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Abstract

We have conducted correlation studies on ten alkene addition reactions in this
project in order to explore the substituent effects on alkene reactivity in these
reactions. In these studies, we have correlated the relative reactivities of alkenes
versus their measurable characteristics, such as the ionization potentials (IPs), the
highest occupied molecular orbital (HOMO) energy levels, and sometimes, the lowest
unoccupied molecular orbital (LUMO) energy levels, in order to determine the
relative magnitudes of electronic and steric effects in the rate-determining step of the
alkene addition. The results from our correlation studies indicate that the majority of
the alkene reactions included in this project are electrophilic additions to alkenes
either with significant steric effects, such as in acid-catalyzed hydration and
complexation with solid iodine, or without significant steric effects, such as in
chlorination, bromination, oxidation with chromyl chloride and with chromic acid,
ISCN addition, and ICl addition. Only two reactions, oxidation with palladium
chloride and homogeneous hydrogenation in presence of Wilkinson's catalyst, were
found to be nucleophilic additions with significant steric effects. These results are
helpful in predicting alkene relative reactivities in the alkene reactions based on the
substituents on the C=C bonds. The patterns of correlation plots in some studies have
also provided supportive evidence that helped us in differentiating between

alternatively proposed mechanisms for studied alkene additions.

XV



Chapter One

Introduction

1.1 The objective of the project

Alkenes readily react with a large variety of chemical reagents via addition to
their carbon-carbon double bonds.'? These reactions have been widely applied in
organic syntheses, chemical industries, and many other relevant areas.'® The
chemical reactivity of the selected alkene toward the addition reaction is always the
most important factor to be considered when applying an alkene addition into a
practical process in order to achieve expected reaction rate and product yield. The
objective of our research is to investigate the structural influence on chemical
reactivities of alkenes toward their addition reactions.

The key step in an alkene addition reaction involves cleavage of its alkenyl &t
bond and the consecutive formation of new bonds between the alkenyl carbon atoms
and the incoming species. The chemical reactivity of an alkene in an addition
reaction is the measurement of its stability under the electrophilic attack from an
electrophile in an electrophilic addition, or the nucleophilic attack from a nucleophile
in a nucleophilic addition. The chemical reactivity of an alkene is directly related to
the types (or properties), numbers, and relative positions of the substituents bound on
the alkenyl carbon atoms. Therefore, a thorough exploration of the substituent effects
on alkene reactivity toward a wide range of their addition reactions will advance the
understanding of alkene addition reactions and meanwhile provide information useful

in mechanistic and synthetic studies.



1.2 Chemical reactivity

Chemical reactivity is an important core subject in all chemistry related fields,
especially in organic chemistry. The chemical reactivity of a reactant in a certain
reaction can be measured quantitatively by the reaction rate constant (k) in a
kinetically-controlled reaction or by the reaction equilibrium constant (K) in a
thermodynamically-controlled reaction. Both constants (k and K) are related to the

free energy changes in the reaction processes (eqs 1-1 and 1-2).

AG*=-RT In (kh/KT) (1-1)

AG°=-RTInK (1-2)

For eq 1-1, k is the reaction rate constant; AG" is the free energy of activation
for the reaction, which is the free energy difference between the transition state and
the reactant (Fig 1-1); T is the temperature in degrees Kelvin (K); k is Boltzmann's
constant; h is Planck's constant; and R is the universal gas constant.

For eq 1-2, K is the equilibrium constant; AG® is the free energy difference
between the products and the reactants (Fig 1-1); T is the temperature in degrees

Kelvin (K); and R is the universal gas constant.



free energy (QG)

reaction coordinate

Figure 1-1. Schematic diagram showing the relationship between the two free
energy parameters (AGI and AG°) and the free energies of reactants (R), products (P),

and transition state (TS) in a chemical reaction

From eq 1-1, the logarithm of reaction rate & is proportional to free energy of
activation AG* in a kinetically-controlled reaction. A smaller the value of AGH
corresponds to a greater the reaction rate. A similar relationship is also observed
between the logarithm of equilibrium constant K and free energy difference AG® in a
thermodynamically-controlled reaction in eq 1-2. Therefore, if a structural change in
a reactant results in a change of AG'ina kinetically-controlled reaction or a change of
AG® in a thermodynamically-controlled reaction, the relative reactivity of the reactant
measured by reaction constant k or by equilibrium constant K will be changed
correspondingly. A widely applied method in organic chemistry for evaluating

substituent effects on chemical reactivity of substrates is Linear Free Energy

Relationships (LFERS).



1.3 LFERs method
1.3.1 Hammett equation

Intensive studies about structural effects on chemical reactivity have found
that the change of AG* (or AG®) due to introduction of a series of substituent groups in
a reaction is, in many cases, directly proportional to that due to introduction of the
same series of substituent groups in another reaction, which is termed as Linear Free
Energy Relationships (LFERs).”'® Similar relationships between the logarithms of &
(or K) of different reactions would also be expected due to the linear relationship
between log k (or log K) and the correspondent free energy change AGH (or AG®) (egs
1-1 and 1-2).

Hammett first quantified the effect of substituents by using the ionizations of

substituted benzoic acids as model reactions (eq 1-3).!112

LN T — £ Z_+H+ (1-3)
OH X =

X \—

Here, X is the substituent, on the para or meta position to the -COOH group, on the

benzene ring. The substituent constant for X is defined as:
ox = log (Kx/Ky) (1-4)

Here, Kx and Kj; are the acidity constants at 25°C in water for the benzoic acid with a

substituent X and benzoic acid without any substituent, respectively.



The relationship between this substituent constant 6x and the relative
reactivity of the reactant with the same substituent X in another reaction series can be

expressed, for a kinetically-controlled reaction, as:

log (kx/ke) =p Ox (1-5)

Here, kx and &y are the reaction rate constants of the new reaction for the reactant with
an X as the substituent and the reactant without any substituent, respectively.

For a thermodynamically-controlled reaction, it can be expressed as:

log (Kx/Ky)) = p Ox (1-6)

Here, Kx and Kj; are the equilibrium constants of the new reaction for the reactant
with an X as the substituent and the reactant without any substituent, respectively. In
both equations, parameter p is a proportionality constant, which measures the
susceptibility of a given reaction series to the substituent effects. The two equations
above (eqs 1-5 and 1-6) are known as the Hammett equations, which can be applied
to predict rate or equilibrium constants for new reactions in the same series with

different substituents based on some known rate or equilibrium constants.

1.3.2 Extensions of Hammett equation
In order to make the Hammett equation applicable to a wider range of

reactions, some other scales were developed later by following the approach similar



to the o scale, but based on different reaction series. For instance, obvious deviations
were observed when Hammett equation was applied in reactions in which the
substituent can conjugate with the reaction center through the benzene ring. This is
because the substituent effects in these reactions are due to both inductive and
resonance effects, mainly the latter, while in the benzoic acid ionization, the
substituent effects are only due to the inductive effects. The following two scales

were developed in order to improve the application of LFERs method in these cases.

A. G~ Scale

6 Scale is applied in reactions in which a negative charge is generated
adjacent to the benzene ring. lonization of para-substituted phenols is chosen as the
model reaction of this scale (eq 1-7)." Similar to the o scale, the substituent constant

for group X is defined as 6~ = log (Kx/Ky).

B. o' Scale

In contrast, ¢ scale is applied in reactions in which a positive charge is
generated adjacent to the benzene ring. Solvolysis of #-cumyl chloride is chosen as
the model reaction of this scale (eq 1-8).'* Similarly, the substituent constant for

group X is defined as 6 = log (kx/ku).



Me o Me
« / \ / ol 90% acetone-Hzo: X4©—< + ¢ (1-8)
— Me Me

1.3.3 Separation of polar and steric effects

Steric effects on reactivities are not considered in the three scales described
above, which would sometimes cause problems when LFERs methods are applied in
aliphatic systems. In order to extend LFERs method to aliphatic systems, Taft later
developed a procedure for separating polar and steric effects, based on basic and

1516 He found that electronic factors of

acidic hydrolysis of substituted acetate esters.
the substituents have little effect on acidic hydrolysis of aliphatic esters. Therefore,

substituent effects in this reaction could be considered only due to steric factors and

so the steric constant could be defined as:
Es = log (kx / k())A (1'9)

Here, kx and k, are rate constants for acidic hydrolysis of substituted acetate esters
(XCOOR) and acetate ester (CH;COOR). The subscript A denotes acidic hydrolysis.

In basic hydrolysis of substituted acetate esters, both polar and steric effects
are found important. The steric effects in basic hydrolysis could be considered
almost equal to those in acidic hydrolysis (Es) since its rate-determining transition

state structure (a) differs from that in acidic hydrolysis (b) by only two protons.



X—C----OR X—C----OR
OH (5H2 X = Me or other groups
(a) (b)

Therefore, the difference of substituent effects between them could be
considered as pure polar effects. Based on the above analysis, Taft defined a polar

substituent constant 6* as:

o* = [log (kx/ko)s — log (kx/ko)a] / 2.48 (1-10)

In eq 1-10, kx and k are rate constants for hydrolysis of substituted and unsubstituted
acetate esters, respectively. Subscripts B and A refer to basic and acidic hydrolysis,
respectively. Factor 2.48 was introduced here to make the 6* values into the same
numerical range as Hammett’s ¢ values. Finally, the general Taft equation for a

studied aliphatic system could be expressed as:

log (kx/ko) = p* 6* + 5 Eq (1-11)

In eq 1-11, kx and ko are rate constants for the studied reaction of substituted and
unsubstituted substrates, respectively. p* and 6 are two proportionality constants that
represent the susceptibilities of the studied reaction to the polar and steric factors,
respectively. It should be pointed out that methyl, other than H, is used as reference

substituent in Taft’s o* scale.



Two other different approaches measuring the polar substituent constants for
aliphatic systems are based on the dissociations of the H' in 4-substituted

718 and in 4-substituted quinclidinium ion

bicycle[2.2.2]octanecarboxylic acids (a)
(b)," respectively. The substituent constants are named as ¢’ in the former system
and as oj in the latter system. Both ¢ and o are believed to reflect only the polar
(also named as inductive or field) effects of the substituents because neither steric nor

resonance interaction between the substituent and the acid site could be possible in

both cases.

X X
l NS
/
COOH H X = H or other groups
(a) (b)

1.3.4 Dual-parameter substituent constants

Resonance contribution to the substituent effects plays a major role when
direct conjugation exists between the reaction center and the substituent. This often
causes problems in application of LFERs in systems which are influenced by polar
and resonance effects differently. In order to solve this problem, an approach,
decomposition of a substituent constant into polar and resonance effects, has been

17,18
d

propose as shown in eq 1-12.

6=/F+rR (1-12)



For eq 1-12, f is the sensitivity to field (polar) effects, F' the pure field substituent
effect constant, » the sensitivity to resonance effects, and R the pure resonance
substituent constant. F and R are constant for an individual substituent over all
reactions, but f and » are empirical weighting factors dependent on each reaction.
Therefore, the linear free-energy relationship can be presented as eq 1-13 in this

approach.

log (kx/ko) = po = pfF + prR (1-13)

1.3.5 Approximate nature of LFERs

Linear free energy relationships have been applied successfully over a wide
range of reactions in organic chemistry. However, deviations from LFERs have also
been found in many cases, which could be attributed to the approximate nature of
LFERs. LFERs have been interpreted®”?' as empirical approximate models with local
validity only, rather than combinations of fundamental effects. Studies have shown
that LFERs are very likely obeyed well among sufficiently similar processes.
However, if the diversity between the processes is too large, this empirical model
would collapse.*

The approximate nature of LFERs results from several possible sources. First,
it is very common to correlate a series of reactions of aromatic compounds (for
instance, ionizations of substituted benzoic acids) with reactions of aliphatic
molecules in LFERs studies. The difference between substituent effects in an

aromatic system and in an aliphatic system would possibly lead to deviation from
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LFERs.*® Second, deviation from LFERs would likely arise when a series of
thermodynamically controlled equilibria (for instance, ionization of substituted
benzoic acids) are correlated with kinetically controlled reactions. In this case, the
reactivity of the reactants depends upon the free energy difference between the
products and the reactants (AG®) in the former, while in the latter, the reactivity of the
reactants depends upon the free energy of activation for the reaction (AG*). These
two parameters might be nearly linear to each other over a limited region, but the
linearity does not hold over a wide range.”

