 1.394 | - 1.393

0.001 0.003 0.003 | 0.024
- 0.053 | - 0.047 | - 0.048 | - 0.045
+ 0,013 | + 0.011 | + 0,011 | + 0.010

a) Energy in Hartrees, 1 Hartree = 1 a,u. = 628 kcal.mole .

1

b) Charges in electron-units; a positive sign denotes

a deficiency of electron demsity in the valence shell,
a negative sign denotes a surplus.

T+

Fig. 2. Cs—symmetry for protonated alkanes
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For CH;, a Cs-like symmetry was adopted (see figure 2)
and CNDO/2 calculations were performed for various angles 8
and for different bond-lengths Ty, Ty and r;. The results aresum
arized in table XI. The geometry with minimum energy (0=56°V
(+ 4°) and ry=r,=1.17 A, 15=1.10 A) agrees well with that cal-
culated by Gamba et al.®, van der Lugt and Ros® and Mulder
and Wright®, though different methods of calculation were
used by these different authors.

Rotation of Hl’HZ around the twofold axis did not change
the total energy within 10"3 a,u., indicating that this rota-
tion has only a very small energy barrier, not exceeding 50 '
cal, mole'l. Pople et al.” also concluded to nearly free ro-
tation of the CH and the H2 parts of the molecule with respect .
to each other and described CHS as  "a hydrogen molecule at-
tached to a CH3 ion". In view of the calculated charge distri~
bution in CHE, this is a somewhat over~simplified view and it
would be more correct to speak of a cationic H2 molecule at-
tached to a strongly polarized methyl radical. According to
the calculations of Pople et al.’, the H-H distance of the
supposed hydrogen molecule is about 0.85 A, whereas our cal-
culations give a H-H distance of 1.10 A, Note that the dis-
tance, as calculated by Pople et al. is rather close to tHa'
equilibrium-value in H, (0.746 A), but the H-H dlstance, cal- .
culated by CNDO/2 methods is rather close to that of HeZ ‘
1.08 A, The stretching as well as the charge in the H, part
of CH5 ion points to considerable weakening of the C-H bonds
in this ion, in accordance with the grossly increased negative
charge of the carbon atom of CH; compared to CH4.

For protonated methane , the results of CNDO/2 cal-
culations showed the DSh-symmetry to be about 3.5 kcal.mole t
less stable than the C -symmetry. Gamba et al?! even calcula-
ted an energy-difference of about 10 kcal.mole ! and Pople
et al.” found a value of about 3.7 kcal.mole“l. Table XII
summarizes our results of calculations on CHg and gives the .
results of Gamba et al.?, van der Lugt and Ros® and Pople



~w Table XI
Calculated energiesa) and charge distributionsb) in CH; (Cs-symmetry).
Ty, A 1.10 1.10 1.10 1.12 1.17 1.30 1.37
T, A 2.00 1.40 1.10 1.12 1.17 1.30 1.37
33, A 1.10 1.10 1.10 1.10 1.10 1.10 1.10
6(degr.) |10 30 40 58 58 56 45 36
E,op | -10.132 | -10.305| -10.447 | -10.467 [ -10.474 | -10.484 | -10.471 | -10.450
E iec. -21.891 -22.801 -23.293 -22.203 -22.949 -22.522 -22.383
Epind. - 0.946 - 1.088 - 1.108 - 1.116 - 1.126 - 1.113 - 1.091
u(Deb.) 5.688 3.472 2.450 2.510 2.796 3.305 3.462
p(C) - 0.009 - 0.098 - 0.204 - 0.199 - 0.170 - 0.100 - 0.026
o (H;) + 0.087 + 0.235 + 0.301 + 0.301 + 0.305 + 0.300 + 0,278
e(Hy) + 0.553| + 0.371 + 0.308 + 0.309 + 0.310 + 0,302 + 0.279
p(Hz) . + 0.124 + 0.164 + 0.197 + 0.196 + 0,185 + 0.166 + 0.156

1

a) Energies in Hartrees, 1 Hartree =

628 kcal.mole *.

b) Charge-densities in electron-units; see also note b),

table X.

el
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1.7 for comparison.

Calculation of the energy of CH; with constant ry and

et

variable angle and bond-length T, simulates the protonation-
deprotonation reaction:

+

A+
(1) - CH, + H _—> CH

4

The entering proton gains electrondensity at the expense of
the four, originally present hydrogen atoms. Formation of the
fifth bond lowers the total energy of the system and from our.
data the proton affinity is calculated to be about 232 kcal.
mole™t. As ab initio calculations are known to be superior

to CNDO/2 calculations, as far as energies are concerned, the
proton affinity calculated by Pople ¢t al.’ may be considered
as more reliable; from their data the following reaction en-
thalpies may be derived:

(2) CHy — CH, + H' -118 kcal.mole L.
(3) CH{ —> CH, + H' - 83 kcal.mole !,
(4) CHf —> CH; + H, - 16 kcal.mole L.

Though quantummechanical calculations may be fairly
suited for the explanation of mass-spectrometric data, appli-
cation to phenomena occurring in solutions must be done with
great care due to the fact that solvation-effects may inter~
fere. However, the conditions prevailing in solvents with a
very low nucleophilicity® resemble gas-phase conditions to a
large extent and calculations may be more significant for
reactions occurring under these conditions.

Even in solvents with a very low nucleophilicity, however, -
deprotonation of CHE will be more easy than Hz-formation, be-
cause reaction (2) will be coupled to a reaction in which
a nucleophile takes up the proton. It may be assumed, that
the net effect of both coupled reactions will be a gain in
energy if the proton affinity of the nucleophile is larger
than that of methane. Deprotonation of CHg, which is a rather
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a) Energies in Hartrees, 1 Hartree = 1 a.u. = 628 kcal.mole™ ",

b} Charge-densities in electrom-units; see also note b),
table X.

Table XII
- Geometry, energya) and charge distributionb) of CH; (Cs and DSh-symmetries).

Symmetry Cs Dzp C5 DSh Cg D3h CS Dsh
Ref. This work (3) (5) (7)
T =Ty, A 1.17 1.125 1.21 1.16 1.17 1.13 1.24 1.12
Ty =T, A 1.10 1.125 1.14 1.14 1.10 1.12 1.08 1.11
6(degr.) 56 - 50 - 58 - 40.1 .-
Etot -10.484 -10.479 -10.206 | -10.190 -40.2896 | -40.2842| -40.3272 | -40.3157
p(C) - 0.170 -~ 0,246 - 0,164 | - 0.261 | - 1.113 | - 1.367 - -——-
p(H)1 2 + 0,307 |+ 0.317 ] + 0,299 + 0.312 | + 0.436 | + 0.561 - -—

*
p(Hiz 4 + 0,185 | + 0.203 | + 0,189 | + ©.212 | + 0.413 | + 0.415 - -—--

sy

1
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stable ion under low-pressure conditions in the gas phase®:!°
occurs readily in the presence of suitable proton-acceptors!®
Calculations’ show that most simple molecules (e.g. CZHG’

C H4, HZO’ NHS, HF) have a higher proton affinity than CH4
and, thus, CH; acts as a very strong Brénsted acid in the
presence of these compounds. One important exception may be
noted here: H molecules have a lower proton afflnlty than
CH4 in view of the fact, that CHS is formed from HS and CHd’
as demonstrated by Aquilanti and VolpZ®. In accordance with
this, H~D exchange between Hz (or DZ} and very strong proton
acids is extremely slow?®.

At very low pressures or in the absence of suitable
proton-acceptors, CH; decomposes readily to CH; and H2
{reaction (4)). This reaction has a very low activation
energy, supposedly even smaller than 16 kcal.mole-l as a po-
sitive entropy effect may arise: for the formation of two
particles from one ion, T x S is estimated to be 4 to 8§
kcal.mole'l at room temperature and even more at elevated
temperatures.

