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Abstract:

Influences of the ethereal oxygen on the reactivity of cis-8-oxabicyclo[4.3.0]non-3-ene in
solvomercuration and catalytic hydrogenation reactions are examined. The solvomercuration rate
enhancement observed for this compound, compared to its carbon analog, is examined using the law of
increasing electron demand. The rate decrease observed with the substitution of a vinyl proton with a
methyl group is discussed in relation to the present solvomercuration model. The results presented
indicate that changes in solvomercuration rate are due to changes in the rate of the solvolysis step and
not the stability of the mercurinium ion intermediate.

The influence of the ethereal oxygen on the catalytic hydrogenation of
cis-8-oxabicyclo[4.3.0]non-3-ene over 5% Pt on alumina is examined using tetrahydrofuran (THF) as a
model. The results presented indicate that the oxygen atom of both compounds inhibits the adsorption
of hydrogen.

These results also show that due to the size of cis-8-oxabicyclo[4.3.0]nonane, unlike THF, it inhibits
both cyclohexene adsorption as well as hydrogen adsorption.
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ABSTRACT

Influences of the ethereal oxygen on the reactivity of
cis-8-oxabicyclo[4.3.0lnon-3-ene in solvomercuration and
catalytic hydrogenation reactions are examined. The
solvomercuration rate enhancement observed for this
compound, compared to its carbon analog, is examined using
the law of increasing electron demand. The rate decrease
observed with the substitution of a vinyl proton with a
methyl group is discussed in relation to the present
solvomercuration model. The results presented indicate that
changes in solvomercuration rate are due to changes in the
rate of the solvolysis step and not the stability of the
mercurinium ion intermediate.

The influence of the ethereal oxygen on the catalytic
hydrogenation of cis-8-oxabicyclo[4.3.0lnon-3-ene over 5% Pt
on alumina is examined using tetrahydrofuran (THF) as a
model. The results presented indicate that the oxygen atom
of both compounds inhibits the adsorption of hydrogen.

These results also show that due to the size of
cis-8-oxabicyclo[4.3.0]lnonane, unlike THF, it inhibits both
cyclohexene adsorption as well as hydrogen adsorption.




INTRODUCTION

Heteroatom Effects in Directing Organic Reactions

our lab has been, and continues to bé, interested ip the
effécts of.heteroatoms on the structure and reactivity of
molecules. It has been shown that heteroatoms cén‘influence'
the reactivity of molecules in ionic'reactions th?ough -
inductive and dipolar effects and by participation, when
stereochemistry allows. 1In reactioﬁs where the lone.péir
electrons can interact with the actjve reagent, beterpatoms
can compete with a double bond for the feagenf, as in thé.
case of catalytic hydrogénation. Determining the tyée of
interactioﬁ a heteroatom is exef£ing during a reaction is
often difficult and of the three hetefoatoms, oxygen,
nitrogen, and sulfur, of particulér interest to our'program'
the effects produced by oxygen abpear,to be the most
subtle..

The most-widely used approéch in the elucidation of
heteroatom effects has involved the determination.bf
'relative and/or absolute reaction kinetics. Investigétors
have rationalized the effect of a remote oxygen on the
éolvolysis-rate of a molecule in terms of the interaction
between the ‘incipient carbonium ion in the transition state

and the oxygen induced dipole, and/or oxygen's lone pair




electrons. Oxygen®s effect on the rate of solvolysis has
been shown to be dependent on its position iIn the molecule,
relative to the carbon on which the positive charge will
form, and the stereochemistry of the molecule. These
factors have been 1illustrated by Tarbell and Hazen in the
solvolysis of the arenesulfonates of cyclohexane,
tetrahydropyran, and tetrahydrofuran.i1 The oxygen-induced
dipole was thought to destabilize the incipient carbonium
ion in the transition state, resulting in a decrease in the
rate of solvolysis beyond the expected decrease for
inductive effects alone. The results shown in Table 1 also
illustrate that when stereochemistry permits, as iIn the case
of 3-tetrahydropyranyl brosylate, oxygen can participate in
the reaction to stabilize the carbonium ion. The proposed
participation, shown in figure 1, has been suggested as the
reason for the unexpectedly high rate of solvolysis found

for this compound.

Figure 1. Oxygen Participation in Carbonium ion Stability.



Table 1
Acetolysis of Arenesulfonates.

compound s rate x 107sec

O 45-2

35.1
8.20

1.40
2.47

0.55



The 24-fold increase in rate of solvolysisAof tﬁé.endo
isomer of 9-oxabicyclo[4.2.1]nonan-2-yl compared to the exo
isomer was rationalized by Paquette in terms of the oxygen
participation shown in Figure 2.2 The rate increase due to
the stabilizatioﬁ of the incipient carbonium ion in the
transition state by oxygen participation has been shown to
be less than the rate increase due to particibation by otherx
heteroatoms. For example, Wilder found the solvolysis rate
~ratio of the endo/exo isomers of
4—oxatricyclo[5.2.1.02'6]dec—8—yi brosylates to be-50:l3

while the ratio for the sulfur analog was 1000:1.4

Although
Wilder felt the rate ratio'alone'was insuffiéiént e&idence
for oxygen participation, the rearrahgemeht outlined iﬁ
Figure 3 gave support to the prﬁposed participation. It was
rationalized that the oxygen had stabilized the carbonium
ion intermediate long enough for the rearrangement to occur,

whereas with the carbon analog the solvolysis of the

carbonium ion was too fast for any rearrangements to occur.




Figure 2. Rationale for the 24-fold 1increase
in solvolysis rate.

Figure 3. Rearrangement due to oxygen participation.



Some investigators insist that at least an order of
magnitude difference in rates is required before heteroatom
participation can be considered a contributing factor in the
rate increase. Since the heteroatom electronic éffects may
not be identical for the stereoisomers used in the test for
heteroatom participation, it would be difficult to isolate
participation from electronic éifferenCes for small rate
enhancements. 1In the investigation of the effects of remote
substituents on the addition of 2,4-dinitrobenzenesulfenyl
chloride to norbdrnene, Kwart‘and Miller observed that the
electronic effects of substituents are not the same for the
exo and endo isomers of norbornene, as the results shown in
Table 2 indicate.5 Likewise, Kwart found the electronic
effects of substituents iﬁ the axial position to be
different from those at the equatorial'position of mono- and
disubstituted cyclohexenes.

Gassman used the method of "increasing electron demand"
to determine the relative ability of the carbon-carbon bond
of an epoxide, a cyclopropyl group, and a pi-bond to
stabilize the carbonium ion formed during the solvolysis of

6 This method is based on the

the compounds shown in Table 3.
assumption that if the electron demand of the incipient
carbonium ion in the transition state is satisfied by the

electron density "donated" by substituents on the carbon

atom, then a remote functional group will not participate in




Table 2
Addition of 2,4-Dinitrobenzenesulfenyl chloride to
Norbornenes.
f
X X" Relative rates
exo CH2CH2CH2 (cis) 139
H H 100
exo CH3 H 98.3
endo CH3 H 66.5
exo COOH COOH (cis) 0.637
endo COOH COOH  (cis) 1.50
T i 0.0501
exo Loy (cis) -
endo gl 0 (cis) 0.000893



the reaction. The relative ability of a funétionél group fp
participate in a reaction was detefmined-by cbmparing the
ratio of the rate when the electron demand was satisfied by
substituenté On'the carbon atém to the ratio wheﬁ the
electron demand was satisfiéd by a remote functional group
participation. Gassman found that the electron deménd of a
tertiary carbpnium ion was low.enéugh that the functionai
group under investigation did not participate, while a
secondary carbonium ion possessed a high enough electron
demand to promote participatién. By examining the.
"alpha-methyl/hydrogen" ratio the problem of cﬁanging
elecfrqnic effects with changes in the stereochemistry of
the molecule was avoided.

Peterson found that inductive effects from a metho#y
group -influenced the rate of addition of trifluoroacetic
écid to a double bond over a span of eleven methylene:
carbons.7 The inductive effects we?e found to decrease
liﬂearly wifh the number.df methylene groups at.a rate-df
0.64 per methylene cérboﬁ. Table 4 shows the relatiQe‘rafeS
of additibn of trifluoroacetic acid found by Peterson for
three compounds related to our work. - In a related study,
investigating the electron withdraﬁing effecfs of an éther
linkage and acetal groﬁps on the oxidation of ‘alkene with
permanganate ion and osmium tetroxide, HenbeSés.observed.the

results shown in Table 5.




Table 3
Oxygen®s 1inductive effects
on carbon-carbon bond participation.

compound relative (Me/H)

ratio
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Table 4
Addition of Trifluoroacetic Acid.

compound relative rate

122

30

152
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Table 5

Electronic effects on oxidation with KMnO4 and Oson.

relative rate

compound KMnO~

CO
CO

1.29

0.9

N© N @

Oson

0.35

0.28

In the investigation of heteroatom effects, our lab

previously used solvomercuration as the model for the

reaction and catalytic hydrogenation as the model

ionic

reaction

for the nonionic competition reaction. At this point it

is

of iInterest to discuss some of the characteristics of these

two reactions. For the sake of uniformity the reactions

will be discussed separately, starting with the

solvomercuration reaction.
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Oxygen Effects in Solvomercuration

When the solvomercuration reaction is carried out in
aqueous perchloric acid solution, Halpern and Tinker found

the rate law shown in Equation 1.9

+2

rate= k [Hg “] [>C=CK] : .'Kl)

There was an excellent cbrrelatiop between 1o§(k) and Téft‘s'
sigma* for substituted olefins. 'The obéefved ;ho* value of
-3.3 indicated a transition state with consideréblé
carbonium ion character. Although they could-nbt disprove
the existence of a mercurinium ion‘intermediafe, fhey found
no evidence for it. Under the conditions usediby;Tinkef, it
is believed the reaction species is solvated Hgf2 and not
Hg(OAc)+l as found by other workers using a 50%
Water/tetrahydrofurap (HZO/THF) mixture or methanol (MeOH),
for thch tﬁere is evidence for a mercurinium ion
intermediate. Some of the results found: by Halpern and
Tinker are shown in Table 6. | |

Table 6 +2
Rate constant for solvomercuration with Hg ~.

compounds rate X 10_3M-]‘s'ec_1
Ethylene 5.1
Propylene 100
l-butene 80
isobutene : >1000
~ cis~2-~butene 5.8
trans-2-butene 1.7
5.0

cyclohexene
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It has been shown by a number of investigators that when
the solvomercuration reaction is carried out with mercuric
acetate in HZO/THF'or MeOH, the mercurinium ion intermediate
has little carbonium ion character, and that most of the

charge remains on the mercury.lo’llf15'17’63

Yet, the
relative reactivity of '‘substituted olefins was rationalized
in terms of the stability of the mercurinium ion

10,18,64

intermediate. Brown found the reactivity for

10 terminal

substituted olefins to follow the trend:
disubstituted > termiﬁal monosubstituted > internal
trisdbstituted > internal disubstituted >'interna1
tetraéubstituted. Any additional branching, even on remote
carbons,.resulted in a decreased reéction'rate. However, a
significant deQiation from the carbonium ion stabilization‘
trend was observed with the relative solvomeréuratioq rate
of styrene.éompared to élpha—methylstyrené} as shown in-
Table 7 with other ekamples of the relative rates foundlby
Brown. It was suggested that the }ow reaction rate for |
styrene was due to steric hindrance and the lower ground
state energy of the double bpnd'wheq cqnjugated to a benzene

ring, but the enhanced rate for the methylstyrene was

unéxplaiﬁed.
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Table 7

Relatlve rate of solvomercuration with Hg (OAc) l
compound _ . relative rates
cyclohexene 1
l-pentene 6.6 -
l-Hexene 4.8
2-methyl-l-pentene . ' 48
cis-2-pentene : ' 0.56
trans-2-pentene - o 0.17
2-methyl-2-pentene : 1.24
cyclopentene ) 0.78
1- methylcyclopentene . 1.86
norbornene : 3.7
bicyclo[2.2.2]octene 0.01
styrene ' 0.28
alpha-methylstyrene . 1.18
cis-propenylbenzene <0.02

The lack of a carbonium ion in the mercufinium ion
intermediate has been shown by Bach and Richter in the
investigation of the oxymercuration of cis- and
trans—di—tert—butylethyléne.11'The results shown in Figﬁfe 4
reveal that the oxymercuration of cis—di—tert—butylethylene.
gave only the stereospecific trans addition witﬁout
carbon-carbon bond rotation, despite the 10.2 kcal/mole
higher strain energy compared to_£he Eis isomer.12 These
results also show the first case of the solvbmercuratiop
reaction resulting in cis-addition for_an'unstrainedyopen'
chain. ‘

Bach found only the expected solvomercugation.p;oducté

and none of the rearrangement products found with the

bromination of trans-di-tert-butylethylene in methanol,
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where an appreciable charge develops on the carbon

13.14 This observation was rationalized in terms of a

atoms.
bridged mercurinium ion intermediate with little charge on

the carbon atoms.

H H Hg(C)CVar C'C4Hg HoICIO4I3 H CCcHIB
ShrsiCHIOH HW L z hSx  2doys, CHOH
HglOAcI3r H™"™YAOCH3 HgIOACI3 y
ICH3I13C CICH3I3 4hrs,85% (-C4Hg 7days ,CHjOH ichl”c

CH30H

Figure 4. Oxymercuration of cis- and trans-di-tert-
butylethylene.
The solvomercuration reaction characteristics, found by
most investigators using HgO/THF and MeOH, are summed up Iin
the following way by Waters and Kiefer in their study of the

methoxymercuration of allenesl5:

1. The mercurinium 1ion 1is reversibly formed, prior to the
rate-limiting step, and is not subject to important
steric control;

2. The opening of the mercurinium ion by solvent 1is both
rate and product determining and is stereospecificslly
trans;

3. The rate of the latter step is remarkably sensitive to
steric influence of substituents on the opposite end

of the allenic system, implying that the central
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carbon atom has acquired a good deal of trigonal
character.

The only-area of disagreement is with regard to the
structure of the mercurinium'idn'intermediate. Bach
suggested that the mercurinium ion intermediate: for
di-t-butylethylene -had to be planar, based on theoretiéal
calculations.ll Biown,'on the other hand, declines to say‘
whether thé intermediate is a bridged mercurinium ion. or
not.lo

The solvomercuration of most olefins occurs via trans
attack of the mercurinium ion by solvent. One exception to
this observation is norbornene,. which fesults only in cis

16 In the investigation of.solvohergurafion of

addition.
bicyélo[2.2.2]oct-2—ene, Traylor found the solven£ attack on
the mercurinium ion occurred both cis gna trans, withlthe
ratio being dependent on the nucleophilicity of the
solvent.17 The results shown in Table 8 reéeal thét in
nucleophilic solvents, trans addition is favored, whereas
cis addition is favored in solvents of poor

nucleophilicity. Traylor rationalized these results in
terms of the ring'opening of the mercurinium ion in
competition with the trans attack by the solvent. As in thé
norbornene system, no rearrangement products were detectéd,

indicating little carbonium ion character in the '

intermediate.




Solvent

water
water-acetone
water-acetone
water-acetone
acetic acid

* Hg (OTos) (CH)

The results shown

Otzenberger in the
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Table 8
Solvent effects on solvomercuration of
Bicyclo[2.2.2]octene.

[Hg (OAc)2]

*

7
9

[ejoleoloNe)
WrRrOoOOR

[NaCAc]

0 50
0 60
Tr 60
75 0
100 0

in Table 9 were obtained by

50
40
40
25

0

investigation of heteroatom effects on

the solvomercuration reaction.

the ethereal oxygen

These results reveal

in cis- and trans-8-oxabicyclo-

[4.3.0]non-3-ene has a rate enhancing effect on this

reaction. The rate

increase for the cis-isomer was

attributed to oxygen participation similar to that shown

Figure 5. The rate

increase found for the trans isomer,

which 1is not capable of participation, was attributed to

induced strain from

the shorter

C-0-C bond

lengths and

larger C-0-C bond angle compared to the carbon analog.

that



18

Table 9
Oxygen effect in solvomercuration.

compound relative rate

0
6

03
Cd
03

CD

0.35
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AcOHg

Figure 5. Oxygen participation in solvomercuration.

The stereochemistry of solvomercuration resulted in the
hydroxyl group being syn to the ring juncture in the
cis-oxabieyelononene, with a syn/anti ratio of 3:1. However,
Otzenberger found the stereochemistry of epoxidation for
this compound gave a syn/anti ratio of 1:4, as shown in
Figure 6. This then indicates that, in the absence of
electronic effects, attack anti to the ring juncture is the
less sterically hindered direction of approach for
expoxidation, while the solvent attack syn to the ring
juncture was the less hindered direction in the
solvomercuration reaction. Based on NMR results,
Otzenberger fTound the open conformation to be more stable

than the folded conformation.
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Figure 6. Stereochemistry of epoxidation and
solvomercuration.

The stereochemistry of epoxidation was used by Cope and
Gleason to assign the conformation of
cis—bicyclo[4.2.0]oct—3—ene19 and by Hallageas and
Casadevall to assign the conformation of
cis-bicyclo[4.3.0]non-3-ene.20 Both groups found the folded
conformation to be preferred over the open by a ratio of
about 87:14. The proposed conformation assignments were
based on the rationale that if the open conformers were
preferred the syn to anti ratio would have been 50:50.

The stereochemistry and reaction rate of epoxidation
with peroxy acids has been shown by several investigators to
be sterically sensitive and to be influenced by electronic
effects. It has been reported that vinyl alkyl substituents

21 .22 Henbest

result In an enhanced rate of epoxidation.
rationalized the directive effects of a remote nitrile
substituent in terms of the dipole-dipole iInteraction
between the nitrile and the transition state of the

. ., 23 )
olefin-peroxy acid. However, Rickborn and Lwo have
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reportéd that steric interactiop with rémote-alkyl
'substituents have a rate retarding effect on the gpokidation.
' reaction.24 |
The results éhéwn in Tabie 10. compare the relativé rates
of epoxidation found by Rickborn with the_relative rates of
solvomercuration fodnd by Otzenberger. Rickborn rationalized
the decrease in the relative rate inhterms of the steric
interaction between tﬁe éeroxy acid and the remote
substituents. The proposed reason for the relatively high
solvomercuration rate of the cis-oxabicyclononeﬁe'was, as
mentioned earlier, due to oxygen-participation in the -
transition state of the mercufiniuﬁ ion formation. However,
two major inconsistencies are.revealed in the compafison of
these two sets of data. The relative rate of theﬁ
.tfans—oxabicyclonon—B—ene is higﬁer than expecteq.for‘the
heréuration feaction and lower than expected for the-
epoxidation reaction, based on steric effects alone:' The. .
sterically sensitive step in the solvomercuration reaction
is the addition of-solvent.‘ The solvomercuration |
stereochemistry found by Otzenberger would then indicate
that the side of the double bond cis to the ring junction is
thé less hindered directiop of épproach. 'However,'the
stereocheﬁistry pf'the epoxidatioh*reaction indicatég that'.
the less hindered direction of approach is the side of the

double bond trans to the ring juncture. From these
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obseivations it is logical to conclude.that mofe than jgst
steric factors are involved in both the ebbxidation and
solvoﬁercuration reactions. Although these disérepanéieé
are small compared to the heteroatom effects .found ih
solvolysis reactions, they do raise questions about the
effects produced by the ethereal oxygen and the kinétics of
solvomercuration in'general.

Table 10

‘The comparison between relative rates of epoxidation
and solvomercuration,

relative rate

cyclohexene epoxidétion _ . mercuration
3-methyl ‘ 0.94 ' 0.36
trans-4,5-dimethyl 0.79 . . ' ————
cis-4,5-dimethyl 0.46 | © 0.09
cis-4,5- (~CH,~-0-CH,-) 0.50 ' _' 0.81
trans-4,5- (CH,~0-CH,~) 0.29 | 0.40
cis-4,5- (CH,~CH,~CH,-) - - 0.11
trans-4,5- (CH,~CH,-CH,-)  ---- ' | ' o.is

It has been shown by a numbef of invéstigators that the
rate iimiting step in the solvomercuration reaction is EQE'
the formation of the mercurinium ién intermediate,'bdt
rathe; the'soivolysis of the intérmediate.. It is believed -
that the mercurinium ion intermediate forms at a

preequilibrium.rate and that the rate constants have the
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relationship shown in Figure 7. The sequence of the rate
constants for the solvomercuration reaction are based on, the
observed stereochemistry of solvent additioh, the relative

reaction rates, and the observed reaction kinetics.,

./OA'C
Hg
1 K1 -',I \\\
c=C + HgloAc)© =—— —C—C-
4 / \
AAC()ffﬂs I
[l
‘OH

Figure 7. Mechanism of solvomercuration reaction.

Based on the relationship of the rate constants, it is
logical to conclude that decreasing only the energy of the
transition state for the formation of the intermediate would

lead to an ihcrease in both k, and k_ which would not

1 1

effect the reaction rate significantly. Likewise, if only
the energy of the intermediate were decreased, it follows

then that k_, will decrease, resulting in a higher

1
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" concentration of the iﬁtermediate; but k2 Qill also decrease
which would be a rate decreésing effect. However, if the
energy of the trénsition state of the solvolysis step were
decreased, there would be an increase in kz'resulting in an
overall rate inéfease. |

The energy of the three species of this reaqtion, the
two transition states and the intermediate, are A
interrelated. éince the first transition state involVes.fhé
formation of a partial positive chafge on the olefinic
carbon atoms and the intermediéte contains the'posifive'
chérge, decreasing the energy of the first transition state
will result in a more,stable'intermediéte: However, the
transition state of the solvolysis éfep_involves the
interaction of the positively charged intermediate and.
solvent. it then follows that the more charge on the carbon
atoms in.fhe intermediafe thé'lower the energy of the
transition state for the solvol¥sié reacfioﬁ'will be; due to
the higher,electfophile—nucleophile interaction enérgy.
Even though most investigators acknowledge that the

10,11,15,17,64 it has

solvolysis step is rate determining,
been proposed by a number of investigatorshthat stabilizing’
the charge in the intermediate results in an enhanced

rate 10/16,28 |

The.stabilizatién of the charge in the intermediate can

be accomplished by induction, delocalization, and
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participation. It is of interest to discuss each of these
methods separately since their effecté,on the overall réte
may not be tﬁe same;

The effects of inductively stabilizing the intermediate
can be illustrated by the relative rgtes for a series of
compounds from Table 7. The relative rates for the pentene
.series are typical of the reactivities found fof vériéus
alkyl substitutions on the double bond. |

Based on the geﬁerally accépted assumptién that the
intermediate 'is'a three-atom bridged, poéitiyely charged .ion

with.most of.the charge on the mercury atom,zs’26

the little
charge that forms on the carbon atoms should be sha£ed |
equally between symmetrical olefinic-caﬁbons., It‘fpllows
then that if the rate depends on the stability of the
intermediate then the relative rate for 2-pentene would be
higher than that of l-pentene, as'the reactivity t;end for
the bromination reaction, shown in Table 11, ilLustratés.
However, the relative solvomercuration rate for l-pentene is
6.6 compared tolo.56 for 2-pentene which is opposite to the
expected relative stability.trend of the merchriﬁium ion
intermediate, based on the bromination reaction. An even
larger'reaction rate difference occurs betweeﬁ
2-methyl-l-pentene and 2—methY1—2-peﬁtene wifhirelatiﬁe-
rates of 48 and 1.24 respectively, and again the rate

enhancement is in the opposite direction of the intermediate
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stabilization. These observations contradict the hypotheses
" that the reactivity trend found by Brown was due to the

relative stability of :the mercurinium ion intermediate.

Table 11
Relative reactivity of alkenes toward

bromination.27

Alkene B Relative reactivity
l-butene 1.00
cis-2-butene . 127
trans-2-butene 17.5
2-methyl-2-butene 13700
2,3-dimethyl-2-butene 190000

The effects of stabilizing the intermediate through
delocalization are illustrated by the relétive rates of
styrene and methylstyrene. The ability of a'benzené ring to
stabilize a carbonium ion is comparable to that of three
methyl groups and yet the relative rate for st&rene is 0.28.
As mentioned earlier, Brown rationalized the iow relative
rate in terms of a decrease in the ground energy.of the
doéuble bond gnd the steric effects of the benzene ring.
However, the -problem with the p;oposed rationalization can
be seen with the relative rate of 1.18 for
alpha-methylstyrepe. If anything, the steric effects have
inc;eased with the addition of a methyl érogp and it is’
doubtful the ground state energy of the double bond could

explain the rate increase.
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fhe objective of this research is in two parts.' We wish.
to revise the present solvomercuration reaction model in
order to explain the discreéancies mentioned aone. This
research is also to determine the role the ethereal oxygen
plays in the relative reaction rate of the

8-oxabicyclo[4.3.0lnon-3-ene system.

Oxygen Effects in Hydrogenation

The catalytic hydrogenation of olefips has Béen‘studiedA
by a number of investigators using'a'variety of reaction
" conditions and instrumentatidn'techniques. It has been
shown that the reaction solvent, hydrogen pressure, -
substrate.concentration, catalyst metal, the metal to
support ratio; the pretreatment of the cétélyst, ané even
the sequence in which the olefin and-hydrdgen are added to
the cataiyst has an .effect on the reaction rate and/or the
change in the reaction rate with time (rate-profile). Aé a
necessary prelude té the examjnafion of the effects'oxygen
‘has on the reaction rate, it became obvious that additional
understanding of the simple alkene reduction process was
required.28

It has beéﬁ well documented that pretreatment,of
catalyst can have a'Significant effeét on the reaction rate
of catalytic hydrogenation, prompting a nﬁmbér'of proposed

explanations, Glassl et al. wused electron microscopy to
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investigate the effects of platinum'catalyst sintering under
.argon, oxygen, and hydrogen atmospheres on the metal |
particle size d15tr1but1on.29 The metal particles produced
by some pretreatment procedures were found to be unstable,
as the particle size distribution was prone,to change during
the hydrogenolysis of methyl cyclopentane. Glassl found an
‘alternating treatnent with hydrogen at 510° K and oxyden at
720° K produced the most stable catalyst. The particle size
distribution of some platinum catalysts was found to affect
the proportion of 2-methylpentane, 3—methy1pentane,-and
n-hexane produced in the hydrogenolysis of '
methylcyclopentane.30 R : s

. Antonucci et al. investigated the effect of metal'
dispersion on the catalytic hydrogenation of benzene over

31 as the catalyst was diluted

platinum on alumina catalyst.
with alumina, the specific activity of the>piatinum Catalyst
increased, with reference to the metal content, up tola
dilution factor of 50:1. These results led Antonucci to
propose that the hydrogenation of benzene occurs on both the
- metal aggregates as well as the support Since the spec1f1c
act1v1ty of the catalyst remained constant beyond the 50:1
ratlo it was rat1onal1;ed that the adsorbed hydrogen did not
migratepbefond a certain point around the'netal'particle.

