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mochsnisms in t-amyl cation is discossed. Resuits from an eartier version of the program for the

rearrangesent
case of methyicyclopentyl cation are also presented.

INTRODUCTION

Carbonium ion intermediates have long been invoked in
exphmmsmnmenummicmms Tech-
niques developed in the last 15 years™ have made
pouibled:eptepamnonofmbblohmomotavmy
of carbonium ions>* enabling direct stodies of rear-
nngememsbymmofprotonmd"CNMRspecm

A prowu which interchanges nuclei, if it occurs
rapidly enough, causes the corresponding lines in the
NMRspecu-umtobroaden.Asthentzofnnerchanae

increases, broadening continues, eventually leading to
codeweneeofthehnes further increases in the rate
then cause these coalesced lines to sharpen. The general
theoryduwedbyAndeuondeubo"ptovﬁua
quantitative relation between the rate constant and
detailed mechanism of the interchange process, and the
resulting NMR hnalnpe. A previously described
computer program® which applies this theory can be used
to calculate lineshape as a function of rate constant for
any given mechanism; the results may then be compared
with the experimental lineshape to obtain a value for the
rate constant. From spectra taken at a series of tempera-
tures, the relation of rate constant to temperature may be
detummed,andthmthewamemlogAandEdthe

The mtetchm;e mechanism is represented in the
Anderson-Kubo theory by a matrix of transition prob-
abilities. For simple mechanisms it is usually possible to
write down the matrix by inspection; for example, the
mechanism in Fig. 1 which interchanges a- and S-pro-
tons in methylcyclopentyl cation leads to the transition
probability matrix:

12\1/2).
The matrix is by no means intuitive, though, for more
complex mechanisms.

This became clear when we discovered that the rate of
carbon scrambling in methyicyclopentyl (obtained from
temperature-dependent
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Table 1.
lhlt-hitt !hlf-hei;it
T a-ethylene nuhyl k
0 (H2) (sec™)
40 204 123 64.0
40 19.7 150 62.0
51.8 282 169 88.5
565 338 143 105.2
60.0 528 114

1660

hydride shifts was then postvalated (Fig. 2); this
mechanism is complicated by the presence of two
competing processes (methide and hydride shifts) and by
there being no fixed number of steps which lead back to
a tertiary ion.

The problem of establishing the transition probability
matrix for this mechanism was solved through the use of
a Monte-Carlo method computer program—a program
which simulates a random process aa large number of
ﬁnuhaﬂamobhhmavwovmllmhbility.ln
this case, the program performed “random walks"™ start
mﬁomtheteﬂnrymlmdendﬁuwhnevumothu
tertiary ion was reached. Included in the program was a
map of all possible intermediates (secondary ions) and
rearranged products (tertiary ions), and the pathways
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connecting them (Fig. 3). By recording whick rearranged
product was reached at the end of each random walk, the
average a/f interchange for this mechanism could be
determined. Adjusting the relative probability of methide
to hydride shift assumed in the calculation made it
possible to obtain a relative rate of carbon scrambling to
value. The ratio of methide to hydride shift rates for this
case was found to be 1:17 at 20°, corresponding to a
difference of ~1.5 keal in activation energies.

General program

In attempting to extend the program to systems other
this approach became apperent. The most serious was
the need for the programmer to work out the eatire
rearrangement scheme, a task which quickly becomes
unmanageable as the system becomes much larger than
methyicyclopentyl or begins to involve more complex
mechanisms (such as protonatedcyclopropane inter-
mediates). An examination of Fig. 3 should confirm this
statement. Another disadvantage inherent in this ap-
proach was the need to rewrite the program almost
completely for every new system to be studied.

The program described here overcomes these limita-
tions through the use of connection matrices to specifly
chemical structure, and a set of completely general rules
for rearrangement steps which act on these matrices.