In solution, CHE will be very unstable and proton trans-
fer will occur more readily than HZ formation. This is inm
agreement with the fact, that dedeuteration of CH:D occurs
at a measurable rate at 25° C in HF{SbF5 (11:1) (k = 3.9 x
18'4 l.mole"l.sec .} while the formatlon of H2 or HD is not
observed under these conditions'!, Assuming Hz F' to be the
most acidic species in HF/SbF5 proton exchange may be thought
. to involve two steps (reaction (5)).

(5) a) CHgD + H,F° — CH,D" + HF +E;

b) cH,d" + F° —> CH, + DF +E,

where E; and E2 are the differences in proton affinity of

HF and CH4 and of F and CH4, respectively. The net gain in
energy, i.e. E1 + E, is equal to the difference in the pro-
ton affinities of HF and F~ and, as F~ is certainly more

basic than HF, reaction (5) will be energetically favourable.

y

‘.
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From the calculations of Pople et alt.?, E1 is found to be
-2 kcal.mole'l {or lower) and it may be assumed that (5) a)
is rate determining in view of the fact, that E2 will be much
larger than +2 kcal.mole !,

Hydrogen evolution (reaction {6)) is also initiated by
proton attack (step a)), but step b) is different:

(6) a) CH, + H

4 2 1
+

. +
b} CH, —> CH; + H, *+Eq

s cug + HF +E

However, the net gain in energy, Bl + ES’ is about ~-18
kcal.mole"l, or slightly more if the entropy is taken
into account . It is by no means certain, though,
that step a) is rate determining also for reaction (6). The
observation, that proton exchange between CH4, CZHG’ (CHS)SCH
and protonated hexamethylbenzene on the one hand and strong
proton acids on the other hand have rate constants which
differ not very much (at the most a factor 100}, then points
out that a common intermediate is formed in the rate deter-
mining step of the proton exchange reaction, viz. the five-

 coordinated carbocation. The observed differences might be

due to the small differences in o-basicity of the difﬁerent
compounds., Scheme 1 summarizes reactions (2) to (6). !

CNDO/2 calculations of isobutane and of protonated iso-
butane involved the optimalization of the geometry of isobu-
tane (the C-C bond length and the tertiary C-H bond were va-
ried) and the determination of the geometry with minimal ener-
gy of Cs-symmetry protonated isobutane. The C-H bond length
in the CH3 groups was fixed at 1.09 A and tetrahedral angles
were assumed for the tert.-butyl group throughout the calcu-
lations. Table XIII gives the results.

From table XIII, the energy of protonated isobutane is
calculated to be 0.400 Hartrees lower than that of the parent
compound, indicating a proton affinity of 245 kcal;mcie"l. :
Actually, the proton affinity of isobutane may be much smal-

ler (cf. the experimentally observed’ proton affinities of



Table XIII

Energiesa) and charge distributions®) in isobutane and in protonated isobutane (C -symmetry). ~

Isobutane ' Protonated isobutane ,
Ty, A 116 1.171 1.171° 1.171 1.171 1.00 1.35
r,, A 1.171 1.171 1.171 1.171 1.00 1.35
vz, A 1.54 1.09 1.09 1.09 1.09 1.09 1.09
8 (degr.) -- 37 45 58 64 58 58
E.oc. | - 36.136 | - 36.498 | - 36.528 | - 36.556 | - 36.535 | - 36.439 | - 36.489
Egjec. -116.225 -123.557 | -123.508 | ~123.569 | ~123.596 -124.625 -122.497
Epind. - 5.088 - 4.8116 | - 4.842 |- 4.850| - 4.849 - 4.753 - 4.803
u(Deb.) 0.163 1,811 1.778 1.589 1.499 1.327 1.829
p(C) + 0.050 + 0.050 |+ 0.030 |+ 0.005|- 0.002 - 0.045 + 0.052
p(H)] , - 0.011 + 0.250 |+ 0.256 |+ 0.254|+ 0.252 + 0.262 + 0:252
p(CHg) . | - 0.013 + 0.175 |+ 0.181 ]|+ 0.185|+ 0.194 + 0.201 + 0.175

a) Energy in Hartrees, 1 Hartree = 1 a.u. = 628 kcal.mole’l.

b) Charge-densities in electron-units; see also note b),
table X. o

Yy



Sty

78

H i +
; CHI. + H
r i
i
A
100 1
H
'
LEw [ :
-1 |
kcal.mole ' CH » H-
i 4
X
- H i
T
4
i
1
L i
1!
1
50 | 0"
i
R t)
i .
' L=~ CHg® Ho+ HF
i " TR
0 ’
» 1
f.’ P
J +
R ": ’/, CH; + H2 /'"\\ “CHS* HF
¥ I’ /, + -
o i 1 \CH5 + F
e ot ear e Y
F + 1Y
CH: CH* HoF |
Scheme 1. Y
Y\ CHy ¢ WF
\\..—..._

NH3 and of HZO: 207 and 164 kcal.mole-l, respectively). Com-
parison with the proton affinity of methane, calculated in

the same way, shows isobutane to be more basic than mdthane.
The difference in the calculated proton affinities is?about
13 kcal.mole ™ . The proton affinity of ethane is about 20
k(':all.mole'1 larger than that of methane'. In view of the
known fact that CNDO/2 calculations usually yield energies

‘and energy-differences which are smaller than the more re-~
the calculated difference in pro-

fined ab initio treatment,
ton affinity between methane and isobutane is in agreement

with the trend that higher homologs of methane have a higher

basicity.
The larger rate of proton exchange and of hydrogen for-
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'mation exhibited by isobutane in strong acids, compared to

the same reactions with methane, may be due partly to fhe
higher basicity of the former compound. The much larger sta-
bility of tert.-butyl cations compared with CH3 {due to better
solvation in solution'?), however, will also favour the lat-
tep reaction, '

V.2. PROTONATED ISOALKANES AS REACTIVE HYDROGEN-DONATING IN-
TERMEDIATES. ' a
The experimental observations on the hydride transfer
between isobutane and methylated benzyl cations, presented in
the preceding chapters, can be summarized by the following
statements:
1) the rate of the hydride transfer reaction is linearly
dependent on the Hammett acidity of the solvent, indicating
that one proton (or: one acid molecule) participates in
the transition state of the rate détermining step;
2) the obgerved serambling of transferred label 1is neither
due to proton exchange between labelled alkane and the
solvent prior to the actual hydride transfer step nor due
to exchange between the labelled end-product (e.g. heza-
methylbenzene) and the solvent.
It may be noted that statement 1) does not describe an
geometry for the transition state, nor does it explicitly
say that the proton and the hydride ion are transferred in a
concerted way. However, statement 2) leaves as the only ac-
ceptable alternative the assumption, that the observed scram-
bling of label occurs during the hydride transfer step per se.
From this, it follows that the exchanging particles must be
in close contact to each other and furthermore, some inter-
‘mediate with a finite lifetime must be involved. As any chemi~
cal process, no matter how fast, takes some time to occur,
it seems more proper to speak of scrambling of label occurring
in an intermediate than to use the concept of transition sta-
tes in this respect.
By definition, transition states are states with an in-
finitely short lifetime as these represent points in the multi-
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dimensional energy-geometry space where changes along the re-

action coordinate only lower the total energy of the reacting

system, i.e. transition states represent saddle points in the

energy-geometry space!®. In practice, high-energetic interme-

diates and related transition states resemble each other very

closely and it is not easy to differentiate among them in many
cases. '

CNDO/2 calcﬁlations were performed on a number of substi-
‘tuted benzyl cations in order to see the influence of Various
substituents on the charge distribution in these cations. No
ektensivé search was made for minimal geometries, however, so
that the calculated energies are only of qualitative value.