" The interparticulate mobility of'atomic hydrogen

adsorbed onto platinum on alumina was demonstrated by -
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Bianchi et al,32 It was shown that methanol was produced

when hydrogen was allowed to flow over a mixture of platinum
on alumina and methoxylated silica aerogel. Without the
platinum metal no reaction occurred. Although the half—life
or the orocess was on the order'of hours, depending on the:
packing of the particles, it clearly demonstrated that
active hydrogen could travel from one catalyst particle to
another, |
Augustine and Warner found that when the catalyst was
presaturated with olefin there was_an initial reaction delay
and a larger degree of curvature in -the rate—profile for the

33 It was proposed'that the delay was

hydrogenation reaction.
due to the time required for the hydrogen to remove adsorbed
oxygen from the catalyst surface. Although the
presaturation of platinum catalyst w1th e1ther hydrogen or
olef1n made no difference in the outcome of the reaction,
“initial treatment of palladium catalyst with an olefin
resulted in a change in its reaction characteristics. By
using a quantitative single cycle hydrogenation technique,
Augustine was able to show that platinum on 5111ca was able
to store more hydrogen than the catalyst had s1tes. These_
results were rationalized in terms of hydrogen “spillover",
where the adsorbed hydrogen migrated to the support'where it
was stored. Oncejthe‘concentration-of the adsorbed hydrogen
on the metal decreased, the hydrogenlmigrated back to the

reaction sites.
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Further evidence for hydrogen migration and subéequent
spiilovér onto the'support.of platinum catalyst was fognd_b?
éhené and Gay using-PNMR.34 The resonance liné for adsorbed
hydrogen was found to bé as much 55‘60 ppm_upffeld of TMS.
The position of this line was found to be a function of
hydrogen coverage and metal dispersion. These results-were
interpreted in terms of spin pairing in the platinum
crystallites, due to a quasi covalent bona formation be;wéeﬂ
"adsorbed hydrogen and the platinum metal. The broad iine
- width of adsorbed hydrogen illustréted the mobility of
adgorbed hydrogeh on thé’platinum sur face ét room
.temperature. Evideﬁce for hydrogen spillover wasibéged on
the aependenqe of the SiOH relaxation time on the
coricentration of adsorbed hydrogén.'

The exchange rate of deuterium with the pro;ons from
hydroxyl groups.chemisorbed on alumina in’the pfesencé of
Rhodium particles has been made b? CaVanagh and Yatgs using
infrared spectroscopy.35 Near 300°-K, the gxchanée rate was
found to be rapid énd was shown.to'décreaSe,when carbon |
monoxide was chemisorbed on the Rh catalyst.. The decrease.
in the.exchange raté.was ratidnalized‘as being due to
adsorption'site blockagé. |

Gallezot and Bergeret.ﬁsed radial electron distribution
to examiné the effects of adsorbed hydroégn and benzene on

the platinum crystallites of Y zeolitej2

36

supported

catalyst. The crystal surface structure was found to be
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distorted and the interatomic distances contracted with
réspect to the normal face center cubic (fcc) structure of
hulk platinum when free of adsorbates. When hydrogen was
adsorbed onto the platinum the aggregates exhibited normal
fcc structure and interatomic distances, which supporhs the
concept of quasi covalent bonds.befween adaorbed hydrogen
and platinum as proposed by Sheng. However, when the benzene
was adsorbed onto the platinum the structure was still |
distorted and contracted, indicating the benzene ovérlayep
coordinates:the surface atoms less efficiently than
dissociated-hydrogen When both benzene and hydrogen were
adsorbed onto the platlnum surface, Gallezot found that
benzene covers only a fraction of the metal surface even
with an excess of benéene, contrary to the assumption made
by most investigators. |

Comparlsons of olefin adsorbt1v1t1es are usually based
on the absolute and relative compet1t1ve reaction rates.
The models used in the comparisons are based on the

assumption that most of the catalyst surface is covered with

olefin, 1eav1ng only a fractlon of the surface for hydrogen
adsorption, The mechanism shown in Flgu:e 8 was proposed by,

Polanyi and Horiuti in 193437

and is considered Vaiid
today.. The only changes made in the mechanism has been the

reversibility of the various reaction:steps.
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Figure 8. Hydrogenation mechanism.

In the catalYtic hydrogenation of various olefihs over
supported platinum catalyst and undér approximétely‘one
atmosphere of hydrogen pressure, Hussey et al. found the
rate to bé proporfiénal to the hydfogen preésure and_' '
catalyst weight and independent 6f'sﬁbstrate concentratioh

38

throughout the reaction. The adsorption of molecular

hydrogen was found to be irreversible in the presence of
olefin, as was found by previous'investigators, despite the

“rapid formation of. HD from H at 195° K in the

. 2
39,40

2
It was proposed that the proton and

qnd D
absences of olefin.

deuterium scrambling found when D, was used, instead of

hydrogen, had occurred on catalet sites not used in the
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hydrogenation reaction. Thus, the desorption of olefin in
the Polanyi mechanism was proposed as irreversible. Hussey .
proposed the addition of the firsf hydrogen atom ié highly
reversible and the addition of the second’hydroéen atom
irreversible, due to the low adsorbtivity Qf alkanes. The
activation energies for cyclohexene and cycloheptene were
5,7 Kcal/mole,and 6.5 Kcal/mole, although no singleArate
limiting step was proposed. |

Hussey et al. found the hydrogenation rate over
palladium catalyst £o be pore diffusion controlled, base'én
the reaction orders shown in Table 12.41 It was proposéd
that the hydroéenation reaction occurred in the iarger pore,
which contained both adsorbed hydrogen and“olefin.'ﬂwhile
the isomerization_reaction( for which palladium is
notorious, occurred in the hydrogen—defibient smaller
pores. Hussey found that for a pérticular hYdrogen pressdre
these results could be accommodated by the "form 6f the |
. Langmuir-Hinshelwood shown in Equation’'2, but not the
simpler form shown in Equation 3. Eéuation 2 allows for the
competitive adsorption between hydrogen and alkene while
equation 3 assumeé that hydrogen does not inﬁeffere:wi£h the

chemisorption of alkene.
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rate = k K_ . [sub] /(1 + Ksﬁb [sub] + K [H2]) (2)

H
rate = k KSub {subl /(1 + Ksub [subl) (3)

where k 'is the overall rate cohstant under a particular
set of conditions. Ksub and [sub] is the adsorbtivity

coefficient and concentration of the alkene. KH and

[H is the adsorbtivity coefficient and concentration

2]
of the hydrogen.’

Table 12
Reaction orders for palladium catalyst.

rate - k [cycloalkene]m [P(Hz)]n

cycloalkene m . "n
bicyclo[2.2.1]heptene 0.20 1
cyclopentene 0.26 0.57
cyclohexene 0.34 0.45
cycloheptene : 0.27 0.43
cyclooctene 0.23 0.23

In the investigation of the hydrogenation of cyclohexene
Madon et al. used the turn-over rate (N) of the platinum:
catalyst as defined by moles substrate/sife-—sec,42 where the
number.of sites was determined by the oxygen titration

43

‘technique. The value of N was found to be independent of

particle size, for 1 to 7 nm particles, and of the nature of

the support, with Sioz, neu—AlZOB, and gamma—Alzo The

3.
reaction rate was found to be proportional to the hydrogen

pressure and catalyst weight. However, contrary to Hussey's
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findings for platinhm catalyst, Mééon found the rate to be
dependent on the cyclohexene coﬁcentration,.as.the
concentration approached zero; The pseudo first order rate
constant was found to be independent of solvent fype; as
long as the hydrogen solubility Qas used in the rate
expression'aﬁd not the activity of hfdrogen.

Baltzly showed that in aqueous mgthanoiic and aquéous
acetic acid solutions the fate of catalytic hydrogenation of
a variefy of substrates became independent'of sdbstrate
concentration, beydnd a certain concentration limit;-and‘
hydrqgen pressure, above 3 atmésphereé.44 It was found that
as the water content of the solvent increased, the subsﬁrate
concentration limit, above which the reaction order was

zero, decreased.45’46

Baltzly éroposed this to.mean that the
substrate adsorption Qas proportional to the activify of the
substrate and inversely propor;ionai the‘substrate
solubility. With reference to the acidity of the solvent,
platinum on carbon wasifbund to .be highly .sensitive to
acidity, -while palladium on carbon was relatively
insensitive. Baltzly found two types of contaminants in
cyclohexene, which had different_effects on the rate of
hydrogenation of cyclohexene. The fiist type resulted in a
reduced rate 6f hydrogenation without increasing the degiee
of curvature in the :ate—préfile. The second type of

contaminant decreased the rate and increased the deggee Qf

curvature in the rate-profile. Reactions with either type
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of contaminant were discarded. The effects of cyclohexene
contamination were significahtly decreased by fractional
dlstlllatlon followed by a filtration through alum1na just
prior to the hydrogenation experiment,

The hydrogenation of compounds with a single reducible
group usually give reaction orders which are either positive
or zero, whereas compounds with two reducible groups result
in'a-reection with a negative reaction order in substrate
_concentration. For example, the reaction order for
1l,3-butadiene wes found to -0.7 on‘platinum eatelyst47 and
-2 on'copper catalyst and at 1ow'hydrogen pressures48. The
reaction order of l,4—cyciohexahedrone was found to be ~-0.6
with only one carbonyl group heing reduced. 49 Compounds
conta1n1ng two functional groups with d1fferent react1v1t1es
can also result in negat1ve reaction orders. For example,
2—cyclohexenone'geVe a reaction'order of ~1.4, even though
the double bond selectivity was about 90%.50 The reactioh
order of ‘acetophenone was found to be -0.3, indiceting the
benzene rings were competing with the carbonyl group for.
sur face sites.51 However, the reactioh order of
3,4~-dihydro-2H~ pyran, which is capable of adsorptlon via
.oxygen s lone pa1r electrons, was found to have the same
reectlon order as cyclohexene with a value of i.

The effect of oxygen, nitrogen, and sulfur on the-
relative rate of hydrogenatlon of c1s— -and

trans-8- heterob1cyclo[4 3.0]lnon-3-ene has been examined by
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Theodore,52 The results shown in Table 13 jndjcéte that
nitrogen and sulfur not only inhibited‘the ;eduction of
cyclohexene, under competitive conditions,-they also
produced self inhiﬁition as indicated by the low relative
rate. As a means of comparing the relative amount ofv
substrate adsorbed onto the catalyst Theodore detérmined the
relative.competitive and noncoﬁpeti&ive catalyst affinities,
shown in Table 14, under "static" conditions. The relative
affinities likewise illustrates thét nitrogen is capable of
inhibiting the adsorption of cyclohexene. The relative
affinity of the oxabicyclononene indiqates that the oxygen
atom is capable of inhibiting the édsorptiqn of qyclohexéne
more so than the bicyclononene. However, the relative
competitive and noncémpetitive rates ihdicafes the
bicyclononene hés.ﬁore of an inhibiting effect than does the
oxabicyclononene. |

The most exteqsive investigations of hydrogenation

inhibitions have been conducted by Maxted et al.53

Baltzly.54 Both investigators used the decrease in the

and

initial rate as a means of comparing the relative catalyst
toxicity of various inhibitors. Maxted used equation 4 as
the standard model for quantitatively comparing relafive

poisoning strengths, while Baltzly applied the
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Table 13
Relative rates of hydrogenation.

compoundcompetitive non-competitive

O 1.00
o>

03
03

.0039
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Table 14
Relative platinum affinities.

compound competitive non-competitive

O 1.00 1.00
cCO -«

( :D 3.36 .13
e
40.20 4.22
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Langmuir-Hinshelwood type kinetics (Equation 5) to reactions
that had a'sufficieqt amount of inhibitor_added to.redhce
.the initial rate by one half (half poison). Under the
conditions of half poison, Baltzly proposed_that equation 6
was valid and could be used.to cémpare relative

adsorbtivities of inhibitors. -

kp/ko=l-—ACi . (4)
‘where: k_ = the inhibited initial rate
kg = the standard initial rate
A" = the poisoning coefficient
and C, = the inhibitor concentration

rate =
akwWk [sub]K(HZ)P(HZ)

(1L+K [Sub]+Ks 1[sol]+K h[1nh]+K [pro])(l+K(H2)P(H25)

ro
(5)
Where a = the reaction parameter constant
k = the rate constant
W = the catalyst weight
" K = the adsorbtivity coefficients for the
product, substrate, solvent, inhibitor,
" and hydrogen -
P = the partial pressure of hydrogen
Kpro was assumed equal to zero for alkane

products

kp/ko =o.55Ks[sub]/(K [sub]+K h[mh]) (6)

Maxted and Evans observed that the relative catalyst
.poisoning ab111ty of thiols and d1alkyl sulflde increased
with chain length 55 56 although nonlinearly. It was

proposed‘that the sulfur atom was bound to a particular

platinum atom, while the rest of the molecule was free to
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move ébout the surface of the catalyst. Tgis freedém of
movement resulted in the alkyl portion of the molecule
blocking adjacent catalyst siteé. vHowever, due to 'the
increased apparent surface area requirement, the larger
inhibitors were exposed to stronger forces tending to remove
them from the catalyét surface. Based on the calculations
from known atomic.dimeﬁsions% metﬁyl sulfide could biock as
many as nine_cataljst sites. Yet‘the relative catalyst
.toxicity of methyl su%fide, combared‘to hydrogenlsulfide,
was found to be 7.1, based on the solu£ion concentration.
The relative toxicity of methyl sulfide, as measured by
surface concentratipn, was found to be,niné compared to

hydrogen sulfide,57

indicating the methyl sulfide was less
efficiently adsorbed onto the catalyst. Baltzly, likewise,
found that large inhibitors had a higher apparent toxicity

than smaller inhibitors, but the larger inhibitors were less

efficiently adsorbed than the smaller inhibitors.
Of'parficular interest to the present work is the -
observation.Baltzly made with regard to the relative
inhibition éf nitrobenzene compared to acetophenone.
Baltzly found that a much larger fraction of the cétalyét
surface had to be occupied by an inhibitor in order to
‘decrease the rate of reduction'ofinitrobenzenéito the. same
comparable decrease in the rate of acetophenohe. The two

following conclusions were proposed:
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1. Reduction of.écetophenoﬁe fequirés‘cémplete planar
adsorption, wﬂereas with nitrobeﬁzenef épproach oflghé
oxygen atomé to the surfaée'suffices for primary
attachment, |

2. Tﬁe more strongly adsorbed substrate may be able‘to
nudge aside single particles of inhibitor.

The former coq&lusion is supported by thé investigation by
Garrison'on the ejection of benzene ahd:pyridine from a
nickel surface by énergetic argon'boﬁbardmént.58 Mass
spectra of.the ejectected speciés‘revealed that benzene
desorbed from'the‘nickeilsurfaCQ intéct,'Whéréas the
désorption'of pyriaine resulted in fragméntion:préducté.
Based'én classical Qynamic calculations, if was'proposéd
that pyridine bonds to the nickelvsgrface throuéh the
-nitrogeﬁ atom, resulting in the pyriding being,vertical
rather than horizontal as.foﬁnd for benzene.

Baltzly noted that some of.fhe_inhibifors investiéated
did not fit the theoretical poisoniné curve at all, while
other inhibitors only.fit approxima’tély° Thus, attempts to
calculate the relative adsorbtivity éoefficiénts of the
inhibitors at various deqfees of ihhibition, using equation
'6,.resu1ted in different values for the coéfficients, which
are‘supposed to be constant. Some of thé;aiSCrepéncies in
the values of the reiative adsorbtiVity coéffiéients'éan be

traced to the basic assumption of substrate coverage of
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catalyst made in the Langmuir-Hinshelwood adsofption
isotherms. There is ample evidence in the literature that
éll éctive ;atalyst sites are not equivalent as.the
Laﬁgmuir—Hinshe;yood kinekics assume.59 Hohever,'the.
Langmuir-Hinshelwood is still one of the most widely used
model in the investigations of adsorbtivities because'of the
case with which it caﬁ be apélied. |
| Another .potential source of error fn the calculated
relative adsorbtivity coefficients is'the-assumption‘made by
most of the investigators working on the kinetic§|of
catalytic hydrogenatiop reaction. Hussey assumgd the
catalyst to be almost compietelf covered by substrate in the
application of equation 2. Likewise, Baltzly and Maxted
assﬁmed that the catalyst is almost completely éovered by

~ substrate; thus the addition bf any inhibitpr would result
in only the inhibition of substrate .adsorption. Héwever,-as
mentioned earlier, Gallezot found that benzene covered only _l
a fraction of tﬁe catalyst surface, with.éhe rest of the
surface being covered with hydrogen. 1If the substrate does

adsorb onto only a fraction of the catalyst‘surface, then
there is the possibility that an inhibitor could adsorb onto

those catalyst sites not used'for'substraté'adSOrption. The
reverse of this hypothesis was observed by Baltzly in the.
investigation of the inhibition of nitrobenzene mentioned

" earlier.
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Since those sites.noflused for sﬁbstrate adsorption are
used for hYdrogén adso;ption, the inhibitor would then
inhibit hydrogen adsorption. However, Baltzly wguld not
have been able to detect hydrogen inhibition directly since
only the initial rates were heashred:and not the.degfee of
curvature.. Both hyarogen and éuBstrate inhibition would
result in a decrease iﬁ the.ihitial_raté, but only substrate
inhibition would result in ah increa%e.in the degree of
curvature in the rate profile, for a given.p;e55ure, based
on the Langmiur-Hinshelwood equatiqn;

This‘hypéthesis may explain the results found by
Theodore for the o%aﬁicyclononene. Most of thevinhibition
investigatiohs conductéd by Baltzly and Ma#ted centerea
around poten£ catalyst poisons. A mild ‘inhibitor, such as
THF, could be used to probe thé'adso;ption'ihhibition of
hydrogen, to gain further insight ;ntofthe oxygen effect

observed by Theodore for the oxabicyclononene.
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RESULTS AND DISCUSSION
Preparation of Substrates

Otzenberger used cis- and trans-8-
oxabicyclo[4.3.0]non-3-ene as the model compounds in the
investigation of heteroatom effects on the solvomercuration
reaction. Theodore expanded the number of model compounds
to the cis-8-heterobieyelo[4.3.0]non-3-ene series, where the
heteroatoms were oxygen, nitrogen, and sulfur, for the
investigation of the heteroatom effects iIn the catalytic
hydrogenation reaction. This 1Investigation, as a bridge
between the two previous studies, centered around
cis-8-oxabicyclo[4.3.0]non-3-ene as a model. The supporting

compounds synthesized for this investigation are shown in

Figure 9.
‘\:][::> b | (::)[EE; (::):EE; b | ,‘::)EEE;
R=H 3b 10. R=H 8b
R=Me 3a R= Me 8a

Figure 9. The major compounds prepared for this study.

The various compounds were prepared according to the

reaction schemes shown iIn Figures 10-13. The Diels-Alder
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reaction of isoprene with maieic anhydride resulted in the
anhydride klg). Lithium aluminum hydride reduction of the
anhydrides (la) and (lb) to the diols (2a) and (2b),
followed‘by cyclization resulted in
3—methyl-8—oxabicycld[4,3,0]nop—3-ene (égi and
8-oxabicyclo[4.3.0]non-3-ene (3b) (Figure 10). Conversion of -
2a and 2b to the ditosylétes (4a) and:£i§) (Figure 11)
followed by cyanide displacement gave éhe diacetonitriles
(5a) and (5b). The hydrélysis of the diacetonitriles to £he
diacetic acids (6a) and (gg) waé followed by the Ruzicka
cyclization to the ketones (7a) and (7b), and Wolff-Kishner
reduction of the carbonyl groups gave 8a and 8b. |
Preparation of l-methylcyclohexene was carried out by
" the reaction of cyclohéxanone with methyl Grignard fbllowed
by dehydfation with sulfuric acid (Figure 12).
Cis-8-azabicyclo[4.3.0]non-3-ene 10 waé prepared (Figure 13)
in one step by lithium aluminum hydride reductibq of

commercially available cis-1,2,3,6-tetrahydrophthalimide 11.
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TosylCIN
Pyridine ,a

3a, 3b

R=H b.
R=Me a

Figure 10. Synthesis of cis-8-oxabicyclo[4.3.0]non-3-ene
and 3-methyl-cis-8-oxabicyclo[4.3.0)non-3-ene.
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TosylCl »
Pyridine ,CfC
20,2b 4a, 4b
NaCN iPpCN NaOH CO2H
EtOHIA RA A vcn h2o COH
Sg, Sb Sg, 6b
/\ R(X>— H2NNH2 —(B
8a 8b
R=H b
R=Me a

Figure 11. Synthesis of cis-bicyclo[4.3.0]nhon-3-ene and
3-methyl-cis-bieyelo[4.3.0]non-3-ene.
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Figure 12. Preparation of 1-methyl-l1-cyclohexene.

Ccof— CD

Figure 13. Preparation of cis-8-azabicyclo[4.3.0]non-3-ene.
Solvomercuration

Since the rate limiting step in the solvomercuration
reaction 1is the solvolysis of the mercurinium ion
intermediate, It is reasonable to assume, Initially, that
any rate enhancing effects are due to an increase in the
rate of this step. A close examination of the relative
rates shown in table 7 and the general reactivity sequence
found by Brown indicates that the reaction rate increases
when the electron demand 1is increased for one of the

olefinic carbon atoms and decreased for the other. The
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effect of making the oléfinic carbonAatoms electronically
dissimilar would be to decrease the electron density of the
P-orbital of the carbon atom with the lower electron demand
and increase ‘the electron density in the Pforbital of the
other carbon atbm.l A decrease in the P-orbital electron
density will increase the electrophile—nucleophile
interaction energy between the mercurinium ion intermediatg
and solvent, resulting in a higher solvolysis rate.

. The above ratiqnale is supported by both the Markovnikov
' nature of this reaction and the rates obtained by Tinker{.
The increase in the éharge on the carbon atoms resulting
from using Hg+2, compared to Hg(OAc)+l, results in a 1000
fold increase in the réaction rate. Likewise, the |
stereospecific Markovnikov,additioﬂ.resulting froﬁ
solvomercuration .indicates that the incomiﬁg'solvent
molecule "seeks—out“ the olefinic carbon atom wifh the lower
P-orbital électron'density.

As a test for the above rationale, the compounds whose
relative reaction rates are known were divided iﬁtb five
categories based on the position of'allylic suﬁétituents,'
for whicﬁ the following are the model compounds: propene,
cis-2-butene, iso—bﬁfene, 2-methyl-2-butene,”

'2,3—dimethyl—2-butene. The total energy apd_the'pi—orbital
electron density of the +1 ion of the model éompounds Qere

then calculated using CNDO, the results of which are shown
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‘in Table 15. As the plot of relatlve rate of the sample
compoands vs. ‘enetgy increase,'frdm the neutral molecule
the +l.ion of the ﬁodellcompeunds, shown in Figufe 14,
clearly.illuetrates there is No consistent relationship.
However, a plot of the relative rate Qsc the smaller

P- orb1tal electron dens1ty of the olef1n1c carbon atoms;_

shown in F1gure 15, clearly reveals that as the electron

density decreases, the relative reaction rate increases.:

Table 15 )
Electron dens1ty and energy increase for the
+1 ion and neutral molecules.

electron
. Lk C kR
olefin - , density. energy
category 3 model Cl C2 0 - +1
1,1-disubstituted isobutene . .130  .523 °  1.23
monsubstituted propene - .144 .459 1,33
trisubstituted 2-methyl-  .369  .472 1,11
2-butene
cis-1,2- , ‘cis-2-butene . .389 .379 . 1.20
disubstituted ' :
tetrasubstituted 2,3-dimethyl- ".440  ,444 1.05

2-butene

* Electron densities of the +1 ions with Cl being’
the more substituted carbon atom.

** Energy difference, in atomic units, between the
neutral molecule and the +1 ion. -

to
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ke N X YV

60.2 ..
51.6..

43.0..

25.8..

Energy Difference

Figure 14. Effect of energy on solvomercuration rate.
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category
602..

< 344._

ELECTRON DENSITY

Figure 15. Effect of electron density on
solvomercuration rate.

Under this model, conjugating the olefin with benzene
would result iIn a rate decrease, due to an increase 1iIn the
total electron density of the double bond in the mercurinium
ion intermediate. It would also follow that if the electron
demand of the olefinic carbon atom to which the benzene ring
is attached were decreased, the degree of delocalization

would likewise decrease, resulting iIn a rate increase.
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The advantage of this solvoﬁercuration model over the
previous one, Qhere the rate enhancements were attributed to
the intermediate stability, is in its consistency with known
kinetic data. Under this model, substithénté which effect
the rate are rationalized in terms of their influence on the
rate determining_éolvolysis.step, rather ‘than on the "fast"
intermédiate formation step. |

| Based én this model, an altérnate'hypothesis for the
rate enhancement observed b? Otzenberger for cis- and
trané—B-okabicyclo[4:3.0]non-3-ene,jcompaned to the carbon
analog, would Be that thé electron density in the
‘mercurinium ion intermediate had been lowered. - This woﬁld
then indicate that the ethereal o#ygen influenced the
reaction rate by inductioﬁ rather thén participation. The
pbténtial for the efheréal-oxygen atom of theselmolecuies to
electroﬁically'influeﬁce the mercurinium ion intermediate is
illustrated by the relatively iow époxidafion.rate and higﬁ
permanganate oxidétion rate for the |
cis-8—oxabicyélonon—37ené, as discussed earlier.

A viable test to determiﬁe whether or nét the ethereal
oxyéen is influencing the rate of éol?émercufation by.
induction would be to compare the relatiQe rate of |
cié-8-oxabicyclo[4.3.0]non—3—ene with its 3-methyl
défivative. The electron donéting ability'of a methyl group

placed on the double bond would counter the electron’
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Qithdrawing effects of a ether }inkaée three carbon atoms '
'away. Since a trisubstituted olefin nofmally'resulté in a
higher solvbmercuration_rate than an internal disubstituted
'olefin, a reverse in -the relative_rafe sequence would
clearly indicate the oxygen atom is decreasing the eléctron
density of the reaétioﬁ center. . If on the other hand the
addition of a vinyl methyl group résults in a further rate
enhancenent, then the effects of the oxygen atom may be
steric in nature.