Method. The connection matrix is one of a number of
computer representations of chemical structures which
may be made both unique and unambiguous.'*** For the
carbon skeleton, the connection matrix is a square of
dimensions equal to the number of carbons. An element
m,n of the matrix has the value one if there is a bond
connecting carbons m and », zero if there is not.
Hydrogen substituents are represented in a compressed
connection matrix of three columns and as many rows as
there are carbons; here the elements of each row m are
the identifying numbers of the hydrogens which are
attachod to carbon m. A number of carbon-skeleton
connection matrices representing different chemical
structures may be stored in memory in anticipation of
the possible rearrangement products. One of these
matrices is in addition designated to be the starting
matrix which begins each random walk. The program
thea proceeds as follows:

(1) Place entered matrices in canonical form. The
permutation of any two rows and the corresponding two
columns of a connection matrix results in a rearranged
matrix, differing in appearance, but representing the
same chemical structure; what in effect has been done is
to change the numbering of the C atoms. For a structure
of n carbons there are thus »! possible connection
matrices, corresponding to the a! different ways in which
the carbons may be numbered. In order to identify the
chemwdmmdﬂnremanmntprodlnmdm

canonical form for connection matrices can be defined.
As follows from the above discussion, this is equivalent
to establishing rules for uniquely numbering the carbon
atoms of any chemical structure. The totally arbitrary
and computer-orieated definition used here is as follows:
A connection matrix is in canonical form if and only if
(1) the number of C atoms follows the order

(i) charge-carrying carbon

(ii)pmnrywbons

(iii) secondary carbons

(iv) tertiary carbons

(v) quaternary carbons
and (2) within the above groups, the order of numbering
results in a minimum value for the number formed by
linearizing the half of the matrix to the right of the
diagonal. An example appears ia Fig. 4.

(Z)Pafommnmmmlmudwbommm
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(5) Record carbom and hydrogen interchanges. The
position (Le. carbon sumber) of each carbon and
attached hydrogen in a canomicalform matrix is
significant of its chemical position in the corresponding
molecule. By keeping track throughout steps 2, 3 and 4
of the numbers assigned to the carbons in the canonical-
famstcﬂkgmtrix,mdbycmtheuwﬁhthe

can undergo two rearrangements: (1) a hydride shift from place. A frequency matrix, one for each chemical struc-
C,wC,,anda)theformnonohCrC.bondruulmz
&uloamthec wbmbycheehuthem

2 comnection - Table 2. Number of raadom walks: 250000
hyﬂromsonczcu'bomarenmihlylouudmdphced
malntofpotﬁblemmnmnenn.Anndomnleeoon

from the list is made, using probabilities weighted ac- HOWCOLCICABI,COHE);

cording to the sort of rearrangement involved in each -

case, and the connection matrix altered to reflect the c(n Q) ) c4)
rearrangement. C(1) 051003 008872 000007 000018

Protonated-cyclopropane formation may be followed C(2) ~ 00871 0509%4 00005  0.00009
byanynumberofeomwto-corwmwmthcc%) 0.00008 000056 = 090486  0.09449
process terminating when a ring opening occurs. Selec-. ¢ 000009 000004 004725 095262
tion among possible migrations and ring openings is H(1) HQ) H{)
carried out in a manner similar to that just described. H(D) 0.99905 0.00056 0.00039

(3) Check for tertiary ion. If the rearrangement product H(Z) 00003 090501 0.0M463
is not a tertiary ion, step 2 is repeated. If it is tertiary, the HO)  0.00014 0.04731 095255
random walk is over, and changes which have occurred

es *Specified probabifity of protoated-cyclopropane formation
maibedennﬂedandrewde’gufonom. . mm“ﬁw&n f

(&) Place rearranged matrix in canonical form. The bSpecifed peobability .
final matrix is placed in canonical form and compared Mmmdmdmﬂ.mmw
with the originally entered canonical-form matrices to  “Specified relative probability of a CHy+ corner-to-corner

identify its chemical structure, migration.
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ture, is used to record the number of times each carbon
and hydrogen of the starting matrix (rows) ended up in
each chemical position of the rearrangement product

Applications

t-Amyl cation. t-Amy] cation is of interest as a simple
system in which CH,* corner-to-corner migration could
occur in the protonated-cyclopropane intermediate. As
shown in mechanism I (Fig. 5), this process results in the
scrambling of methylene carbons with methyl carbons.
The results of the computer run which appears in
Table 2, however, imply another mechanism for
methyl/methylene carbon scrambling which does not in-
volve CH,+ migration (mechanism II); the higher prob-
ability of CoC; scrambling over the other
methyl/methylene scramblings implies in addition
mechanism I1I.

Adjustment of the relative probabilities of H* and
CH,* corner-to-corner migrations assumed in the cal-
culation in order to fit the results to experimental data
should provide an indication of the degree to which these
steps occur in the overall rearrangement process, and the
activation energies of these steps.
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