" 'Table XIV lists some representative charge densities on carbon
atoms in the phenyl ring and on carbon and hydrogen of the CH2
group. It should be noted that for the first four calculations a
slightly different parametrization of the CNDO/Z program was
used in which a lower ionization~potential was assigned to
carbon fhan in the other calculations. As a consequence, the
latter calculations overestimate the electron-density on CS
and underestimate the electron-density on the H atoms of the
CH2 group. The total charge of the CH2 gfoup remains the same

© in both calculations however, and as can be seen from table

X1V considerable charge transfer occurs in each case ffom the
phenyl ring to the electron-deficient CH, group. b

In a separate calculation, using a CNDO/2 program, w1th
which also transition metals could be handled, benzyl gatlon
and Cr(CO)S-complexed benzyl cation was calculated. These cal«
culations showed that the positive charge of the CH, group
dropped from +0.52 to +0.42 charge units on complexation,
whereas the total charge on the Cr(CO)3 group increases from
+0.27 to +0.48 electron-units on solvolysis of the benzyl chlo~
ride complex. Stabilization of the benzyl cation by the Cr(CO)3
group thus is due to electron-donation of this group and not
due to charpge delocalization over the phenyl ring. In table
XIV a definite trend is observed in the calculated charges

on the CH,-group, indicating increasing charge deloca-
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Table XIV
Charge distributiona} in different benzyl cationsb).
Substituents |  0(C;) |[p(C,) |P(Cg) | p(C,) | P(Ce) | p(CHY)
None .3 . 99 - 10 128 250 450 |
p-C1 2 112 |- 14 184 228 410
p-F -6 124 |- 60 359 224 406
p-CHy -2 | 109 |-36 | 180 | 211 381
3,5-(CHg), 42 |- 89 74 | - 53 | - 54 354
p~N02~IIC) -22 | 93 12 11 |- 74 328
2,6-(CHy), -26 | 167 199 44 | - 84 314
p-F-2,6-(CHy), -39 177 | -253 315 | - 91 307
p-H-11 -11 | 104 |- 3 |- 52 |- 88 303
p-C1-11 -20 91 - 0 46 | - 98 291
p-F-11 - -29 166 |- 87 244 | -103 285
2,4,6-(CHg) 5 -36 156 | -228 229 | -106 280
p-CH,-11 -14 108 |- 48 136 | -109 271
3

a) Electron-deficiencies, in 10~ electron-units.

b) CNDO/2 calculations, based on the following geometry:

f3 H f1=f‘2=l.§0x
X—;@%&ﬁunnu- n =109
T2 \\\\" o

= 120°

T from ref. 14,

C4—X
c) II = 2,3,5,6~tetramethyl-.
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lization in these ions due to the substituents. The calculated
charge of CH, is believed to be a good measure for the stabili-
ty of the ions as observed in solvolytic experiments (see
chapter II). The experimentally observed PMR shifts of: the
CHEQgroup also agree qualitatively with the order of célculaf
ted charge densities in this group.

In view of the fact that positive charge will be best
“accomodated by electron-donating groups on the ortho- or pafa-
positions, the instability of the 3,5-dimethylbenzyl cation,
"which hav not been observed as long-lived ion. until now, is

(jﬂ agreement with the large positive charge of CH2 as calcu-
lated. On the other hand, it is seen that the introduction of
a NO,-group on the para-position more than offsets the stabi-
lizing action of two CH;-groups on the ortho-positions. Fur-
thermore, the delocalization of positive charge is seen to
‘increase by para-substitution in the order: NO2 <H<Cl<F

< CH3, which reflects the 'order of stability, found in chapter
II. Substitution of CH3 groups on the meta-position has only
little effect on the stability of benzyl cations, as follows
also from solvolytic experiments .

Table XIV shows, that the carbon atom C1 carrying the.
CH,-group becomes slightly negative in all cations II and
some negative charge is also calculated for the meta-carbon
atoms of the phenyl ring. However, the diminished availability
of m-electrons makes it very unlikely that ring protonation
of benzyl cations can occur to a measurable extent. On this
bdsis, the possibility of a reaction between proton-benzyl
_cation complexes and isobutane molecules can be ruled out as
an explanation for the observed proton-acid catalysis.

On the other hand, the reactivity of methane and other
simple alkanes towards super-acids, as well as the quantum-
~mechanical calculations performed for CHg’and (CH3)3CH;,
point out that protonated alkanes can be present as (tran-
sient) intermediates in strong acidic solutions.

Therefore, the reaction between protonated isobutane and
a benzyl cation was simulated by calculating the total energy
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‘for these two ions in the CNDO/2 approximation. Approach of
Cs-symmetry protonated isobutane towards benzyl cation along
an axis perpendicular to the benzyl cation was taken as a mo-
del for the acid catalysed hydride transfer reaction between
isobutane and pentamethylbenzyl cations. Figure 3 gives the
charge distribution for the system at minimum energy.

*106
. *7% -

Fig. 3. Benzyl cation and protonated isobutane (Cs), approach-
ing each other; R = 2.8 A. Charge-densities in 1073
.electron units.

It was found that the total energy of the system, after
an initial rise for decreasing R, showed a discrete minimum
at R = 2.8 A. Figure 4 shows a plot of the energy-difference
~ of the system, compared with the energy of the two separate
particles with the same geometry (R = «). The results of these
_ calculations suggest that at R = 2.8 A a stable intermediate is
formed as separation of the two particles has an activation
'energy of about 7 kcal.mole™l. In this intermediate, the dis-
tances between C5 and H3’4 and between C1 and H; are 1.75 and
1.95 A, respectively, i.e. well within the range of incipient
carbon-hydrogen bonds. Furthermore, a drift of electron-densi-
ty occurs in the Cé'H3,4 bonds and in the Cl-C5 bond of the
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protonated alkane and the benzyl cation, respectively. Table
XV lists some calculated charge densities for protonated iso-
butane, approaching the benzyl cation. ‘

Table XV

Charge distributiona) and energyb) of benzyl cation and pro-
tonated isobutane, approaching each other. (See figure 3).

Distance R, & o 10 4 2.8 2.4
Eyop.» arle -91.044 | -90.992 | -90.930 | -90.935 | -87.767
[Erer. s kcal.mole 0 30.3 71.5 68.7 | 3,277,
p(Cy) +250 +250 #217 +192 +154
p(C)) + 3 v 3 -5 - 22 - 35
p(Cq) + 5 + 6 + 14 + 10 + 87
p(Hl) +100 +100 + 99 +105 +112
o(H,) +100 +100 + 99 +105 +112
p(Hg) +255 +249 +235 +253 +335
o (H,) | +254 +249 +223 +210 +147
o(total)®) +967 +957 +§82 +853 +912

a) Electron-deficiencies, in 103 electron-units.

b} Energies in Hartrees, 1 Hartree = 628 kcal.mole'l.

uc) p(total} = the sum of the listed charges.

The results of these calculations point out, that con~
siderable charge rearrangement occurs when the two positive
pérticles approach each other. The initially equivalent hydro-
gen atoms HS and H4 become an incipient hydride and proton,

-while the total charge in the reaction-center (i.e. carbon
atoms Cl’ CS and C6 and hydrogens Hl’ HZ’ Hsrand H4) dimi~
nishes. Further charge delocalization over the three methyl-
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.groups of the incipient tert.-butyl cation and the phenyl ring
thus releases electrostatic repulsion between the two like- ’
charged particles.

A E 90 3
x“%nole

80

0}

50 1 i ] i i i

1

Pig. 4. AEtot , kcal.mole” , of a protonated isobutane

molecule approaching a benzyl cation.

It may be noted, that the approach of a benzyl cation
and a protonated isobutane molecule (as presented here) is
a rather crude model. A more refined treatment of the system '
should take into account, that nearly all bond lengths and /
bond angles change during the reaction. For instance, the
five-coordination of Cﬁ will become a three-coordination as
a tertiary butyl cation is formed upon hydride transfer.
A change in coordination also-occurs on C1 and CS’ which be~
come an aliphatic CH.CH3 part of protonated toluene. However,
even from the crude model employed here, valuable informatien
about the driving force of the hydride transfer reaction can
be derived.
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CHAPTER VI

Discussion and Concluding Remarks .