The decrease in the relative solvomercurétion rate,
Shown in Table'16,.whén a vinyl methyl group was added to
the oxébicyclqnoﬁene does in fact indicate that the oxygen
effect on the solvomercuratién reactién is ‘electronic in . |
nature rathér than steric. -Fﬁr;her'evidence'against sﬁerjc
and participation a;gumehts for tﬁe rate enhancement has
been independentiy obsgrved in our 1aboratory60 by examining
the stereochemiét:y of solvomercﬁratién:and epoxidation of
the propellene shown in Figure 16. The lack of
‘ste:e&chemicai preference in both the epoxidation. and
solvomercuration reaction of the pfopellene indicates that
the'oxygen atom does not directiyvparticipate in either

_reaction.60
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Figure 16. Stereochemistry of epoxidation
and solvomercuration.

Table 16
The vinyl methyl effect.

JQ7Q
CO/CD -
YO/ca ...

The unexpectedly low Me/H rate ratio found for
cyclohexene, with a value of 1.3 instead of 2 as found by
other workersGl, may be due to the solvent effects. Most
solvomercuration studies, by other investigators, have been
carried out in HMO/THF solvent; however, this investigation

was conducted iIn MeOH. The 1ionic strength of the solvent has
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been shown.to effect the absolute rate of solvomercuration,

but little work has been done with regard to solvent effects

on the relative rates.lo |
From these results we tentatively conclude that,

contrary to published rationalizatione, changes in the rate

of solvomercuration are in fact due to influences on the

~electronic and steric parameters of the solvolysis step.

Reselts.in the literature clearly indicate that the rate of

formation of the mercurinium ion intermediate is both fast

‘and sterically insensitive. Since the "polarization™ of the.

electron,dehsity ofhthe pi-bond, in the mercurinium ion
intermediate, will follow the same trend.as the carbonium

ion-stability, it is poss1b1e that the rho value obtained

‘by T1nker was not an - 1ndlcat10n of the degree of carbonium

ion character formed 1n the tran51t10n statée for the
mercurinium ion intermediate; hut ‘rather the electronic
effects on the solvolysis Step}' As a test to determine
whether the rho* value'found by Tinker is.due to
stabilization of the incipient charge'in’the transition
state or is due. to the increase in the solvolyeis rate,

experiments should be carried out to find the rho_ value for

HgOAc.l in THF/H O, which has been shown to produce 11tt1e

" carbonium ion character,_

The solvomercuration reaction has an ‘unusual mechanism

for an organic process, in that few reactions occur in which
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‘the formatiop of'a charged.spgcieé is not the fate limiting
step. As such, care must be taken fo avoid confﬁsingfcause
and effect relationships of this reaction with those éf a.
“typ}cal" éolvoLys%s reagtion.; Other sthaies in our.
laboratory are investigating these facets of this reaction

in more detail.

Hydrogenation at One Atmosphere

The apparatus used in this study was designed and built
in-oﬁr 1ab§rato;yf thé methodolggy,~however, has beeﬁ used .
by other invéstiéa@pfé.sf The mgjof.componeﬁfé of the.
apparatus, shown in Figure ii, are a reaction flask, an
electfolysis cell, a current inteératorl an 8080 based
microcompufer equippgdAwith a real'time clogk( and a.mercury
manométer—Switéh. A mofe'complete diagram of the apparatus:
is shown in Appendix B. Although the methodology used in
this study had a lot éf potential;'a'number of technical
fléws became evident after the data héd been analyzed.‘ The
next few paragraphs describé some’of:the pioblems.with the

above ‘design.
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microcomputer

current A/D binary
source converter counter
Mo nometer
bridge _
reaction
—flask

Figure 17. One atmosphere hydrogenator.

Although the salt bridge, separating the hydrogen cell
from the oxygen cell of the electrolysis chamber, was
necessary to maintain constant pressure iIn the reaction
flask the small bore connecting the hydrogen cell to the
salt bridge limited the rate of hydrogen production. This
then set a limit on the amount of catalyst we could use in
the reaction to about 2 mg. Because of the small amount of
catalyst any variation 1in particle size and loss from it
sticking to the sides of the flask resulted iIn significant
reaction rate changes.

The horizontal mercury manometer, shown in Appendix B,

used iIn this apparatus offered better sensitivity than a
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vertical design. - However, due to the smaii amount of
mercury used in this manometer, any oxidation of the metcury
decreased the sensit&vity to the point where the preésnre
differential between the electroly31s cells broke the seal
between the salt brldge and the plexiglass.

The b1nary-counters.used'for the current integrator, as
shown in Appendix B, nere-effected by the voltage spikes in
‘the power supply caused by the constant tenperatute bath.
These aberrations in the data could have been e11m1nated by
adding filtering capac1tors to the c1rcu1t power supply had
the_canse been detected sooner than 1t.was.

Thé computer progran, shown in,Appendik B, collected the
data, made a rough.plot, caicuieted the linear'regression;
and. prlnted the moles of hydrogen consumed and the time
'1ntervals. The lack of mass storage on the mlcrocomputer'
caused a consiaerable lag between the time the'data were
collected and a complete anelysis was eonductedf‘ The
inconsiStencies in the reaction data were not detecteo until
a sufficient number of reactions had been carried outlundef
a variety of conditions.

The design flaws.described ebove mahes direct
'comparisons'of the absolute rates.impossible;'however, the
trends in the rate profiles.and induction periods are'
intact. A comperison of the results obteined from the

reactions conducted at one atmosphere with the'tesults from
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tﬁe medium pressure feaétions, to be discussed later,
reveals a consisteqcy between the results.

The general reaction parameters used during this set of
experiments are as follows:

1. The catélyst was used,as.purchaSed without
pretreatmenth'

2. . The catalyst Qas added to a solution of substrate, in
either ethanol (EtOH) or cyclohexane, before tﬁe
iﬁtroduction of'ﬁydrogen; Hydiogen was then allowed
to flow over the reaction ﬁixturé to remove the air
from the system., |

3. The soiution was stirred instead of shaken, which was
one reason for the inconsisﬁency in the data. The
data collection was sta;ted as soon.as the stirrer was
turned on so that the delay périod could be'measgred.

The graph shown in Figu£¢'18 iilustratesAﬁhe typical
reaction delay ana:rate profile our lab found for

cycloheptene in EtOH. Augustine et.al.33

proposed the delay
in the initial reaction and the curvature was due to the:
" time required for hydrogen to remove oxygen from the

-catalyst surface.
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Figure 18. Hydrogenation reaction delay.

The addition of piperidine to the eyeloheptene reaction
solution resulted in an unexpected decrease in the degree of
curvature of the rate profile and an increase 1iIn the
reaction delay, as shown iIn Figure 19. A further 1increase in
the reaction delay was observed when
cis-8-azabicyclo[4.3.0]nonane was used as an #inhibitor in
the reduction of cycloheptene. In fact the induction period
found when the azabicyclo[4.3.0]nonane was used as an
inhibitor was only a little shorter than the reaction delay

observed when cis-8-azabicyclo[4.3.0]non-3-ene was used as

the substrate in ethanol, shown iIn Figure 20.
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220-s

«J 0.88 -

m2 13.4 16.6 19.8 23.0 26.2 29.4 32.6

Time! Min.)

Figure 19. Effect of piperidine.

224 258 292 326 36.0 394 428 46.2
Time (Min.)

Figure 20. Hydrogenation of
cis-8-azabicyclo(4.3.0]non-3-ene.

35.8
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The reaction delay found for cis-bicyclo[4.3.0]non-3-ene
in EtOH, shown in Figure 21, was about the same as was found
for cycloheptene in EtOH. However, the induction period
observed for cyclohexene in cyclohexane was smaller than for
either cycloheptene or the bicyclo[4.3.0]non-3-ene. with
the addition of piperidine to the cyclohexene in cyclohexane
solution, a very large induction period was observed. The
degree of curvature resulting from the addition of
piperidine to the cyclohexene reaction indicated the
reaction was almost completely inhibited, as shown iIn Figure

22.

126 158 190 222 254 286
Time (Min.)

Figure 21. Hydrogenation of cis-bicyclo[4.3.0]non-3-ene.
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088-.

Time (Min.)

Figure 22. Effect of piperidine on
cyclohexene reduction rate.

Although no firm conclusions can be drawn from these
results they do raise important questions with regard to the
source of the reaction delay and the curvature in the rate
profile. IT the delay were simply due to adsorbed oxygen on
the catalyst surface why would the addition of an inhibitor
result iIn an increase iIn the induction period? Likewise,
why would using cyclohexane iInstead of EtOH decrease the
observed induction period?

Due to the technical problems with this apparatus as
well as general problems encountered with one atmosphere
hydrogen pressure it was preferable to continue this

investigation using a medium pressure apparatus. The rest
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of this study was conducted using_a modified Parr medium
pressure hydrogenation apparatus. This apparatus allowed
reactions with up to 60 psi total pressuré to be carried

out.

Medium pressure hydrogenation study

Briefly, the hydrogenator used in this study, shown in
Appendix C, consisted of a medium pressure reactor; a
constant temperature water bath for the :éactiop.flaék, a
pressure éensof‘with an analog to digital converter, a
pressure controller, and a.microéomputeg. The pressure
sensor wés a pizo electric crystal based transducer which
converted the reactor .pressure into an analog voltagevfhat
was ‘then convertéd to a aigitaL value by a computer. |
controlled gircuit, shéwn in Appendix C. The pressure.
controller, also shown in Appendixnc, compa;ed the voltagé
from the'pressure'transducer té two "standard" voltages.'
JThe relafionship between the transducer voltagé and the
staﬁdérd voltages was used to turn a soleﬁoid valve on and
off. A listing of "initialization?} calibration,.gnd
_ stabilify’computef programs are shown in Appepdix C. 

Initially.the medium pressure ﬁyd;ogenator éonsisted of
the medium pressurelreaqtor, reaction flask, pressure
transduéer, interface circuit, and the microcomputer.

Visible variations in the hydrogen pressure with changes in
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room temperature prompted us to enclose the.flask in a water’
jacket. After a series of reactions,had been complétgdna
variations in the feéction rate became obvious. The:.
- inconsistency in the initial rate was at first attributed to
'température_effects_on the transducer ?espdnée, sinqe all-
.thé othef coméonents were considered temperature staﬁle;
However, the rate variations persisted.after the transducer_.
was enclosed in a controlled eﬂvironment. fhis thén'led us
to believe the differences in the rate were due to
variations in the catalysf'surfgce area, since the method of
production and stability was an unknown variable.

After a number of reactions had been carried out, under
.a wide va;iety of conditioné, the pressure controller Qas
installed. -Up'to this point the_oéerator had to manually-
repressufize thé flask. The préssﬁre controller ﬁas
connected directly to the trénsducer, which aiiowed us to
compare the transducer output'voltage with the pressure gaée.
at the maximum and minimum preséure seftings.- The | |
cénsistency.of the pressuré spah indicéfed that the rgte
vériatiohs were not due toﬂfransiént transducer résponéeé.

Shortly after the pressure gbntfoilér was installed we
found it necessafy to install a cooling fan to the back of
the'computer, since the linear:régulated power supply
"increased the compﬁter temperatuie'above thé 90°F’room’

temperature.- At one point the fan was. turned on after a
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reaction had been started. This resulted in a substantial
decrease 1In the computer measured pressure span, even though
the observed pressure span had not changed, indicating the
rate variations were due to fluctuations iIn the interface
circuit calibration. A plot of calibration vs computer
temperature, shown in Figure 23, clearly revealed that the
variations in the rates were due to changes iIn the pressure

to digital conversion.

2 B 24 25 B 2T B O D
TEMPERATURE °C

Figure 23. Temperature effect on calibration.
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In order to determine which component of thé interface
circuit wés:temperature éensitive, the anélég poftioh of the
circuit was monitored with a voltmeter and the_digitélz
portion with an oscilloscobe. By monitoring both parts of
the circuit the temperature was found to be due to the
voltage to frequency converter (V to F) circuit. After
replacing the capaéitor in the capaéitor—resistor éouple,
used to adjust the frequency span of the V to F coﬁverter,
the interface circuit was fQQnd to be.temperature stable;

The computér program used for collecting the data,
listed in Appendix C, carried 6u£_the following tasks:

1. It monitored the real time clock in the computer,
allowing the data points to be-coliected at presef

‘time -intervals and for a preset period of time.

2. It sent a control code number to the "interface"
circuit determining how.mtch the signallfrom the
transducer -was to be amplified and/or offset in order
to keep it within a measurable voltage range. The
cddelnumber could be predetermined or computer
determined.

3. If étored the data, read as a binafy number frbm the
interface circuit, on a fioppy‘disk under a preset
formét in such a way that it ééuld be recalled with a
minimum amount‘of search time.

Computer programs were build'to.analyze the data in
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three stages. . The data were pldtted'shqrtly afﬁer the
reaction was finished toAdetermine if the integrity of the
data permitted further analysis. Plots of this type were
crude teletype graphs, using the computer proérams listed in
Appendix C. Once it was determined the dafa,were*free of
mechanicallefrors it was plotted wi£h previously collgcted
"data, using.the computei programs shown in Appendix C,‘td
determine consistency and/or relationships. The final form
of ‘analysis involved numerical cutve fitting, which_waé
carried out using the computer programs shown in Appendix C.

The reactions carried out ét med ium éressure (50-55 psi)
were under  somewhat different conditions from fhosé at one
atmosphere. The substrate was still addéd to tﬁe catalyst
before hydrogen was admitted to the reaction flask.< Theﬁ
catalyst Qeight used was increased from 2 mg for the . one
.atmosphere to 10 mg. The reéctioﬁ.solutiOn was shakén'
instead of stirred. .The solution yolume was.idcxeased from
.the 2 mL used at one atmosphere to 20-50 mL. The large?
QUantities'résqlted in a more stétistical avefage of surfacév
area for a given sample of catalyst.

By'autémating our hydrogenatpr we were aBlé to cbllect
and manipuléte more data than would havé been considered
practical by otheg means. The larger number of data points
permitted us to examine fine_detailsfof the hydfogeﬁafion‘

reaction which are masked when only a portion of the
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reaction is examined. The results presented here are the
“"bottom-line"™ conclusions reached after the examination of
about 175 reactions. Although few of the results have the
statistical limits given, they are backed by the internal
consistency and reaction trends of a large data base.

The reduction of cyclohexene iIn EtOH at medium pressure,
shown in Figure 24, has a significantly different rate
profile from those reactions carried out at one atmosphere.
Instead of the induction period found at one atmosphere,
when the olefin was added to the catalyst fTirst, reactions

at medium pressure showed an enhanced initial rate.

Lu20- 2.03M
10"

3.03M

50 70
TIME(MIN)

Figure 24. Reduction of cyclohexene 1iIn ethanol.

As mentioned earlier most investigators assume that when
an inhibitor 1is added to a hydrogenation solution only the

olefin adsorption is inhibited. Then by determining the
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.inhibitor concentratlon needed to reduce the 1n1t1al rate by
a predetermlned amount, the relative adsorbt1v1ty of the
1nh1b1tor is calculated Based on the Langmuir-Hinshelwood
type mechanism, the model useo’by most investigators, when
the substrate adsorption is inhihited the reaction order
with respect'to substrate concentration should increase,'
ie. the degreée of curvature in the rate profile should
increase.

We chose THF as a model for the investigation of the
oxygen effects in the hydrogenation of
c1s—8—oxab1cyclo[4.3.O]non—3—ene,- The results shown in
' Figure 25 illustrate'the_effect of adding THF to a reaction
solution,of cyclohexene in EtOH. .As indicated'by the
decrease in-the initial rate the reaction was.inhibitedi
however, the 1nh1b1tion was not accompanied by an 1ncrease

in .the substrate reaction order. In fact, the degree of
curvature in the rate profile did not increase even when the
concentration of THF was sufficient to perturb the solvent
-characteristics, as indicated by the increase in- the initial

‘rate with a high THF concentration.
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%

.015 M Cyclohexene with 0.209 H THF

2.038 M Cyclohexene
n X. %2.006 M Cyclohexene with 1.736 M THF

X

1 i 1 1 1 [ ——
Tiwve(Min)

Figure 25. Effect of THF on cyclohexene reduction.

As a probe for characterizing the rate profile we
subjected Equation 7 to curve TFfitting techniques. This
equation is a simplified version of the Langmuir-Hinshelwood
equation. By setting the hydrogen adsorption isotherm,
K(H2)P(H2)Zd+K (H2)P(H2)) , equal to a constant, which may
not be true even though the pressure was maintained between
50 and 55 psi, and dividing the denominator and numerator of
equation 5 (page 40) by the substrate adsorbtivity

coefficient, Kg, equation 7 results upon simplification.

rate= [sub]/min= KW [sub]/ (K1*gub+ [sub]+Kpro/sublIProdl)
)

Where: K1 = a k P (H2)K (H2)Zd + P(H2)K(H2))
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from equation 5
W = the catalyst weight

the substrate concentration

[sub] =
Kl/Sub - (Kinh [inh] + KSOl [soll + })/ Ks
from equation 5°
Kbro/sub = (product adsorbtivity coefficient) / Ks

The values of the constants were then determined:usiné

an iteration technique, shown in Appendix C, for a

"best-fit" between the calculated and observed product

concentrations. The interpretation we propose for the value

of the constants are as follows:

1 L .

Most investigators have attributed observed rate
decreases, from the addition of inhibitors, to an.
increase 'in the value gf Kl/sub' In general, the»value

of Kl/sub is used to determine the dependency of the

"rate on the olefin concentration, The source of‘the

concentration dependency can be from the inhibition

substrate adsorption by solvent and/or an added
54

inhibitor or a diffusion limited. rate. Baltzly” " used
this term as a means of comparing the relative
adsorbtivities of various inhibitors.

Most investigators have assumed the value of Kprp/sub

.to be zero when an alkane product is formed in the

hydrogenation reaction. 1In general this term will be

significant only if the rate decreases faster than can
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be attributed to changes in the substrate
concentration'during tﬁe course of a reaction. This
can be due to the inhibition of substrate adsorption
by product formation or a concentration independent
decrease in the amount of adsorbed substrate.
Examples of the latter case would be a shift from the
initial static to the dynamic reaction catalyst
surface coverage'by the olefin Or'a time dependent
build up of a substance on the catalyst‘surface. If
the rate decrease is due to the inhibition of
substrate adsorption by product férmation then

is a true constant. On the other hand

Kpro/sub
Kpro/sub is not a true reaction constant if the rgte
decrease is due to the difference between the initial
and dynamic adsorbed substrate concentration. 1In
those cases where this term is not a true reaction

constant the value of K X[pro] can be expected

pro/sub
to reach a maximum value .during the reaction.

A change in the vélue of K!'from one reaction to
another ihdicates'an olefin concentration'independent
decrease in the reaqtion rate, a change in the solvent
characteristics, and/or an inhibition of hydrogen
adsorption. Since the inhibitors used in this study'

are "mild", the olefins can compete favorably for the

catalyst sites. Any interactions between the

2.
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substrate.and inhibitor should tﬁﬁs show effects on
the cohcent;a;ion dependency of the rate. Most
investigatofs assume that all of fhe'readily availablé
catalyst sites are occupied by substrate, in the’
absence of any inhibitors, and that only the few
remaining sites are used for hydrogen édsorption..
Based on this assumptioh, i; has then been proposea
that if an.inhibitqr is added only the olefin
adsorption is inhibited. 1If this aséhmption is
correct then the addition of an inhibitor should
result in an increase.in the value of Kl/sub géther
than a decrease in K'.

The computer program built to determine tﬁe “best—fit“'

values of Kl/sub and K used the root-mean-squarg

pro/sﬂb

(RMS) of the difference between the observed.product
concentrations and the calculated product concenfrations.
The calculated product concentrations were de;ivéd from thé
fouréh order Runge-kutta numerical integration of equation.
7. The value of the con;tants wére initially itefated.in 10% .
increment. The increment was then decreaseé ana the’
direction of the'incfement reversed every time the RMS
passéd a minimum, until the iﬁcrement‘équalled lxld_z% of
the‘value of the constant. |

It became -obvious éarly in analysis of tﬂe iteration

results that this équation was an. inadequate model to
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describe the rate profile. The problem was traced to the

assumption that the value of KprO//Sub was a constant. A

better fit occurred when a limit was placed on the maximum

value of [pro] from equation 7. Once the value of [pro]

reached the allowed limit, [Prolmax* it was held constant.
The best-fit values of KI/sub and Kpro/sub were

determined for each value of [pro] . The value of [Rpro]

max max

was set equal to the calculated product concentration at
each data point. The effect of the value of [Prolmax °n the
RMS, shown in Figure 26, indicates that the olefin
concentration independent decrease iIn the rate occurs only

during the Tirst portion of the rate profile.

18
18

17

¥ L6 in EtOH
0
N.4
cC
13
1.2
1 1 ; J L 7 ] ! L0

IPROImax/ ISUBJjnjiQ
Figure 26. Graph of RMS vs [pro]mgx/ [sub]

When interpreting the value of Kpro/subx “prcOmax " both

its magnitude and the time required for [Prolmax to be
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" reached may be significant. These two values can be used to
determine if tﬁe inhibition is substrate concentration
dependent or time dependent. If the inhibition is
concentration dependent the relative magnitude of

x[pro]ma»,can'be expected to decrease with an

Kpro/sub X

increase in the concentration of substrate. AHoweVer, if the
inhibition is concentration indépendent and time depéndent
then the relative magnitude can be expected to increase with
an- increase in the substrate concentration.

The fesults of the curve-fitting routihe; shown in Table'
17, reveals an increase in the value of Kp]':o/subx[pro]max
proportional to the cyclohexene concentration in ethanol.
This would then indicate thgt’thg rate decrease is
independent of the substrate concentration and dependent on
time. |

Although the degree of inhibition is small, it is still
significant and raises the question of its source. At this
point two reasons.for the rate decrease can be proposed.
The substrate-may initially be occupying catalyst sites that
are simply unaccess%ble during the reaction.‘ This Qould‘ge
the case if the cyclohexene had diffused into catalyst ﬁores
dﬁring the initial mixing of the substrate and cétalyst in
the absence of hydrogen. Thé second source of the rate

reduction could be the slow build-up of a substance on the

catalyst surface. The unknown'substance would then be
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blocking catalyst sites that'were'initially accessible to
cyclohexene.

‘ Table 17 .
Curve fitting results for cyclohexene in EtOH

[sub] [THF] K"xlol2 Ksub1 .Kinh2 [pro]max time3 RMS4-
1.04M O 2.22 5.8 0.116 0.388M 19 min 0.31
2,03M 0 2.43 7.17 0.189 0.683M 30 min 1.1
-3.03M 0 2.32 . 6.73 0.307 0.719M 33 min 2.1
"2.01M 0.21M 1.97 4,20 0.202 0.718M 39 min 1.1
2.01M 1.74M 2,05 6.00 0.206. 0.857M 45 min 0.91
_ 3 | |

1 Ksub—Kl/subxlo

_? K1nh=Kpro/subx[prolmax

3 time required for [pro]max to'bé reached
4 RMS=R1VIleO2 |

The efféct of édding'THE to the reaction éolution aid
not effect the magnitﬁde of the inhibition term as shown in
table 17, which wés‘likewise indicéfed by the lack of an
observabie increase in the degree oﬁ cufvaturé in-the éraphs
shown in figure 25. However, the time required for [pro].max
.had increased indicating that THF has slowed down,the_rate
at which the substance'cauéing the inhibition is.covering
the cataiyst surface.

The results in table 17 also shows that the THF has
decreased the value of K'. As mentioned earlier, the two .

possible reasons for the decrease in K' are from solvent

characteristic perturbation and the inhibition of hjdrogen
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adsorption. The effects of THF on the solvent
characteristics are illustrate by the increase in the K’
when the concentration of THF was subétantiaily increased.
As discussed earlier, it is possible for'moleculgs ;hat
adsorb onto the catalyst via a single atom to occupy
portions of the cétalyst surface tﬁat are not accessible to
olefins. 1t ié then reasonable to conclude that ‘the THF had
inhibited hydrogen adsorptioh. Since the catalyst sites not
used by substrate are used by hydrogen, any molecule that
occupies those sites would decfease the rate of hydrogen
adsorption, resulting in a reduced rate. |

If THF can adsorb onto the catalyst Suxfacé why not
EtOH? As the results in Table 18 indicate, EtOH does in fact
decrease the value of K' for the reduction of cycloﬁexene in
cyclohexane. As with THF, low concentratiéns of EtOH
decreases the reaction rate, howeve;, as the concentration
of EtOH in increased the rate alsb increases. This
indicates that both THF and EtOH are restricted to only a
small portion of the catalyst surface and.as their
concentratibn increases the solvent perturbation results in

a higher reaction rate.




81

Table 18
Ethanol as an inhibitor in cyclohexane.

) t-3

[sub] [inh] K'xlo2 Kinh [pro]max time*# RMS***

2.02M 0O 2.87 - 0.201 0.411M 16 min 1.8

2.0IM  0.27M . 2.21 0.147 . 0.464M° 22 min. 1.5
THF . : |

2.03M 0.26M 1.88 0.259 . 0.723M 42 min 0.3
EtOH

* Kinh=K

pro/subx[prolmax _
** time required for'[pro]max to be reached
kf¥* RMS=RMSX 102

Although the value of K x[pro]ma remains the ‘same

pro/sub X

in cyclohexane as it was in EtOH, the time reqdiréd for

[pro]max'to be reached had decreased by one half; ‘The
effect of~THf and EtOH on the fime factor indicates that
both coméounds had reduced the'rate of inhibition. However,
THF has decrease the magnitude of the inhibition while EtOH
increased thé magnitude.