Another important factor causing deviation from LFERs is steric effects of the
substituents, which are often ignored in many LFERs methods. In some cases,
especially for aliphatic systems, steric effects are significant and complicated,
dependent upon the number, position, size, and geometry of the substituents.”>** Taft
has proposed an approach to separate the polar and steric effects in organic reactions
based on two assumptions (see section 1.3.3). However, both assumptions, (a) only
steric effects exist in acid catalyzed hydrolysis of acetate esters and (b) the steric
effects are equal in both acid and base catalyzed hydrolyses of acetate esters, have
been found not valid in many cases.”* Finally, it should be pointed out that reaction
conditions, for instance, solvent and temperature, would exert different influences on
different reactions, which would also possibly cause deviation from LFERs in some

CEISCS.ZO’21
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14 Steric effect measurements

In addition to Taft’s method stated above, several other approaches for
measuring the steric effects of different substituent groups on chemical reactivity
have also been developed later. In one method, the monosubstituted cyclohexane
derivatives are chosen as the model system.”?’ The free-energy difference between
equatorial and axial substituents on a cyclohexane ring, termed as the axial strain
energy or A-value, is used to measure the steric effects of the correspondent
substituent. In this case, the A-value equals zero if the substituent is H, since there is
no free-energy difference between the two isomers. For all other substituents, the A-
values are generally greater than zero because the equatorial isomers are favored over
the axial ones.

Another method was developed based on the computational analysis of
molecular mechanics methods for a series of chromium complexes, Cr(CO)sL, where
L represents one of the different ligands.*® The computational van der Waals
repulsive energy between the ligand L and Cr(CO)s fragment is defined as the ligand
repulsive energy, Er, which can be used as a measure of the steric effect of the
correspondent ligand L. Generally, a larger ligand corresponds to a greater ligand
repulsive energy. This method has been found applicable in both organometallic and

organic chemistry.

1.5 Research methodology

In this project, we intend to investigate not only electronic but also steric

effects of the substituents on chemical reactivities of alkenes toward their addition
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reactions. Dr. Nelson’®*® has developed a technique to determine the relative
magnitudes of electronic and steric effects of substituents in alkene additions by
correlating the logarithms of relative rates (or equilibrium constants) of alkene
additions versus alkene measurable characteristics. These measurable characteristics
include alkene ionization potentials (IPs), the highest occupied molecular orbital
(HOMO) energy levels, and the lowest unoccupied molecular orbital (LUMO) energy
levels.

We have chosen alkene IPs, HOMO energy levels, LUMO energy levels to
correlate the alkene relative reactivities in our research because an alkene addition is
initiated either by an electrophilic attack from an electrophile on the alkene 7 bond, or
by a nucleophilic attack from a nucleophile on the alkene empty m* orbital. In the
former case, the stability of the alkene ® bond can be measured by the alkene IP or
HOMO energy level. In the latter, the ability for an empty alkene * orbital to accept
a nucleophilic attack can be measured by the alkene electron affinity (EA) or LUMO
energy level. In our actual studies, only alkene LUMO energies are used because
experimental alkene EAs are often not available in literature. Therefore, the chemical
reactivities of alkenes toward addition reactions must be related directly to these
measurable characteristics (IPs and HOMO/LUMO energies).

Furthermore, the substituents on alkene C=C bonds would affect the free
energy level of the transition state of the reaction in the same way as they affect the
properties (IPs and HOMO/LUMO energies) of alkenes. For example, an electron-
donating group (EDG) lowers the IP of an alkene, and also lowers the free energy

level of the transition state (or the energy of activation) for an electrophilic addition to
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alkenes. Therefore, an EDG would accelerate the reaction, or in other words, would
enhance the alkene reactivity. In contrast, the electron-withdrawing groups (EWG)
would do the opposite.

Another important reason for choosing these properties in our research is that
the values of alkene IPs and HOMO/LUMO energies are influenced almost solely by
the electronic effects of the substituents on the C=C bonds. As a result, these alkene
characteristics can be considered as good measurements of pure electronic effects of
the substituents on the alkene reactivity toward its addition reactions.

In order to explore the steric effects of the substituents on the reactivities of
the alkenes toward an addition reaction, we correlate logarithms of the relative rates
versus these alkene characteristics (IPs and HOMO/LUMO energies) among each
group of sterically similar alkenes and also among all alkenes regardless of their
steric requirements. Based on the patterns shown in the resulting correlation plots,
the relative importance of electronic and steric effects on alkene reactivities toward
the addition reactions can be elucidated.*® If a single line of correlation is obtained
among all alkenes, regardless of their steric requirements, alkene reactivities in this
reaction depend predominantly upon electronic effects, and steric effects are
relatively insignificant and negligible (Fig 1-2). The majority of alkene additions we
have studied so far are found to belong to this category, for instance, bromination,’**
sulfenyl halide addition,’' epoxidation,*' dichlorocarbene addition,** nitrosyl chloride

addition,34 oxidation with osmium tetroxide,34 oxidation with chromyl chloride,35

. . . . . 435 . . 38 . g . .. 39
oxidation with chromic acid,” chlorination,” and iodine chloride addition.
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Figure 1-2. Plots of log k. values (a) versus alkene IPs and (b) versus alkene
HOMO energy levels for alkene bromination, an electrophilic addition to alkenes

without strong steric effects
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Figure 1-3. Plots of log k. values (a) versus alkene IPs and (b) versus alkene
HOMO energy levels for alkene hydroborotion, an electrophilic addition to alkenes

with strong steric effects

On the other hand, if a natural separation of sterically different alkene groups
is observed in the correlation plots, it means that steric effects play a significant role
in this reaction and the alkene reactivity depends upon both electronic and steric

effects (Fig 1-3). Some alkene additions included in our study so far are found to
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belong to this category, for instance, hydroboration,* oxymercuration,30 silver ion
complexation,’ diimide reduction,’® complexation with iodine,”® and acid-catalyzed
hydration.

Values of slopes of the correlation lines in the plots can provide information
about whether the addition to the alkene is electrophilic or nucleophilic. Positive
slopes in the plots of logarithms of relative rates versus alkene IPs or versus alkene
HOMO energies indicate that the studied addition to alkene is electrophilic, i.e. a
lower IP or higher HOMO energy corresponds to a greater reaction rate. In order to
facilitate the comparison with the plots for HOMO energies, IP data are actually
plotted in inverse order on the Y-axis in our studies. If negative slopes are observed
in the plots of logarithms of relative rates versus alkene IPs or versus alkene HOMO
energies, the studied reaction is very likely to be a nucleophilic addition to alkenes.
In this case, we need to employ alkene LUMO energies (Fig 1-4), but not IPs or
HOMO energies, to constitute the correlation plots, which could give information
about substituent effects on alkene reactivities toward a nucleophilic addition to
alkenes. Only three alkene reactions in our correlation studies, oxidation with
permanganate,” Wacker oxidation,”® and hydrogenation catalyzed by Wilkinson’s
catalyst,”” have been found to be nucleophilic additions to alkenes. Alkene oxidation
with permanganate gives correlation plot similar to Fig 1-4 (a), while both Wacker
oxidation and hydrogenation catalyzed by Wilkinson’s catalyst show plots similar to

Fig 1-4 (b).
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Figure 1-4. Schematic diagrams showing the plots of log k. values versus alkene
LUMO energy levels for a nucleophilic addition to alkenes (a) without strong steric

effects and (b) with strong steric effects

Electronic effects of the substituents affect electrophilic and nucleophilic
additions to alkenes oppositely. For instance, an electron-donating substituent
accelerates electrophilic additions, but decelerates nucleophilic additions. However,
steric effects affect both electrophilic and nucleophilic additions in the same way, i.e.
steric retardation.”’ The key process in an alkene addition is either an electrophilic or
a nucleophilic attack from the incoming electrophile/nucleophile to the alkene C=C
bond. Therefore, steric hindrance from the substituents on C=C bond would always
retard the reaction more or less, depending on the transition structures. Many

. 414
studies*!

on steric effects have also given evidence for the steric retardation in
alkene additions.
The alkene relative rates used in our studies are either from previously

published kinetic studies, or from our competitive reaction experiments. An example

of the competitive reaction experiments, competitive hydration of alkenes, is
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introduced in Chapter 2. Alkene experimental IP values were collected from
literature. The alkene HOMO and LUMO energy levels in our study were calculated
by using different molecular orbital (MO) methods. A detailed introduction about the

computational MO methods employed in the project can be found in Chapter 5.

1.6 Linear regression

In our correlation studies, the method of least squares is employed to obtain
the linear relationship between the relative reactivities (log k) of alkenes and their
measurable characteristics (IPs, HOMO/LUMO energies).** This method follows
the rule that the sum of the squares of the deviations between observed and estimated
values should be a minimum. Assuming the linear relationship between the two

variables (x and y) can be simply written as:

y=ox+f (1-14)

For eq 1-14, o and [ are the slope and intercept of the line of correlation on the y axis

in the plot, respectively.

In order to evaluate the correlation from the regression, the following

parameters about this correlation still need to be calculated.
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A. Correlation coefficient, r:

S (3, — D), — 7)
r= = (1-15)

\/i(x,« —f)ﬁ(y[ ~5)?

i=1

For eq 1-15, (x;, y;) are a pair of the experimental data; x and y are the averages of x;
and y;, respectively. The value of r is from 0 to 1; the greater the r value is, the better
the regression equation fits to the data. If all data points fall on the correlation line
perfectly, the value of r would be r = 1. Generally, r > 0.9 indicates a strong

correlation between y and x.*

B. Standard deviation, s:

[yi _(axi +ﬁ)]2
g =122 (1-16)

For eq 1-16, n is the number of data pairs. The value of s is a measure of the
scatter of the y values about the correlation line. The smaller the value of the

standard deviation, the stronger is the correlation between y and x.

C. Confidence level, c.l.:

The confidence level gives the probability that the experimental data follow

the relationship (y = ax + ) from the regression. The calculation of confidence level
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(c.l) is based on the Student’s t-test. First, the Student’s t function is calculated by eq

(1-17).

t=r[(n-2)/(1-r)]" (1-17)

Then, the confidence level can be found from statistical tables®® about the t
distribution according to the value of t from eq 1-17 and the number of data sample.
The confidence level of the correlation depends on both the correlation coefficient r
and the number of the experimental data. The higher is the confidence level, the
stronger is the correlation between y and x.

The regression procedure and plot drawing are actually performed by the
computer programs which give the values of slope o, intercept [, standard deviation
s, and correlation coefficient r due to the experimental data. The computer programs
we employed in our research are Cricket Graph in the Macintosh computers and

Sigma Plot in the PC computers.

1.7 Significance of the project

In our correlation studies, relative magnitudes of electronic and steric effects
of substituents on reactivities of alkenes toward their additions can be ascertained by
examining the patterns of the resulting correlation plots. These results are useful in
predicting relative reactivities between different alkenes in an addition reaction semi-
quantitatively, which is significant in organic syntheses and related industrial

applications. In some cases, it is expected to react only one C=C bond but to leave
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the others intact in an unconjugated diene or polyene molecule.’'”’

The priority
order of additions of these different C=C bonds can also be predicted with the help of
the results from our correlation studies.

The patterns of correlation plots in our studies are also useful in mechanistic
studies in some cases.”>>’ 1In our correlation studies, reactions that gave different
correlation plots follow different mechanisms, while reactions with similar
mechanisms always gave similar correlation plots. In other words, electronic and
steric effects are expected to be similar among reactions following similar
mechanisms. Therefore, comparison of correlation plots obtained from different
alkene additions, combined with the information of electronic and steric effects in
these reactions, would help us to differentiate between alternative proposed reaction
mechanisms.