VI. SOLVATED ALKANES AS HYDROGEN DONORS.
The low rate of proton exchange between methane!, ethane?
‘and isobutane® and strong acids and the low rate of hydrogen -

formation for isobputane® in proton acids is qualitatively in
agreement with the calculated low proton affinity of alkanes®.
High-energetic, five-coordinated carbon species are assumed
as transition states or intermediates for these reactions.
The fact that the rate of these reactions depends strongly
on the acidity of the solvent, but depends very little on the
substituents attached to the reaction center, added to the
observed chemistry of alkanes in strong acids (see page 1?~l8],\
all point .to Cs-like geometries for protonated alkanes. ‘
On the other hand, the high rate of hydride transfer
between isobutane and pentamethylbenzyl cations in HSOsF and
the smooth electro-chemical oxidation of alkanes in this sol-
vent®, point to the existence of another intermediate in so-
lutions of alkanes in strong proton acids. The latter react-
ions are also acid catalysed and involve transition states
or intermediates which contain one proton or one proton acid
molecule.
Many chemical observations about reactions of alkanes
in strongly acidic solutions are explained readily if the
following equilibria are assumed to exist in, for instance, -
HSOSF solutions of alkanes (see figure 1):
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, . k1 /‘\‘~ .
R—H + HySO5F —-—*,_,M RIceeenenn H-- 0SOoHF {a)
k, k-,
HI
R+ | + HSO5F (b)
s~’:l
‘SO3F- ks
k3
‘ , (N _.~H'SO5F
R—H 4+ HSO0;F =—%x R, ‘ {d)
k-4 Sy

Fig. 1. Proton exchange between alkane and HSOSF.

Due to the high~energetic nature, species (b) can be
expected to be present only in low concentrations and with
suitable proton-acceptors (such as SOSF"ions, for instance)
protonated molecules (b) are rapidly deprotonated. In sol-
vents with a very low nucleophilicity, H2 formation can occur
also but proton exchange is usually faster than the former
reaction which points to the very high acidity of species (b).
Under mass-spectrometric conditions hydrogen formation can
become predominant, especially with protonated propaneiand
.protonated (iso)butane.

Aquilanti and Volpi’ were able to observe protonated me-
thane and ethane in the mass-spectrometer, but protonated or
- deuterated propane or (iso)butane decomposed so rapidly that
these species were not observed. Their observation that deu-
terated propane, for instance, formed in the reaction between
Dg and propane, gave only low amounts (less than 20%) of deu-
terated propyl cations HSC—CD+-CH and the later observation

3
of Field and Mumson® that protonated cyclo-CgD,,, formed in
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the reaction between CR; and the deuterated alkane, did not
yield C6D10H+ ions in the hydrogen forming reaction:

(1y ¢,/

) + + +
6D12 + CHS-——> CGDlZH + CH4~—>-C D + HD + C(CH

6711 4
all point to an inequivalency of the carbon-hydrogen bonds in
five-coordinated carbocations which are just formed, According
to Pield and Munsgson, "... it would appear that if CH; donates
a proton it does not become at all equivalent to the other
hydrogens in the (cyclohexane) molecule,.." (ref. 8, page
4279).

In solution chemistry, the same phenomenon is encountered.
The observation of Pletcher et al.® that the anodic oxidation
of alkanes in HSOSF solution is acid caialysed; was ascribed
by them to a rate determining protonation equilibrium prece-
ding the fast electron-transfer steps at the anode:
kg . -

(2) R-H + HSO,F :ﬁ§:=é RH,  + SO3F

(3} 'RH;-——a{RH;+] + e"—>R" « 2H' + 2

From the dependence of the half-wave potential B% on the con-
centration of SOBF"'it was inferred that one proton partici~
pated in the rate determining step, and from the steady-state
limiting current Pletcher et al. estimated a lower limit for
kf'of 2.5 x 103 sec.“1 at 25° C. Formation of protonated al-
kanes at such a rate is in contradiction with the observed low
rate of proton exchange of alkanes, a reaction that proceeds
via the same intermediate, unless one makes the unreasonable
assumption that deprotonation is rate determining in the lat~
ter case.

Rather it must be assumed that a second species is pre-
sent in solutions of alkanes in strong acids which is more
readily formed than "free' protonated alkanes and thus is
much less energetic than RH; ions. It is postulated here
that solvated alkanes (a) or alkane-proton acid adducts are
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formed prior to the formation of "free" RHE. The sﬁggested
‘reaction mechanism for proton exchange between alkanes and
strong acids (figure 1) resembles the mechanism for electro-
philic substitution, species {(a) being comparable with w-
complexes while species (b) resemble Wheland o-complexés.

The unexpected high solubility!s?»? of the lower alkanes
in HSO3F and HF}SbFS
Bility of gaseous alkanes in water?, also suggests some speci-

mixtures, as compared with the low solu-

fic interaction between solute and solvent in the former case.
In view of the high dielectric constant of strong anhydrous
acids, strong solvation of dissolved particles must be expect-
ed and the electron-demand exhibited by protons in HSO;F and

, especially in H 803F ions may lead to adducts between alkanes
and these proton donors in Cs-like geometries in which electron~-
density of C-H bonds is shared with protons in three-center
bonds.

The postulated alkane-proton acid adducts can also be
considered as intimate ion-pairs consisting of a strongly
solvated protonated alkane (see figure 2). Proton exchange,
i.e. the reaction {(a)-»(b)}-(a'}, then would involve desolva-
tien of (a] which would inevitably lead to an increase of
the internal energy of the separated ion-pair.

H
/0/

g3 =d
!
.C
,"/O\
Fig. 2.

It has been noted already that the reaction between
labelled isobutane and cations II in HSO zF leads to scrambled
products. Neither proton exchange between the alkane and the
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‘acid, nor proton exchange between product and acid could
account for the observed scrambling. These facts strongly
suggest that some exchange of hydrogen isotopes oc-
curs during the hydride transfer step per se. The assumption
of "free', five-coordinated RHD" species as a hydrogen-donat-
ing intermediate must be rejected on several grounds. The
most important argument is the high-energetic nature of these
species. The formation of species (b} (see figure 1) is
very slow as indicated by the rather low rate of proton ex-
change reactions. Secondly, labelling percentages of 50% would
arise in all experiments (if the assumption is made of negli-
gible isotope effects) when the symmetrical Cs~structure for
intermediate (b) is assumed. If it is assumed that isotope
effects are not negligible, the situation becomes even worse,
for then the heavier isotopes would have a much smaller
chance of being transferred as a hydride, especially at low
temperatures, and deuteration would always be smaller than
50%. Actually, the reverse is observed for the reaction with
2-2H-isobutane.

Kurz and Kurz'®

pointed out, in a theoretical treatment

of proton transfer reactions, that different modes of proton -
transfer can be discerned depending on the size of the re- .
actants, the activation energy of the reaction and the di-
electric properties of the solvent (the dielectric constant

¢ and the microscopic relaxation time 7). Their treatment

was based on an electrostatic model in which a charge is
transferred from one site to another site in a cylindrical
~cavity surrounded by a continuous dielectricum. The results

of their treatment are equally well applicable to hydride trans~
fer reactions as only the sign of the transferred charge is
reversed in the latter case. According to the model of Kurz

and Kurz, a fast hydride transfer between bulky reactants will
be coupled to the rotational fluctuations in the surrounding
solvent if this solvent has a high dielectric constant and a
rather large relaxation time. The polarization of the solvent
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will be such that the internal charge distribution of the ac-
tivated complex will be completely in equilibrium with its
environment at all points along the reaction coordinate. In
~other words, the duration of the transfer event will be much
longer than the natural duration of a C-H vibration (10'13 sec.)
in view of the fact that the microscopic relaxation time T

of HSO,F may be assumed to be much longer than 10713 ¢

Normally, isotopic scrambling between transferred hydride

sec.

ions and labile protons from the acidic solvent is not ob-
~served, as has been pointed out by Deno et al.'!, The reported
hydride transfer between Z-ZH—isobutane and tert.-butyl cations

12,13,1% corroborates this. This

in strongly acidic solutions
latter reaction is not really acid catalysed, however, and

the transfer event may occur so fast that protons from the
solvent do not have a chance to interfere and to catch elec-
trons from the transferred hydride. Though 0Olak et al.'? pos-
tulate a three-center bonded transition state for the H trans~
fer between isobutane and tert-butyl cations, a linear transi-

tion state cannot be ruled out. (See figure 3).