The.rough correlation betweén the reaction fate‘and the
inhibition rate strongly suggests a link between‘the two.
since the above results indicate that both THF and EtOH '
inhibit hydrogen adsorption it is reasonable to'suggest that.

adsorbed hydrogen is\blocking some ‘of the catalyst sites to

substrate adsorption. Just as there appears to be limits to
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the portions of catalyst THF and EtOH can adsorb onto, there
also appears to be limits to the number of sites hydfogen
cén block, as indicated by the magnitude.of
Kpro/subx[prolmax'

The reaction delays found when the catalyét_was
presaturated with olefin and low hydrogen pressure was used
support the above hypothesis. When it is_cqnsidered that
piperidine, like THF, is cépable of inhibiting hydrogen
adsorption, it is then reasonable to conclude that the
reaction delay was due to the time required for hydrdgeﬁ to
adsorb onté the catalyst and migrate to the adsorbed
substrate. The. addition of éiperidine to the solution coﬁld
then inhibit hydrogen adsorption.sufficiently enough to
increase the time required for the hyd?ogen to migrate to
the active site. At 55 psi of pressufe, instead'bf a
reaction delay the hydroggn migration can occur fa§£ enough
‘to compete with cyclohexene adéorption for some of the _
catalyst sites. |

The limit on the number of sites.hyd:ogen ﬁigration can
compete for would depend not on éhe amount of substrate in
solution, but rather the inhomogeneity of the catalyst.' The .
nonequivalence of catalyst sites has been well estéﬁliéhed.
Thus if the catalyst is saturated with substrate before the

introduction of hydrogen it is reasonable to expect that the

substrate will not only occupy the sites it strongly
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adsorbed onto but the catalyst sites for which it is only
weakly adsorbed as well. ThenAas the amount of hydrogen on
the catalyst increases it will replace the substrate én
these sites. However, if the catalyst is saturatéd with
hydrogen first then the substrate will adsorb onto only
those sites for which it has a higﬁ affinity, resulting in a
constant adsorbed substrate.concentration. .

A second éléusible explanation for the link between the
reaction rate, the inhibition time and the magnitude of
Kpro/subx[pro]max Would be one in which the adsorption of

substrate 'is irreversible, as has been suggested by Hussy et

38 In the absence of a mechanism by which cyclohexene can’

al.
desorb from the catalyst surface, the substrate could
"nudge" its way onto catalyst sites unaccessible under
reaction conditions. The enhanced initial rate would tﬁen
be due to the combined rate of hydrogenation of cyclohexene
on the "normal" and the abnormal catalyst sites. The rate
reduction would then result from the gradual removal of thel
cyclohexene from the abnormal catalyst sites.

This rationalization would then suggest that the
reaction delay found for the hydrogenatioﬁ at one atmosphere
is unrelated to the rate enhancement found under medium-
pressure. It does not, however, conflict with the proposed

rationale for reduction in the value of K' with the addition

of THF or EtOH to the reaction solution.
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A potential flaw with the normal/abnormal site
rationalization is the linearity between the substrafe
concentration and tﬁe value of Kéro/sub[prolmax' Even if the
abnormal catalyst site are difficult for cyclohexeﬁe to
access, it is expected that if the substrate concentration
were inéreaéed_the the number of catalyst sites used would
increase. This would then result in a decrease in the
degree of apparent inhibition.  However, if the siteé are
blocked by adsorbed hydrogen then an increase in the
cyclohexene éoncentratioﬁ would nbt effect the relationship

between Kpro/sub[prolma and the amount of substrate.

X
However, there is still an unresolvable question as to which .
model is a true representation of'what is occurring on the
catalyst.surface;

We are now 1ef£ with the question of whether or not the
is a'frde indication of thé

value of K i{[pro]ma

pro/sub X

substrate concentration dependency of'the rate during the
final portion of the rate profile. Even with the reasonable
fit between the calculated and observed product
concentrafions; shown in Figure 27, there is not a clear
indication thét THF and EtOH does not interact with the
cyclohexene adsorptipn. As the graph in figure 24
illustrates tﬁe most inhibitor sensitive concentfétion

region is from 1 M cyciohexene to completion.




Calculated

Experimental

2.03 M Cyclohexene in EtOH

TIME ( Minutes)

Figure 27. Calculated and Observed Product Concentration
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. As an alternate means of determiningtthe.degree of
substrate inhibition by THF and EtOH, the slopes of Ln(rate)
vs Ln([sub]) were calculated for a series of reactions in
EtOH and cyclohexane. The rates were calcﬁlated by
determining the slope between every two point interval.
Since the maximum value of [pro]max was .86 moles/liter, the
substrate concentration range chosen as the standard for
comparison was from 1 moles/liter to 0.3 moles/iiter for
initial sﬁbétfaﬁe concentrétions of 2 moles/liter.

For the reduction of cyclohéxede in EtOH, the reaction
order with respect to substrate concentration, fhe slope’
shown in Table 19, indicates that tﬁe‘major'source §f
substrate inhibition was due to the sdlvent. These results
also indicate that as an inhibitor, EtOH is sfronger than
THF. The reason EtOH is a more'potént inhibitor may be due

to the conformational freedom of the CH CH3 portion of EtOH,

55,56

2

based on the concldsion proposed by Maxted et al. with

regards to the size. effect on thiol inhibitors.
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Table 19
Results from Ln(rate)/Ln([sub]) for 2M cyclohexene.

K'xloz* slope** y—inter*f*- [inh] | s&lvent
2.44+.01  .246+.008 -6.30+.005 0 EtOH
2.85+.05 .158+.012 -6.141.004 0 CeHy 5
1.83 " .258 -6.22 . - .102M/THF EtOH
1.97 .234 -6.51 .208M/THF EtOH

. 2.05 .270 -6.48 1.73 M/THF EtOH
2.21 .134 -6.37 | .269M/THF CeHy 5
2.08 .189 -6.40 .551M/THF CeHy,
1.86 .251 _ -6.58 -259M/EtOH  C.H,,

* K'= the initial rate
** glope= the reaction order with respect to substrate
el Y-intgr= In(rate .constant)

A comparison of the slopes for EtOH as a solvent and as
an inhibitor, shown in Figure 28, supporfs the conclusion
reached earliér that the alcohol is restricted to only a
portion of the catalyst surface. Otherwise the reactibn
order would be significantly hiéher when EtOH was used as a
solvent compared to the low concentration inhibitor. These.
results also indicate that THF has little effect on the |
reaction order, as illustrated by the slope of the curves,
but decreases the the initial rate significantly,-as shown

by the shift 'of the Y-intercept.
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-5.92-

-2.96 -2.22 -1.48 -
LNIISUBSTRATEII

A- 2.03MQ inQ

B- 201 in wilh 0.269 M THF

C- 2.04M Q in EtOH

D- 203MQ inQ with 0.259 M EtOH

Figure 28. Graph of Ln(rate) vs Ln([sub]) for
cyclohexene in cyclohexane

The effect of adding THF to the cyclohexene reaction
solution iIn EtOH, shown in Figure 29, also indicates that
only the hydrogen adsorption had been inhibited and not the
substrate adsorption. These results also show that even
with a 7 fold increase in the THF concentration there is no
noticeable increase iIn the reaction order nor was there a
further decrease in the equilibrium reaction rates, as the

data iIn table 19 iIndicate.
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CC -7.22

O withQ

-2.32
LNdCYCLOHEXENE])

Figure 29. Graph of Ln(rate) vs Ln([sub])
for cyclohexene i1n EtOH

Based on the results above,
cis-8-oxabicyclo[4.3.0]nonane should have two effects on the
cyclohexene rate profile. Since this compound has only a
single atom capable of adsorbing onto the catalyst surface,
as did THF, i1t should be capable of iInhibiting hydrogen
adsorption resulting iIn reduced initial rate. The alkyl
portion of this molecule is substantially larger than the
methyl group on EtOH which should increase the inhibition of
substrate adsorption, resulting in a larger slope in the
reaction order plot. The graphs shown in Figure 30
illustrates the effect of adding various amounts of the
oxabicyclo[4.3.0]nonane to the cyclohexene reaction
solution. These results do indicate that the

oxabicyclo[4.3.0]nonane 1is in fact inhibiting the
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hydrogenation of cyclohexene, as shown by the decrease in
the reaction rate. The lack of an increase in the slope of
the In(rate)-In([sub]) plot, shown in Figure 31, at low
concentrations of the oxabicyclo[4.3.0]nonane indicates that
the major contribution to the rate decrease was due to the
inhibition of hydrogen adsorption. As the concentration of
the oxabicyclo[4.3.0]nonane was increased, the resulting
larger slopes in the In-In plots do indicate that substrate

adsorption was being inhibited.

in BCH

-209M

no inhibitor—"™

TIMVEVM)

Figure 30. Effect of cis-8-oxabicyclo[4.3.0]nonane on
hydrogenation of cyclohexene.
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202M  inBCH

no
inhibitor

LN(SUBSTRATE])

Figure 31. Graph of Ln(rate) vs Ln([sub]) for cyclohexene
with cis-oxabicyclo[4.3.0]nonane.

In comparing the effects of
cis-8-oxabicyclo[4.3.0]nonane and THF on the reduction of
cyclohexene, it is of iInterest to recall the earlier
discussion on the inhibitor size effects found by Maxted et
ai.55,56 Ag size of the i1nhibitor increases so does the
inhibitor-substrate interaction. A strong interaction
between the oxabicyclo[4.3.0]nonane and cyclohexene is
illustrated by the inhibitor concentration dependency of the
rate. Unlike the inhibitor concentration effects found with

THF which reached a maximum degree of inhibition at a low
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THF concentration, the reduction rate con;inued to decrease
as the concentration of the oxabicyclo[4(3.0]nonane was
increased. Further evidence for a strong
inhibitor-substrate interaction is revealed by the ihcrease'
in the reaction order with respect to substrate
concentration with "high" concentrations of
cis-8-oxabicyclo[4.3.0]nonane.

Although the curvature in the initial portioﬁ of the
in-1n plot does not totally disprove the hypothesis that the
value of Kpro/sub is due to the inhibition of substrate
adsorption by hydrogen, it does support the normal/abnormal -
site theory. The reaction order with respect to substrate
concentration indicates a strong interactjon between
cyclohexene and the oxabicyclo[4.3.0]lnonane. The high
initial rate followed by the rapid rate decrease indicates
that the cyclohexene had initially adsorbed onto catalyst
sites for whicﬁ there was a strong interaction with the
oxabicyclo[4.3.o]nonane. It is then reasonable to conclpde
that if the adsorbed cyclohexene concentration was the
result of an equilibration between the adsorption and
desorption of the 61efin, there would not-have been such a
drastic decrease in the initial rate. It appearé as thoﬁgh'
there was a gradual build up of cyclohexene onto the
catalyst surface, in the absence of hydrogen.

The graph of pressure vs. time for the catalytic

hydrogenation of cis-8—oxabicyclo[4;3.0]non—3—ene, shown 'in
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Figure 32, reveals that the rate decreases with an increase
in the substrate concentration. This indicates a negative
reaction order with respect to substrate concentration,
contrary to the first order found by Geneste et al .50 for
3.4-dihydro-2H-pyran. However, the linearity of the pressure
drop with time for any particular initial substrate
concentration would indicate the reaction kinetics were zero
order with respect to substrate concentration. Applying the
curve Titting techniques to these reactions results In a
value of zero for Kl”sub and Kpro/sub and a decrease in K*

with an iIncrease in the iInitial substrate concentration.

=5 10-

W o

BBM

50
TIME (MIN.)

Figure 32. Catalytic hydrogenation of

cis-8-oxabicyclo[4.3.0]non-3-ene.

By carrying out the reduction with a solution containing

2M cis-8-oxabicyclo[4.3.0]non-3-ene and IM of the
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cis-oxabicyclo[4.3.0]nonane, shown in Figure 33, it was
revealed that the reaction rate had decreased to the rate of
the 3M solution. This result illustrates that the oxygen
atom was i1nhibiting the reaction. The zero values for the
inhibition terms iIn the probe equation iIndicates that the
hydrogen adsorption and not the adsorption of olefin was
inhibited, since the inhibition of olefin by the ethereal

oxygen would have resulted in a reaction order greater than

Zero.
50- X
20 X.
o X, Cr> €3
CL
m 20-
oS % 2.05M ) IUM
m ,0i 15/' 3 " x x . [/
to 2.08M
CL
<03
.20.. - 3.03M
H-——h H———H + H——— H- H- =4=-
AO 60 80 100 120 120
TIME(MIN)

Figure 33. Oxygen effect on the rate.
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A model consistent with the available data is presented
in Figure 34. This model shows (34a) that for the adsorption
of a single species, hydrogen can occupy all of the catalyst
sites and can "spill over"™ to positions on the support.
Olefins, on the other hand, are restricted by steric
requirements to a portion the of the total catalyst sites.

In Figure 34b, the model for the adsorption of a mixture of
species clearly distinguishes, 1in a qualitative sense,

different sites for hydrogen and substrate adsorption.

Small surface Large surface

area sites area sites

@

Hydrogen THF Cyclohexene

Catalyst Sites

Small surface Large surface

area sites area sites

©)

Figure 34. Qualitative adsorption model.
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In this model, the sites are not totally restrictive of
one another; indeed, a.large préportion of the sites can be
viewed as "intermediate". Using the "competitive" model -
(34b) , inhibitors with a lower steric.fequirements than the
olefin may occupy those sites for which hydrogen would
otherQise adsorb. The overall decrease in the initial réte
would then be due to the inhibition.of both hydrogen and
olefin adsorption. This‘would.then ihdicate that the
initial rate alone can not be used to determine the relative~

adsorbtivities of inhibitors.
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SUMHMARY

Solvomercuration

These results indicaté that the solvomercuration rate
effect of vinyl substifuentsiis electronic in nature and due
to influences on the rate of solvolysis, Egﬁ'the stability
of the mercurinium ion intermediate. It is shown that the
energy of'the intermediate does not hgve an appreciable
effect on the overall rate of solvomercuration. 'If is-tﬁen
proposed that the rate enhanqing effect of the ethereal
‘oxyden, in cis-nand trans—8~oxabicyclo[4.3.0]non-3-ene,'
found by Otzenberger18 was due to'electronic influences
rather than from oxygen participation. This probosal was
supported by the rate decrease found when a vinyl proton was
substituted by a methyl group.

The most dominant rate effect that remote substituents
have on the solvomercuration réaction is due,fo steric
interactions between the ‘incoming solvent molecu}é and the
substituent. As the resultsnobtained by Otzenberger18
reveal, even though the ethereal oxygen results in an .
increase in the reaction rate‘compared to the carbon analog
it is still less than fhat found for cyclohexene. The
conformational difference between .

cis—8-oxabicyclo[4.3.0]hon-34ene and its carbon anhalog could
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have been the reason for the higher rate found for the
oxabicyclononene. However, this can be discounted on the
basis of the relative rates of the trans isomers and the

alph-methyl rate ratios.

+2 +1

As yet a clear comparison between using Hg and HgOAc
“has not been made. Further investigations of the-

solvomercuration reaction shouid include a determination of
Taft's rho* value for mercuric acetate. 1If tﬁe rho* vaiue

is comparable to the value found by Halpern et al. 9 for Hg *2

then the mechanisms are more than likely. the same.

Hydrogenation

From these tesults it can be concluded that the ethereal
oxygen in THF and cis-8-oxabicyclo[4.3.0]non-3-ene can
adsorb onto catalyst sites normally used for hydtogen
adsorptioh. This results iq a decrease in the rate of
hydrogenation without direct competition between tﬁe
adsorption of the oxygen atom and the olefin. Although the
oxygen atom in the oxabicyclof4.3.0]ndn-3-ene does not
compete directly w1th cyclohexene, the bulk of the molecule
can 1nteract with the olefin adsorptlon, wh1ch is in
agreement with the size effects found by Maxted et al. for

55,56,57

thiols. - The implications of thése results have an

impact on general hydrogenation inhibition studies.
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The results from this investigation shows that an
inhibitor can inhibit both substrate and hydrogen
adsorption. Which of these reactants is inhibited is
dependent on the relative size and adsorbtivity of the
inhibito;. In order to distinguish between the inhibition
of hydrogen'adsorption and substrate adsorption, both the
initial rate and the substrate concentratlon dependency of
the rate must be examined. It is not p0551ble to
distinguish between hydrogen inhibition and substrate
inhibition from the initialnrate‘alone..

These result show that an-inhibitor can occupy catalyst
sites without inhibiting the’ adsorpt1on of cyclohexene,

This would imply .-that" the olefin does not almost completely
cover the catalyst surface. Instead a substantial amount of.
the surface is used for hydrogen adsorptlon, contrary to the
basic assumption of. most mathemat1cal models,

The values obtained for K prol can be interpreted

pro/sub[
in terms of two possible events occurring on the catalyst
surface. The rate decrease could be dﬁe to the iﬁhibition
of substrate adsorption by,the-migratioﬁ of adsqrbed' |
hydrogen or thé presaturationlof the catalyst with the
irreversibly adsorbed olefin onto sterically unfavq#able
catalyst sites. Although the available data is insufficient

to conclusively distinguish between the hypotheses, the

effeét of THF and the olefin concentration.on the value of
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b[pro] aﬁd the time factor does implicate hydrogen

Kpro/su max

migration as the source of the rate decrease.
The least squares curve fitting results show that the

magnitude of K

,pro/sub[prolmax does not change with the

addition of THF to a 2 M éycléhexene soiution in EtOH. The
decrease.in the reaction raté, resulting frbmnadditibn of
THF, should have given the cyclohexene-éuffiéient time to
adsorb onto at least SOmg of thelless favorable catalytic
sites, unless they were blocked. Likewise, an increase in
the olefin concentration should have increased the
cyclohexene diffusion rate, a first order procéss, resulting
in an increase in the number of olefin useable catalyst
sites, unless the sites are blocked.

An extensive'inveétigation of the hydroégn.preésu;e
effects on the valuevof Kpfo/s;b[prolmax ana the tihe factor
would provide the data needed .to distinguish between these
two Hypotheses. The rate of hydrogen migration on tﬁe‘
catalyst surface would be influenced. by the'hydrogen
concentration in- solution. Af'iow hydrogen pressure it-hés
been shown thét a reactiop delay occurs, while at high
pressure a rate enhancement occurs. At pressures between
these two extremes the value of this inhibition term can be
expected to decrease propoftionaliy with the hydrogen '
concentration, if adsorbed hfdrogen is the source. If the

adsorbed hydrogen is not the source of the inhibition, thén
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the value of this term will remain constant until the
rgaction rate decreqses to the point'ﬁhere the.réte of
olefin adsorption is much faste? than the overall reactién
rate, |

Although this investigation covered only a very narrow
aspec£ of catalytic hydrogenation, it has established a
hethodology fd; the investigation of hydrogenation
inhibition. The ﬁethods used in.this investigations allowed
us to disfinguish.betweeﬁ the inhibition of ﬁydrogen and

olefin adsorption.
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EXPERIMENTAL

Reported boiling points and melting points are
"uncorrected. Nmr spectra were recorded on either a Vvarian
A-60 nmr spectrometer usiné CCl4 as a solvent and TMS as an.
internal standard or a Brﬁker 250 MHzlspectrdmeter using
CDCl3 as a ;olvent:and an internal standard. Chemical
"shifts are reported in delta.unité relative to TMS. Infrared
spectra were obtained using a Beckman IR-5 séectrometer.
Adsorptidn frequencies are reported in cm_l. Glc anaiyses
were carried out using a-Varian 1400 gas ghrométograph usiﬁg
either an 8 foot 15% SE-30 on Chromésorb-w or an 8 foot 10%

Apiezon-L on Chromosorb-W column. Mass$s spectra were

obtained using a VG 7070 high resolution mass spectrometer.
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Preparation of cis-1,2,3,6-tetrahydrophthalyl alcoﬁol,'
66,69

(2b):
A solution of gig—l,2,3,6—tetrahydrophthalic”anhydride,
(1b), (150 g, 1.0 mol) in 800 ml of dry THF was added |
dropwise to a stirred mixture of lithium aluminum hydride
(43.7 g, 1.15 mol) in 250 ml of.dfy THF. The reaction was
conducted in a 5 liter, 3-necked flask equipped with a .
reflux condenser, additidn funﬁel; and a mechanical
stirrer. Afﬁer the additioﬁ wés complete the resulting gray
mixture was allowed to stir at room Eemperature for 12
hours, followed by a 6 hour reflux. 1It was thén‘coéled to
room temperature and hydrolyzed by the dropwise addition.pf
250 ml of saturétéd Rochelle salt solution. The white’
mixture was then refluxed for 9 hours. After cooliné the
mixture was suction filtered aﬁd concentrated. Disﬁillation
of the viscous liquid gave the colorlesé'diol (109.2 g, 77%

yield) .

bp0 5 127-130°C Literature69 '110-1110C

PPy, 25 .
infrared - 3220, 3000, 2860, 1650, 1440, 1180, 1030, 662
"nmr - 2.05 (singlet, 6H), 3.53 (multiplet, 4H), 5.28

(triplet, 2H), 5.58 (singlet, 2H)

Preparation of cis-8-oxabicyclo[4.3.0lnon-3-ene, .
(QE)=69'67
A solution of p-toluenesulfonyl chloride (55 g, 0.29

mol) in 100 ml of pyridine was added dropwise to a refluxing
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solution of cis-1,2,3,6~-tetrahydrophthalyl alcohol (40 é,
0.28‘m01) in 100 ml of pyridine. The resulting solution was
then allowed to reflux an additiénal 4 hours after which it
was cooled to room temperature and pourea into a sulfuric |
acid ice bath to neutralize the pfridine. The mixture was
then extracted with diethyl ether. The ext?acf was dried
over anhydrous magnesium‘sulfate and then stripped of
solvent. to give a clear yellow solution. Distillation of
the crude product gave a plear liquid. An FT nmr spectrum
of the product indicated that a trace amount of pyridine was
present, Althoqgh no pyridine could be detected after the
second distillation the compound_was-diétilled aéain'just
prior to being used in thé catalytic hydrogenation study.
The second distillation resulted iﬁ 24.2 g of

cis-8-oxabicyclonon-3-ene (69% yield).

bp 74-75.5%C literature69 bp 90-93°¢
15 18
nmr 2.15 (methylene envelope, 4H), 2.42 (2H), 3.53
(quartet, 2H), 3.93 (quartet, 2H), 5.70 (triplet, 2H)
infrared - 3010, 2870, 2660, 1660, 1490; 1440, 1340,
1320, 1300, 1210, 1190, 1120, 1090, 1060, 1020, 970, 950,

900, 884, 850, 717, 653

Preparation of cis—i,2,3,6-tetrahydrqghthalxl alcohol

diparatoluenesul fonate, (52):69(20

A solution of cis-l,2,3,6—tetrahydfophthélyl alcohol

(110 g, 0.77 mol) in 300 ml of pyridine was added dropwise
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to a stirring solution of p-toluenesulfonyi chloride (385 g,
2.02 mol) in 650 ml of pyridine at 0°C. The mixture was
allowed to stir at Oéc for 3 hours before beiﬁg poured into
an ice water bath. The resulting crude solid was colleeted
by suction filtration and recryetallized from‘mefhanol,

giving 232 g of the crystalline ditosylate (67% yiela).

mp 91-92°  Literature®® mp 97-98°%

nmr - 1.93 (doublets of doubleté, 4H), 2.20 (triblet,
2H), 2.47 (sharp singlet, 6H), 3.89 (doublet, 4H), 5.50
(single, 2H), 7.55 (deublet of doublets, 8H)

infrared _.3006, 2900, 2840, 1923, 1660, 1440, 1360,

1290, 1250 1183, 1120, 1095, 960, 910, 813, 760; 660

'Preparation of cyclohexene—4-cis—1,Z-diacefonitrile,
(5b) : 69720 ‘ ‘

A mixture of cis-1,2,3,6-tetrahydrophthalyl alcohol
diparatoluene sulfonate (232 g, .514 mol) "and sodium cyanide
(75.0 g, '1.53 mol) in 1.5 liters of ethanol was refluged for
57 hours in a 2000 ml round'botfom flask equipped with
condenser and mechanical stirrer. After the reflux period
the ethanol was removed at reduced pressure. Water (600ml)

‘was then added to dissolve the salts and the mixture was'
extracted with methylene chloriae. Removal of the solvent
resulted in a dark brown liquid. -Afteriattempts to

crystallize the diacetonitrile failed, the mixture was.

distilled under .5 mmHg pressure using a high temperature
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short path distillation apparatus to yield 63.4 grams of
crude pfoduct, wﬁich was used in the next step without
further puiification. | .
infrared - 3030, 2906, 2820, 2240, 1660, 1550, 1430,
1370, 1340, 1200, 1180 1100, 1075, 1050; 1060, 870, 347,

758, 667

Preparation of‘cyclohéxene-4-éis-l,Zédiacetic acid,
(92):69,20 ‘ ' ‘

A solution of the crude cyclohexene-4-cis-
l,2-diacetonitrile (17.0 g, approx. 0.106 moles) in 125 ml
of 33% aqueous‘KbH was refluxed until the evolution of
ammonia had ceased (approximately 17'hours). .The reaction
mixture was. cooled in an ice bath and acidified Qith 125 ml
of 85% phésphoric acid.. 200 mi of:ethanol was the added énd
the inorganic salts were filtefed out. The yellow solid
which formed after'stripping:off the éthanol was
recrystallized from water to give 13.7 g ( 65.1% Yield)vbf

white crystals.

69 mp 157-159°¢

mp 153-157°C Literature
infrared - 3040, 2900, 1680, 1410, 1270, 1205, 1190,

905, 719, 655

Preparation of cis-bicyclo[4.3.0]non-3-ene-8-one,
_(12)369,20,68
cyclohexéne-4—cis¥1,2-diacetic acid (11.8 g, 060 mbl),_

11.8 j of Ba(OH)2'8H20, and 11.8 g of iron powder were
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thoroughly mixed in a roundbottom flask and pyrolized with
an open flame. The crude ketone product that distilled was
taken up in diethyl ether and dried. over anhydrous potassium
carbonate. After the mixture was stripped of solvent, the
crude o0il was distilled to give a yellow liquid with a
boiling point range of 67-91°C at 12 mmHg. Glc analysis of
the solution showed fhat 96.6% of the mixturé was. the
desired product.' Thé result was 3i8 g of the ketone-(47%l'

yield).

bp.., 67-91°C  Literature®® bp.. 115-118°C
12 13
infrared - 3030, 2940, 2900, 2840, 1740, 1440, 1410,
1240, 1170, 1140, 1075, 1023, 960, 870, 680, 640
nmr - 2.2 (methylené envelope, 8H), 2.4 (2H), 5.7
(triplet,2H) '

Preparation.of cis-biqyclo[4.3.0]non-3-ene,-(gg):sg’zo

A solution of'gig—bicycio[4.3.0]non-3-ene—8-one'(3.8'g,
0.028 mol), 5.8 g of potassium hydroxide, 50 ml of
diethylene glycol, and 4.7 ml of hfdrazine'was refluxed for
17 hours. The préduct, water, and excess hydrazine were
distilled“untii the distillate temperature reached 212%..
The product was then extracted with diethyl ether and dried
over anhydroué potassium carbonate.:'Distillation resulted

in 1.55 g of a clear liquid in 45.4% yield.