This methodology is also relatively simple and convenient in comparison with
the LFERs method in assessing substituent effects in alkene additions. Alkene IPs

and HOMO/LUMO energies are characteristic properties of alkenes and independent

of any specific reaction. This is an advantage over the LFERs method, in which an
appropriate scale (o, 6,06, 0% o, or o7) should be chosen for the studied reaction in

order to obtain the correct results.

The method correlating relative reactivity (log &k or log K values) of a series of

60-73 74-79

alkene reactions versus alkene IPs, versus alkene HOMO energy levels, and
versus alkene EAs®*®* has also been employed in some studies for various purposes.
Our methodology differs from those studies in that we focused on the separation of

steric versus electronic effects by covering a wide range of alkenes bearing
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substituents with different electronic and steric requirements in order to obtain the
correct results. For instance, alkene hydroboration was considered to be a
nucleophilic addition to alkenes in a previous study’” by correlating alkene IPs versus
logarithms of relative rates. However, a later study by Dr. Nelson,* by including
more data points of alkenes with a wide range of different substituents, revealed that
it is actually an electrophilic addition with strong steric effects. This result corrected
the previous erroneous conclusion caused by using too few data points and covering
alkenes bearing substituents without a wide range of electronic and steric

requirements.

1.8 Development of the methodology
This correlation method, first established by Dr. Nelson,”® had been

successfully applied to many alkene additions reactions’>*

when we began to work
on this project. The majority of these alkene additions studied were found to be
electrophilic additions to alkenes without significant steric effects, in which a single
line of correlation with a positive slope was observed in the plot of logarithms of
relative rates versus alkene IPs or versus alkene HOMO energies. For instance,
alkene bromination,3 0 epoxidation,3 ! sulfenyl halide addition,31 carbene addition,34
oxidation with osmium tetroxide,3 * and nitrosyl chloride addition,3 * have been found
to belong to this type. A number of alkene additions were found to be electrophilic
addition with strong steric effects, in which nearly paralleled multiple lines of

correlation with positive slopes were obtained in the correlation plots of log 4. values

versus alkene IPs or HOMO energies. This type of reactions include alkene
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hydroboration,™ oxymercuration,” silver ion complexation,”’ and diimide
reduction.’”” Only one alkene reaction, oxidation with permanganate,” was found to
be nucleophilic additions to alkenes without strong steric effects due to the single line
of correlation with negative slope in the plot of logarithms of relative rates versus
alkene IPs.

The main purposes of this project are to apply the correlation method to a
greater variety of alkene addition reactions to assess its viability and meanwhile to
obtain important mechanistic information about the selected addition reactions of
alkenes. Based on the previous researches, we have carried out correlation studies in
this project on ten different alkene reactions: acid-catalyzed hydration of alkenes,
alkene oxidation with chromyl chloride, alkene oxidation with chromic acid,”
alkene oxidation with palladium chloride (the Wacker oxidation),*® alkene
homogeneous hydrogenation in presence of Wilkinson's catalyst,”” chlorination of

alkenes,”™ bromination of alkenes,”” alkene complexation with molecular iodine,

jodine thiocyanate addition to alkenes,” and iodine chloride addition to alkenes.”

All these studies, except for the acid-catalyzed hydration of alkenes, have been

published in peer-reviewed journals35'39

and have been the subject of several
Awards,* including the Guggenheim Award,** Fellow of the American Association
for the Advancement of Science (AAAS),** Chemical Heritage Foundation Oral

. . 84
History Interviewee,” "

Society for the Advancement of Chicanos and Native
Americans in Science (SACNAS) Distinguished Scientist Award,**! and University
of Oklahoma Department of Chemistry J. J. Zuckerman Award for Research in

Chemistry. In addition, this research has been used to explain addition reactions of
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alkenes in chemistry textbooks.®> A detailed introduction of these studies will be

presented in the ensuing chapters.
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Chapter Two

Substituent Effects in Acid-Catalyzed Hydration of Alkenes

Abstract: A set of reaction conditions applicable to alkenes with different steric
requirements (mono-, di-, tri-, and tetrasubstituted) was established in order to
determine the relative reactivity of alkenes in acid-catalyzed hydration. The relative
reaction rates for 19 alkenes were obtained through competitive reactions under the
same condition. Correlation plots of logarithms of relative reaction rates for acid-
catalyzed hydration of alkenes versus alkene IPs and versus alkene HOMO energies
indicate that this reaction is an electrophilic addition to alkenes. Multiple lines of
correlations among sterically similar groups of alkenes in the plots reveal that the
alkene reactivity depends on both electronic and steric effects of the substituents on
the alkene C=C bond. Comparison with other similar electrophilic alkene additions,
which also depend on both electronic and steric effects, reveals that alkenes in
hydration reaction form groups based on both the number and the relative position of
substituents on the C=C bond, which is consistent with those in alkene hydroboration
and oxymercuration. However, this observation is inconsistent with results for
analogous investigations of some other sterically dependent alkene additions, such as
diimide reduction and complexation with molecular iodine, in which alkenes form
groups solely based on the number of substituents on the C=C bond. These two
different grouping patterns can be rationalized by the differences in their transition

structures of the rate-determining steps.
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2.1 Introduction

The acid-catalyzed hydration of alkenes is a fundamental organic reaction. It
converts an alkene into an alcohol by following Markovnikov's rule, i.e. the OH
group is added to the more highly substituted carbon of the C=C bond. Acid-
catalyzed hydration of alkenes have been intensively studied in many aspects.'™” The

widely accepted mechanism for this reaction is shown in Scheme 2-1."

| | mo || H,0 |

SNo—o $ MO o 20, ¢ Cc— === —C—C— + H0*
N H30" ~Slow C|; ¢ fast | | 3
H H OH, H OH
A B C D

Scheme 2-1. The reaction mechanism for acid-catalyzed hydration of alkenes

The first step, protonation of the alkenyl C=C bond of alkene A to give a
carbocation intermediate B, is believed to be the rate-determining step of the reaction.
Experimental studies*”® indicate that this is an irreversible step, but not a fast

10,19,23,31,35 . .o .
752022 show that this reaction is first order in both

equilibrium. Kinetic studies
alkene and hydronium ion, which also supports protonation of the C=C bond (A—B)
as the rate-determining step. The carbocation intermediate B is then immediately
captured by a water molecule to form a cationic intermediate C. The intermediate C
releases a proton to a water molecule to regenerate a hydronium ion and produce the
final alcohol product D.

The reaction has been found to be an electrophilic addition to alkenes;' """

electron-donating groups on C=C bonds accelerate the reaction, while electron-

withdrawing groups decelerate it. However, there has not been reported a set of
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experiment conditions that accommodates all differently substituted olefins (mono-,
di-, tri-, and tetrasubstituted). This caused difficulty in analyzing steric effects of the
substituents on alkene reactivity in this reaction. Therefore, it seems desirable for us
to conduct a study that includes alkenes with different electronic and steric
requirements under the same reaction conditions to investigate the relative importance
of electronic and steric effects in this reaction. The alkene ionization potentials (IPs)
were collected from literature, while the relative reaction rates were obtained from

our competitive reaction experiments.

2.2 Competitive reaction experiments
2.2.1 Materials

All the alkenes used in this study were purchased from Wiley Organics and
Aldrich Chemical Company. Internal standard alkanes were purchased from the
Humphrey Chemical Company. All materials are the best available commercial

grades. Aqueous solutions were prepared by using deionized water.

2.2.2 Instruments

The GC analyses were carried out on a Hewlett-Packard 5890A gas
chromatograph, which was connected to a Hewlett-Packard 3390A integrator for
measuring the peak areas. The GC was equipped with a column of 3.66 meter packed
with 10% SE-30 on 100/120-mesh Chromosorb W. The GC temperature was

programmed as from 35°C (initial temperature, 5 minute) to 200°C (final

temperature, 5 minute) at a rate of 5°C/min.
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2.2.3 Experiment procedure

An alkene/standard solution, 2 alkenes (5 mmol for each) and nonane (2.5
mmol, as internal standard), was first analyzed by GC in order to determine the
response factor F for each alkene (eq 2-1). In eq 2-1, Fx is the response factor for
alkene X; ngx and ns are the amounts (mole) of alkene X and internal standard S in
the initial reactant solution, respectively; A.x and Ay are the areas of the peaks in the

GC chromatogram for alkene X and for internal standard S, respectively.

Fy = g Aox 2-1)
Ay n
0§ 0X

The alkene/standard solution was then mixed with 3 mL of H,SO4 (60%) in a
50 mL round bottom flask equipped with a sidearm and a cold water condenser. The
reaction mixture was stirred vigorously for a certain time (depending upon the
reactivity) in a water bath at 50°C. Once stirring was stopped, the reaction mixture
was moved into a bottle with 3.1g of solid KOH and 5 mL of ethanol, and was then
submerged in an ice-water bath. The flask was washed with 4 mL of ethanol twice
and the washing liquid was collected into the same bottle in the ice-water bath. The
bottle was then vigorously shaken in the ice-water bath until all the white KOH
pellets disappeared. The white precipitate (K,SO,4) was then separated from the
liquid phase by centrifugation. A sample from the liquid phase in the bottle was then
used in GC analysis to determine the amounts of the residual alkenes in the final
reaction mixture. Figure 2-1 gives an example of the GC chromatograms from a

competitive reaction experiment.
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Figure 2-1. The GC chromatograms for competitive hydration of 2,3-dimethyl-2-

butene versus 1-hexene: (a) initial reactants and (b) final reaction products

The residual amounts of the two alkenes in the final reaction mixture can be
calculated by using eq 2-2. In eq 2-2, nx and ny are the amounts of alkene X and
internal standard S in the product mixture, respectively; Ax and Ag are areas of the
peaks in the GC chromatogram for alkene X and for internal standard S, respectively.

n A
ny =—"-¢1= (2-2)
Ay Fy

Finally, the relative reactivity of the two alkenes could be calculated by using
the Ingold-Shaw equation (eq 2-3).* In eq 2-3, ki is the relative rate; ky and ky are

the rate constants for alkene X and for alkene Y, respectively.

k., logn,, —logn,
rel — (2_3)
ky  logn,, —logn
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Totally, 19 alkenes are included in our competitive reaction experiment. The
relative rate for each pair of alkenes should less than 7 in order to keep maximum
precision. The studied alkene pairs are listed as following: 2-propen-1-ol / 1-hexene,
3,3-dimethyl-1-butene / 1-hexene, 3-chloro-2-methylpropene / 1-hexene, 3-
bromopropene / 2-propen-1-ol, 3-butenenitrile / 3-bromopropene, 1-chloro-2-
methylpropene / 1-hexene, 3-(methylthio)-1-propene / 1-hexene, 2-bromo-3-methyl-
2-butene / 3-bromopropene, trans-2-heptene / 1-hexene, cis-2-heptene / 1-hexene, cis-
3-hexene / trans-2-heptene, 2,4,4-trimethyl-2-pentene / 2,3-dimethyl-2-butene, 2,3-
dimethyl-2-butene / 1-hexene, 2-methyl-1-pentene / trimethyl-2-propenylsilane,
trimethyl-2-propenylsilane / 2,4,4-trimethyl-2-pentene, frans-3-methyl-2-hexene / 1-
hexene, cis-3-methyl-2-hexene / 1-hexene, and trans-3-hexene / trans-2-heptene. The
reaction for each pair of alkenes is run in triplicate and the averages are used in our
correlation study. The rates relative to 1-hexene for all alkenes from the experiment
are listed in Table 2-1. The errors are calculated by using Student’s t-test'' with a

confidence coefficient 90%.
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Table 2-1. Relative rates from the competitive reaction experiments in

H,S04 (60%) at 50°C
No. Alkene Relative rates
1 = 9.20 + 0.93
2 ~ \_siMes 449 £ 0.16
3 — 2.53 £ 0.02
4 N\ 1.38 + 0.07
5 = 1.29 + 0.03
6 ~\_swme 1.09 £ 0.06
7 >=< 1.03 + 0.02
8 N\ 1.00
9 N—=__ 0.86 + 0.06
10 Br>:< 0.70 + 0.04
11 . /:< 0.59 + 0.02
12 NV 0.46 * 0.06
13 TN\ 0.45 £ 0.02
14 \AN\ 0.40 £ 0.01
15 Y 0.29 + 0.03
16 ~— \_on 0.23 + 0.01
17 — \_p 0.21 % 0.01
8 AN 0.17  0.02
19 =, 0.17 + 0.03

Note: The relative rates in the table are relative to & = 1.00 for 1-hexene.