- L4 - o4

+ +
\,
Crommoxt § \\ 4{(” ;
ComemeeHoemeee <0

Fig. 3. Possible transition states for H transfer between
isobutane and tert.-butyl cations.

. Observation of a rather low kinetic isotope effect {kH/kD) =
5 for the hydride transfer between iscbutane and- tert.-butyl
cations'? is in excellent agreement with the predictions of
the theory of XKurz and Kurz'® that solvent coupled transfer
reactions will have isotope effects that are lowered by a
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factor of 3 or more compared with the isotope effects that
would normally be expected. ’

The fact that scrambling is observed during the hydride
transfer between isobutane and methylated benzyl cations
points out that the acid molecule (or solvated proton), pre-’
sent in the termolecular intermediate,can interact with the
incipient hydride ion. Figure 4 shows the suggested tranﬁi-
tion state.

Fig. 4. Transition state for the transfer of a H™..H pair
between solvated isobutane and cation Ilb, indicating
the scrambling route.

It is suggested that the incipient hydride ion can ex-
change electrons with the electron-deficient proton Ha which
is in very close proximity to the transferred hydride Hy . In
stronger acids, proton H, becomes "harder' as it is less
strongly bonded to its conjugate base, and increased inter-
action of Ha with Hb will lead to increased scrambling as is
actually observed. On the other hand, heavier isotopes of
hydrogen Hb will interact more strongly with the carbon atom
of the (CHS)SC part of the system due to a lower zero-point
vibrational energy in the C-D or C-T bond. Differences in
zero-point energy are in the order of 0.3 to 0.45 kcal.mole'1
compared to the C~H bond, and these rather small energy terms
may lower the rate of transfer relatively much in view of
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the small activation energies involved. Substitution of Hy by
heavier isotopés 2Hb or 3Hb then leads to increased scrambling
as is actually observed {(cf. table VIII of chapter IV). Iso~-
topic substitution of Ha, for instance by tritiation of the
acid, does not have a notable effect on the scrambling be-
haviour (cf. table VII of chapter IV) as the bond between
proton H and its conjugate base X is very weak and thus is
not sen51t1ve for isotope effects.

Though the model used in chapter V to calculate the
energy of a benzyl cation approaching a protonated isobu-
tane molecule (figure 3 of chapter V) is not exactly coin-
cident with the postulated transition state (figure 4 of this
chapter), it may be inferred from the calculated charge den-
sities that a proton~hydride pair is transferred in a more
or less concerted way. The driving force for this process is
thought to be the strong polarization present in the benzylic
C~ CH bond which polarizes entering hydrogen-like molecules
to form a hydride-proton pair. The observation that isoalka-
nes react much faster than molecular HZ and furthermore, that
no tritium is incorporated when hexamethylbenzene is formed
from pentamethylbenzyl cations and H2 (20 atm., -60° ) in‘
tritiated HSOSF/SbFS (5:1), indicates similar transition
states (see figure 5)., The lower rate of the reaction with
HZ must be ascribed to the fact that entering hydrogen mole-
cules must be polarized and stretched to form a H -g" ;palr,
whereas in the reaction with solvated isoalkanes, th1$ situ-
ation is already present in the beginning of the reaction.

Fig. 5. Transition state for the reaction between methylated
benzyl cations and HZ‘
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BProm the reported activation enthalpies and entropies
~of rveactions (4) to (6), the free energies of activation
at -40° C are found to be: 9.1 (+ 1) kcal.mole ', 18.7 (+ 1.5)
1 and 12.4 (+ 2.5) kcal.mole'l, respeétively.

i -

kcal.mole

+ +
3)3C ——>’(CH3)3C + (CH3}30~H
1

st* = 4.0 kcal.mole” R ASF = -22 e.u. (ref. 12)

(4] (CH3)3C~H + (CH

3 3
(53 (CH3]3C H + HSOSF —3 (CH3)3C H + HSOSF

s = 13.3 kcal.mole L, 4S = -22 e.u. (ref. 3)

(6] (CHS}SC-H + HSO3F + pentamethylbenzyl+ —3 Products

1 as? = -40 to -55 e.u.

s’ = 2 to 4 kcal.mole
Assuming that part of the free energy of activation

in reaction (6) is necessary for the formation of a solvated

isobutane molecule and another part is needed for the

hydride transfer step per se, and assuming furthermore that

the free energy of activation for this latter step is about

the same as the free energy of activation for reaction (4},

the AG* for the formation of solvated alkane is about 3.5

kcal.mole"l. A schematical energy diagram is shown in fig. 6.

Summarizing the postulated reaction mechanism for the
hydride transfer reaction between (iso)alkanes (or HZJ and
methylated benzyl cations, three rules may be seen to govern
the rate of these reactions:

1. Strong polarization of the benzylic C~CH§ bond forces in-
coming hydrogen~like molecules to become a proton-~hydride.
pair.

2. Solvation of C-H bonds in alkanes by strongly acidic hy~
drogen weakens the carbon~hydrogen bond that is “protonated"
and promotes heterolytic splitting of this bond.

3. A solvent-coupled mechanism retards the transfer of the
proton~hydride pair sufficiently that some scrambling
may occur.,
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[Ru3 1t

20}

¥
10 R-H-R)*

RH+R" K+RH RH's HpX* 4

Fig. 6. 4G}, for reactions (4), (5) and (6).

According to rule 1, benzyl cations substituted with alkyl
groups on the benzylic center (e.g. d,o~dimethylbenzyl
cations) are not reactive, due to the charge delocalizing
action of these substituents. It may be expected thatga,a-
difluorobenzyl cations are likewise not reactive. According
to rule 2, a higher proton affinity of the alkane enhances
the rate of the reaction which explains the low reactivity
of CH, and of C,Hg and the high reactivity of isobutane. Ac-
cording to rule 3, labelling of the acidic medium has no ef-
fect on the reaction rate, but isotope effects do occur if
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the hydride donor is labelled.
VI. 2. SOME CONCLUDING REMARKS.

As has been noted in chapter III, the stability of the
-2,3,5,6-tetramethylbenzyl cation is much lower than

4-NO
thatzof, for instance, the pentamethylbenzyl cation. Solvolysis
of halide If in HSOSP is not achieved as evidenced by UV and
PMR spectra. Nevertheless, a rapid reaction takes place with
isobutane and other tertiary alkanes and products IIIf are
formed, though the rate of this reaction is lower than, for
instance, with IIb. It may be assumed that either small con-
centrations of IIf, or strongly polarized donor-acceptor
complexes of If and acid molecules, resembling tight ion-
pairs, are present in solutions of If in HSO.F. The fact that

the rate is not very much slower (at the most a factor 100)
than the reaction rate of the hydride transfer between iso-
butane and cations IIb,suggests the occurrence of ion-pairs
rather than that of free cations IIf in HSO3F. As has been
pointed out by Lichtin et al.'®, the reactivity of ion-pairs
in displacement reactions will be lower than the reactivity
~ of free ions, though the decrease of the rate is usually
not very large.