69

bpi2 39-40°C Literature .bélg 73-75°C
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infrared E 3020, 2920, 1660, 1460, 1440, 1030, 935, 650

nmr - 1.6 (methylene envelope, 6H) , 1.97 (multiplet,
2H), 2.08 (doublet of doublets, 2H), 2.15 (doublet of |
doublets, 2H), 5.59 (triplet, 2H) |

Preparation of l-methylcyclohexanol:

A solution of methyl iodide (139 g, 1.36 mol) in 360 ml
of anhydious diethyl'ether was added dropwise to magnésium
turnings (36 g, 1.5 mol) in a 2 liter three neck flask
equipped with an addition funnel, mechanical stirrer, and
condenser. After the addition was complete.tﬁe mixture was

refluxed for 3 hours. The solufion was then cooled via an

ice bath followed by the dropwise addition of cyclohexanone

(138 g, 1.38’m01) in 250 ml of anhydrous diethyl ether. The
.solution was refluxed for 12 hours, cooled to room
temperature and hydrolyzed by the dropwise addition of 400
ml water followed by iOO ml of acétic acid. ' The solvent -
1ayérs were then separated and the aqueous layer was
extracted with diethyl ether. The ether fracfiéns were
éombined, dried over magnesium sulfate,_and dbncentréted to

give a light yellow mixture containing

l-methyl-l-cyclohexene, l-methylcyclohexanol, cyclohexanone,

and water, as determined by Glc analysis. This crude
mixture was then used in the next step of the synthesis.’

Preparation of l-methylcyclohexéne:

The crude product from the above Grignard reaction was
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added to 300 ml of 6 M sulfuric-acid in an ice water bath.
Water and the product were distilled using‘an oil bath at
141°C. The mixture was extracted with methylene chloride,
dried over anhydrous magnesium sulfate, and concentrated;_-
Distillation gave 47.2 g of a clear liquid (36.1% yield from
cyclohexanone) . - N

bpg,q 103-103.5°C _ |

infrared - 3000, 2870, 1710, 1440, 1380, 1340, 1310,
1276, 1160, '1140, 1090, 1050, 1020, 97Q, 920, 890, 860, 820,
796, 758 |

nmr - 1.62 (singlet, 7H) , 1.90 (methylene envelope, 4H),

5.38 (triplet, 1H)

Preparation of 4-methy;-cis-l,2,3,6-tetrahydrophthalié
anhydride, (lg):7o ‘
A solution of isbprene (75 g, 1.1 mol) in 140 ml of
~benzene was added dropwise to a stirring éolution of maleid

anhydride (98.0 g, 1.0 mol) in 500 ml of benzene. The
solution was allowed to stir for 23 hours At rooﬁ -
temperature. Removal of_sqlvent and recrystalliéation gave.

149 g of white crystals (90% yield).

mp 61.5-62°C  literature’® mp 78-79°C
infrared - 2900, 1830, 1770, 1690, 1440, 1340, 1240,
1200, 1170, 1090; 1030, 1015, 976, 930, 810, 790, 757, 697
nmr - 1.79 (singlet, 3H), 2.26 (doublet of doublets, .

24), 2.51 (doublet of triplet, 2H), 3.36 (doublet of
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triplet, 2H), 5.64 (broad singlet, 1H)

.Preparation of 4—methyl?qis—1,2,3,6-tetrahydroph;halyl
alcohoi, (2a): | |

A solution of 4-methyl-cis-1,2,3,6-tetrahydrophthalyl
anhydride (150 g, 0.90 mol) in Soo'ml of'dry THF was -added
dropwise to a stirring'mixfure.of lithium aluminum hydride
in (40 g, 1.0 mol) in 1 1 of dry THf. The ﬁixture was then
refluxed fér 16 hou;s, cooleglto room temperature, and.
hydrolyzed with 200 ml of saturated Rochelle salt solutioﬁ.
After refluxing for.9 hours the product.was_suction filtered
and stripped of sol§ent. Distillation gave 103.g (70%
yield) of a clear Qiécoué liquid. A stroﬁg infrared peak{at
1750 fouﬁd in the lower boiling fractions:indicéted the -
presence of a carbonyl-containing coméound, believed'fo_have

been the lactone.

bp.s 144.5-149,5°C
infrared - 3290, 2860, 1750, 1440, 1380, 1070, 1020, 794
nmr - 1,64 (singlet, 3H), 1.83 (2H), 1.97 (singlet} 4ﬁ)}-

3.52 (doublet, 4H), 5.07 (broad singlet, 2H), 5{30.(broaé

singlet, 1H) | |

Preparation of

3-methyl-cis—Bfoxabicyclo[4.3.0]non—3-ene,-(3a):
A solution of p-toluenesulfonyl chloride (9.24 g, 0.050
mol) in 35 ml of pyridine was added dropwise to a refluxing

solution of 4;methy1- cisil,2,3,6—tetrahydrophthalY1:alcohol
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(7.00'g,.0.045'mol) in 25 ml of-pyridine. The solution was
" refluxed for 4 hoprs, poered ineo a sulfuric acia ice bath,
and extracted with methylene chloride. Distillation gave
4.1 g of product in 66% yield. ‘

bp 78-80°C o |

infrared - 3450, 2900, 1670, 1480, 1555,'1360, 1216,
1160, 1090, 1060, 1000, 943, 905, 889; 840, 800, 787, 755,
690 -

nmr - 1.67 (singlet, 3H),  2.10 (GH), 3.39 (doublet of
‘doublet, 2H), 3.78 (doublet of boublefs, 2H), 5.38 (singiet,

1H)

Cq Hyy

M/e - calculated 138.1044: found 138.1037 +.0035

0

Preparation of 4—methy1—cis—1,2,3,G-tetrahydrophthalyl

alcohol-diparatoluenesulfonate, - (4a):

A solution of 4—methy1-gi§;1,2,3,6—tet;ahydrophthalyl.
alcohol (160 Q, 1{0 mol) in 350 ml of pyridine was added‘
dropwise'to a etirring solgtion of'p—tqluenesulfonyl.
chloride (400 g, 2.1 mol) in 500 m1 of pyridine at 0°c. The
solution was stirred at 0°C for 3 hours and poured into 2 1
of ice water. The resulting white solid wes collected_by
suction filtratiep and recrystallized twice from methanol to

give 243 g (53% yield) of the ditosylate. . The methanol

"solution from the second recrystallization was concentrated"

and distilled at 15 mmHg to give a clear 1iquid with a
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boiling point of 78—80°C. However,'thé solution also
contained tpsylate which decomposed resulting the ‘loss of
the side product believed to be . |
3-methyl-cis-8-oxabicyclo(4.3.0]non- 3-ene.

mp. 97-99°C |

infrared - 2940, 2900, 2840,:1600, l440, 1360, 1295,
1190, 1180, ‘1120, 1100, 1020, 1000, 960, 837, 830, 810, 793,
760, 663

nmr - 1.52 (singlet, 3H), 1.66 (dqublgt of triplet, 2H),
2.09 (multiplet, 4H)., 2.45 (sharp singlet, 6H), 3.88
(doublet of doublets, 4H), 5.19 (singlet, 1H), 7.36
(doublet, 4H), 7.75 (doublet, 4H). '

Preparation of

l-methyl-1l-cyclohexene-cis-4,5-diacetonitrile, (5a):

A solution of 4-methyl-gi§fl,2,3,6—tetrahydrophthalyi
alcohol- diparatoluenesulfonate (242 g, 0;523 mol) , sodium
cyanide (54.4 g, 1.11 mol), and ethanol were refluxed for 54
hours. 175 ml of water was added and the ethanol Aistilled
off. The resulting brown liquid was extracted with ether,
dried over potassidm carbonate and distilled to giQe 77.9 .9
of a mixture. The crude produét wasttaken'tﬁ-thé next step
" without further purification.
156-164°C

bp g
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Preparation of l-methyl-l-cyclohexene-cis-4,5-diacetic
" acid, (6a): |

A solution of
1-methyl-1-cyclohéxene—gi§—4,5-diacetonitrile (77.8 g,
crude) in 200 ml of 33% aqueous potassium hyéroxide was -
refluxed for approximately 12 hours in a 560 ml round bottom
flask equipped with a condenser and magnetic'stirrer. The
stir bar then broke thfough the side of the flask allowing
the solution to drain into the heating mantle, which
.iﬁcreased the heating efficiency. The-heatipg-mantle was
then extrécted with 1.5 1 of water followed by an extraction
with methylene chloride. The methylené chloride extract
contained a small amount.of poiymer, which was discarded.
The aqueous extfact was concentrated to 500 ml and acidified
with 300 ml of 95% phosphoric acid and ice resulting in a
brown precipitate. extracting the diacetic aéid,with
ethanol and recrystallization gave 34.3 g of white crystals
(31% yield from the ditosylate). |

mp 130.5-131.5°C

infrared - 2900, 1690, 1440, 1410, 1380, 1270, 1210,
1160, 966, 915, 790, 778, 740, 669

nmr - 1.63 (singlet, 3H), 1.80.(doublet of triplet, 2H),
2.15 (t;iplet,'ZH), 2.30 (singiet, 6H), 5.32(singlet, 1H),

7.26 (singlet, 2H)

C H

11 Hig ©

4
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M/e - calculated 212.1048: found 212.10724 1;0039

v

Preparation of’

3-methyl-cis-bicyclo[4.3.0]non-3-ene-8-one, (7a):

l-methyl-l-cyclohexene-cis-4,5-diacetic acid (32;2 g,
0.152 mol), 32.2 g of iron powder, and 32.2 é of
Ba(OH)2'8H20 were thoroughly mixed in.a round bottom fiask
and pyrollized witﬁ an open flaﬁe, Extraction with
methylene chloride resulted in a viscqus yellbé liquid after
concentration. Distillation gave 13.3 g (54% yield) of the
ketone, | o “

bp, 110-11$°c _ |

infrared - 2900; 1740,'1450, 1410{‘1150, 250, .803

omr - 1.58 (singlet, 3H), 2.20 (multiplet, 6H), 1.98

(doublet of triplet, 4H), 5.29 (singlet, 1H)

H o

€10 P14 .
M/e - calculated 150.1045: found 150.1040 +.0039

Preparation of 3-methy1—cisabicyclo[4;3.0]non-3-ene,'

(8a):

A solution of 3—methy1—gi§-bicyclo[4.3.0]nqn-3-ene—8-one
(11.3 g, 0.075 mol), 15 g.of potéésium hydroxide, and 11}6
ml of hydrazine in 125 ml of diethyiene-glyéol was refluxed

.for 19 hours. The excess hydrazine, water, and prodgct was
.distilled'untii thé distillate temperature reached 212°c.
The product was then ektracted,with'ethér and distilled to

give 4.30 g (42% yield) of
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3-methyl-cis-bicyclo[4.3.0]lnon-3-ene.
I o
bp20 58-64"C |
infrared - 2900, 1440, 1370, 803, 690
nmr - 1.78 (multiplet, 2H), 2.07 (singlet, 3H), 2.10

(multiplet, 4H), 2.36 (6H), 5.75 (singlet, 1H)

C10 His

M/e - calculated 136.1252: found 136.1229
71

Preparation of cis-8-azabicyclo[4.3.0]non-3-ene, 10:

A solution of gig-l,2;3,6-tetrahydro§hthalimide (40 g,
.27 mol) in 300 ml of dry THF was added dropwise to.a
stirred mixture of lithium aluminum'hydride (il g, .30 mol)
in 200 ml of dry THF in a nitrogenous atmosphere. When the .
addition was complete the mixture was'reflhxed for 7 hours.
The reaction mixturé”was cooied to room temperaturé and
hydrolyzed with 90%.aqueous THF‘solution followed by 50 ml
of water. Filtrafion and rembvai of the solvent gave a
clear liquid. Distillation gave 3.75 g (10% yield) of the

colorless amine.

bp,, 84.5-86.5°C Literature’®

; (o]
bp), 106-112°C
infrared.- 3280, 2980, 2860, 2820, 1630, 1530, 1440,
1420, 1090, 950, 660 -
nmr - 2.075 (6H), 2.73 (4H), 3.05 (1H), 5.63 (triplet,

2H)
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Sample procedure for Methoxymercuration study:-

A 25.0 ml stock solution containing cyclohexene (0.421

g, 5.12 mmol), l-methylcyclohexene (0.493 g, 5.13 mmol), and

diglyme (0.767 g, 5.72 mmol) in methanol was divided into
four 4.00 ml aliquots, which were placed in separate test
tubes. A sample of the remaining stock solufion (3}00 mlf
was then diluted to 5.00 ml, with methanél, in a vélumetric
flask. One of the 4 ml stock solution samples (S1) and the
diluted sample (S2) was set aside as glc calibration
samples. Dry mercurié acetate was then added to each of the
3 reaction solutions (Rl - 0.153 g, 0.480 mmol: R2 - 0.158
g, 0.496 mmol:.R3 - 0.153 g, 0.480 mmol); The test tubes
were then sealed, placed in a jar with ice watér, and shaken
for 1 hour. Following reduction with 2.0 ml of 0.5 M sodium'
borohydride in methanol at OOC, the samples were analyzed
via glc, using a Spectra Physics integrator.

Sample procedure for Hydrogenétion study:

Purification of cyclohexene:44 The cyclohexene
(approximately. 500 ml) was filtered through a 30 x 3.5 cm
column of activated basic alumina; The effluent wés then
distilled using a 90 CQ glass packed distillation épparatué
with a reflux ratio of 2:1. After discarding the first.50 ml
of distillate, a 25 ml sample was collected and filtered

through a second column of activated basic alumina (10 X 4

cm). After 5 ml of cyclohexene was discarded, a sample
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(approximately. 4 g) was collected and weighed in a 25 ml

volumetric flask.

o
bp635 77.5°C .

' Purification of ethanol: Absolute ethanol (506 ml) was
distilled from sodium ethox1de, discarding the f1rst 100 ml
and reta1n1ng the next 250 ml. The ethanol was stored for 3

day before a fresh sample was prepared

bps g 74.5°C |

Purification of THF: THF (100 ml) was distilled from
lithium aluminum hydride (approxiﬁately. 2 g). The rate of
distillation was kept very slow to avoid contaminating the
distillate with aluminum salts.  The drleHF was not stored
for any length of time, instead itZWas promptly weighed in a
volumetric flask. Attempts. to purify the THE,by filtering
it through alumina were abandoned, when it was revealed that
THF had stripped contaminates from the coiumn, instead of'
leaving them behind.

Purification of cis-8-oxabicyclo[4.3.0lnon-3-ene: The
oxabicyclononene had to be distilled three time prior to
being used in the hydrogenation study. - It was stored under
nitrogen and in a freezer. Just before the start of a
reaction, the oxabicyclononene was redistilled

The 5% Pt on alumina and hydrogen was used as purchased

without pur1f1cat1on or pretreatment Any contaminate
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and/or peculiarities with these two components was taken as
a constant throughout this study. | ‘

Procedure: The cemputef, teﬁperature bath, and pressure
controller were turned on. The brogram diskette wae blaced
in disk drive 1 and an initialized data diskette in drive 2.
The ‘computer program “COLLEC"'Qas loaded ihto memery and
sfarted. A.sample ef freshly prepared cyclohexene (4.138 g,
0.05037 mol) was placed.in a 25 ml volumetric flask and
diluted with absolute ethanol-te approximately 24 ml, .The
volumetric flask was then place in a constant temperature
bath set at the same temperature as the reaction §esse1.
After the temperature of the solution equilibrated, it was
diluted to 25.00 ml with ethanol. A sample of 5% Pt on
alumina (10.00 - 10.99 mg) was weighed out and placed in the
feaction flask., A 20.00 ml aliquot of the cyclohexene
solution was then pipetted into.the flask, which was placed
in the hydregenation. After the flask had been flushed four
times with hydrogen, the controller was set for the minimum
and maximum pressure range, 'The pressure was then set at
the maximum value for the reaction and the appropriate
information was supplied to the computer, which was prompted
by questions from the computer to the operator. .The'
hydrogenator shaker was then started at which point the

operator could leave,
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APPENDIX A.

Atomic coordinates for CNDO/2 calculation.

-1.034004689

Table 20
Propene coordinates.

atom X Y z
6 . 000000000 . 000000000 - . 000000000
6 1.334999999 . . 000000000 000000000
6 -.755000000 1.307698360 . 000000000
1 -.484685326 1.875787970 .897452045
1 -.484685326 1.875787970 -.897452045
1 -1.830863393 1.098571702 . 000000000
1 1.860048819 -.947213143 "« 000000000
1 1.860048819 .947213142 . 000000000
1 -.525048819 -.947213143 . 000000000

Table 21
Iso-butene coordinates.

atom X Y Z
6 1.510000000 . 000000000 . 000000000
6 2.157220843 - 1.167617308 *« 000000000
6 . 000000000 . 000000000 . 000000000
1 -.356822697 -.518144180 -.897452045

L1 -.356822697 -.518144180 +897452045
1 -.356822698 1.036288358 .000000000
1 3.240220844 1.167617309 . 000000000
1 1.583318281 2.086053397 . 000000000
6 2.310178147 -1.280554265 . 000000000
1 2.059858868 -1.857731882 .897450000
1 2.059858868 -1.857731882 -.897450000
1 3.378084230 . 000000000




121

Table.22

2,3-Dimethyl-2-butene coordinates.
atom - X Y Z
6 -1.510000000 . 000000000 . 000000000
6 -2.157220843 1.167617308 .000000000
6 . 000000000 .« 000000000 . 000000000
1 .356822697 ~-.518144180 .897452045
1 .356822697: -.518144180 -.897452045
1. .356822698 1.036288358 . 000000000
6 -2.310178147 -1.280554264 = .000000000
1 -2.059858867 -1.857731882 -.897450000
1 -2.059858867 -1.857731882 . 897450000
1 -3.378084230 -1.034004688 .000000000
6 -1.357042754 2.448169933 . 000000000
1 -2.046777902 3.299921907 . 000000000
1 -.728544347 2.476198160 .897452044
1 -.728544347 2.476198160 -.897452044
6 -3.667220843 1.167617308 000000000
1 -4.,024043540 2.203905667 . 000000000
1 -4.,024043540 .649473129 -.897452044
1 -4.024043540 .649473129 897452044
Table 23
Methyl-2-butene coordinates.
atom X Y Z
6 . 000000000 .000000000 . 000000000
6 -.647220842 1.167617308 .000000000
6 -.800178146 -1.280554264 .000000000
1- -.549858867 -1.857731882 -.897450000:
1 -.549858867 -1.857731882 .897450000
1 -1.868084230 -1.034004688 . 000000000
6 .152957247 2.448169933 . 000000000
1 -.536777902 3.299921907 . 000000000
1 .781455653 2.476198160 .897452044
1 .781455653 2.476198160 -.897452044
6 -2.,157220842 1.167617308 .000000000
1 -2.514043540 2.203905667 . 000000000
1 -=-2.514043540 .649473129 -.897452044
1 -2.514043540 .649473129. .897452044
1  1.083000000

. 000000000

. 000000000
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Table 24
Trans-2-butene coordinates.
atom X Y Z
6 . 000000000 . 000000000 . 000000000
6 1.334999999 . 000000000 . 000000000
6 -.732062527 1.320675758 . 000000000
1 -1.358232714 1.381558637 .897452045
1 -1.358232714 1.381558637 .897452045
1 .001304616 2.135162487 . 000000000
6 2.067062525 1.320675758 +« 000000000
1 3.146411822 1.130357356 . 000000000
1. 1.786874490 1.883961205 .897452044
1 1.786874490 1.883961205 .897452044
1 -.525049332 -.947212858 « 000000000
1 1.860048818 -.947213143 . 000000000
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Glc ARnalysis of Solvomercuration

A sélution containing cyclohexene, l-methyicyqlohexené,
3a, 3b, and bis-(2-methoxy ethyl) ether in méthanol was used
to calibrate the T.C. detector response with concentration.
The graphs df peak areas Vs. concentrations presented are
the results from the average of 3 injection at each
concentration.

" The 5-microliter Eamples were injecteé onto an 8 foot
10% Apiezén-L on chromosorb-W column, The glc parametei
were as follows:

1, The filament current was set'at 100 ma.

2. The column temperature was programed to increase.frbm
70°c to 150°C at a rate éf 8°C min~ L.

3. The column head pressurelwas'set at 25psi.
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Moles/ Liter

Figure 35. Calibration curve for cyclohexene.
slope = 1.15x10-5 moles liter-1 unit-area-1

Y-intercept = -.00434 moles liter 1
C.C. = .9993
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Moles/Liter

Figure 36. Calibration curve for l-methylcyclohexene.
slope = 9.94x10”™ moles liter-1 unit-area-1

Y-intercept = -.00530 moles liter 1
C.C. = .9991
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y 336

25 3
Moles/liter

Figure 37. Calibration curve for bis-(2-methoxy ethyl)
ether.

slope = 6.47x10 ™ moles liter * unit-area "

Y-intercept = .0220 moles liter
C.C. = .9993
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< 344.

.16 .22 .28 .34
Moles/Liter

Figure 38. Calibration curve for
cis-8-oxabicyclo[4.3.0]non-3-ene.

slope = 5.97x10~" moles liter-* unit-area

Y-intercept = .0264 moles liter-1
C.C. = .9998
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821..

569..
5 443..

317..

030 036
Moles/Liter

Figure 39. Calibration curve for
3-methyl-cis-8-oxabicyclo[4.3.0]non-3-ene.

slope = 5.47x10 ™ moles liter ™ unit-area

Y-intercept = .0300 moles liter-1
C.C. = .9998
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Mathematics of Solvomercuration Study.
Equations

The linear relatioﬁship bepwéen.peak'aiea and substréte
concentration allowed us to célibrafe the glc détector using
two standard solutions with a known éonqentration-fatio.
From this qu point calibration the relative cohceﬁtrations
of the substrate'and.the intérnél standaid was determined.
The equations and computer progrém ﬁsed to determine Ehe
relatiye reaction rate constants are presented on the next
few pages. |

Equation for calculating the y-intercept/slope (b/k)

b (Areazx(conéentration ratio)—Afeal)

k (1- (concentration rafio))

Equation for calculating the fract1on of substrate rema1n1ng
after reaction

([substrate]i) . (Area +b/k)'

(substrate) i

([substrate]f) " (Area +b/k)

(substrate) f

Equation for calculating relative rate constants

k Ln([substrate]i/[substrate]f)

Ln([substrate]i/[subst;éfé]f)




The computer program used.

3 REM GLC analysis program for
solvemercuration study

10 DIM X(3,4)

20 PRINT"How many substrates (2 or
3 INPUT A

30 PRINT®Input name of substrate 8

40 PRINT 1;:INPUT LINE A%

30 PRINT 2;:INPUT LINE B$

40 IF A = 2 THENSO

70 PRINT 3;:INPUT LINE €$

80 PRINT"Input dilution factor for
standard solution®;:INPUTD

90 PRINT “Input average areas
standard and diluted standard®

100 PRINT "for ccmponent"

110 PRINTAS; : INPUT At A2

120 PRINTBS;:INPUT Bi,B2

130 IF A = 2 THEN150

140 PRINT C$;:INPUTC1,C2

150 PRINT “STAND®;:INPUT S1,52

160 PRINT"Input the average areas for
the each of the three reactions®

170 PRINT*for component”

180 PRINT AS;:INPUT A3,Ad,AD

190 PRINT BS;:INPUT B3,B4,BS

200 1F A = 2THEN 220

210 PRINT C$3:INPUT C3,C4,05

220 PRINT"STAND®; : INPUT 53,54,55
230 Ri = (A1¥D-A2)/(1-D)

240 R2 = (B1:D-B2)/({-D)

250 IF A = 2THEN270

240 R3 = (C12D-C2)/(1-D)

270 R4 = (S1¥D-82)/¢1-D)

280 PRINT"Reaction dilution values®
290 PRINT *4or reaction®

300 PRINT1,2,3

310 X(1,4) = (53+R4)/(51+R4)

320 X(2,4) = (94+R4)/(S1+R4)

330 X(3,4) = (55+R4)/(S1+R4)

130

440 X(3,3) = (C5+R3)/(C1+RI)

450 PRINT'Uncorrected concentratlon

ratios for reaction®
460 PRINTI 2,3, COMPONENT®
470 PRINT X(I,l),X(Z;lJ,X(3,1),A$
480 PRINTX(1,2),X(2,2),X(3,2),B%
490 IF A = 2THEN 510 _
500 PRINT X(1,3),X(2,3),X(3,3),0%
510 FOR 1 = 1703
520 FOR J = 1TCA
930 X(I,Jd) = X(1,00/XC1,4) sNEXT J
940 NEXT 1
530 PRINT "Corrected concentration
ratios for reaction®
540 PRINT 1,2,3
370 FOR I = 1TC0A
580 FOR J = 1703
590 PRINTX(J,1);
400 NEXT J
610 PRINT
620 NEXT 1 )
430 ?RINT'LN('A%')/LN('BQ‘)'
40X=10
450 FOR I = 1703 .
460 X(1,4) = LN(X(CT,1))/LNCXCT,2))
670 X = X#X(1,4)
480 NEXT 1
0 X =X/35=10

© 700 FOR 1 = 1703

710 § = (ABSOH(I,4)K0)"2+8

720 NEXT 1

730 § = SOR(S/2)

740 PRINT1, 2,3, "&VE","S.D*

750 PRINT X(1,4),X(2,4),X(3,4) X,8
760 1F A = 2THEN 900

770 FRINT *LNC'C$")/LNCB9°)"
780X =0

790 FOR 1 = 1703
800 X<1,4) = LNCX(T,3))/LNCKLT,2))




340 PRINTX(1,4>,X(2,4) ,X(3,4)
350 X<1,1) = (A3+R1)/(A14R])

360 X(2,1) = (Ad4+R1)/(AL4R])

370 X(3,1) = (AS+R1)/{AL4RD)

380 X(1,2) = (B3+R2)/(Bi+R2)

390 X¢2,2) = (B4+R2)/(B1+R2)

400 X(3,2) = (B3+R2)/{BI+R2)

410 IF A = 2 THEN4SO

420 X(1,3) = (C3+R3)/(C14R3)

430 X(2,3) = (C44R3)/(C14RI)

131

810 X = XX(1,
820 NEXT 1

830 X = X/3:8 = 0
840 FOR 1 = 1703

830 S = (ABSCX(I,$)-X))*248

860 NEXT 1
870 S = SGR(S/2) .
880 PRINT1,2,3,°AVE.","5.D" -

890 PRINTX(1,4),X(2,4),X(3,4) X,$ |

900 STOP ,
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Appendix B

One atmosphere hydrogenation.

o002
[ pit resenoir
elecrarxl
elecracke
__awoH2
il o _
reection
ik
dectiovie
resnair
svtch

reaction flask base

Figure 40. One atmosphere hydrogenator.
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Z000pF

electrolysis

cell
divide byioo Vito F
BCD counter converter

16 bit
binary
counter

1 16bit data

8080
based
microcomputer

Figure 41. Computer interface circuit.