23 Correlation plots

Alkene experimental IPs, computational HOMO energy levels, and relative
reaction rates of acid-catalyzed hydration of alkenes are listed in Table 2-2. Cyclic
alkenes and aryl alkenes are not included in order to avoid complications due to ring

strain or conjugation with the aryl group. Alkene IPs are collected from literature.
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Alkene HOMO energies are given in Table 2-2 because experimental IPs for a
number of alkenes in the table are not available in literature. Alkene HOMO energy
levels are calculated by using the ab initio method at the HF/6-31G* level. The
relative rates in Table 2-2 are converted from the results of our competition reaction
experiment in Table 2-1, but relative to k. = 100 for 1-hexene.

Multiple lines of correlation were obtained in the plot of log k. values of
acid-catalyzed hydration of alkenes versus alkene IPs (Fig 2-2). Good to excellent
correlations® are observed for terminal alkenes (r: = 0.90) and for internal alkenes
(tine = 0.86), which are much better than the correlation coefficient calculated by
including all alkenes regardless of degree of substitution (ryy = 0.44). The plot of
log k1 values versus alkene HOMO energies (not shown) gives correlations similar to
those for alkene IPs, and the correlation coefficients for terminal alkenes, for internal
alkenes, and for all alkenes regardless of degree of substitution are 0.80, 0.75, and

0.31, respectively.
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Table 2-2. Alkene IPs (eV), HOMO energies (eV), and relative rates of acid-
catalyzed hydration of alkenes in aqueous H,SO4 (60%) at 50°C

No. Alkene P HOMO” kel
1 >= 8.27 -8.70 103
2 >/Z< 8.48¢ -8.89 253
3 N 8.53¢ -8.77 129
4 —=__ 8.53¢ -8.77 86
5 — 8.61 -8.98 70

Br>_<
6 NV 8.95 -9.27 46
7 AN 8.97 -9.28 40
8 /TN 8.97¢ -9.20 45
9 AN 8.97" -9.20 17

10 —\_sive, 9.00' -9.60 449

11 —__ 9.08 -9.36 920

12 N 9.45 -9.65 138

13 =\ 9.48 -9.66 100

14 _ 9.61 -9.65 59

c/_< k

15 =, 9.90 -9.72 17

16 —\_sme 9.95' -9.88 109

17 ~ \_on 10.16" -10.01 23

18 —\_cn 10.18" -10.02 29

19 —\_g, 10.18° -10.02 21

“Ref 42, unless otherwise noted. “4b initio at the HF/6-31G* level by Christopher
Brammer. “Relative to ky; = 100 for 1-hexene. “Calculated by applying to the IP for
2-bromopropene a correction factor calculated as the difference between the IPs of 2-
methylpropene and 2,3-dimethyl-2-butene: 9.58eV - (9.24eV — 8.27¢V) = 8.61¢eV;
Ref 42 and Chadwick, D.; Frost, D. C.; Katrib, A.; McDowell, C. A.; McLean, R. A.
N. Can. J. Chem. 1972, 50, 2642-2651. “Calculated by applying to the IP for cis-4,4-
dimethyl-2-pentene a correction factor calculated as the difference between the IPs of

cis-2-butene and 2-methyl-2-butene: 8.92eV - (9.12¢V — 8.68eV) = 8.48eV; Ref 42.
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Calculated by applying to the IP for cis-2-hexene a correction factor calculated as the
difference between the IPs of cis-2-butene and 2-methyl-2-butene: 8.97¢V - (9.12eV
— 8.68eV) = 8.53¢V; Ref 42. #Calculated by applying to the IP for chlorobutene a
correction factor calculated as the difference between the IPs of butene and 2-

methylpropene: 10.00eV - (9.63¢V — 9.24eV) = 9.61eV; Refs 42 and 51. "IP for cis-

2-hexene used as an approximation; Ref 42. 'IP for trans-2-hexene used as an

approximation; Ref 42. /Ref 43. “Ref 44. 'Ref45. "Ref 46. "Ref 47. °Ref 48.

9.5 A
r alkene
0.90 terminal @)
10.0 - 0.86 internal ©
tetrasubstituted ®
19
0.44 all
10.5 T T T
1.0 1.5 2.0 2.5 3.0

log k (rel HoO/H,SOy)

Figure 2-2. The plot of the log k. values for acid-catalyzed hydration of alkenes
versus alkene IPs. Data are from Table 2-2. The y-axis IP data are plotted in inverse
order to facilitate comparison with previous studies. Data points naturally fall into
different sterically similar alkene groups. Correlation lines are given for terminal
alkenes (IP = 10.99 — 0.68 log ki1, r = 0.90, s = 0.21, and c.l. = 99.97%) and for
internal alkenes (IP = 9.77 — 0.56 log k1, r = 0.86, s = 0.28, and c.l. = 99.23%)).
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24 Substituent effects

Data points for alkenes in Fig 2-2 form three groups, corresponding to
sterically different alkenes: terminal (monosubstituted and geminal disubstituted),
internal (vicinal disubstituted and trisubstituted), and tetrasubstituted alkenes. These
three groups correspond to proton bonding to CH,, CHR, and CR; in the rate-
determining step, respectively, so that the positive charge will reside on the more
substituted carbon. In this way, the more stable (more highly-substituted) carbocation
will be formed. The positive slopes of the correlation lines indicate the involvement
of an electrophilic attack on the C=C bond in the rate-determining step of acid-
catalyzed hydration of alkenes, which demonstrates consistency with previous

. 1-3,19-23
studies.” ™

The natural separation of sterically different alkene groups indicates
the presence of significant steric effects in the rate-determining step of this reaction.
The correlations among sterically similar alkenes indicate that relative reaction rates
for acid-catalyzed hydration of alkenes are dependent upon both electronic and steric
effects. The reaction rate increases as the alkene IP decreases within each sterically-
similar alkene group, resulting in a positive slope for the correlation line of each
group. This can be explained by the proposed™®*'”” electrophilic attack of a
hydronium ion upon the alkene double bond in the rate-determining step of this
reaction (Scheme 2-1). The fact that 2-methyl-1-pentene (11) is in a separate group
from cis-3-hexene (6) reveals different steric effects in geminal and vicinal

disubstituted alkenes, as was observed in hydroboration®® and oxymercuration.”® This

pattern agrees with the proposed'~*>'"7 asymmetrical transition state structure in the
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electrophilic attack of a H3O" upon the less substituted carbon of the alkenyl C=C

bond (Scheme 2-2).

+
,/OH2 % /H
R \H Hs0* H -H,O_ Rillin, o
11, :C-‘\\\\ —3 ! —_— C C"II[//
R( \H RI”I"'C—;CI:., R \H
N N/H H
H

Scheme 2-2. The structure of transition state in the rate-determining step of acid

catalyzed hydration of alkenes

In Fig 2-2, two data points, trisubstituted 1-chloro-2-methylpropene (14) and
tetrasubstituted 2-bromo-3-methyl-2-butene (5), fall in the terminal and internal
groups respectively, but not the internal and tetrasubstituted groups respectively, as
expected. This could probably be rationalized by the large difference in steric effects
caused by the halogen atoms (CI and Br) and by alkyl groups. For instance, the axial
strain energies (the A-values) for Cl and Br, due to 1,3-diaxial interactions in an
monosubstituted cyclohexane, are 0.53 and 0.48 kcal/mol, respectively, which are
much smaller than that for a methyl (1.70 kcal/mol) or for a #-butyl (4.00 kcal/mol).”!
In addition, the ligand repulsive energies (Er), due to the steric repulsion between a
ligand L and the Cr(CO)s fragment in a complex Cr(CO)sL, for these groups also
show a similar trend. The Er values for Cl and Br are 1.0 and 1.4 kcal/mol,
respectively, which are much smaller than that for a methyl (18 kcal/mol) or for a #-
butyl (90 kcal/mol).”® Therefore, the steric requirements for CXH and CXR (X = CI

or Br; R = alkyl) on a carbon atom of the C=C bond would be expected to be similar

42



to those for CH, and CHR, respectively, but much weaker than those for CHR and

CRy, respectively.

2.5 Comparison with a previous study

In a previous study about substituent effects on alkene reactivities in acid-
catalyzed hydration, Tidwell and coworker collected rate data of acid-catalyzed
hydration for various alkenes from different studies. In order to compare the rates,
they converted the collected rates, which were obtained from reactions at different
acidities, to the rates at the same acidity (Hy = 0.0) by extrapolation. They found that
the logarithms of the reaction rates correlate well with the alkene substituent
constants (¥o') when terminal (mono- and 1,1-disubstituted) alkenes are included
only and when 1,2-disubstituted alkenes are also included if an extra correction
parameter are introduced for the B-substituent effects in 1,2-disubstituted alkenes.
However, the correlation would be poor when they tried to include all alkenes,
regardless of degree of substitution, especially when some tri- and tetrasubstituted
alkenes included.

By using our methodology, we find that these rate data (see Table 2-3, only
unconjugated acyclic alkenes included) correlate successfully with alkene IPs (Fig 2-
3). Excellent correlations are observed for terminal alkenes (1 = 0.97), for internal
alkenes (rip = 0.97), and for tetrasubstituted alkenes (Tiwa = 0.99), which are much

better than that for all alkenes regardless of degree of substitution (r,; = 0.65).
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Table 2-3. Alkene IPs (eV), HOMO energies (eV), and relative rates of acid-
catalyzed hydration of alkenes from Tidwell’s study*

No. Alkene IP¢ HOMO? kel
1 OMe 8.00¢ -7.54 2.86 x 10"
>:<OMe .
2 _ 8.20° -8.32 2.50 x 10
>jOMe
3 >:< 8.27 -8.70 3.39 x 10°
4 :OEt 8.30 8.11 9.90 x 10™
(SDI\/IEt 14
5 ( e 8.44% -8.18 1.49 x 10
OMe
6 /:\OEt 8.537 -8.62 4.72 x 108
7 \/\OEt 8.557 -8.73 1.57 x 10°
— d 8
8 N~ Noue 8.57 -8.65 3.30 x 10
9 8.587 -8.70 2.24 x 10"
OMe
10 T \oMe 8.60" -8.70 2.51 x 108
11 \/\OMG 8.62 -8.65 7.16 x 10
12 /\/\OMe 8.657 -8.63 9.41 x 10’
13 OEt 8.67 -8.22 1.49 x 107
c’ oEt
14 /:< 8.68 -8.86 2.13 x 10°
15 N\ 8.95 9.27 1.76 x 10?
16 AN 8.97 9.27 2.08 x 10°
f— d 9
17 \OEt 9.07 9.11 1.75 x 10
18 T~ 9.12 2926 82.4
19 AZaN 9.12 -9.25 34.8
20 —ﬂOM 9.147 9.07 7.55 x 10°
e
21 —ﬂ/ 9.24 9.39 3.68 x 10°
22 =" 9.48 9.66 1.00 x 107
23 /\ 9.74 9.72 49.0

“Ref 42, unless otherwise noted. "Ab initio at the HF/6-31G* level by Christopher
Brammer. ‘Ref 22; k. values are relative to ke = 1.00 x 10? for 1-hexene. The unit
of rate constants is M'S™. “Ref 53. “Ref 54. /Ref 55. ¢Calculated by applying to the

IP for 1,1-diethoxyethene a correction factor calculated as twice the difference
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between the IPs of methoxyethene and ethoxyethene: 8.30eV + 2 (9.14eV — 9.07eV)
= 8.44¢V; Refs 53 and 55. "Calculated by applying to the IP for cis-1-ethoxypropene
a correction factor calculated as the difference between the IPs of methoxyethene and
ethoxyethene: 8.53eV + (9.14eV — 9.07eV) = 8.60eV; Ref 53. '‘Calculated by
applying to the IP for trans-1-ethoxypropene a correction factor calculated as the
difference between the IPs of methoxyethene and ethoxyethene: 8.55eV + (9.14eV —
9.07eV) = 8.62¢V; Ref 53. /Calculated by applying to the IP for 1,1-diethoxyethene
a correction factor calculated as the difference between the IPs of 1-butene and 1-

chloro-1-butene: 8.30eV + (10.00eV —9.63¢V) = 8.67¢V; Refs 42, 50, and 55.