+*

0,N === CHy === [t Sotv]”

The here suggested occurrence of ion-pairs in solutions
of halides 1(a-f) in HSOBF could not be established with cer-
tainty, but measurements of the conductivity of dilute solu-
tions of halides- Ia or Ib in pure HSOBF revealed that the
equivalent conduct1v1ty A did not give straight lines when
plotted against (c)2 in the.reglon of ¢ = 0.1 x 1074 to
100 x 10 -4 mole.l 1. The measurements were carried out at low
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teﬁperatures (—-400 and -75° C]} and, though the reprodﬁcibili—
ty of the different runs was rather bad, the same trend was
observed each time, viz. a curvature in the plots of (c)%
against Ae .,indicating a larger equivalent conductivity in
the more dilute solutions. This suggests that in the more con-
centrated solutions of halides Ia and Ib in HSOSF, soivolysis
into free cations II is incomplete at low temperatures, i.e.
halides Ia and Ib behave as weak electrolytes under these
circumstances. The observation of complete solvolysis,judged
from PMR spectra or UV spectra does not rule out the existence
of rapidly equilibrating ion-pairs, as these spectroscopic
techniques are not very well suited to discriminate between
free ions or ion~-pairs in solutions.

Assuming that halide If solvolyses only to a slight
extent in HSOSF and forms predominantly ion-pairs between
cations IIf and solvated C1~ ions, the lower reactivity to-
wards isobutane can be explained. However, noting that in
3H-labelled isobutane or 3H—labeiled
2-2H~isobutane less scrambling of label is observed in pro-
duct IIIf than for instance in product IIIa and IIIb, this
latter observation points to a faster hydride transfer step
Egg se. As the amount of scrambling'during the transfer of
the hydride-proton pair is only indicative for the rate of
this process, but not for the overall-rate of the whole re-

the reaction between

dction, the overall-rate may be influenced by other factors,
such as the rate of solvolysis of the halide and the reacti-
- vity of the particular benzyl cation involved. In view of
the fact that substituent effects are of minor importance
as far asthe overall-rate of the hydride transfer reaction is
concerned, solvolysis as a rate determining process seems to
'be ruled out. "The observed differences in the overall re-
action rate may be caused either by the occurrence of diffe-
rent concentrations of free cations II or by rather small
differences in reactivity of ion-pairs formed by the vari-
ously substituted benzyl cations II. 3 '
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CHAPTER VII

Experimental Part.

APPARATUS.

PMR spectra were recorded on a Varian A-60a NMR spectro-
meter or  on a Varian T-60 spectrometer, equipped with a variable
temperature accessory. The T-60 was equipped with a Perma-lock,

a spin-decoupler and a low temperature probe. NMR spectra of
/benzyl cations Ile and IIf were taken on a Varian HA-100 spectro~-
meter connected to a Digilab Fourier Transform computing system.

UV spectra were recorded on a Perkin-Elmer 124 spectrophoto-
meter with a thermostated cell-holder. '

Tritium was determined with a Packard 3015 liquid scintil~
lation counter. Efficiencies were measured either by the channels
ratio method of an external standard, or by an internal (3H)toluene

- standard.
Deuterium analyses were performed in Leiden, at the Gorlaeus
laboratories, by Dr. Klebe and Dr. van Thuyl. Use was made of a
GEC-AEI MS-902 double focussing mass spectrometer, operating at
~low ionization potential (6.2 eV for hexamethylbenzene). The
intensity of the parent peaks was measured with an ion-current
meter attached on the collector line. The accuracy of the
‘deuterium determinations was about 0.5%..

Conductivity measurements were carried out with a Philips
GM 4249 conductivity-meter.
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MATERIALS.

Fluorosulphuric acid {HSOEF) (Schuchardt) and CFSSOSH
(Fluka) were distilled at atmospheric pressure under a stream
nitrogen; the boiling points of these acids are: 167 and
164° C, respectively. Due to their hygroscopicity, the storage
time of these acids is limited to about 10 days and therefore,
mainly. freshly distilled acids were used.

SOZClF (Cationics Inc.) and SbFS {(Aldrich) were used as.
obtained. Isobutane gas. (Matheson) of purity better than 99.5%
was used throughout. Hydrogen, methane and other hydride donors
(such as adamantane, methylcyclohexane and 2,2,3-trimethylme~
thane)] were used as obtained from different commercial sources.

Tritiated water with and activity of 5 mCi.ml™} was sup~
" plied by Amersham (G.B.).

Deuterated isobutane was prepared from tert.-butyl bromide
via the Grignard-compound (made in tetrahydrofurane solution).
Evaporation of excess THF from the solution of the Grignard-
compound at low pressure and subsequent addition of DZO (Mertk,
purity better than 99.9% deuterium) gave deuterated isobutane
gas. The gas was collected in a cold trap (Coz/acetone) and
distilled once to remove traces of THF.

Tritiated Z-ZH-isobutane was prepared in the same way, but
10 ul. of tritiated water was added to the D, 0., Tritiated
2= H—lsobutane was obtained v1a proton exchange between isobu-
tane and tritiated HSOSF.

BENZYL CHLORIDES I(a-f).

Para-methoxy~-2,3,5,6-tetramethylbenzyl chloride (la) was
prepared from 2,3,5,6-tetramethylphenol (durophenol) in two
steps. Firstly the phenol was methylated in CHZCl2 solution

by means of 2,2,2-trimethoxy-4-methyl-1,2-oxaphospholene-4
according to the method of Voncken'. Washing with water and
removal of the methylene chloride yielded quantitatively the
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durophenol-methyl ether. This procedure was found to be supe-
rior to that used by 0Olak et al.?, viz. methylation of durophe-
nol by dimethylsulphate and sodium hydroxide®. :

‘ Durophenol-methyl ether was converted to Ia by heating

10 grams of the compound in concentrated HC1 with 5 gﬁams

of 35% formaline under stirring for 4 hours at 65° C.E
Récrystallization (3 times) from ligroin gave pure white pro-
duct Ia; yield: 70%, mp. 108-109° C. Analysed for C ,C10:
Caled: C, 67.76; H, 8.05. Found: C, 67.82; H, 8.18.

1281

o Pentamethylbenzyl chloride (Ib) was prepared according to
the method of Benington et al.". Pentamethylbenzene (K&K or
Aldrich) was chloromethylated in concentrated HCl1 by means of
formaldehyde. At this point it should be mentioned that a

"warning has been published concerning the use of acidic formal~

dehyde solutions. Heating of these solutions may lead to the for-
mation of highly carcinogenous bis-chloromethyl ether®. Working
in a good fume cupboard is absolutely imperative for chloro-

methylation reactions in general.

Para-bromo-2,3,5,6-tetramethylbenzyl chloride (Id) was
prepared from bromodurene® by chloromethylation using standard
methods?. o ‘ BT

2,3,5,6~Tetramethylbenzyl chloride {Ie) was prepared by
the method of Benington et al.*. Repeated recrystallizations

were necessary to obtain a pure product (mp. 69.3°% C).

Para-fluore-2,3,5,6-tetramethylbenzyl chloride (Ic¢) was
prepared in seven steps, starting with durene.
{a) Durene was converted into dinitrodurene according to the

method described in Organic Syntheses, Vol., II, page 254.

{b) Reduction of dinitrodurene in ethanol by means of sodium
disulfide afforded 95% pure nitro,amino-durene’.