Data collection program,

10 PRINT ‘Input run No. and
Date’;

20 INPUT LINE R$:INPUT LINE D$

30 PRINT ’Input substrate’;

40 INPUT LINE 5%

30 PRINT “Input amount of
substrate and amount of
catalyst’;

40 INPYT S,C9

70 PRINT ‘Input NDB. of Pt.s to
be taken, Time EST. in hours’

80 PRINT ‘and delay before data
"is to be taken’;

90 INPUT P,T1,T2

100 Ti=T1%60*2:P2=T2%40"2

116 P1=(T{-P2)/P

130 0UT7,154: OUT11,154: OUT4,2:

ouT10,2

140 DIM A(P) ,B(P)

200 INPUT 29:0UT4,2:0UT10,2

210 OUT 4,1:0UT10,1

220 FCR I=1 TO P

240 A=INP(4) :B=INP(3)

250 A=B%2544A

250 IF A{P2 THEN 240

265 P9=P2+2%P1:1F A)P?

THEN 240
290 C=INP(B) :D=INP(?)
310 A(D)=AB(]) =
(D%256+C)#3.00442E-8

330 P2=P2+P{

340 NEXT 1

350 PRINT:PRINT:PRINT R$,8%,04

360 PRINT /Substrate =
‘S’moles’,’Catalyst='C9/mg’

390 PRINT:PRINT‘Moles H2/,’sec’

410 FOR I=1 TD P:PRINT

B(I),A(D) , INEXT ]

440 Z=45/(B{P)-B(1))

450 FOR 1=t 70 P:¥=

134

INT((B(I)-B(1))#2¢.5)
440 PRINT TAB(Y)’+/1:NEXT |
461 2=65/(A(P)-A(1)):FOR 1=
1 70 P2 Y=(Z#A({1)-A{1))+.5)
462 PRINT TABCY)’+'1:NEXT 1
490 PRINT’Input portion of graph
_for.'least squares’;-
500 INPUT NM -
501 X3=0:Y4=0:Y=0:X=0:
Y2=0 ) :
302 PRINT/ NO. of pts. no
" included’ :INPUT P
303 PRINT “List pt. NO.’:FOR E=
1'T0 Pt INPUT PCE): NEXT E
SIOFORI=NTOM
11 FORE=1 T Ps IF P(E)=
1 THEN 321 :NEXT E
520 Y=Y+B(I) iX=X+A(1)
921 NEXT 1
390 Y=Y/(M-(N+P)):X =
X/{M-{N+P))
360 FOR I=NTO M
361 FOR E= 1 TG P: IF P(E)=I
- THEN 591 ,
520 Yi=(B(D-Y)#(A()-X):¥2 =
Y2+Y1
380 X2=(A(D)-X)#(A(1)-X):Y3 =
(B{1)-Y)=(B(1)-Y)
390 -X3=XJ4X2:Y4=144Y3
591 NEXT 1
400 S=Y2/Y3:C =
Y2/(X3*.5%Y4*.5)
810 Y=Y-53X
420 X3=(X3/(M-(N+P)))* . 5:¥4 =
{Y4/(M-(N+P)))*.5
630 PRINT’S1ope =
’8,’Y-Intercept="Y
440 PRINT’ CORELATION COEFICIENT
=/C,'X-Devi='X3’ Y-Devi='Y4
450 END
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Appendix C

Medium pressure hydrogenation.

Output from

Transducer
Pressure
Transducer Pressure
Output from Controller
Transducer H_ from
Reservoir
Analog to
Digital Parr
Converter H_ from Flask Hydrogenator
16 bit
_ data
8 bit controller
line
8080-based Dual Floppy
Microcomputer Disk Drives
Teletype Graphics Mainframe
Terminal Computer

Figure 42. Medium pressure hydrogenator.
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Circuits for hydrogenator

7483

el Mivennn  Hbennnn

P8255A PARALLEL l/o

Figure 43. Digital counter circuit.



Figure 44.

Analog to digital

converter circuit.

LET
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R1 - R7 120K . R8 - R11 10K

R12 - R1S 6.8K R16 - R18 12K
R19 - R20 1M R21 - R22 ‘1K
. R23 - R24 25K R25 - R26 100K
R27 - R28 100 Ohm ' R29 9.5K
R30 - 300 Ohm’ R31 9.,2K
R32 : 800 Ohm R33 8.4K
R34 1.6K R35 3.2K
R36 110K R38 5K
R37 920 Ohm R39 5.1K

Cl .01 microfarad
c2. .1 microfarad
C3 .005 microfarad -
. D1 -~ D2 1N914 diode :
OP1 - OP7 1/4 324 operational amplifier

OP8 - OPlO 741 operational amplifier
oP11 341 operational amplifier
" OP12 ' 318 operational amplifier
ICl 4151 voltage to frequency converter
SWL - SW3 . 1/4 4066 bilateral switch
JM1 16 pin jumper to counter circuit

IN1 - IN5 1/6 7404 inverter buffer
NAl - NA3 1/4 7400 NAND gate




From
Counter
Circuit

From *
Pressure
Transducer

Figure 45.

Meter

Pressure Controller.

To
Solenod
Valve

6ET



R1

R13
R28
R33
R37
R39
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R9 -~ R12 10K

* R23 - R26 8.2K

-R30 - R32 6.8K

- R36 920 Ohm

R38 380 Ohm

R40 22K
NPN transistor
PNP transistor
PNP transistor
PNP transistor

500 microfarad
1000 microfarad

- R8 120K
- R22,R27 1K
- R29 5K .
- R35 680 Ohm
56 Ohm
500 Ohm
Trl - Tr8 417801
Tr9 417295
Trlo 25B263
Trll Tip32
Cl
C2
C3

220 microfarad
ALL operational amplifiers are 1/4 324
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Preliminéry computer programs.

Data disk initialization program

1 REM Data disk initialization
program for hydrogenation study .

9 PRINT"Input disk #°;

6 INPUT X , '

10 DIM A(31),B(31),C¢31),D(31) ,E(31)

11 ED =X

12 'W02,0,R,E

20 FOR 1 = 17031

30 A = 1¥)

80 'WD2,1

40 B(I) = 1%5¢155
50 C(1) = 1#5¢310
40 DX1) = 1454465
70 NEXT 1

R4
90 'WD2,2,R,B
100 'WD2,3,R,C
110.'02,4,R,D

{20 END -

Transducer calibration program

10 REM Calibration program for
hydrogenator

20 PRINT*Input the number of points
you wish to collect®;:INPUTA

BX=0Y=0:Z2=0:X1=D: Yl =0.

30 DIM X(A),Y{A)

40 PRINT"Input the gage pressure for
each point®

90 POUT 43,144:POUT 42,210

40 FOR 1 = {704

70 INPUTY(D) .

80 POUT43,146:P0UT42,210

90 SWAP OFF ‘

100 POUT42,210: POUT42,209: WAIT32:

PDUT42 208: PIN4O, B PIN4L ,C
110 siap ﬁﬂ
120 X<1) = B+255+(
125 X = XeX(D Y = YsY(D
X1 = X14X(DX(CD
YL o= YYD R
12 = XD,
130 NEXT 1
140 5§ = (A%Z-X#Y)/{A{1-X80)
150 1 = Y/A-5%/4
140 R = (A%Z-X¥Y)/ ((ABS( (A%X]-X3X)
#HAXYI-TEY)))A.5)
170 PRINT"LBS, = ®§°%Hz4*1,*Corr. -
Coef. = R

Computer program to test circuit reproducibility

! REM Hydrogenator stability test
2X3=0:X2=0:X=0: X1 =1

3 DIMACL1OD)

4 FOR 11 = 1706100

3 FOR 1 = 1T011: WAIT1S

6 POUT43,146: POUT4Z,210

10 POUT42,210: POUT42,209: WAIT32:

21 IF 255%B+A{)OTHEN 24
22 Xi = X{-11 X3 = X341
ANEXT1 . :

25 PRINT: NEXT 11~ ,
26 FOR I = 1TOXI-1: X2 =X2 ¢+ -
(ABSCX/(X1~1)-AC1)))*2: NEXT 1

27 X2 = (X2/{X1-2))*.5
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PouT42,208 ‘28 PRINT®S.D. = *X2,"AVE, =

20 PINdD,A: PINA1,B: PRINT255#B+A;: X - "X/ (X1-1) ,X2%(X1-1)#100/X* =,
= X+2554B4A: AX1) = 255#B+A: X1.= §.D.#100/AVE",° NO.ZEROS = *X3

X141} . 30 STOP
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- Data collection programs.

COLLECt

1 REM hydrogenation data collection
program . '

5 REC?1,A:IF A) = OTHENSé

é PRINT®How many reactions are to be
run on this sample”;sINPUTS

7 PASS570,9:PAS571,5-1:PRINT 1nput 1D
no. for each reaction”

8 DIMA(4,5) ,B(4),E(S) F(5)

9 FOR I = {T0S: PRINTI;: INPUTLINEAS:

ALTERASTOB: FOR J = 1T04:40J,D) =
B(J)NEXT J:NEXT T - '
10 FOR 1 = 1TOS:FOR J = 1T04:
PASSI14714(J-1)¥5,A(J, 1)1 NEXT J:
NEXT 1 '

88-DIMZ(): FOR 1 = 1704: -
REC71#5+((1-1)%5),2(1) 1 NEXT 1.

89 B$ = "*: FOR 1 = 1T04: BS =
BS4CHRS(2(1)) : NEXT 1t SWITCH:
PRINT B$: SWITCH

90 'RD1,559,R,A%: RECI02,A: AS =
LEFTS(AS,A) s AS = BOHAS

91 RECS+91,T: RECS+94,6: D1 = 0:
REC91,D _

92 0% = NUMG(S)+*~*+ REC70,5: (3 =
COMNNSLS) : AD = ASHCS

121 RECI03,Ni: 25 = 0

130 T = INT(T/6+.5)
140 T1 = T2

17 PRINT®INPUT DATE";:INPUTD:PASS91,D 150 DIMA(TY) ,B(T1),C(31),D¢31)

18 PRINT"The reactions will be
carried out in the sequence they
are given in."

19 PRINT"Input reaction time and pt.
interval for each RX.®

20 FOR 1 = 1T0S: PRINTI;:

INPUTECI) ,F(1)s PASSI+91,EC(D):
PASSI+94,FC(I) s NEXT 1

40 PRINT®Input catalyst, amount of
catalyst, conpound; amount of
compound, °

70 PRINT®solvent, amount of solvent,
temp, and starting pressure (one
tine).” -

80 INPUT A%

81 'UD1,359,A,A0: A = LEN(AS):
PASS102,A

82 POUT43,144: POUT42,210:
PRINT®Input test pressure (gage
pressure)”s: INPUT M1: 25 = 1:

I =1: Nt = 0: 60TO220

83 N1 ="M1-B(1): PASSI103,N1:

PRINTMIB(D): 25 =0

'84 PRINT*Type 1 then return to

start®j: INPUT AB
85 STIMEQ,O: SWITCH
84 CLEAR

" 160 A(1) = LEN(AS): B(1) = D:

A =T
180 FOR I = 3T0TH
190 RTIMEN,M

200 IF N> = DI THEN2IS

210 6070190

215 POUT43,144: POUT42,210

216 AP OFF

220 POUT42,210: POUT42,209: AIT3Z:
POUT42,208: PINAO,A: PIN41,B

225 SUAP O -

240 B(I) = A+B#256: AC1) = N

260 B(D) = INTC(B(1)%5,09323E-3¢1)
#100+.5)/100 '

265 IF 25 = 1THENB3

270 D1 = NeG: NEXT |

WS X=58: D=4

290 'WD1,X,R,A8: J = 1: X = Xl

291 J =13 X = 529

300 FOR 1= 1T0TY

310 0L = AD: D) = B(D

" 320 IF J = )31 THEN340

330 J = J¢l: NEXT I
340 'WD1,X,A,C: X = X4
350 'WD1,X,R,D: X = X+l
351 J=10

360 IF 1<TITHEN330




87 REC70,S: REC71,S1: PASS71,51-1:
§ = 5-51

TRANSfer

3 REM This program transfers
hydrogenation data from disk
1 to disk 2

é CLEAR

10 DIM A(3D),B(31),L(31)

11 X = 528

20 'RD1,X,R,AS

30 'RD2,0,R,A

40 B$ = LEFT$(AS,1)

50 B = VAL(B®)

40 IF A(1) = BTHEN90

45 SWITCH

70 PRINT"This is the wrong data disk.
Please insert the correct disk*

80 PRINT®and type 1 then return®;:
INPUT 29

85 SWITCH

90 B$ = MID%(A3%,3,2)

100 B = VAL(B%)

110 B$ = WID$¢AS,2,1)

120 IF B$ = "A"THEN 190

130 IF B$ = "B°THEN 200

140 IF B$ = "C"THEN 210

150 IF B$ = "D°THEN 220

155 SWITCH

160 PRINT"You have assigned an

incorrect data code letter. Do
you wish to change it°;
180 INPUT LINE 2$: IF 28 = "YES®

144

400 CHA TRANS
401 STOP

THEN 320

185 STOP

190 Y = 1: 60T0230

200 Y = 2: 6OTO 230 -

210 Y = 3: 60T0230

220 Y = 4: IF BY1GTHEN 340
230 'RD2,Y,R,A: Y = A(B)
240 'RD1 X, R,A%¢ X = X¢1 _
250 1WD2,Y,R,A8: Y = Y41
260 FOR 1 = 1704

270 'RD1 X,R,B

2680 'WD2,Y,R,B

290 Y = Yéf: X = X#

JONETT

310 6070 370 :

320 INPUT BS: C$ = BO<RIGHTG(AS,3)

335 PRINTCS.

334 PRINT"1s this correct®;: INPUT

- 29%: IF 29% = "NO°THEN 320 -

337 SYITCH .

340 'WD1,X,R,A8

350 CLEAR: 60T010

360 PRINT*This disk is saturated
please change the code and use
another disk®

345 SWITCH: PRINT"done"

366 SWITCH: STOP

370 REC71,As IF AOTHEN36S

371 CLEAR: CHA COLLEC
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Preliminary analysis Qrogréms.

' QUICK plotting program

9 REM Quick plot program for
hydrogenation data :

10 PRINT®Input NO. of #iles to be

outputted”;: INPUTA

11 DIN J(3)

13 DIMAL<31),B1(31),C1(31),D1¢31),
Ei(120,1),F1¢120,1),
A(3,A),B(120),0¢120)

160 PRINT®Input RX ID. NO. if the
reaction is a continvation end
the id, no. with ()*°

141 PRINT®1¢ the reaction is a
competition end the ID NO.

“with (0)*

170 FOR 1 = 1T0A: PRINTI;: INPUT LINE

AS: ALTER ASTOJ

180 FOR J = 1T00(0): AtJ,1) = J(I);
NEXT J: A(B,1) = J(0): NEXT 1

190 FOR A1 = 1T0A: IF A(5,A1) = 39
THEN 240

195 GOSUB2000

200 FOR 1 = {TON:
NEXT 1

210 GOSUB700

220 FOR 1 = ITON:

. ONBT1

230 GOSUB710

240 NEXT Al

245 STOP

701 PRINT: PRINT

700 REM PLOT 705 PRINT: PRINTAS:

705 PRINTAS: PRINT

710 FOR 1 = 1TON:

MT=0

712 FOR 1 = {TON:

M3 7T=0KD

714 NEXT 1

M5B8=1

716 FOR 1 = 1TON

717 IF 0K1)3BTHEN719

718 B = OC1):NEXT 1

720 FOR 1 = {TON

B(I) = Fi<1,1):

B(I) = E1(1,1):

0(1) = B{D): NEXT I

IF OCI{TTHEN714

" 770 PRINT® ==mefommmponeny
780 FOR 1 = 1TON: PRINT
" TABCABS(O(I))) “#°T: NEXT 1
785 PRINT®Y MAX-MIN = "TB,"X MAX =
"E1(N,0) -
790 RETURN
2000 REM DATA INPUT
2020Y=0:N=0
.. 2030 X = A(2,A1)-44
2040 'RD2,X,R A1
2050 X = VAL(CHRS(A(3,A1)) ¢
. CHR$(AC4,A1)))
2040 X = A1(X)
2061 'RD2,X,R,A$: X = X¢1
2070 'RD2,X,R,Al: X = X+
2080 'RD2,X,R,B1: X = X+1
2090 'RD2,X,R,C1: X = X+
2100 'RD2,X,R,Di: N = NeA1(2)
2110 FOR 1 = 37031 _
2120 E1¢1-2+40#Y,0) = AL(D):
- EN(1-2440%Y,1) = BI{)INEXT 1
2130 FOR 1 = 17031
2140 E1(29+1440%Y,0) = CH(D):
E1(29+1+408Y,1) = DICI):NEXT 1
2145 IF ALF1DATHEN 2145
2150 IF. A(5,A1+1)<)39THEN2145
2180 A = Al41: Y = Y41 GOT02030
2145 'MF1: 'MF2 .
2170 FOR 1 = 1TON:FIC1,0) =E4C1, 00
COFNILD = ENCTL 1) NEXT
2180 FOR I = {TON~1
2190 IF E4(1,1))E1(1+1,1)THEN2320
2200°X.= -2¢E1¢1, I4E1C141,1)¢
EXI-1,1): 1= 14
2300 FOR J = ITON: Ed¢J,1) =
E1(J,1)-X: NEXT J :
2310 60702180
2320 NEXT 1
2330 FOR I = 3TON-1
2340 IF ENCI,1)-3¢E1(1+1,1)THEN2380
2350 X = 28E1¢1,1D-E1(141,1)-
ENCI-1,1): = 141
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730 0(1)= INTCCO(I)-B)78/(T-B)) sNEXT 1 2340 FOR J = ITON: EI¢J,1) =

740 BI = (T-B)/15.6
750 PRINTB,"
760 PRINT"

E1{J,1)+Xs NEXT J

"B+14xB1 " 2370 60702330

BONDTT
2390 REN DATA ADJUSTED
2395 RETURN

multiple PLOTting program for TTY

1 REM Multiple hydrogenation data

plotting program for TTY

10 READ B ‘

20 PRINT: PRINT: PRINT:
PRINT"RxlNo®,"MgCat", °[S5ubl®,
“LInh1","No."

30 DIMAC31), B(31), £(31), D(3D),
J(9), T(48,8), P(40,B)

40 FOR I = 1T0B

30 READ 4%,C,5,T

40 ALTERASTOJ

70 PRINT #3%,C,S,T,1

80 G605UB1000 -

90 NEXT 1

f00X=4

{110 FOR I = 1T0B

120 IF T(2,1)) = XTHEN140

130 X = T2,

140 NEXT 1

150 X1 =0

140 FOR 1 = 1T0B

170 FOR 11 = {T07¢0,D)

175 IF T(11,13¢ = X1THEN1 85

180 X1 = {11,

185 NEXT It

190 NEXT 1

195X2=10

200 FOR I = 1708

210 FOR 11 = {TOT¢O, DD

220 IF P{11,1){ = X2THEN240

230 X2 = P(IL,DD

240 NEXT It

250 NEXT 1

260 X3 = X2

270 FOR I = 1T0B

280 FOR 11 = 1TOT<0,D)

290 IF P(I1,1)) = X3THEN310

300 X3 = P¢11,DD

310 NEXT 1

J20°NEXT 1

~ " "CHR$(13);
440 FOR 1 = 1708 -

450 FOR 12 = 1T0T(0,11)

460 IF T(12,11)){ITHEN4SBD - .

470 PRINT TAB(P(1Z,11))11 CHRS(13);

475 GOTO 490

480 NEXT 12

490 NEXT TN

500 PRINT

910 NEXT-1

320 5T0P

1000 REM INPUT ROUTINE

1001 ALTER JT0AS

1002 FOR 18 = OT04

1003 'RDZ,I8,R,A

1005 FOR 19 = 17031

1007 X = A(19)

1008 'RDZ,X,R,BS

1009 IF LEFT$(BS,4) =
LEFT$(AS ,4) THEN1020

1011 NEXT 19

1013 NEXT 18

1015 PRINT"Data not on this disk
insert different disk type
return” ; INPUTAIS

1017 60TO1001

1020 X=X+1: K= 11 N= 10

1040 'RD2,X,R,A: X.= X+

1045 'RD2,X,R,B: X = X#1

- 1050 !RDZ,X,R,C: X = X¢1

1060 'RDZ,X,R,D: X = X¢1

1063 N = N+A(2) ,

1070 FOR J = 37031: P(K,1) =-B(D:
TTCK,D) = A K = Kels NEXT J

1080 FOR J = 17031z PCK,D) = DLD):

T(K,D = CCD)s K= Kifs NEXT J -

1090 1F J(5)){39THEN1120

1100 J(5) = 0: X = X+l

1110 GOT01040

1120 FOR J = 2TON




330 51 = (72/(X2-%X3))

340 PRINT: PRINT"Lbs./Interval =
*1/51

350 FOR I = 1T0B

340 FOR 11 = 1707¢0,1)

370 P(11,1) = INTUCPCIT,1)-X3)#51+4)

380 NEXT 11

390 NEXT 1

400 PRINT: PRINT TAB(5)X3 CHR$(13);:
PRINT TAB(72)X2

410 PRINT TAB(4) Py A "%

———— e Sepemet  enbeemad  —— y———a.

420 FOR 1.= OTOX1STEPX
430 PRINTICHR$(13);: PRINT TAB(S)":
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1130 IF PCJ-1,1)+15P(J, 1)THEN1140

1140 X = P(J,1-P(J-1,1)4PCJ-2,1)-
PCI-1,1) :

1150 FOR J1 = JTON: PCJ1,D) =
PCJ1,1)-Xs NEXT J1

1160 NEXT J

1165 FOR J = ZTON

1166 IF P(J-1,1)-5¢P¢J,1)THEN1180

1167 X = PCJ,1)-P(d-1,1)4P(J-2,1)-
P(d-1,1)

1170 FOR J1 = JTON: PCJ3,D) =
PCIL, D =X: NEXT J1

HBONEXT J . '

1190 T¢0,1) = N

1210 RETURN
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Final analysis prograﬁs. ,

General data transfer program

1 REM data correction program
{general read write data program)

19 DATASTOP,D

20 REM A$ = REACTION 1D §9 =
SUBSTRATE CONCENTRATION CO = MG
CATALYST ‘REACTITN'

21 REM C1 = MG CATALYS OF ’REACTION
STANDARD’ D = DISK DRIVE NIRBER

22 REM B = ‘YES’ IF STANDARD 15 10
BE USED FOR NEXT REACTION

32 DIM AC31), B(3D), C(3D), D(31),
34, JUD, Td20), TI(120),
P12y, S(D)

33 S€0) = 24.519

40 READ A%, 59: IF A% = "GTOP*
THEN 290

45 PRINTAS

50 ALTERA$ T0 J-

40 IF J¢3) >{83 THEN 300

70 1F B = "YES® THEN 90

80 READ CO,A%,C1,D,B$

82 PRINTAS -

85 ALTER ASTOJ1

84 GOTO100 )

90 READ CO,B$: GOTO1S0

100 D¢ = "J1° '

110 GOSUB100D

120N=7: N1 =1

130 605UB2000

140 5¢(1) = S/Ct

150 51 = 8{1)%C0 .

160 D8 = "J":1 D=2

. 170 60SUB1DOO

180 P = P(1)

190 FOR I = 1TON3

200 P{I) = P-P(I): NEXT 1

220 60SUB3000

230 § = 51/5

235 PRINT §,51,5(1)

240 FOR 1 = 1TON3

250 PCD) = PCDES

1140 'RDD,X,R,D: X = X+
1150 N3 = N3+A(2): A6 = ACD):
A7 = B(1) .
1140 FOR J = 3T031: PCK) = B(D):
TICK) = AGD: K = Kelz NEXT J
1170 FOR J = 1T031: PCK) = DK
TIKY = T K= Kels NEXT J
1180 IF J$X¢*/*THENI2I0
1190 J$ = **1 X = X+
1200 60TO 1110

1210 FOR 3 = 2 TON3® ,
1220 IF P(J-1)+.5HPCITHEN 1250

1230 X = P -PCI-1)4P(I-2)-P(J-1) -
1240 FOR J1 = JTON3: P(J1) = PUIDX:
T ONEXT 0
1250 NEXT J _
1260 FOR 1 = ITONG: TCD) = TI(D):
©NEXT 1 .
1270 RETURN :
2000 REM PRESSURE TO PRODUCT
CONVERSION
2010 P = P(1)
2020 FOR 1 = NITON.
2030 PCI) = (P-P(1))/S(D)
040 NEXT 1
2050 GOSUB 3000
2060 RETURN
3000 REM LINEAR REGRESSION
3010 X = 0:'Y = 01 X1 = Ot
Y1=0:2=0

3015 N2 = N-Ni+l

3020 FOR 1 = NITON _

3030 X = X+T(D: Y = Y4R(D): Xt =
XUTCDAT(D : Y1 = YIHPCDR(D s
7= BT(DIR(D T NEXT 1

3040 S = (Z-XY/N2)/(X1-XOUND)

3050 RETURN , _

4000 REM URITE SUBPROGRAM FOR DISK
DRIVE 1

4001 SUAP OFF

4010 A? = INT((N3/30+.5)%2)




240 P(1) = 55-PC1)#5(0)
262 NEXT 1
245 IF (PC1)-P{N3))/8¢0)¢ =
§9+.05459 THEN 270
244 PRINT"The final product
concentration is higher than the
substrate concentration®
247 PRINT(P(1)-P{N3))/8(D)* = CAL
PRODUCT" ,89° = SUBSTRATE CON.":
5070280 C
270 GOSUB4D0O
280 GOTO40
290 STOP
300 REM COMPLETION REACTION
CORRECTIGN
S0 B=gi D=2
320 GOSUB 1000
325 IF J(5){>47 THEN 340
330 § = S9/(P(1)-P(N3)): P = P(1)
340 FOR 1 = 1TON3: MI) =
{P-P(1))#8: PCD) = 53-PC1)#S(D)
350 NEXT 1
340 GOSUB 4000
370 6OTO 40
1000 REM DISK INPUT. PROGRAM
1001 A6 = **
1010 1F D% = "J1"THEN1D18
1012 ALTERJTOAS
1013 J% = MIDS(AS,4,1)
1014 GOTD1022
1018 ALTER JIT0AS
1019 J¢% = MIDS(AS,4,1)
1022 FOR 1 = 0704
1024 'RDD,1,R,A
1024 FOR 11 = 17031: X'= A(ID)
1027 IF X{(3THEN1034
1029 IF X)359THEN1034
1030 'RDD,X,R,C$
1032 IF LEFT$(C%,4) = LEFT$(A3,4)
THEN 1090
1034 NEXT 11: NEXT 1
1034 PRINT"Data not on disk"D
1038 D = INT((D+1)/D+.1)
1040 GOTO 1010
1090 K=1:N3=10
" 1100 'RDD,X,R,AS: X = X#i
1110 'RDD,X,R,A: X = X1
1120 'RDD,X,R,B: X = X+t
1130 'RDD,X,R,C: X = X#i
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4020 A8 = (N3/30)22 .
4030 IF ABXAFTHENADSD
4040 B(2) = APl

. 4050 GOT04070

4060 B(2) = A9¢3

4070 12=0 .