8.0
8.5 1
IP
(eV)
9.0 A
alkene
0.97 terminal O
9.5 1 0.97 internal L))
tetrasubstituted
5 23 0.99 [
0.65 all
10.0 T T T T T T T
1 3 5 7 9 11 13 15

log k (rel water/acid)

Figure 2-3. The plot of the log 4 values for acid-catalyzed hydration of alkenes
versus alkene IPs. Data are from Table 2-3. Data points naturally fall into different
sterically similar alkene groups. Correlation lines are given for terminal alkenes (IP =
9.82 —0.095 log k1, r = 0.97, s = 0.095, and c.l. = 99.98%), for internal alkenes (IP =
9.18 — 0.073 log ke, r = 0.97, s = 0.040, and c.l. = 99.98%), and for tetrasubstituted
alkenes (IP = 8.59 — 0.056 log k1, r = 0.99, s = 0.060, and c.l. = 90.00%).
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The correlation plot made by using data points from Tidwell’s study** (Fig 2-
3) shows multiple lines with positive slopes, which is similar to that made by using
data points from our study (Fig 2-2), although we did not include the vinyl ethers
because they are too reactive to control” under the competitive reaction conditions
unless they are balanced with strong EWGs on the alkene C=C bond.”® Careful
comparison reveals that differences between these two studies still exist. For
instance, the rate increase caused by adding a methyl on the geminal position of a

monosubstituted alkene is much greater in Tidwell’s study (a) than that in ours (b).

—

ﬁ
fo = 1 7500

jOMe :<0Me —\N\ :</\
k= 1 297 1 8.66

(a) (b)

Similarly, the rate decrease caused by adding a ClI on the vicinal position of an
1,1-disubstituted alkene is also much greater in Tidwell’s study (c¢) than that in our
study (d). Interestingly, just like the data point for 1-chloro-2-methylpropene in our
study, the data point for trisubstituted 1-chloro-2,2-diethoxyethene (13) in Tidwell’s
study also fall in terminal group in Fig 2-3 probably due to the same reason stated

above.

OEt OEt /_< :</\
Cl OEt OFEt Cl o
ke = 1 66.7 1 17.4

(©) (d)
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Another difference is that the rate would increase when change a
monosubstituted alkene into a vicinal disubstituted alkene or almost keep the same
value when change a geminal disubstituted alkenes into a tetrasubstituted alkene in
Tidwell’s study (e). However, the rate would decrease remarkably in our study (f) in
both cases. The differences between Tidwell’s study and ours are most likely because
their rate data were colleted from different studies under different reaction conditions

and then converted by extrapolation, which may cause some inaccuracy.

VAV V4 — N
kel = 1 1.76 1 0.49
kel = 1 0.92 1 0.12
(e) ()

In Fig 2-3, data point for trisubstituted 1-methoxy-2-methylpropene (2) falls
in the tetrasubstituted group, but not the internal group, as expected. This is because
the rate-determining protonation here is initiated by the electrophilic attack of the
hydronium ion to the alkenyl carbon with two methyl substituents to give a more
stable carbocation intermediate (Scheme 2-3). In this way, the carbon atom with a
methoxyl substituent bears a positive charge, which would be greatly stabilized
through resonance with the methoxyl group. Therefore, the steric requirements of 1-
methoxyl-2-methylpropene are similar to those of tetrasubstituted alkenes, but greater
than those of internal alkenes in its acid-catalyzed hydration. The fact that this
reaction finally gives an anti-Markovnikov product, 2-methylpropanal,”’ further

confirms the explanation above.

47



OH; T, H
H WMe Hz0* H -H20 Hiin &
i, :C‘\\\\ — 3 ! —_— / ',/////Me
M o( \Me HI/IIII,C“__(I: MeO \
e ( ”’II//M M
MeO B ©
Me

Scheme 2-3. The transition structure and the resulting intermediate product of the

rate-determining step of hydration of 1-methoxy-2-methylpropene

2.6 Comparison among similar electrophilic additions to alkenes

In the previous correlation studies conducted by Nelson’s group, some

0 0

reactions of alkenes, such as hydroboration,5 oxymercuration,5 silver ion
complexation,™ complexation with molecular iodine,” and diimide addition,’* also
showed multiple correlation lines with positive slopes. However, close scrutiny
reveals that the alkenes forming the lines are grouped in two different ways. For
example, in hydroboration and oxymercuration, the alkenes are grouped as terminal
(monosubstituted and geminal disubstituted), internal (vicinal disubstituted and
trisubstituted), and tetrasubstituted, just like what was done in acid-catalyzed
hydration herein.  Alternatively, in the studies of silver ion complexation,
complexation with molecular iodine, and diimide addition, alkenes are grouped solely
based on the number of the substituent groups attached to the alkene double bond:
monosubstituted, disubstituted (including both vicinal and geminal), trisubstituted,
and tetrasubstituted.

Comparing the two above types of grouping reveals that their difference is due

to the placement of geminal and trisubstituted alkenes. In the first group (type 1),

reaction rates are influenced predominantly by steric hindrance at the less highly-
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substituted carbon of the C=C bond, which leads to a rate difference between geminal
and vicinal disubstituted alkenes (kgem # kvic). In the second group (type 2), reaction
rates are influenced almost equally by the steric hindrance at both alkenyl carbons,
and thus resulting in kgem = kvie. The following analysis of the transition states
observed for the pertinent reactions explains this phenomenon.

Reactions in which ki is much different from ke (type 1) have asymmetric
transition state structures in their rate-determining steps. For example, the bonds
being broken and formed with rate-determining transition state structures in
hydroboration, oxymercuration, and acid-catalyzed hydration are arranged as a four-

50,63-65

centered®' parallelogram,”” an irregular triangle, and a zigzag'® structure,

respectively (Fig 2-4).

% H,0
298,
\B‘-—--|—|\ +H90\/AC \|_!+
\‘ \ [} S \
Ceeend ! N S
W/ l—\-\'\'///// _‘%///
OH
(a) (b) (©)

Figure 2-4. Asymmetric transition state structures in the rate-determining steps in (a)

hydroboration, (b) oxymercuration, and (c) acid-catalyzed hydration

In these cases, if the rate-determining step is the first step, in the rate-
determining transition state, the electrophile attacks the less substituted end of the
C=C bond. If the rate-determining step is the second step, the complexed electrophile
moves toward the less substituted end of the C=C bond. The alkyls in geminal

disubstituted alkenes are far from the incoming electrophile, so the alkyls only have
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significant rate-increasing electronic effects but comparatively smaller rate-retarding
steric effects, and thus kgem 1s greater than kyic.

Type 2 reactions (kgem = kvic) have symmetrical structures for rate-determining
transition states in kinetically controlled reactions, such as diimide reduction (Fig 2-

5),0%% or for intermediates or products in equilibria, such as complexation with

59,67 58,68

molecular iodine (Fig 2-6a) and with silver ion (Fig 2-6b).

N====N N====N
H_ JH H, JH

\"/,, % m

Figure 2-5. Sterically equivalent transition state structures in diimide reduction

{ i { i Ag+ Ag+
10 ‘\\\\\\\\ 10 _“_‘\\\\\\\\ _“_
N F N TN TN
(a) (b)

Figure 2-6. Sterically equivalent pairs of complexes in (a) complexation with

molecular iodine and (b) silver ion complexation

Although disubstituted alkenes have similar relative rates in each of the reactions
above, monosubstituted alkenes, trisubstituted alkenes, and tetrasubstituted alkenes
each form an additional sterically-similar group in the plot for each reaction.”®*

kgem = kyic 18 also necessarily the case for reactions giving plots with only one

single line of correlation among all alkenes, regardless of degree of substitution,

because the IP value of a vicinal alkene is similar to that of a geminal alkene with the
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same substituents. This type of reaction includes epoxidation,”™ bromination,”
chlorination,” carbene addition,® nitrosyl chloride addition,” oxidation with osmium
tetroxide,®” oxidation with chromyl chloride,” and oxidation with chromic acid.” In
these cases, the correlation plot indicates that steric effects of alkyls, whether they are
due to position or the degree of substitution, are relatively unimportant compared to
electronic effects.

The common characteristics among acid-catalyzed hydration, hydroboration,
and oxymercuration, classified as type 1 above, are that they have asymmetric rate-
determining transition state structures and that the incoming electrophiles are located
closer to the less-substituted carbon atom of the alkenyl double bond (Fig 2-4). This
explains observations regarding these reactions in which steric effects cause
grouping: (1) there are different steric effects between vicinal and geminal
disubstituted alkenes; (2) trisubstituted alkenes fall in the same group as the internal
alkenes (vicinal disubstituted), while geminal disubstituted alkenes fall in the same
group with the monosubstituted (terminal) alkenes.

However, in the type 2 reactions, such as silver ion complexation,
complexation with molecular iodine, and diimide addition, the rate-determining
transition states are symmetrical structures (Figs 2-5 and 2-6). In these cases, the
substituents attached to either carbon of the C=C bond are about the same distance
from the incoming electrophile. Therefore, the steric and electronic effects in these
reactions are dependent mainly upon the number and sizes, rather than positions, of

the substituents attached to the alkene C=C bond. So, alkenes in these reactions are
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grouped solely based on the number of substituents on the C=C bond, i.c.

monosubstituted, disubstituted, trisubstituted, and tetrasubstituted alkenes.

2.7 Conclusion

A set of reaction conditions applicable for alkenes with different steric
requirements (mono-, di-, tri-, and tetrasubstituted) was established for acid-catalyzed
hydration. The relative rates of 19 alkenes were determined by competitive reactions.
Correlation plots of logarithms of relative rates versus alkene IPs and versus alkene
HOMO energies reveal that this reaction is an electrophilic addition to alkenes. The
alkene reactivity depends upon both electronic and steric effects of the substituents on
the C=C bond. Comparison with other sterically significant electrophilic additions
demonstrates that the alkene grouping pattern observed in this reaction is
characteristic of reactions with asymmetric transition state structures in the rate-
determining steps. Reactions reported to have symmetric rate-determining transition
states display alkene grouping solely based on the number of substituents on the

alkene C=C bond.
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Chapter Three

Mechanistic Investigation on Alkene Reactions with Several

Transition Metal Compounds via Correlations

Abstract: Several reactions of alkenes with transition metal compounds, including
oxidation with chromyl chloride (CrO,Cl,), oxidation with chromic acid (H,CrOy),
oxidation with palladium chloride (PdCl,/H,0), and homogeneous hydrogenation in
the presence of Wilkinson's catalyst (H,/RhCI(PPh3);), have been studied
mechanistically by using the correlation method in this chapter. Plots of logarithms
of relative rates of alkene oxidation with CrO,Cl, and with H,CrO4 versus alkene IPs
and versus alkene HOMO energy levels demonstrate excellent correlations. Each plot
shows a single line with positive slope among all studied alkenes, regardless of the
steric requirements. The positive slopes of the lines indicate that both reactions are
electrophilic additions to alkenes. The single lines of correlation in the plots
demonstrate that electronic effects play a predominant role in the total substituent
effects and steric effects are not important. In contrast, alkene oxidation with
PdCIl,/H,O and alkene hydrogenation in the presence of RhCI(PPhs); both give
multiple lines with negative slopes among sterically similar groups of alkenes in the
plots of logarithms of relative rates versus alkene LUMO energy levels. The resulting
plots indicate that these two reactions are nucleophilic additions to alkenes with
significant steric effects. The relative reactivities of alkenes in the reactions depend
upon both electronic and steric effects of the substituents. Results of these studies are

also used to analyze proposed alternative mechanisms for the studied reactions.
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Studies included in this chapter have been published in three papers: (1) Nelson, D.
J.; Li, R.; Brammer, C. Journal of Physical Organic Chemistry 2004, 17, 1033-1038;
(2) Nelson, D. J.; Li, R.; Brammer, C. The Journal of American Chemical Society
2001, /23, 1564-1568; (3) Nelson, D. J.; Li, R.; Brammer, C. Journal of Organic
Chemistry, 2005, 70, 761-767. Copies of the reprints of these papers are attached at

the end of the dissertation.