‘(c) Para~nitro-2,3,5,6~tetramethylbenzenediazonium tetrafluoro-
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borate was prepared by diazotation of nitro,aminodurene in
25% H,S0, with NaNO, at 0° ¢, followed by the addition of an
excess of a saturated NaBF4 solution in water, filtering and
drying in air.
(d) Thermolysis of the diazonium salt mixed with an equal
weight of sea sand (in the fume cup board!) and extraction
of the solid left in the flask gave crude nitro,fluorodurene.
Chromatography over a silica column with petroleum ether as
eluens gave pure, white nitro,fluoro-durene; yield: 35 to 55%,
“mp. 97-98° C.
(e) Nitro, fluoro-durene was catalytically reduced in ethanol
solution by means of H2 gas (10 atm.) and Pd/C catalyst
in a Parr apparatus. Quantitative conversion to fluoro,amino~
durene was obtained.
(f) Diazotation of this latter compound in 25% HZSO4 with
NaNO2 at 0° C followed by the addition of a large excess of
HSPO2 afforded 70% crude product after 3 days at room tempera-
ture. Washing a solution of crude fluorodurene with NaZCOS'
solution followed by steam distillation gave essentially pure
product. Subsequent chromatography over AlZO3 with'ligrqin as
eluens gave 40% fluorodurene; mp. 51-52° C.
(g) Pluorodurene was converted into Ic by chloromethylation -
following the method of Suauki®. A solution of fluorodurene
in monochloromethyl ether (about 1 g of product in 10 g sol-
vent) was cooled [O° C) and 60% oleum was added with stirring
The warm, brown solution was poured on crushed ice and ex-
tracted with chloroform, washed with water and dried. Evapo-
ration of the solvent gave crude Ic. Recrystallization from
petroleum ether (60/80) gave pure product Ic; mp. 64-66° C.
The overall yield of steps (a) to (g) is about 4 to 6%,
based on starting material, i.e.durene.

Para-nitro-2,3,5,6-tetramethylbenzyl chloride (If) was
prepared from nitro~durene® according to the method of Suzukz®.
A yield of 65% of If was obtained after recrystallization from
petroleum ether (60/80); mp. 110-111° ¢,
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The reported direct mono-nitration of durene by means of
nitronium tetrafluorcburate in superdry sulfolane (tetrahydro-
thiophene,1l,1-dioxide)!? was unsuccessful. The combined result
of three attempts to obtain nitrodurene in this way was a
meagre 0.5% of pure product based on durene. The main product
of the nitration reaction was 2,3,5,6,2',4',5'—heptaméthy1,

i

diphenylmethane, as was evidenced by PMR spectrall, |

Cr(CO) ,~complexed benzyl alcohol was prepared vid the

method of Strohmeier'? in a specially constructed reaction
vessel. Either direct complexation of benzyl alcohol with
chromiumhexacarbonyl in diglyme solution or reduction of Cr(CO),-
‘complexed methylbenzoate by means of L1A1H4 in ether was em- )
ployed. Both methods gave only low yields (about 20%) of pure
product.
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APPENDIX A,

HETEROGENEOUS EXCHANGE OF ISOTOPES BETWEEN SUBSTRATES

WITH ONE EXCHANGEABLE SITE.

Consider an equilibrium between a gas and a soclution of
that gas in a solvent. Between the solvent and the solute, an
atom or group X can be exchanged for isotopically labelled X',

AX o AX} s
g N
AX . B =k (1*y + B" K3 Axy +  BX
solute . ifzjz solute
-2 -3 .

Make the following assumptions:

{1} Exchange occurs only in the solution.

(2) The rate of equilibration of AX and AX' in the gas phase
and in solution is fast compared with the overall-rate of
the exchange reaction. '

(3) The steady state theory applies to intermediate (I+)

(4 The gas-solute equilibrium is independent of isotopic
substitution, i.e. k; =k, and k_; = k_, .

If the initial concentration of AX' is zero, the rate of
appearance of AX' in the solution is given by:

d(AX}) . ' ' ,
(5) - kyo (1) 4 (B7) = k5o (AX]) . (BX) + k. (AXD) - k_4. (AX{)

Applying condition (3), the concentration of {I+) is given by:
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kz.(AXs),(BX‘) + k_s.(AXé),(BX)
(kg + k_5).(B7)

+

(6) (17) =

Thus, the rate of appearance of AX' can be given by:

d(AX!)  k,.k k_
S= 32 ,(AXS).{BX') o —

2-k.3 -
L (AXL). (BX) #
dt (k3+k_2) (k3+k_2) ‘

+ kge (AX) - K_y. (AXY).

k~2‘k~3
I Qk_ssz}.p, expression (7)

Putting p = k_szs and o =
kz ka
can be simplified to:

d(AXg) k

=

2 d(AX!)
. [{AX ). (BX') - o.(AX').(BX} -~ g
dt (1+p) s s dt

Applying conditions (2) and (4), the concentrations of AX and
AX' in the gas phase or the liquid phase are given by:

(9) (AX)) = K.(AX,) and (AX]) = K.(AX}) with K = (k_;/k;)

The rate of appearance of AX' in the gas phase follows from (8)
and (9): ’

K+ 1 d(AX!) k, '
(10) . £ = . [(AX ). (BX") - o.{Ax*).(Bxﬂ
K dt (1+p) g ; g

Introducing the following abbreviations:

a = the total amount of gas, in moles.
p = the volume of the liquid phase, in liters.
q = the volume of the gas phase, in liters.
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and noting that AX' and BX' are present only in trace amounts,
the concentrations at time zero and time t are given by:

(BX'), =y, and (BX'), = f.y, mole, 17’ (0 <t < 1)
(BX}, =b  and (BX), = (BX); = b mole.1™'.

(AX)o = (K.2.q)/(K.p + q) mole.1”' and (AX ), = (AX),
(AX,Jg = (2.a)/(K.p + @) mole.l”' and (AX,), = (AX)),
(AXg)p = (K.(3-£).p.y4)/(Kep + q) mole.1”]

(AX2), = ((1-£).p.yg)/(K.p + @) mole.1”!

Equation (108} can be written as :

K+ 1 d(AX") k a.q.f.y
(11) . g _2 0 . 5.(AX").b
X dt (1+p) K.p * g g .

The fraction (f) that has exchanged at time t is:
1
]-(AXg)t.(K.p + q) )
P¥Yq _J

Using (12}, {11j becomes:

(12 £=(1 -

K+#1 d(AX!) Kk (aq + abp) a o
(13) —. g . 2 | P P - (AX")
K dt (1+p) p (Xp+q).(aq + obp) gt

4

which integrates to:

+ C,

k1 [ apay, k, [aq + obpl
(14) —. 1n - -(AX!) = . .t
K [ (K+1) . (aq’ + obp) £ (1+0) P
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Using the following boundary conditions:
(158} for t»w, (AXé)t (Axé)eq =Xy,

apqy
(16) for toe, 1n(....)>-» and (AX') . = 0 :
: 87°4  (k+1).(aq + obp)

{(17) for t=0, (AXé) = 0, and C = 1n(AXé) eq = -In(x,)

the integrated rate law (14) becomes:

‘ 1 k, K
(18} -~ = .In(1 - x/x_ ) = . (a'+ob).~——. with a' = aq/p
: t (1+p) K+1

Neglecting isotope effects, i.e. putting p=o=1, equation (18)
is simplified to:

K
(19) k' = - an(1-x/x )= X—. 2. (@' + 1)
t Kel 2

From equation (19), it can be inferred that it is sufficient
to measure any observable which is linear with the concentration
of AX' in the gas phase. If X' is a radiocactive isotope§ the acti-
. vity in standard gas samples withdrawn from the gas phaSe at

suitable time- 1ntervals and at equilibrium serves as a useful
measure for the amount of exchanged gas. i
Experimentally, the tritio-deprotonation of isobutane gas
was followed by contacting dry isobutane gas (1 .1.=0. 05 mole)
~with trltlated HSO F (14.7 m1.=0.25 mole, activity 1.7 x10 dpm.,
- mole ) at 1.08 atm. and temperatures between -5 and +25 °c.
" The acid layer was stirred {magnetically) and several 10,0 ml
samples were taken from the gas phase during each run. Every
isobutane sample was washed with aqueous KOH to remove any traces
of acid and dissolved into toluene scintillator fluid. After
6 to 24 hours, when equilibrium was attained, x_ was determined
‘by taking a few more samples from the gas phase. ‘
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Plotting 1n(1-x/x_ ) versus t the pseudo first-order rate -
constént k' was obtained (equation (19)). The solubility of iso- -~
butane was determined by weighing an evacuated flask containing
a known amount of HSOLF. The flask was filled with iscbutane
until a slight over-pressure of 7 to 9 cm. Hg, vigorously shaken
and more isobutane was added if necessary. Weighing and correc~
ting for the weight of the gas phase gave the amount of isobutane
dissolved in the acid: 0.18 and 0.17 mole.1'1, at 20 and 0 °C, '
respectively. From this, a' is calculated to be 2.8, 3.0 and 3.2,
at 25, 5 and -5 °C. Using b = 17 mole.l"], the second-order
rate constants k2 were calculated from k' (equation (19}).