4071 FOR 1 = 0703

4080 'RD1,1,R,A

4090 FOR 11 = 17031

4095 IF 12) = ACT1)THENG100
4096 12 = ACI) L
4100 IF A(11) = OTHENA135

4101 'RD1,ACI1), R,ES

4102 IF LEFTS(ES,4))(LEFTS(A3,4)
THEN 4110 .

4103 X = ACT1): AS = LEFTS(A0,A6)

4104 GOT04170" -

4110 NEXT 11

4120 NEXT 1 |

4130 GOT04300

4135 ACI1-1) = 12 ,

4140 1F AC13-1)4B(2))559 TREN 4300

4150 ACI1) = B(2)+ACTI-1)

4155 W1 ,1,R,A

4160 X = ACI1-1): AS = LEFT(AS,A8)

4170 K = §: A(2) = N3: A1) = &6

CB(1) = A7 _
4180 FOR'J = 370312 B(J) = P(K):
ALY = TIKD: K = Kels NEXT &

4190 FOR J = 170313 D(D) = PLK):

©OD = IO K = Hels NBXT J

4200 'WD1,X,R,AS: X = X# ‘

4210 D1 X,R, A2 X = Xl

4220 'UD1,X,R,Bs X = X¢1,

4230 D1 X,R;C: X = X4

4240 'WD1,X,R,Dz X = X¢i

4250 1F KON3THEN4320

4260 FOR J = 17031z ACJ) = THK):
BCD) = PCO: K = Kt

4262 1F KONITHEN4270

4264 NEXT J ,
4270 'WD1,X,R,Az X = X¢

4290 'WD1,X,R,A: X = X¢f

4290 GOTD4250

4300 PRINT"data disk full insert new
" disk then type return.®;

© 4310 INPUTZ2$: GOT04070

4320 SHAP O
4330 RETURN
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Alternate subroutines for transfers

4000 REM Data transfer program to 4000 REM Data transfer program

Honeywell 44 to Vax

4005 51034,250,39 : 4005 51034,250,39

4010 A$ = LEFT$(A%,78) : 4010 A$ = LEFT$(h$,78)

4030 PRINT AS CHR$(13); 4030 PRINT A$ CHRS(13);

4040 PRINTS?,C0,N3CHR$(13); 4040 PRINTS?,C0,N3¢,1CHR$¢13);

4040 P1 = P(1) . 4040 P1 = P(1)

4070 FOR I = 1TON3:P(D) = 4070 FOR 1 = ITON3:P(I) = |
(P1-PC(1))/S¢(D) {P1-P{1))/5(D)

4080 PRINT Ti(1),P{1)CHR$(13); 4075 TI(1) = T+ .1 '

4090 NEXT 1 4080 PRINT T1<I),P(1)CHRSC13);

4092 PRINT CHR$(13); - 4090 NEXT 1 -

4093 51034,230,0 ' 4092 PRINT CHR$(13);

4110 RETURN ‘ 4095 51034,250,0

4110 RETURN

Curve fitting program for vax 11 compufer

C LEAST SOUARES CURVE FITTING PROGRAM FOR WAX
FUNCTIGN F1(CON,5UBS,PROD,KSUB,KPROD,PROD2)
REAL KSUB,KPROD
F1=CON#(SUBS-PROD)/(KSUB+( SUBS-PROD) +KPROD#PROD2)
END '
SUBROUTINE INTEGRATION(A,B,C,D,E,F,6,R) -

* DIMENSION B(120),¢120,2),D{1),6(2,2)

INTEGER H,F

C A=RMS:B=TIME :C=PRODUCT :D=RATE CON:E=SUBSTRATE :F=NUMBER POINTS

C G=INHIBITION CONSTANTS:H=K(PROD) CUT OFF POINT
A=0 -
K9=0
£41,2)=0(1,1) .
001021=2,F
T=B¢1)-B(1-1)
K9=K9+1
1F¢1.LE.H)GOTO100
J3=H
J2=0
5070101

0100 J3=1-1
J2=

0101 PO=C{J3,2)
RI=THF1(D, E, C¢1-1,2) ,6¢1,1),6¢1,2) ,PO)
PO=C(J3,2) +R1%J2/2 '
R2=T4F1(D,E,C¢1-1,2)4R1/2,6¢1,1),6(1,2) ,PD)
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PO—C(J3 2)4R2#J2/2
R3=T*Fl(l) E,C¢1-1,2)4R2/2,6(1,1), B(l 12),PD)
PO=C(J3, 2)+R3§J2
R4—T*F1(D E,C(I-1 2)+R3,6(1,1),6(1,2),P0)
<1 ,2)=C(1-1 1 2)H(RI+R242+R3%24R4) /6 .
0102 4=A+{(C(1,2)-C(1,1)) %2
A=/ (F-1))#2.5
END
PROGRAM A
DIMENSION R¢3),K(1),K1(2) ,X(2),K2(2,2) ,M(5,25,50),T¢120)
1,P(128,2),K3(3,2) ,M2(25)
REAL K,Ki,K2,M,K3
INTEGER CUT _ -
CHARACTER#(78)REACTI(N,REACT#(78) -
Bl6=1 o
0127 READ(7,1)REACTION
REACT="5T0P/
IF(REACTION.EQ.REACT)GOT0128
WRITE(8,3)REACTION :
READ(7,2)SUB,CATA, RNUM
NUM=RNIM
DO 100 I=1,NUNM
READC7,TCI),P(1,1)
- 1T=T(D
T(hH=IT
0100 CONTINUE
U=0
Y=0
V1=0
Yi=0
2=0
pot011=1,7
U=V+T¢( D)
Y=Y+P(1,1)
VIVIHTED#T(D)
Yi=Y14P(T, 1) #R(T, 1)
0101 Z=2+¢T(1)#P(1,1)
KCD=(2-V8Y/ D/ (V198D
Me=0
0121 M9=M9+1
1F{M?.6E.2)60T0122
FIRST=0
1R¥AX=10
DO 102 IRATE=1,IRMAX
KCD=KC1) 4K 1) %, 01%F1RST
FIRST=1
1CUTOFF=0
D0 102 CUT=NUM,10,-2
ICUTOFF=1CUTOFF+1
D0104 ITERATE =1,2"
KithH=.3
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Ki(2)=.3
X()=1
X(=
IF(ITERATE.EQ. 2)B0TO0106
K2(1,2)=.1
K2(2,2)=.1
K2(1,1)=4
K2(2,1)=4
GOTO 105
0106 K2(1,2)=4
K2(2,2)=4
K2¢1,1)=.1
K2¢2,1)=.1

.0105 CALL INTEGRATIONCRMS,T,P,K,SUB,NUM,K2,CUT)

R(3)=RMS
K2¢1,1)=K2(2,1)4K2(2, 1) #K1 (1)

CALL INTEGRATION(RHS T,P,K,5U8,NUM, K2, cum

Ka¢1,1)=K2(2,1)
R(l)-RNS
K2¢1,2)=K2(2,2)4K2(2,2) #K1{2)

CALL INTEGRATIONCRMS,T,P,K,SUB,NUM,K2,CUT)

K2¢1,2)=K2(2,2)

R(2)=RM5

X(D=SIEN(X{1) X(1)#(RE3)-R(1I)
X(2)=CIGN(X(2) ,X(2) #(R(3)-R(2)))

0107 CALL INTEGRATION(RMS,T,P,K,SUB,NUM,K2,CUT)

R(3)=RMS:
D0 108 I=1,2 :
K2¢1,1)=K2(2,1)+K2(2, 1) #X(1) #K1<1)

faLL INTEGRATION(RHS T,P, K 5uB, NUH K2,CuT)

R{1)=RS

0108 K2¢1,1)=K2(2,1)
X8=0
D0 109 1=1,2
K2(2,1)=K2(2,1)4K2¢2, DX ¢ #KIC(D)
K2¢1,1)=K2(2,1)
X(D=SIGNX(CT) XD #(R(-RCIN)
S16=51GN(B1G,R(3)-R(1))
1F(516.6E.0)6070110
KICD=K1{1)/2

0110 IF (K1<1).GE.D. 01)60T0111
K1<1)=.001
XB=X8¢1
6070109

0111 IF (K2(1,1).LE.100)6070112
K1<(D)=.001 '
X8=X8+1
6070109

0112 1FCK2(1,1).6E.0.0001)60T0109
K1{1)=.001
XB=X8+1
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0109 CONTINUE
1F(X8.LT.2)6070107
CALL INTEGRATIONCRMS,T,P,K,SUB,NUM,K2,CUT)
K3(3, ITERATE)=RHS
K3(1,ITERATE)=K2(2,1)
0104 K3(2, ITERATE)=K2(2,2)
IFCK3(3,1) .6T.K3(3,2))60T0114
MC1, IRATE, ICUTOFF)=K3(3, 1)

" M(2, IRATE, ICUTOFF)=K3(2,1)
M(3, IRATE, ICUTOFF)=K3(1, 1)
GOTO1 15

0114 M1, IRATE, ICUTOFF)=K3(3,2)
M(2, IRATE, ICUTOFF)=K3(2,2)
M(3, IRATE, ICUTOFF)=K3(1,2)

0115 (4, TRATE, ICUTOFF)=K(1)

M(5, IRATE , ICUTOFF)=CUT
WRITE(8,9M(1 , IRATE, ICUTOFF)

1,M(2, IRATE, ICUTOFF)

2,M(3, IRATE,, ICUTOFF)
3,M(4, IRATE , ICUTOFF)

4,M4(5, IRATE , ICUTOFF)

0102 CONTINUE
D017 I=1,IRMAX
yMe1,1,1)

DO114J=1, ICUTOFF

TFCV.LT.MC1,1,0))60T0116
C LD

M2(1)=d

0116 CONTINUE

0117 CONTINUE
Xé=0
MINI=M2(1)

MIN2=M2(2)

X2=S1GN(BIG, (M(1 1,mm)-n<1 2,MIND)))
DO119 1=2, IRAX

MINE=M2(I-1)

MIN2=H2(1)

S16=STGN(BIG,M(1,1-1 MIN1)-H(1,1 ,NIND))
1F(S16.E0,X2)60T0119

Xd=Xd+1

MINI=H2(1-1)

MIN2=M2(D)

X2=S1GN(BIG,M(1,1-1 MIN1)-MC1, 1 MIN2))

0119 CONTINUE
1F(X4.6T.0)60T0122
IF(X2.LT.0)60T0121

0122 URITE{4,5)REACTION
WRITE(4,4)

D0123 I=1, IRMAX

0123 WRITE(S, 7M1, 1,M2(1)) ,M(2,1,M2¢1)) M(3,1,M2(1))

1,M(4,1,M2¢1)) ,M(5,1 M2ID)
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0007 FORMATC/,3X,’DATA’,6,%,7,6,"y",6,",’46,", ,G)

60T0127

0001 FORMAT(1A)

0002 FORMAT(36)

0003 FORMAT(26)

0005 FORMAT(/,/,/,3X,1478) .

0006 FORMATI/,/,8X,’RMS’ ,8X,’K(PROD/SUB) * ,5X, ‘K¢ 1/5UB)* , 7, KRATE' ,8X,

17CUT OFF)

0007 FORMAT(/,3X,56)
0128 CALL EXIT

END

Curve fitting program for Honeywell 66

C LEAST SQUARES CURVE FITTING PROGRAM FOR HONEYWELL

FUNCTION F1(CON,5UBS,PROD,KSUB,KPROD,PROD2)
REAL KSUB,KPROD
FI-CON*(SUBS-PROD)/(KSUB#(SUBS -PROD) +KPROD#PROD2) -

" END

SUBROUTINE INTEGRATION(A,B,C,D, E Fy6,) -
DIMENSION B(120),C¢120, 2) D(l) 6(2 2)
INTEGER H,F

C A=RM3:B=TIME:C=PRODUCT :D=RATE CON:E=SUBSTRATE:F=NUMBER POINTS
€ G=INHIBITION CONSTANTS:H=K(PROD) CUT UFF POINT

A=K9=0

£, 2=01,1)
D01021=2,F -
T=B(1)-B(1-1)
K9=K9+1
IF(1.LE.HYGOTO100
J3=H

J2=0

60T0101

0100 J3=1-1

0101

J2=1

PO=C(J3,2)

RI=T#F1(D,E,C¢1-1,2) ,6¢1,1),6¢1,2),PO)
PO=C(J3,2)4R1542/2
R2=T#F1(D,E,C¢1-1,2)4R1/2,6¢1,1),6¢1,2) ,PO)
PO=CLI3, D HRM22

R=THF1LD,E, CC1-1,2)4R2/2, 61,1, 641,20 PO
PO=C(J3,2)+R34J2
RA=T#F1(D,E,C¢1-1,2)4R3,6¢1,1),6(1,2) ,PO)
£41,2)=C1-1,2) +(R1 +R2424R3424R4)/ 4

0102 A=A+(C(1,2)-CC1,1)) %62

A=(R/(F=1))u%.5

END

PROGRAM A

DIMENSION R(3),K(1),K1(2),X(2),K2(2,2) ,M(5,25,50) , T(120)
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1,P(120,2),K3(3,2) ,M2(25)

REAL K,K1,K2,M,K3

INTEGER CUT
CHARACTER#(78)REACTION,REACT*(78)
BI6=1

0127 READ{101,1)REACTION -

REACT="5TOP"
IF{REACTICN.EQ.REACT)GOTO1 28
WRITE(109,10)REACTION

0010 FORMAT(/,3X,"DATA" ,A78)

READ(101 ,2)5UB, CATA ,NLM
DO 100 I=1,NUM

0100 READ(101,3)T(D),P(1,1)

0101

0121

V=Y=\1=Y1=2=0
DO1011=1,7

V=UHT(T)

Y=Y+P(I,1)

VIsVIHTCTD T
Y1=Y14P(1,1)#P(1,1)
=2+T(D#P(1,1)

K(1)= (Z-U*Y/?)/(Ul-UW/?)
H9=0

MP=MP+]
1F(M?.6E.2)60T0122
FIRST=0

IRMAX=10

DO 102 IRATE=1,IRMAX
KCD=K(1) 4K (1) %, 01 %F IRST
FIRST=1 '

ICUTOFF=0

DO 102 CUT=NIM,10,-2
ICUTOFF=ICUTOFF+1

DO104 ITERATE =1,2 -
Ki(1)=K1(2)=,3
X1=X(2D)=1
IF(ITERATE.EQ.2)60T0104
K2(1,2)=K2(2,2)=.1 .
K2(1,1)=K2¢2,1)=4

G60T0 105

0104 K2(1,2)=K2¢2,2)=4

K2¢1,1)=K2¢(2,1)=.1

0105 CALL INTEGRATION(R?‘IS,T P,K SUB,NU?‘I K2,Cum)

R(=RHS

K201,1)=K2(2,1)4K2¢2, 1) K1 1)

CALL INTEGRATIONCRMS,T,P,K,SU8,NUR4,K2,CUT)
K2(1,1)=K2(2,1) .

R(1)=RHS :
K2(1,2)=K2(2,2)+K2(2,2) #K1(2)

CALL INTEGRATION(RHS,T,P,K,5UB, NI, K2,CUT)
K2(1,2)K2(2,2)

R(2)=RS
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X(1)=SIGN(X( 1) X(1)#(R()-R(1)))
X(D=SIBNX(D) XD HRD-RD)) .
0107 CALL INTEGRATIGNCRMS,T,P,K,SUB, N, K2, CUT)
R(I)=RMS
D0 108 1=1,2
K2¢1,1)=K2(2,1)4K2(2, DD KD
CALL INTEGRATIGNCRYS, T P, K , GUB NI, K2, CUT)
RC1)=RMS
0108 K2¢1,1)=K2(2,1)
X8=0
D0 109 I=1,2
K22, 1)=K2(2, 1) HK2(2, DD
K2¢1,1=K2(2,1)
X(DRSIRNGKT) XCDHRED-R(D))
$16=S1GN(BIG,R(3)-R(I))
1F(S16.6E.0)GOTO110
KICD=K1(1)/2
0110 IF (K1¢I).GE.0.01)GOTON11.
K1¢1)=.001
XB=X8+1
6OTO109
0111 IF <K2(1,1).LE.10006OTO112
K1¢D)=. 001
XB=X8+1
GOTOI09
0112 IF(K2¢1,1).6E.0.001)60T0109
K1¢D)=,001
XB=X8+1
0109 CONTINUE
1F(X8.LT.2)60T0107
CALL INTEGRATIGN(RMS,T,P,K,SUB,NU,K2,CUT)
K3(3, ITERATE)=RHS
K31, ITERATE)=K2(2,1)
0104 K3(2,ITERATE)=K2(2,2)
1F(K3(3,1) .6T.K3¢3,2))6070114
M(1,TRATE, ICUTOFF)=K3(3,1)
M(2, IRATE,, ICUTOFF)=K3(2, 1)
M¢3, IRATE, ICUTOFF)=K3(1,1)
GOTO115 '
0114 M1, IRATE, ICUTOFF)=K3(3,2)
M(2, IRATE,, ICUTOFF)=K3(2,2) .
M(3, IRATE , ICUTOFF)=K3(1,2)
0115 M(4, IRATE, ICUTOFF)=K(1)
M(5, IRATE,, 1CUTOFF)=CUT
WRITEC109,9MCT , IRATE , 1CUTOFF) ,1=1,5
0009 FORAATC/ 3, "DATAY 6, 6, 2 5,°) ,s, )
0102 CONTINUE
DO117 I=1,IRMAX
WML,
DO114J=1 , ICUTOFF
1FCV,LT.MCL,1,0))60T0116
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U=M(1,1,d)
M2(1)=4
0114 CONTINUE
0117 CONTINUE
Xé=0
MINI=M2(1)
MINZ=M2(2) :
X2=SIGN(BIG, M( 1,1 MIND-HC 1,2 HIN2)
DO119 1=2, IRMAX
MINI=M2(1-1)
MIN2=M2( 1) _
§16=SIGN(BIG,M(1,1-1 MIND) ¢ 1,1, MIN2))
1F(516.EQ.X2)60T0119 -
Xd=X4+1
MINI=M2(1-1)
MIN2=H2(1)
X2=S1GN(BIG,M(1 ,1-1 MIND-MC1, 1 MHIND))
0119 CONTINUE
1F{X4.6T. 006070122
1F(X2.LT. 006070121
0122 WRITEC107,5)REACTION
" WRITEC107,6) , ;
D0123 1=1, 1RMAX
0123 WRITEC107,7M¢d,1,M2(12) ,d=1,5
60T0127
0001 FORMAT(1A)
0002 FORMAT(36)
0003 FORMAT(26) .
0005 FORMAT(/,/,/,3K,1A78)
0006 FORMATC/ /. 8X, "RNG® ,8X , "K(PROD/SUB)" 5X, "KL/SUB)* 7K, *KRATE® 8%,
1°CUT OFF®)
0007 FORMAT(/,3X,6,9X,G,4X G, 4X,6,4X,6)
0128 CALL EXIT
END

General plotting programs for TTY and plotter

1 REM TTY plotting prbgram for , K{pro/sub) ="K(3) .

calculated and observed [prol wrs 2035 PRINT* K{pro/sub)#[PRODUCT]
time (FINAL) = °P(CD, 1)*K(3)

10 DATASTOP 2040 X =0

15 DIMA(31), B{(31), C(31), D(3D), 2050 FOR J = 1TON
K(3), T(120) P(120 J), KD 2060 IF P(J,1)<{ = XTHEN2080

20 REM READ RX.ID,Substrate 2070 X = P4J,D
concentration, Krate,H(1/sub), 2080 IF P(J,0)¢{ = XTHEN2100
K{pr/sub, CUTOFF PT. 2096 X = PAJ,D)

25 PRINT°INPUT THE CONVERSION 2100 NEXT J
FACTOR®;: INPUTQ9 2110 Xt = X

30 READ AS$ . 2120 FOR J = ITON




40 IF A% = "STOP°THEN 900
43 ALTER ASTOJ
30 READS,K(1), K(2), K(3), CO
40 605UB1000
70 60SUB4000
80 G0SUB2000
90 GOTO30
900 STOP
1000 REM INPUT ROUTINE
1001 X = J(2)-44 '
1010 X1 = VAL(CHR$(J(3))+CHR${J{4)))
1020 !'RD2,X,R,A
1030 X = A{XIM41s K=1: N=0
1040 'RD2,X,R,A: X = X#1
1045 'RD2,X,R,B: X = X¢1
1050 'RD2,X,R,C: X = X#]
1040 'RD2,X,R,D: X = X+{
1043 N = N+A(2) '
1070 FOR J = 3T031: P(K,0) = B(dD):
TCK) = AC)s K = K+l NEXT J
1080 FOR J = 1T031: P{K,0) = D{d):
TCK) = GO K= K+l NEXT J
1090 1F J¢5)»<39THEN1120
1100 J(5) = 0: X = X+~
1110 6OT01040
1120 FOR J = 2TON .
1130 IF P{J-1,0)+1)P(J,0)THEN1 140
1140 X = P{J,0)-P(J-1,0)+
P(J-2,0)-P(J-1,0)
1150 FOR J1 = JTON: PCJ1,0) =
PCJ1,00-X: NEXT J1
1160 NEXT J
1145 FOR J = 2TON
1166 1IF P¢J-1,0)-5¢P(J,0) THEN 1180
1167 X = P{J,0)-P{J~1,0)+P(J-2,0)-
P¢d-1,0)
1170 FOR J1 = JTON: P(JE,0) =
P(J1,00-X: NEXT 01
1180 NEXT J
1190 P = PC1,0)
1200 FOR J = ITON: P(J,0) =
(P-P{J,0))/09: NEXT J
1210 RETURM .
2000 REM PLOT ROUTINE
2001 PRINT: PRINT: PRINTAS: PRINT:
PRINT® susxuuns = CALCULATED®,
"4444+ = OBSERVED"
2010 PRINT °RMS = "R
2020 PRINT"K(rate) = "K<(1)®
H(1/substrate) = *K(2) *
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2130 IF P(J,1)) = XITHEN2150
2140 X1 = PUJ, D)
2150 IF P(J,00) = XITHEN2170

" 2160 X1 = P,

A70 NEXT I

2180°5) = 72/(X-X1) .