3.1 Correlations in alkene oxidations with chromyl chloride (CrO,Cl,)

and with chromic acid (H,CrO,)

3.1.1 Introduction

Alkene oxidation by transition metal oxo compounds has been an important
topic in organic chemistry for a long time.'” Intensive mechanistic studies have been
conducted both theoretically*® and experimentally?' > during the past two decades.
Among these compounds, chromium(VI) compounds, such as chromyl chloride
(CrO,Cl,) and chromic acid (H,CrOy), are versatile oxidizing agents and can react
with alkenes to give epoxides commonly and other products due to reaction

1-3,26-53

conditions. Interesting similarities and differences among reactions of alkenes

with chromium(VI) compounds versus other d° transition metal oxo compounds have

164143 1y oxidizing alkenes, oxo compounds of Re(VII) (when

been noted recently.
L = Me),"" Ti(IV),”* V(V),”> Cr(VI),*® and Mo(VI)*® each preferentially yields
epoxides (egs 3-1 and 3-2), while those of Re(VII) when L = Cp* (Cp* = CsMes),’

Mn(VII),! Ru(VIID),™® Os(VIID),” and Tc(VI)® each preferentially yields cis-
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dihydroxyalkanes (eq 3-3)."" In addition, some metal oxo compounds do not react
directly with the alkenes, but with an additional oxygen source via an indirect
pathway (eq 3-1); whereas, the others react with alkenes directly via a direct pathway

(egs 3-2 and 3-3).''¢

O
— L,Met'O3, ROOH - /\ (3-1)
- R Met' = Re(L=Me), Ti, V, Mo - —R
R'=H or alkyl
L,CrO /O\ (3-2)

= 2 2 > other products -
_\_ > +

R L = Cl, OH —R

L
g
" e
. LMet"O43 / \O (3-3)
—_—

Met" = Re(L=Cp*), Mn, Ru, Os, Tc \_Q
R

However, some of the above transition metal oxo compounds do not fit

16,23
d B

completely into either group Met' or Met". For example, it was note that

MeReOj; does not react directly with alkenes,'' as do the compounds of Ti,** V,*° and

Mo.”® However, Cp*ReOs reacts directly with alkenes to give the metalladioxolane

23,57

intermediates, as do the compounds of Mn,' Ru,58 0s,” and Tc¢,*® but it does not

23,57 1,58-60

yield diols as the final product,”" as the latter compounds do.

Another misfit is chromium Cr(VI) oxo compounds. Chromyl chloride,
CrO,Cl,, has been likened'® to other oxidizing metal compounds LMO3, such as Os,

1-3,36

Ru, and Mn. Chromium fits Met' in that it yields epoxides as they do; but it does
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not fit Met' in that it does not require an additional oxygen source to react with

1-3,36

alkenes, as they do.""”**® Chromium is like Met" because its oxo compounds

react directly with the olefins to give the metalladioxolane intermediates;'™ but it is
unlike Met" because it does not give diols as final products,  as they do."**

The above observations have led to mechanistic comparisons and contrasts of
oxidation with chromium compounds versus those with compounds of Met" (Re, Mn,

1'21:22 and theoretical

Ru, Os, and Tc).“’%’“’43 As a result, many experimenta
studies” 1244 favor a proposed 2+3 mechanism over a proposed 2+2
mechanism. Due to comparisons and concerns stated above, questions about alkene
oxidation by Cr(VI) oxo compounds linger (1) whether the 2+3 mechanism or the
2+2 mechanism is responsible for the products and (2) why the metalladioxolane
intermediate would not yield diols as do compounds of the other metal Met", if the
2+3 mechanism operates with chromium compounds. In this section, we shall use

our correlating technique to conduct a mechanistic exploration on chromyl chloride

oxidation and chromic acid oxidation of alkenes, partly due to their importance in

1-3,26-31 1-3,32-53

organic synthesis and partly due to interest in their mechanisms.
3.1.2 Oxidation with CrO,Cl,
The mechanism of chromyl chloride oxidation of alkenes has been

1-3,32-46

investigated for decades. The kinetic study’* has determined the rate law of

this reaction (eq 3-4), which is first order both in alkene and in chromyl chloride.

Rate = k [alkene] [CrCl,0;] (3-4)
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At least four different mechanisms'>~**® have been suggested for this
reaction. The first suggested mechanism was a “direct addition” mechanism (Scheme
3-1),'” which was criticized due to its failure to explain all stereochemical aspects
(such as the formation of the cis-chlorohydrin and the cis-dichloride) of chromyl

chloride oxidation.*®**°

R, O C R R
j| + ol —= jjo---crom2 — jjo + CrOCl
R’ O/ Cl R’ R'

Scheme 3-1. The direct addition mechanism for CrO,Cl, oxidation of alkenes

Two other different mechanisms were later proposed: (1) the 242

3,36,40

cycloaddition mechanism (Scheme 3-2), and (2) the 2+3 cycloaddition

32-35

mechanism (Scheme 3-3). Recently, an ESR signal was observed in the oxidation

of aryl substituted alkenes,***’

and a diradical was proposed as the intermediate
giving rise to this result. However, the stereospecificity of these reactions has been
used to argue against radical intermediates in the C-O bond forming steps. In
addition, the alkenes considered in this report do not possess radical-stabilizing

phenyl substitutions. Therefore, in this study, we only focus on the application of our

results to the 2+2 and 2+3 mechanisms shown in Schemes 3-2 and 3-3.
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Scheme 3-2. The 2+2 cycloaddition mechanism for CrO,Cl, oxidation of alkenes

OCr:O > WO R. _OH
TN + CrOCI(OH)
R” ~cl
7
CI
R o. CI R -CrOCl
1 9 1
j|+>cK sow | I Cr—»J\/O--Cr— _&J\/ _.)J\/R
N
R' (@) Cl R’
CI 12
. 10
R__C. o RC
c, I &7 — I + Cro,
/r\
R >l Yo R Dl

Scheme 3-3. The 2+3 cycloaddition mechanism for CrO,Cl, oxidation of alkenes

The main difference between the two proposed mechanisms shown in

Schemes 3-2 and 3-3 is in their rate-determining steps and characteristics of their

transition state structures. In the 2+2 mechanism (Scheme 3-2), the decompositions
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of intermediates 3 and 4 are proposed as rate-determining steps and four-membered
cyclic transition state in the formation of these two intermediates (3 and 4 In
contrast, the 2+3 mechanism (Scheme 3-3) requires a five-membered ring transition
state structure in the rate-determining formation of the five-membered cyclic

intermediates.

3.1.3 Oxidation with H,CrO4
Chromic acid (H,CrO4) oxidation of alkenes produces epoxides or their higher

¥ Similar to alkene oxidation with chromyl chloride,

oxidation level products.
H,CrO4 oxidation of alkenes is also first order both in alkene and in chromic acid.*
A previous study™ has fostered a mechanism involving a three-membered transition
state structure (Scheme 3-4) similar to the “direct addition mechanism”, which was
previously discarded for CrO,Cl, oxidation of alkenes.  Another proposed
mechanism'*® for the H,CrO,4 oxidation invoked a five-membered cyclic intermediate
(Scheme 3-5). It is analogous to the 2+3 mechanism for the chromyl chloride
oxidation shown (1—-9) in Scheme 3-3 (path B). A major difference between these
two proposed mechanisms for chromic acid oxidation of alkenes is that the former
suggests a direct single-step formation of an epoxide (Scheme 3-4), while the latter
requires formation of a five-membered cyclic intermediate between the reactants and

the epoxide product (Scheme 3-5). In this study, we shall discuss its mechanisms

through comparison with those of chromyl chloride oxidation of alkenes.
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Z
HO R ~C R
R \ %O 1S~ ’, r\
| + /Cr\\ —_— :’ :O’\ /O —— O + H20r03
Rl HO O R, \H, Rv

Scheme 3-4. The direct addition mechanism for H,CrO4 oxidation of alkenes

.0 OHT* R. _O OH R
R O\\ /OH R N \ /
V| E R T L TR e
R 7 on r” 0" ©OH R7>0  OH R

Scheme 3-5. The 2+3 cycloaddition mechanism for H,CrO4 oxidation of alkenes

3.1.4 Correlation plots

Relative rates of chromyl chloride oxidation of alkenes, alkene IPs, and alkene
HOMO energies are shown in Table 3-1. Relative rates of chromic acid oxidation of
alkenes, alkene IPs, and alkene HOMO energies are shown in Table 3-2. Relative

3448 in which reaction

rates for both reactions were converted from previous reports,
rates were determined by following the disappearance of the Cr(VI) oxidation
reagents in large excess of alkenes under pseudo first-order conditions. Experimental

alkene IPs were collected from literature. The alkene HOMO energies were

calculated by using the MNDO method.
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Table 3-1. Alkene IPs (eV), HOMO energies (eV), and relative rates of chromyl
chloride (CrO,Cl,) oxidation of alkenes

No. Alkene IP* HOMO? kel
1 = 9.52 -9.94 1.22 x 10?
2 = AN/ 9.514 9.95 88.0
3 =NV 9.48 9.97 1.00 x 10?
4 X 9.45 -9.96 5.36 x 10°
5 = ANAN 9.437 9.95 77.0
6 N\ 9.12 -9.79 1.51x10°
7 R 9.12 -9.78 1.38 x 10°
8 =</\ 9.08 9.79 8.00 x 10?
9 o V2 9.04 -9.77 1.48 x 10°
10 g/ 9.04 -9.76 1.51x10°
_§ 1.05x 10°
11 9.02 9.75
12 =<é 8.91 -9.71 2.36 x 10°
13 _Q 9.78 7.54 % 10?
14 >j< 8.83¢ -9.64 138 % 10°
15 >a 8.68 -9.63 2.02 x 10*
16 >=< 8.27 -9.49 3.91 x 10°

“Ref 61, unless otherwise noted. "MNDO method by Christopher Brammer. ‘Ref
34; ki values are relative to ke = 1.00 x 10? for 1-hexene. The unit of rate constants

is M'min™. “Ref 62a. “Ref 62b.
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Table 3-2. Alkene IPs (eV), HOMO energies (eV), and relative rates of chromic
acid (H,CrO,) oxidation of alkenes

No. alkene 1P HOMO? kel

1 = 9.74 9.97 32.3

2 = 9.63 9.94 52.0

3 AN 9.52 -9.94 75.5

4 N\ 9.48 -9.97 1.00 x 10*

5 —X 9.45 -9.96 68.7

6 =N 9.44 -9.94 94.2

7 =< 9.24 -9.80 2.48 x 10°

8 amN 9.12 -9.79 2.86 x 107

9 \; 9.12 9.78 1.89 x 10°
10 [ \=_ 9.04 -9.76 2.46 x 10°
11 W 8.97 -9.75 2.78 x 10°
12 =Cé 8.91 -9.71 3.44 % 10
13 >3< 8.83¢ 9.64 1.10 x 10°
14 >_— 8.68 -9.63 3.13x 10°
15 >=< 8.27 -9.49 1.60 x 10*

“Ref 61, unless otherwise noted. "MNDO method by Christopher Brammer. ‘Ref
48; ki1 values are relative to ke = 1.00 x 10? for 1-hexene. The unit of rate constants
is M'min™". “Ref 62b.