The results have been given in table IX. See also ref. 4
of chapter IV.
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SUMMARY .,

The reactivity of saturated hydrocarbons towards benzyl
cations is the subject of this thesis. In strong acidic solu~’
tion, hydride transfer occurs from tertiary and secundary
alkanes to benzyl cations. This heterolytic splitting of
carbon-hydrogen bonds is enhanced considerably by increasing
the acidity of the medium and is influenced by two factors,
viz. the basicity of the alkane and the polarization in the
benzylic C-CH2 bond.

The concept of bi-functionality, emerging from enzymati~
cally catalysed bio-reactions, is used to explain the reacti~
vity of stable benzyl cations towards polarized, solvated
isoalkanes. Kinetic investigations and tracer experiments
show that the hydride transfer reaction between alkanes and
methylated benzyl cations proceeds via a termolecular transi-
tion state (or intermediate) in which one proton or acid mole-
cule participates, The observation of scrambling of hydrogen
_ isotopes during the hydride transfer step per se strongly sup~-
ports the postulated reaction mechanisnm.

Quantummechanical calculations by means of the semi-empi- -

rical CNDO/2 method indicate the transfer of a proton-~hydride
pair, presumably in a concerted way, from a protonated alkane
with Cg-symmetyy towards the polarized benzylic CwCHZ bond.
It is suggested that in acidic solutions, alkane-proton acid
adducts (or strongly solvated protonated alkanes) rather than
free protonated alkanes are the reactive intermediates in the
hydride transfer reaction,

When isobutane is allowed to react with benzyl cations
in tritiated proton acids, tritium is incorporated in the pro-
ducts derived from the benzyl cation, Thus, the actual transfer
step of the proton-hydride pair is sufficiently slow that
scrambling in this ion-pair may occur. A solvent-coupled re-



A7

" action mechanism, caused by strong iconic solvation of the
transition state, is postulated to govern the rate of trans-
fer of the proton-hydride pair.

An attempt has been made to rationalize the observed
rate differences between proton exchange reactions shbwn by
dlkanes in strong proton acids and the hydride transfer re-
action, occurring between alkanes and benzyl cations in strong
acids. The large difference in rate between these two types
of reaction is attributed to the occurrence of different
five~coordinated carbon species. The formation of free, high—
ly energetic five-coordinated carbonium ions (such as; for
instance CH;) is postulated to be rate determining for proton
exchange and hydrogen evolution reactions. The formation of
strongly solvated alkanes {which form in a way the low-ener-
getic precursors of the protonated alkanes) is postulated to
be a necessary step prior to hydrlde transfer towards benzyl
cations. In this context, a resemblance is suggested between
these two kinds of species and w- and o-complexes, which oc-
cur during electrophilic reactions with aromatic compounds.

In agreement with the postulated reaction mechanism,
the (much slower) reaction between benzyl cations and mole-
cular HZ is not accompanied by scrambling when the reaction
is carried out in tritiated acid. Thus, this latter reaction
is believed to comsist of a heterolytic splitting of a hydro-
kgen molecule in a proton-hydride pair, which is transferred
towards the benzyl cation in 2 concerted way.
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SAMENVATTING.

Onderwerp van dit proefschrift is de onverwachte reacti-
viteit van verzadigde koolwaterstoffen tegenover benzyl kat-
ionen. Opgelost in sterke protonzuren blijken tertiaire en
secundaire alkanen in een snelle reactie hydride ionen over
te dragen naar het benzyl kation. Deze heterclytische split-
sing van koolstof-waterstof bindingen wordt aanzieniijk ver-
sneld door verhoging van de zuurgraad van de oplossing en
wordt bepaald door twee factoren, te weten: de bhasiditeit
van de alkaan en de polarisatie in de benzyl C~CH2 binding.

Het verschijnsel van de bi-functionaliteit, zoals dit
naar voren komt in enzymatisch gekatalyseerde bio-reakties,
staat model om de reactiviteit van benzyl kationen tegenover
gepolariseerde, gesolvateerde alkanen te verklaren. Kinetische
onderzoekingen en isotopen-overdrachts experimenten tonen aan,‘
dat de hydride-overdracht verloopt via een termoleculaire
overgangstoestand of intermediair, waarin een proton of zuur
molecule voorkomt. De waargenomen uitwisseling van waterstof
isotopen gedurende de eigenlijke hydride-overdracht vormt
een sterk argument voor het gepostuleerde reaktiemechanisme.

Quantummechanische berekeningen (CNDG/2 methode) geven
aan, dat er een proton-hydride paar wordt overgedragen, ver-
moedelijk in &8&n stap, vanuit een geprotoneerd alkaan met een
Cs-symmetrie naar de gepolariseerde benzyl C—CH2 binding. In
sterk zure oplossingen zijn eerder alkaan~proton zuur adducten
(of sterk gesolvateerde, geprotoneerde alkanen) de reaktieve
intermediairen voor de hydride-overdrachtsreaktie, dan vrije,
geprotoneerde alkanen.

Voert men de reaktie tussen isobutaan en benzyl kationen
uit in getritieerd zuur, dan blijkt het product dat ontstaat
uit het benzyl ion, tritium te bevatten. De conclusie is, dat
de eigenlijke overdrachts~stap van het proton-hydride paar
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voldoende langzaam is, zodat isotopen-uitwisseling kan
plaatsvinden, Een koppeling tussen het omringende medium en
het over te dragen proton-hydride paar, veroorzaakt door een
sterke solvatatie van de overgangstoestand, wordt dan bepa-
lend voor de snelheid van de overdrachts-stap. :

Gepoogd is de waargenomen snelheidsverschillen ﬁe ver-
klaren tussen enerzijds proton-uitwisselingsreakties, zoals
alkanen die vertonen in sterke proton zuren, en anderzijds
de hydride-overdrachtsreaktie tussen alkanen en benzﬁl kat-
ionen, Het grote verschil in reaktie-snelheid tussen deze
twee reaktie~types wordt toegeschreven dan het voorkomen van
verschillende vijf~geco8rdineerde koolstof-deeltjes. Gepos-
tuleerd wordt, dat de vorming van vrije, hoog-energetische
carbonium ionen, zoals bijv.'CH;, de snelheidsbepalende stap
is voor de proton~-uitwisseling en voor waterstof-vormende re-
akties. De vorming van sterk gzsolvateerde alkanen, die als
het ware de laag-energetische voorlopers van geprotoneerde al-
kanen zijn, wordt gepostuleerd als een noodzakelijke stap die
vooraf gaat aan de eigenlijke hydride-overdracht naar benzyl
kationen. In dit verband wordt een analogie getrokken tussen
deze twee soorten deeltjes en wn~- en o~complexen, welke voor-
komen tijdens electrofiele reakties met aromatische verbin-
dingen.

De veel langzamere reaktie tussen moleculaire waterstof
en benzyl kationen wordt niet vergezeld van isotopen- uitwis-
seling als de reaktie wordt uitgevoerd in getritieerq zuur.
Dit is in overeenstemming met het gepostuleerde raakﬂiemecha~
nisme; de reaktie met H, bestaat uit het heterolytisdh split~
sen van een waterstof molecule in ecen proton-hydride paar
dat naar het benzyl kation wordt overgedragen,
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