2190 FOR J = 1TON

2200 P{J,1) = INTCCPCT, 1) X1)45146) ¢
PCJ,0) = INTC(P(J,0)-X1) #5146)

2210 NEXT J

2220 PRINT® [PRODUCTI/MARK = *1/81

2225 PRINT

2230 PRINT TAB(4) X1 CHR$(13);:
PRINT TAB(71)X;

© 2240 PRINT TAB(S) "v_— ot

2250 FOR J = 1TON

2260 PRINT T{(J)CHRS(13);: PRINT
TAB(5)": "CHR$¢13);: PRINT
TAB(P(J,1))° 5 CHRS(13); .

2270 PRINT TAB(P(J 0))'+'

2280 NEXT §°

2290 RETURN

4000 REM 4th Order Runge-Kutta

4001 DEF FNACA). = K(1)#(S-A)/(K(2)+
(8-R)+K(3)#PD)

4002 J9 =1: JB=2: 28=1

4010 R = 0: K9 = 0: P(J9,1) = P(J9,0)

4020 FOR J7 = JBTONSTEPZ8

4030 T = TWD-T(J7-28): K? = K941

4040 IF J7¢ = COTHEN4070

4050 J3=0C0: J2=10

4060 GOT04080

4070 J3 = J7-28: J2 = ¢

4080 PO = P(J3,1)

4090 J1 = T#FNACP(J7-28,1))

4100 PO = P(J3,1)+J28J1/2

4110 Jé = T#FNACP¢J7-28,1)441/2)

4120 PO = P(J3,1)4J2%J4/2

4130 J5 = T*FNACP(J7-28,1)4J6/2)

4140 PO = P{J3,1)+J28J5

4150 J4 = TEFNA(P(J7-28,1)4J5)

4160 P(I7,1) = P(J7-28,1)+

(J14J6%24J5%2¢04) /4
4170 R = R+(ABS(P(J7,1)-P(J7,00))*2
4180 NEXT J7 -
4190 R = (R/K*.5
4200 RETURN




I REM TTY plotting program for
weighted difference between
observed and calculated [product]

10 DATASTOP

15 DIMA(31), B(31), C(3D), D(31),
K3, T(120), P{120,1), J(D)

20 REM READ RX.ID,Substrate
toncentration,rate, K(1/sub),
K<¢pr/sub,CUTOFF PT.

25 PRINT®INPUT THE CONVERSION
FACTOR® ;= INPUTE?

30 READ A$

40 IF A$ = "STOP"THEN 900

45 ALTER ASTOJ

50 READS,K(1), K(2), K(3), CO

40 G0SUB10OD

70 60SUB4000

80 G0SUB2000

90 607030 '

900 STOP

1000 REM INPUT ROUTINE

1001 X = (-84 -
1010 X1 = VAL(CHR$¢J(3))4CHRS(J(4)))
1020 !'RDZ,X,R,A '

1030 X = AXD#H: K = 1 N=0

1040 'RDZ,X,R,A: X = X+1

1045 'RD2,X,R,B: X = X+1

1050 'RD2,X,R,C: X = X+l

1060 'RD2,X,R,D: X = X#1

1063 N = N+A(2)

1070 FOR J = 37031: P¢K,0) = B(J):
TK) = AW K = Kels NEXT J -

1080 FOR J = 170313 P(K,0) = DCJ)s
T(O = C)s K = Kel: NEXT J

1090 1F J¢5)){39THEN1120

1100 J(5) = 0z X = X¢i

1110 GOT01040

1120 FOR J = 2T0N

1130 IF P(-1,0)41)PCJ, D THEN1160

HWX-PUO%NJINWUZO%'
PCI-1,0)

1150 FOR J1 = JTON: PIL,0) =
P(J1,0)-X: NEXT Jt

1160 NEXT J

1165 FOR J = 2TON

1166 1FPCJ-1,0)-5¢P(J,0)THEN1180

1167 X = P(J,00-PCI~1,004P(J=2, 0~
Ptd-1,0)

umFmal—nm.Nun>-
PCIT,0)-Xs NEXT J1
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2015 FOR J = 1TON: P(J,0) =
(P(J,0)-P(J,1))/P(3,0): NEXT J

2020 PRINT"K(rate) = °*K(1)"
K(1/substrate) = = K(2)®
Kipro/sub) = "K(3)

2035 PRINT" K{pro/sub) # [PRODUCT]
(FINAL) = "P(CD,1)#K(3)

2040 X =0

2050 FOR'J = 3TN
2080 IF P(J,0)< = XTHEN2100
2090 X.= P(J,0) '

- 2100 NEXT J
210X =X

2120 FOR J = 3TN

2130 IFP(J,00) = XlTHEN2170
2160 Xt = P(J,0)

2170 NEXT 4

2180 81 = 72/¢<X-X1)

2190 FOR-J = 1TON

2200 P<J,0)-= INT((P(J 0)-Xl)§3106)

2210 NEXT J

2220 PRINT®[PRODUCTI/HARK = "l/Sl

2225 PRINT

2230 PRINT TAB(6) X1 CHR$(13)
PRINT TAB(71)X;

© 2240 PRINT TAB(6) My___* ' St

2230 FOR J = 3TN

2260 PRINT TCJ)CHRS(13) 3¢ PRINT -
TAB(S)": "CHR$(13);: PRINT - -
TAB(P(J,0))°#"CHRS(13); -

2270 PRINT

2280 NEXT J

2290 RETURN .

- 4000 REM 4th Order Runge-l(utta
- ' 4001 DEF FNACA) = K(1)#(S-AV/(K(D)+ -

" {5-A)+K(3)#PD)
4002 J9=1: J8=2:28=1 -

4010 R = 0: K9 = 0: P(J9,1) = P(J?,O)':

4020. FOR J7 = JBTGNSTEPZB

4030.7 = T(J?)-T(J?-ZB) K9 = K9+

4040 IF J7< = COTHEN4070
4050 J3 = C0: J2=0
4060 6OTO4080

4070 J3 = J7-28: J2= 1
4080 PC = P(J3,1)

" 4090 1 = T*FNA(P(J?-ZB 0

4100 PO = P(J3, l)+J2*J1/2
4110 Jé = T*FNA(P(J?-ZB,I)*JI/Z)




1180 NEXT J

1190 P = P{1,D)

1200 FOR J = 1TON; P(J,0) =

, (P-P(J,0))/09: NEXT J

1210 RETURN

2000 REM PLOT ROUTINE

2001 PRINT: PRINT: PRINTAS:
PRINT"CALCULATED FRACTIONAL
ERROR"

2010 PRINT "RMS = °R

1 REM General plotting program for
hewlet paciard 26474 plotter -
10 PRINT® Type LIST for the commands®
20 PRINT® COMMAND®3: INPUTZS
30 23 = LEFT$(2¢,3)
40 IF 2$ = "PTP" THEN 2000
30 IF 2% = "PLP® THEN 2500
33 IF 2% = "LTP® THEN 2300 -
40 IF 2% = "CON" THEN 2500 -
70 IF 2% = "RAT® THEN 2300
80 IF 2% = "LRA® THEN 2500
90 IF 2% = "CAL" THEN 2500
110 IF 2% = "INP® THEN 1000
120 IF 2¢ = °LI5" THEN 180
130 IF 2$)<°AB0" THEN 140
131 PRINT CHR$(27)"%dA"
132 607020
140 IF 2¢ = "ST0" THEN 320
150 IF 2$><°PRI" THEN 140
151 PRINT CHR$(27)"&pSdubC®
152 INPUT 2¢
153 PRINT CHR$(27)°®%dA"
154 60T020 :
140 PRINT®INWALID COMMAND!®
170 607020
180 PRINT"This is a list of
commands:”
190 PRINT "PTP -will plot the true
pressure for the reactions®
200 PRINT"PLP -will plot the linked
pressure for the reaction”
205 PRINTLTP -will plot both the

160

4120 PO = P(J3,1)+J24J6/2

4130 J5 = THFNACP(I7-28,1)4J4/2)

4140 PO = P(J3,1)+J28J5

4150 J4 = THPNACP(J7-28,1)+J5)

4140 P(J7,1) = P(J7-28,1)4
(140642405524 J4)/6

4170 R = R+(ABSCPLI7,1)-P(J7,00))%2

4180 NEXT 07

4190 R = (R/K9)*.5

4200 RETURN

3020 FOR 1 = {TOP(O,1)
3030 Y¢1,2) = P(T,D: XC1,2) = T1, D
NEXT 1
3040 GOSUB 7000
3050 Y(0,0) = 1
3040 GOT020
3500 REM#4PLOT [SUBSTRATE] URS. TIMEss
3510 FOR 1 = 1TOP(0,0)
3520 FOR 11 = 1T0P¢O,1)
3530 YCI1,D) = S(D-(PC, DD~
Y11, DIZKCD

- 3540 NEXT 11

3550 NEXT 1

3560 Y$ = "[SUBSTRATEl (MOLES/LIT)®
3580 IF 23 = "RAT" THEN 4000

3590 IF 2% = *LRA° THEN 4500 .

3400 605087000

3410 GOT020 )

4000 REM##xx RATE VRS, TIME #s#s#

- 4010 FOR 1 = 1TOP(G,0)

4020 Y(0,1) = 0

4030 FOR 11 = 1TOP(D,1)-1

4040 Y(0,D) = Y(0, 1>+1

4050 Y(Il D = (Y1, D-Y(T141,1)) /
((X(Il D X(Il+1 1))*N(1))

4060 X(11, 1) = (X(11, I)+X(Il+1 1)/2

4045 Y{I1,D) = Y(Il,l)*lES

4070 NEXT 11

4080 NEXT 1

4090 Y$ = "RATE (MOLES/LITER-MG-MIN)
#10+3"

4100 60SUB7000

true pressure and linked pressure”4110 GOT020

210 PRINT®CON -will plot substrate
concentration vrs, time®

220 PRINT °RAT -will plot rate vrs,

time®
230 PRINTTLRAT -wil plet Lnlrate)
vrs. Lnfcen)®

4500 REM#x LN(RATE) URS. LN(CON) #:

- 4510 FOR T = 170P<0,0)

4520 FOR 11 = 1TOP(0 D X(I,D =
Y(I1,1) s NEXT 11

4330 Y(O,I) =0

4540 FOR I1 = 1T0PCO,D-1




240 PRINT®CAL -will plot calculated
data and observed data®

2460 PRINT®INPUT -will allow you to
input reaction data"

270 PRINT®LIST =will print this 1ist
of commands® .

280 PRINT®PRINT -will transfer the
screen to the printer®

290 PRINT®ARORT -will clear the
screen for anocther plot"

300 PRINT"STOP -will terminate this

" progran®

310 607020

320 STOP

1000 REMxu#x INPUT ROUTINE sasisss

1001 PASS1,Z5

1010 CLEAR

1014 REC1,25: 25 = 25¢1

1013524=10

1020 PRINT “Input the number of
reactions to be ipputted (5
max) "5 s INPUT 1

1021 IF 1>1 THEN 1023

1022 11 = 2: GOTO1030

102311 =1

1030 DIM A(31), B(31), C(31), D{(3D),
P¢60,11), T(40,11), X(40,11),
¥{60,11), K(I1), 5(11), M(ID),
J(5,11)

1033 DIM L(ID)

1040 PRINT"Input reaction 1D.,
conversion constant, substrate
concentration®

1030 PRINT"and milligrams of
catalyst.®

1040°FOR 1t = IT01: INPUTAS, K(I1),
(1D, NID

1070 J¢0,11) = LEN(AS)

1080 FOR 12 = 1T0J¢0,11)

1090 3(12,11) = ASCII(MIDS(A%,12,1)):
NEXT 12

1095 X = 1

1100 'RDX,0,R,A

1110 IF A1) = YAL{MIDS(AS,1,1))
THEN 1140 '

1115 X = 2

1120 'RDX,0,R,A

1130 IF A1) = VAL(MIDS(A$,1,1))
THEN 1140

1135 PRINT"INSERT PROPER DISK TYPE
RETURN" ;: INPUT LINE2$
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4550 Y(0,1) = Y(0,D)41
4360 Y{I1,1) = (V<1 DD-Y(1141,1)) /
T DT, DN

- 4561 Y(I4,1) = ABSCYCIN, 1))

4570 X(I1,1) = (KU1, DXCT141,10)/2

4580 Y(I1,1) = INCYCT,1D): X(IE,D) =
LNCXCTE, 1)

4581 IF ABSCY(I1,1))) = 9 THEN 4400

4590 NBXT 11

4600 NEXT 1

4610 Y$ = "LNCRATE)®: X$ =
*LNC[SUBSTRATE)®

4620 60SUB7000

4630 60T020

5000 REM#* CALCULATED AND OBSERVED
VRS, TIME =4 :

5001 FOR 1 = 1TOY(0,1): YCI,1) =
(PCT,1)-Y¢T,10)/KED) s NEXT 1

5010 PRINT®INPUT KR, K¢1/5UB),
K(PR/SUB), AND CUTOFF PT."

5020 A% = °*: FOR 1 = {T0J¢0,1): A¢ =
AS+CHRS(J(T, 1)) 1 NEXT 1

5030 PRINTAS;: INPUTK?,K2,K3,C1

5040 DEF FNACA) = KI¥(S(1)-) /
(K2¢(5¢1)-A)+K3%1)

5050 R = 0: K9 = 0: Y(1,2) = Y{1,1):
X(1,2) = X(1,1)

5055 Y¢0,0) = 2: Y(0,2) = Y(O,1)

5040 FOR 1 = 2TOPC0,1): 1t = I-1

5070 T = X¢I,1)-X(I-1,1): X(1,2) =
X(1,10: K9 = K9+

5080 IF 1< = C1 THEN 5110

5090 12 = C1: 13=0

5100 GOT05120

5110 12 = 11: 13 = §

5120 Al = Y(12,2)

5130 J1 = TAFNACY(IT,2))

5140 A1 = Y(12,2)+13%J1/2

§150 J2 = TRNACYCTE,2)401/2)

5140 Al = Y(12,2)4138J2/2

5170 J3 = THRNACYCTT,2)4J2/2)

5180 Al = Y(12,2)+13%J3

5190 J4 = T#RNACY(TT,2)4J3)

5200 YCI,2) = YC11,2) + (J14J25240382
+14)/4

5210 R = Re(ABSCY(T,1)-Y¢1,2)))%2

5220 NEXT 1 : '

5230 R = (R/K9)*.5

5231 PRINT°RMS = *;R

5240 Y$ = “[PRODUCTI": X$ = *TIME
(NIN)®




1136 60701070 '
1140 X1 = J(2,11)-64
1150 'ROX,X!,R,A

© 1160 X2 = VAL ANIDS(A8,3,2))
1170 X2 = AX2)41

H75X3=1i

‘1180 !RDX,X2,R,At X2 = X2+]

1190 'RDX,X2,R,B: X2 = X241

1200 'RDX,X2,R,C: X2 = X241

1210 'RDX,X2,R,D: X2 = X241

1220 FOR 12 = 3 70 31

1230 P(X3,11) = BCID): TCX3,11) =
ACI2): X3 = X3+1: NEXT 12

1240 FOR 12 = 17031: P(X3,11) = D(I2):
T(X3,11) = CUID)

1250 X3 = X3+1: NEXT 12

1260 X2 = X241

1270 1F MIDS(A$,5,1) = "/* THEN 1180

1275 P(0,11) = X3-1 o

1280 NEXT 11

1285 P(0,0) = 1

1290 GOT020

2000 REMs* TRUE PRESSURE URS. TIME s

2010 Y¢0,0) = P(0,0)

2020 FOR 1 = {TOP(D,0)

2030 Y¢0,1) = P¢O,D)

-2040 FOR 11 = {TOP(O,D)

2050 Y¢I1,1) = PCI1,D)

2060 X¢11,1) = T(I1, )

2070 NEXT 11

2080 NEXT 1

2090 Y$ = "PRESSURE (LBS.)*: X$ =
"TINE (HIN)®

2100 GOSUB7000

2110 607020

2500 REM### PLOT LINKED PRESSURE ##%

2510 Y¢0,0) = P¢0,0)

2520 FOR 1 = 1TOP(0,0)

2530 Y¢0,1) = P(0,1)

2540 FOR 11 = 1TOPCO,) -

2550 Y¢I1,1) = PO, )

2560 X¢11,1) = T¢I, 1)

2565 NEXT 1

2570 FOR 11 = 2TO0PCO,1)

2580 IF Y(11-1,14.5) = Y(I1,D)
THEN 2640

2590 X = Y¢I1,D-Y¢11-1,1)

2600 X1 = Y(11-2,1)=Y(11~1,1)

2610 X2 = YCI1,DD-YCI181,1)

2620 X = XHX14X2)/2 ‘

2630 FOR 12 = 11T0PCO,1)
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5250 G0SUB7000

9260 507020

7000 REM=3 PLOT ROUTINE #%

7010 24 = 24+1

7020 PRINT: PRINT: PRINT: PRINT:
PRINT®PLOT 24;°-"325

7030 Y = Y(1,1): Y1 = Y: X = X{(1,1):
Xl =X ’ ‘

7040 FOR 1 = {T0Y(0,0)

. 7050 FOR 11 = 170Y¢0,1)

7060 IF Y)YCI1,1) THEN 7080

2070 Y = Y1,

7080 IF Y1<Y<11,1) THEN 7100

709 Y1 = Y(I1,1)

7100 IF XOX(I1,1) THEN 7120

7110 X = X(11,) .

7120 IF XI4X(11,1) THEN 7140

7130 X1 = X(11,1)

7140 NEXT 11

7150 NEXT 1 ‘

7160 Y1 = Y1-Y1%,01;
X1 = X1-X1#%,01

7170 PRINTZ$

7180 A% = °*

7190 FOR 1 = 170V¢0,0)

7199 IF J(0,1) = 0 THEN 7220

7200 FOR 11 = 1T0J¢0, 1) A% =,
AS+CHRSCJCT1,1)) 2 NEXT 11

7210 A = AS+® °

7220 NEXT 1

7230 PRINTAS ,

7240 PRINT*INPUT LINE TYPE (1-9)°.

7250 FOR 1 = 1T0Y¢0,0) PRINTI;:
INPUTLCT) 2 NEXT 1

7260 §1044,250,0

7270 1F LEFTS(X8,1))(*T* THEN 7310 -

7280 IF X)130 THEN 7300

7290 P = 5: 0 = 11 60707320

7300 P = 10: 0 = 21 6007320

7310 P = (X-X1)/10: @ = P/5

7320 IF LEFT$(YS,1))¢°P* THEN 7340

7330 R = 5: § = 11 GOT07370

7340 TF LEFT$CYS,1))4°1* THEN 7360

7350 R = INT(Y)/20: § = R/5: BOT07365

7360 R = (Y=Y1)/10: § = R/S

7363 P = (INT(P#100+.5))/100: R =

* (INT(R#100+.5))/100
BOH=2I=11d=21L=Xl:H=
XiN=Y1:0=Y:T=10
7380 PRINT CHR$(27)"%ad"H"h"1"i®
Jll j HLII ] I‘INImIINInIIOIOII




2640 Y(12,1) = Y{12,)-X

2650 NEXT 12

2660 NEXT 11

2661 TF K{1)240 THEN 2470

2662 K(I) = (¥¢1,D-Y(Y<0,1),)/8(D

2670 NEXT 1

2675 Y$ = "PRESSURE (LBS.)": X$ =
"TIME (MIN)®

2680 IF 2¢ = °LTP" THEN 3000

2490 1F 2% = "CON" THEN 3500

2700 IF 24 = "RAT" THEN 3300

2710 IF 2% = "LRA" THEN 3500

2715 IF 26 = "CAL" THEN 5000

2730 6OSUB7000 -

2740 60T020

3000 REM#*CONTINOUS AND TRUE PRESSURE:

3010 Y<0,0) = 2: Y(0,2) = Y{0,1)

163

PPp"0°q"R"r"5%s"T" tOwgl* .
7385 FOR J = 170250: A = A#l: NEXT J
7390 FOR 1 = 170Y(0,0)
7400 PRINTCHR$¢27)°#a"L(I)
“KY(0,1)"uA"
7420 FOR 11 = 1TOYCD,1): PRINTX(I1,D),
Y(11,D: NEXT 1

7440 NEXT 1

7445 PRINTCHR$(27)"#aB"

7450 PRINT CHR$(27)"#mdN": PRINT
© -CHR$(27) - "#dsk19,2550°Y$.
7460 PRINT CHR$(27)"#mIN®: PRINT

CHR$(27)°#di(244,190° X$°
: nz4;n_n;25 .
7580 PRINT CHR$(27)"#dT"
7390 51044,250,39
7600 RETURN




164

REFERENCES CITED




165

REFERENCES CITED

1 p. S. Tarbell and J. R. Hazen, J. Amer. Chem. Soc.,
(1969), 91, 765

2 L. A. Paquette and P. C. Storm, J. Amer. Chem. Soc.,
(1970), 92, 4295

3 P. Wilder, Jr. and C. V. A. Drlnnan, J. Org. Chem.,
(1974), 39, 414

4 R, F. Gratz and P. . Wilder, Jr., Chem, Commun., (1970),
1449 . : '

5 H. Kwart and L. J. Miller, J Amer. chem, 'Soc., (1961),

. 83, 4552] '

6 P. G. Gassman,.J. G. Schaffhausen, and P. W. Raynolds, Je.
Am. Chem. Soc., (1982), 104, 6408 I

7 P. E. Peterson, C. Casey, E. V. P. Tao, A. Agtrap, and G.
Thompson, J. Amer. Chem. Soc., (1965), 87, 5163

8 H. B. Henbest, W. R. Jackson, and B, C. G. Robb, J. Chem.
Soc. (B), (1966), 803

9 J. Halpern and H. B. Tinker, J. Amer. Chem. Soc., (1967),
89, 6427

10 H. C. Brown and P. J. Geoghegan, Jr., J. Org. Chem.,
(1972), 37, 1937 _

11 R. D. Bach and R. F. Richter, J. 0rxg. Chem., (1973), 38,
3442 -

12 J. D. Rockenfeller and F. D. R0551n1, J. Phys Chem,,
(1961), 65, 267 i '

13 R. D. Bach and H. F. Hennelke, J. Amer. Chem. Soc.,
(1970), 92, 5589 : .

14 R. D. Bach and P. A. Scherr, ibid., (1972), 94, 220]

15 W. L. Waters and E. F, Kiefer, J. Amer. Chem. Soc.,
(1967), 89, 6261

16 T. G. Traylor and A. W. Baker, J. Amer., Chem, Soc.,,
(1963), 85, 2746 .

17 T. G. Traylor, J. Amer. Chem. Soc., (1964), 86, 244

18 R. D. Otzenberger, Pinacol-Tetrahydrophthalans- -Frontalin, .
Ph.D. Thesis, Montana State University, 1971, p. 49

19 A. C. Cope and R. W. Gleason, J. Amer, Chem., Soc.,
(1962) , 84, 1928

20 J. C. Hallageas and E. Casadevall, Comptes Rendus, Acad.
Sci., (1969), 268C, 449 . , _

21 D. Swern, J. Amer. Chem. Soc., (1947), 69, 1692

22 B. M. Lynch and K. H. Pausacker, J. Chem. Soc., (1955),.

: 1525 - o

23 H. B. Henbest, Proc. Chem. Soc., (1963), 15 - :

24 B. Rickborn and S. -Y. Lwo, J. Org. Chem., (1965), 30,
2212 ' ’ :

25 W. Kitching, Organometallic Chem. Rev., (1968), 1, 61

26 W. L. Waters, W. S. Linn, and M. C. Caserio, J. Amer.




27

28

29
30
31
32
33

34
35

36
37

38
39
40
41
42
43
44
45

46
47

48
49
50
51

52

166

Chem, Soc., (1968), 90, 6741
F. A, Carey and R. J. Sundberg, Advanced Organlc
Chemistry, part A, Plenum Press, New York, NY, 1977,
pP.277
For a review of. the catalytlc hydrogenation of various
functional groups see: P. N, Rylander,. Catalztlc
Hydrogenation over Platinum Metals, Academlc Press Inc.,
New York, NY, 1967
H. Glassl, R. Kramer, and K. Hayek, J. Catal., (1981),
68, 388 o
H. Glassl, K. Hayek, and R. Kramer, J., Catal., (1981),
68, 397 -
P. Antonucci, N. V. Truong, N. Giordano, and R Magglore,
J. Catal., (1982), 75, 140
D. Bianchi, M. Lacr01x, G.. M, Pajonk, and S. J. Te1chner,
J. Catal., (1981), 68, 411
R. L. Augustine and R. W. Warner, J. Organic Chem.,
(1981), 46, 2614
T. -C. Sheng and I. D. Gay, J. Catal., (1981),. 71, 119
R. R. Cavanagh and J. T. Yates, Jr., J. Catal., T(1981),
68, 22 '
P. Gallezot and G. Bergeret, J. Catal., (1981), 72, 294
M. Polanyi and J Horiuti, Trans. Faraday Soc., 11934y,
30, 1164 .
A. S. Hussey, G. W. Keulks, G. P. Nowack, and R. H.
Baker, J. Org. Chem., (1968), 33, 610
D. D. Eley, Catalxs1s Vol. III, P. H. Emmett, ed.,
Reinhold Publishing corp., New York, NY, 1955]
R. L. Burwell, Jr., Accounts of Chem1ca1 Research,
(1969), 2, 289 ' oo - , B
A. S. Hussey, and G. P. Nowack, J. Org Chem., (1969),
34, 439
R. J. Madon, J. P. O' Connell and M. Boudart, AlChE-
Journal, (1978), 24, 904
J. E. Benson and M. Boudart,J. Catal., (1965), 4, 704
R. Baltzly, J. Org. Chem., (1976), 41, 920
N. C. Yao and P, H. Emmett, J. Amexr. Chem., Soc., (1959),
81, 4125
ibid, (1961), 83, 796 : '
G. C. Bond, G. Webb, P. B. Wells, and J M. Wlnterbottom,
J. Chem, Soc., (1965), 3218 ’
E. Nishimura, Y. Inoue, and I. Yosumori, Bull, Chem, Soc.
Japan, (1975), 48, 803
M. Bonnet, P. Geneste and M. J. Rodrlquez, J. Org Chem.,

. (1980) , 45, 40

P. Geneste, M. Bonnet, and C. Frouin, J. Catal., (1980),
64, 371 - .

P. Geneste and Y. Lozano, C. R. Acad. Sci., ser. C,
(1975), 1137

B. P. Mundy and J. J. Theodore, J. Am, Chem. Soc.,
(1980), 102, 2005 '




53
54
55
56
57

58
59

60
61

62
63
64
65
66
67

68

69

70
71
72

167

for a resent rev1ew of Maxted’s work see R Baltzly, Ann.
N. Y. Acad. Sci., (1967), 145, pp. 31-35

R. Baltzly, J. Org. Chem., (1976), 41, 928 .

E. B. Maxted and H. C. Evans, J. Chem. Soc., (1937), 1004
E. B. Maxted and H. C. Evans, J. Chem. Soc., (1938), 455 -

E, B. Maxted and H. C. Evans,. J. Chem. Soc., (1938), 2071

B. J. Garrison, J. Am. Chem. Soc., (1982), 104, 6211

for a discussion of the Langmuir-Hinshelwood and other
adsorption isotherms see J. M. Thomas and W. J. Thomas,
Introduction to the Principles of Heterogeneous
Cata1351s, Academic Press, London, 1969, p.386

D. Wilkening, personal communication

H. C. Brown and P. G. Geoghegan, Jr., J. Amer. Chem.
Soc., (1967), 89, 1522 :

J. W. Miller and D.D. Deford, Anal. Chem., (1958), 30,
295 '

H. C. Brown, P. J. Geoghegan, Jr., G. J. Lynch, and J. T.
Kurek, J. Org. Chem., (1972), 37, 1941

J. L. Jernow, D. Gray, and W. D. Clossen, J. Org. Chem. , -
-(1971), 36, 3511

H. H. Kung and R. L. Burwell, Jr., J. Catal., (1980)., 62,
11 .

E. Casadevall, 'C. Largeau, and P. Moreau, Bull. Soc,
Chim, France., (1968), 1514 S

E. L. Eliel and C. Pillar, J J. Amer. Chem, Soc., (1955),
77, 3600

B. P. Mundy, A Synthetic Approach to beta-Vetlvone, Ph D.
Thesis, University of Vermont (1965)

J. J. Theodore, Heteroatom Influences on Structure and
Reactivity, Ph.D. Thesis, Montana State University

J. Boeseken and W. J. de leck van der Gracht, Rec., Trav,
Chem., (1937), 56, 1203

R. D. Otzenberger, K. B.. L1pkow1tz, and B. P. Mundy, J.
Org. Chem., (1974), 39, 319 ' :

Gallezot et. al. (reference 36) determlned the unlt cell
of the zeolite to be Pt,,Ce;Na;gH,,¥Y (Y = Al Si,,.0,0,)




A STATE UNIVERSITY LIBRARIE!

Illlllmﬂlllllllllﬂ (T

3 1762 10010484 1

D378 S. B.
cys58 Glancy
Ethereal OXY

on solvomerc urati

gen influences

C(TQ 2 Olles

cavYLORD