Plots in Figs 3-1 and 3-3 show the similar correlations of log ;. values versus
alkene IPs for chromyl chloride oxidation of alkenes and for chromic acid oxidation
of alkenes respectively. Each of them gives a single line with a positive slope and a

good correlation coefficient among all alkenes, regardless of their steric requirements.
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The plots of log & versus alkene HOMO energies for both reactions (Figs 3-2 and 3-
4) are essentially analogous to those of log k. versus alkene IPs (Figs 3-1 and 3-3).

They also have single lines with positive slopes and show good correlations.

8.0
16
®
8.5 1
IP 00
(eVv) ~
alkene
0.25 monosubstituted @)
9.5 - 0.53 disubstituted ()}
2 1 trisubstituted e
tetrasubstituted @
0.93 all
10.0 T T T T T T T T
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0

log k (rel CrO,Cl,)

Figure 3-1. The plot of the log k. values versus correspondent alkene IPs for alkene
oxidation with CrO,Cl,. Data are from Table 3-1. The y-axis IP data are plotted in
inverse order to facilitate comparison with the plot for HOMO energies. All data
points, regardless of steric requirements, lie on one line of correlation (IP = 10.04 —

0.29 log krel, r = 0.93, s =0.110, and c.l. = 99.98%).
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-9.4

9.5 1
9.6 7
HOMO
(eV) 9.7 7
11 10
13 © alkene
9.8 1 0.24 | monosubstituted O
0.64 disubstituted ()}
trisubstituted =)
-9.9 1
tetrasubstituted @
0.94 all
-10.0 T T T T
1.5 2.5 3.5 4.5 55

log k (rel CrO,Cl,)

Figure 3-2. The plot of the log k. values for chromyl chloride oxidation of alkenes
versus correspondent alkene HOMO energies. Data are from Table 3-1. All data
points, regardless of steric requirements, lie on one line of correlation (Exomo = 0.12

log ki — 10.17, 1 =0.94, s = 0.040, and c.l. = 99.98%).
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8.0

8.5 1

P 90 -

(eV)

alkene
0.93 monosubstituted O
95 0.59 disubstituted 1))
trisubstituted /=]
tetrasubstituted ®

0.97 all

10.0 T T r r r r
1.0 1.5 2.0 25 3.0 3.5 4.0 45

log k (rel H,CrQ,)

Figure 3-3. The plot of the log k. values for chromic acid oxidation of alkenes
versus correspondent alkene IPs. Data are from Table 3-2. The y-axis IP data are
plotted in inverse order to facilitate comparison with the plot for HOMO energies.
All data points, regardless of steric requirements, lie on one line of correlation (IP =

10.46 — 0.54 log ke, t = 0.97, s = 0.101, and c.l. = 99.98%).

70



9.4
r alkene
0.26 | monosubstituted O
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trisubstituted ®
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0.95 all =]
HOMO 07 -
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-9.8 1
-9.9 1
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log k (rel H,CrQO,)

Figure 3-4. The plot of the log k. values for chromic acid oxidation of alkenes
versus correspondent alkene HOMO energies. Data are from Table 3-2. All data
points, regardless of steric requirements, lie on one line of correlation (Exomo = 0.20

log k1 — 10.28, r=0.95, s = 0.045, and c.l. = 99.98%).

3.1.5 Electronic versus steric effects

The good to excellent correlations have been observed in the plots of log ke
values versus alkene IPs and versus alkene HOMO energies for both reactions. The
overall trend is that alkenes with more alkyl substituents react faster. Data points in
Figs 3-1 to 3-4 cluster according to the number of substituents on the alkene C=C
bond. Among these groups, the relative reactivities show the following general trend:
monosubstituted < disubstituted < trisubstituted < tetrasubstituted. The trend that
increasing alkyl substitution on the alkene C=C bond increases the reaction rate in

such cases could theoretically be rationalized in different ways, such as alkyl group
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electronic effects or steric relief. These could operate either in a rate-determining
step which involves the m bond or a reversible step which involves the = bond and
precedes a rate-determining step if any exist. A discussion of each of these follows.

The clustering of the data points in Figs 3-1 to 3-4 could result from reactant
uniformity, the fact that only simple olefins are included in the study. Alkenes with
same number of alkyl substituents have similar IP values, and thus close relative
reactivities because all alkyls have electron-donating abilities of similar magnitude.
If some alkenes, functionalized with strong electron-donating and withdrawing
substituents, were included in the study, then the data points would be spread out and
not cluster into groups as seen in Fig 3-1 to 3-4. An example of this can be seen in
alkene bromination (Fig 4-1), if the data points for the functionalized alkenes are
omitted in this plot, an analogous clustering appears here also.

Electron-donating electronic effects of alkyl groups increase the rates of
electrophilic additions to alkenes and decrease the rates of nucleophilic ones.
Electronic effects of alkyl groups are of sufficient magnitude to play a major role in
alkene additions, as has been observed in all our correlation studies. However, steric
effects can be either significant or relatively insignificant, relative to the magnitude of
the electronic effects, based on the nature and individual characteristics of the
reaction.

If steric relief were important in the rate-determining step, then increasing
alkyl substitution on the alkene C=C bond would increase the reaction rate due to
steric effects of the substituents. Steric relief could be important if the rate-

determining step led from, rather than to, a cyclic intermediate or transition state.
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This possibility is less likely based on the following observation. As discussed in
Chapter 1 (section 1.5), an alkene addition is usually retarded due to steric hindrance
of the substituent(s) on the alkene C=C bond interacting with the incoming
electrophile or nucleophile. Exceptions, i.e. steric acceleration, could exist, but are
not common for alkene additions; we have observed none in our studies.

A determinant in the question of steric hindrance versus acceleration exists in
the relative rates of cis/trans pairs in alkene additions. When the rate-determining
step is formation of a cyclic intermediate or product the cis isomer is known to react

3% Therefore, a cis isomer reacting faster than its trans isomer has been taken

faster.
as evidence of a rate determining step leading to, rather than from, a cyclic
intermediate.”® Alkene addition reactions in which this relationship of cis/trans pairs
has been observed include but are not limited to addition of bromine, addition of
chlorine, addition of ISCN, hydration, ICI addition, etc. This faster reactivity is also
seen in chromic acid oxidation of alkenes and chromium chloride oxidation of
alkenes. Therefore, the explanation which better fits the existing data for these
electrophilic alkene reactions is that electronic effects of the electron-donating alkyl
groups play a dominant rate-increasing role, while steric effects are relatively
insignificant. This is discussed in detail as it pertains to ISCN addition, in Section
4.3 of this dissertation (pages 160-165).

Based on the above analysis, it can be concluded that both chromyl chloride
oxidation and chromic acid oxidation of alkenes are dependent predominantly upon

electronic effects, while steric effects are relatively insignificant. Positive slopes of

correlation lines in Figs 3-1 to 3-4 indicate that both reactions are electrophilic
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additions to alkenes, i.e. a lower IP (or a higher HOMO energy level) corresponds to
a greater reaction rate. Electron-donating substituents in the alkene C=C bond
increase the rate of reaction, while electron-withdrawing substituents decrease the

reaction rate in both cases.

3.1.6 Differentiation between the proposed mechanisms
One objective of this study was to determine whether our work could
differentiate between the proposed mechanisms®*® for chromyl chloride oxidation of

36-39

alkenes, the 2+2 mechanism (Scheme 3-2) and the 2+3 mechanism (Scheme 3-

3).3335 41 The main differences between the two proposed mechanisms are in their
rate-determining steps and characteristics of their transition state structures. In the
2+2 mechanism®® (Scheme 3-2), decompositions of intermediates 3 and 4 are
proposed as rate-determining steps,” and a four-membered cyclic transition state is
proposed in the formation of each of the two intermediates 3 and 4. In contrast, the

. 3335
2+3 mechanism

(Scheme 3-3) involves five-membered cyclic transition state
structures in the rate-determining formation® of intermediates 6, 10, and 11.

In order to apply our analysis of steric and electronic effects to the
mechanisms which had been proposed for chromyl chloride oxidation of alkenes, it
was necessary to plot log k. values versus alkene IPs. Relative rates of chromyl
chloride with various alkenes had been determined®® in a study using an excess of
alkenes, which yielded only carbonyl products under those conditions. Therefore, our

analysis of the reaction by using these data is only pertinent to reactions, mechanisms,

discussions, and reviews of this reaction under those conditions.** There have been
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other studies and discussions of this reaction run under different conditions,’” such as
using an excess of chromyl chloride,” but our analysis is not applicable to those.
One reason is because different products are obtained under those conditions, and this
indicates operation of a different mechanism.

We used data from the chromyl chloride reaction with an excess of each
alkene in order to explore steric and electronic effects in the chromyl chloride
oxidation of alkenes, by plotting log 4. values versus alkene IPs (Fig 3-1). The plot
revealed a single line with positive slope and a good correlation coefficient among all
alkenes. This indicates that the rate of this reaction is mainly determined by a step (or
steps), in which (1) electrophilic attack upon the alkene m bond is involved, (2) alkene
reactivity depends predominantly upon electronic effects of the substituents, and (3)
steric effects in the alkenes studied are relatively insignificant. The results of this
correlation study are useful in evaluating the rate-determining steps of this reaction.
In order to demonstrate this application, we give below a step-by-step analysis of the
proposed mechanisms in order to present experimental evidence to determine whether
each step has an important influence on the rate of the reaction. We also discuss
other studies and reviews of chromyl chloride oxidation of alkenes yielding

36-39

carbonyls; some of these favored the former mechanism and some the latter

one.33'35’41'43

A. Analysis of the 2+2 mechanism (Scheme 3-6) to produce carbonyl products:

Only part of the mechanism shown in Scheme 3-2 is in operation in the

reaction pertinent to our study, because only carbonyl compounds are produced under
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those conditions. The pertinent part of the mechanism is shown below in Scheme 3-6

and analyzed in the following sections.

R
\ /
j| n \CI’ —_— j|—Cr\ —_— ‘/
Cr
CI ¢
4
Cl
slow R | -CrOCIZ _> R'
—_— O- ‘C|I’—O —_— )j\/
R 8 Cl

Scheme 3-6. The 2+2 cycloaddition mechanism for CrO,Cl, oxidation of alkenes to

carbonyls

Step 1: Alkene coordination to the Cr center of the CrO,Cl, (1-2)
Not important: Three different opinions have been reported for this step —
(1) either it does not occur,” (2) or it is a kinetically controlled fast reaction,*® (3) or

it is a fast equilibrium.**’

O

N /
j| + >Cr\ —> j—Cr\
R' Cl A R’

Each of these possibilities is considered separately below, and experimental evidence

shows none of these is capable of having an important influence on the reaction rate.

e Computational studies® suggest that complex 2 does not exist at all, and that the
reaction of 1+ CrO,Cl, proceeds directly to 4. A DFT computational search® for a
minimum corresponding to complex 2 on the PES (potential energy surface) of this

reaction reported an inability to locate the complex. A more recent matrix isolation

76



study™® also supports the prediction that the complex of chromyl chloride and
cyclohexene does not exist, although that reaction™® was run under conditions
different from those used to determine the relative rates of chromyl chloride
oxidation of alkenes.”* If the complex does not exist, then this step would neither
exist nor influence the reaction rate. The above mentioned computational study®
also predicted that 1—4 is an irreversible step, followed by a rate-determining slow

step to give 8, which reacts further to yield the carbonyl compounds.

R Q
N
|+ \Cr — I' cl
[ /\\ r
Cl o’ o
1 4

e Researchers, who proposed 1—2 as a mechanistic step,’® proposed it as a kinetically
controlled fast reaction prior to the rate-determining steps. In this case, complex

formation will not influence the rate of the overall reaction.

o)
R Cl R | _ci
e K S
R Cl 0 R Y
1 2

e Some review articles™* show complex 2 formation as an equilibrium, although no

rationale or evidence was provided.

Oy C R | _c
j| + \\Cr/ —_— j—Cr<
, / \O R’
1 2
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In this equilibrium, strong steric effects would be expected, as observed in
comparable alkene complexations. For example, two other complexations have
been reported previously,®” one with silver ion (Ag") and one with molecular iodine
(Iy). In both cases, multiple lines with positive slopes are observed in the plots of
log K. values versus alkene IPs (Figs 3-5 and 3-6), which indicates the existence of

strong steric effects.

10 alkenes
mono-substituted O
0.98 di-substituted [}
tri-substituted =)
0.66 all
1 T T T T
-2 -1 0 1 2 3

log K (rel AgNO3)

Figure 3-5. The plot of log K values versus alkene IPs for alkene complexation
with silver ion
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()
O
10.0 T T T T
0.0 0.5 1.0 1.5 2.0 2.5

log K (rel 1)

Figure 3-6. Plot of log K values versus alkene IPs for complexation with molecular
iodine.

Considering the greater steric requirements of CrO,Cl, relative to those of I,
greater steric effects would be expected in this reaction if this step influences it rate
(Table 3-3). However, a single line of correlation is actually observed in the plot of
experimental results for chromyl chloride oxidation; this indicates that steric effects
in this chromyl chloride reaction are in fact relatively insignificant. Therefore,
experimental evidence supports the conclusion that this complex does not exist or

that it does not have an import influence on the rate of the reaction.
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Table 3-3. Relative reactivities of alkenes in three reactions

Alkenes Relative reactivity

CI‘OzClz Ag+ Iz

N\ 100 100 100

< 800 7.2 1.3

1510 7.3 7.9
1380 - 1.7

/_< 20200 1.55 3.5

Data in Table 3-3 show that in chromyl chloride oxidation, reactivity of the
alkene increases remarkably with the number of alkyl groups on the C=C bond. This
indicates that alkene reactivity in this reaction depends predominantly upon the (rate-
increasing and electron-donating) electronic effects of the substituents, while the
(rate-retarding) steric effects of the substituents are much less important.

d®*® in both complexation with

Conversely, opposite results have been reporte
silver ion and complexation with molecular iodine, which are also reported®*“® to be
electrophilic reactions with alkenes. In these, alkene reactivity decreases dramatically
upon increasing the number of alkyl groups on the C=C bond. This is because steric
effects of substituents on the C=C bond play a more important role than electronic
effects do in these reactions.

In conclusion, complexations with Ag" and with I, are equilibria and display

an opposite trend from that observed for chromyl chloride oxidation of alkenes. This

is evidence that the reaction step which predominantly influences the rate of chromyl
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chloride oxidation of alkenes is not a complexation like that which occurs in

complexation of an alkene with Ag+ or with L.

Step 2: Alkene insertion into the C=0 bond to give intermediate 4 (2—4)

| o v

|

j—cg — Il/m

: | O R ¢
CI/ rQO

2 4

R

R

Not important: 2—4 is a nucleophilic reaction with an alkene C=C bond,*

while the reaction has been shown experimentally to be an electrophilic addition to an

alkene.

Step 3: Decomposition of intermediate 4 (4—8), which is proposed to be rate-

determining in formation of a carbonyl product

R O R (|:I
(P
R CF R’
|~ Cl
Cl
4 8

Not important: the alkene C=C bond is not directly involved in this step.*
Although steric effects could influence this step more or less, the relative energy
levels of the C=C bonds would be expected to have no effect on the rate in this
reaction, because neither reactant nor product have a C=C bond; therefore no

correlation between IP and log k. values would be expected. However, experimental

81



results of our studies show a correlation between alkene IPs and reaction rates.

Therefore, experimental results do not support step 4—8 as a rate-determining step.

Step 4: Decomposition of intermediate 8 (8—59—12) to give the final carbonyl

product
Cl
R | _croc, R o o
o--r=0 — [Jo—=» M,
R | R R
Cl
8 9 12

Not important: this is a fast reaction® which takes place after the rate-

determining step in the 2+2 mechanism.

CONCLUSION: Based on the step-by-step analysis above, none of the mechanistic
steps are predicted to have a significant influence on the reaction rate. Therefore, the
results of our study are not consistent with the 2+2 mechanism which has been
proposed for alkene oxidation with CrO,Cl,. This is regardless of whether complex 2
is formed or not, and if complex 2 is formed, then it is regardless of whether complex

formation occurs via a kinetically controlled fast reaction or in a fast equilibrium.
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B. Analysis of the 2+3 mechanism (Scheme 3-7) to produce carbonyl products:

R O\\ /C
[+ et

R' ) C

1 10

R
-CroCl O R
=3 0 —=» )1\/
R' R
9

12

Cl
R o\ Cl R |
slow I Cr/ > J\/o_ -C|)r=O
, / \ .
R0 ¢ R . Cl

Scheme 3-7. The 2+3 cycloaddition mechanism for CrO,Cl, oxidation of alkenes to

carbonyls

Step 1: The 2+3 cycloaddition (1—10), which is proposed to be rate-determining

in formation of a carbonyl

Possibly important: it is an electrophilic addition to alkenes

3335 _ a0

electrophilic attack by chromyl chloride on the alkene C=C bond. The proposal that

this step is rate-determining™ is consistent with the experimental results of our study

(and others™’

) that the overall reaction is an electrophilic addition to alkenes.

Step 2: Decomposition of intermediate 10 to give the final carbonyl product

(10-58—-9—-12)
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Cl

RS R | -croc, ° o

O

' / \ 1 R' R

R 0 Cl R Cl
10 8 9 12

Not important: these steps are fast reactions™ which take place after the rate-
determining step in the 2+3 mechanism.

Based on the step-by-step analysis of both proposed mechanisms, only one
mechanistic step could influence significantly the rate of the reaction; this is the 2+3
cycloaddition (1—10), which is proposed to be rate-determining in formation of a
carbonyl. Therefore, the results of our study support the 2+3 mechanism for alkene
oxidation with CrO,Cl,.

Our investigations similarly indicate that the chromic acid oxidation of
alkenes is also an electrophilic addition with a rate-determining step, which involves
the alkene & electrons. The plot of log k. values versus alkene IPs for oxidation with
H,CrO4 (Fig 3-3) is essentially analogous to that of CrO,Cl, (Fig 3-1) with
correlation coefficient r; = 0.97. Our results are accommodated by either of the
mechanisms in Scheme 3-4 or Scheme 3-5. One might argue to exclude the
mechanism in Scheme 3-4 for the following reasons: (1) H,CrOs is structurally
similar to CrO,Cl,, (2) the two similar reagents might be expected to react in a similar
manner, (3) an analogous mechanism for the CrO,Cl, reagent was discarded, and (4)
a mechanism similar to that in Scheme 3-5 also agrees with the results obtained by

using the reagent CrO,Cl,.
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3.1.7 Conclusion

A single line of correlation with a positive slope in each plot of log k. values
versus alkene IPs and versus alkene HOMO energies (Figs 3-1 to 3-4) for oxidations
of alkenes by using CrO,Cl, and by using H,CrO4 demonstrates that (1) both
reactions are electrophilic additions to alkenes and (2) these reactions depend
predominantly upon electronic effects, while steric effects are relatively insignificant.
The results of our study are consistent with the proposed 2+3 mechanism, in which
formation of the five-member intermediate via an electrophilic attack of chromyl
chloride on the alkene C=C bond is proposed to be the rate-determining step.
However, the results of this study do not support the proposed 2+2 mechanism, in
which the proposed rate-determining steps have no direct relationship with alkene

C=C bonds.

3.2 Correlations in oxidation of alkenes with palladium chloride

(PdCl1,/H,0), the Wacker oxidation

3.2.1 Introduction

The majority of alkene additions are found to be electrophilic additions, in
which the reactions are initiated with electrophilic attacks on the alkene © bonds from
electrophiles. Most of our previous correlation studies were also focused on
electrophilic additions to alkenes. However, for nucleophilic additions to alkenes,
such as PdCl, oxidation and other additions related to transition metal complexes,

which are characterized by inhibition of reaction rate by alkyl or other electron
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donating substituents, there have been no clear measures of the relative importance of
electronic and steric effects. Thus, it seems desirable for us to conduct correlation
studies on this type of reactions to gain a deeper understanding of the reactions and
meanwhile to explore the viability of this methodology in application to nucleophilic
additions to alkenes.

There has been much interest in the mechanism of palladium chloride (PdCl,)
oxidation of alkenes (eq 3-5), partly due to the industrial importance®”” of the

reactions in the synthesis of carbonyl compounds from corresponding alkenes (the

64,65 64-112

Wacker oxidation™ ") and partly due to the interest in its mechanistic pathway.

CnHzn + PdC12 + Hzo — CnHznO + Pd + 2HCI (3—5)

A kinetic study’® has given the rate law of this reaction (eq 3-6), which is first
order both in alkene and in palladium chloride if the acidity and concentration of

chloride keep constant.

rate — k[PdCl, _][nfl/zene] (3-6)
[H"][CI"]

Multi-stepped pathway for this reaction has been generally suggested (eqs 3-7
to 3-12), although there has been disagreement over some mechanistic details and
over the identity of the rate-determining step.”*''> The first step (eq 3-7) of the
reaction is alkene coordination with PdCl,* to give a palladium(Il) complex 2. The
second step (eq 3-8) in the reaction sequence is generally accepted to be the
nucleophilic replacement of a second chloride by water to give intermediate 3. There

seems to be agreement that the first two steps (eqs 3-7 and 3-8) in the reaction
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68-112

sequence are fast equalibria. However, two different pathways have been

suggested for the ensuing step (3—5) (eqs 3-9 and 3-9").

6877 the alkene complex 3 deprotonates first to yield a

In the first pathway,
negative hydroxymetal complex ion 4, followed by rate-determining conversion of
this intermediate complex anion 4 into a palladium(II) B-hydroxyalkyl species 5, a
process called hydroxypalladation (eq 3-9).°*”” The second proposed pathway’®®’ is
a rapid equilibrium in which an H>,O molecule directly attacks the C=C double bond
to give the palladium P-hydroxyalkyl intermediate 5 (eq 3-9'), with the rate-
determining step (5—6) following. This intermediate 5 loses a chloride ion to yield
another B-hydroxyalkyl intermediate 6 (eq 3-10). The next step (eq 3-11) is a
B-hydrogen elimination of the intermediate 6 to give a palladium enol m-complex 7.
Intermediate 7 then undergoes B-hydrogen addition to give the palladium

o-hydroxyalkyl species 8.  Finally, the carbonyl product 9 is produced by

deprotonation and dissociation (eq 3-12).

H,C
Cl /\CHZ -
H,C=CH, + PdCl}> —= Pd + Cl (3-7)
o’ ol
1 2
H>C HZC\
Cl_ /\CHQ B Cl /\CHz
Pd + H,0 /Pd\ + c (3-8)
c|/ \CI Cl OH,
2 3
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N N, 1- -
cl NCH, ~Hz0* [ON / )CH2 o |\ ~
Po_ *HO SN o | LN (3-9)
o’ oH, A L ‘Q_/“ 2 Lo OH,
3 4 5
OR
y OH
OH
H2C 2
N /_/ -
c. / C)H/2\ ci_/ e [© |
PA_ + HD Pd S (3-99
cl OH, cl OH, cl OH;
3 5
OH._ o
cl N OH i
N — /Pd—/_ + (3-10)
CI/ \OHz H20
5 6
Cl oH N
pa—"  — PLS (3-11)
H,0 H,oo > OH
6 7
y HO
C|\ )z Cl\ )—
O —on Pd (3-12)
Ho! l
H,0
7 8
HO o
C'\Pd) J/  + Pd® + HCl + H,0 (3-13)
H,0
8 9

Disagreement surrounding the identity of the rate-determining step has

focused on whether the hydroxypalladation (3—5) is the rate-determining step or an
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equilibrium immediately preceding the rate-determining step (5—6).°''? This is
linked to a controversy over whether the attack by the nucleophile on the double bond
in the hydroxypalladation step is internal (eq 3-14) or external (eq 3-15). One
proposed mechanism, which has eq 3-14 as the rate-determining step, proceeds via
internal nucleophilic attack on alkene © bond by a hydroxide that is coordinated to the
metal center. Another proposed mechanism, which has eq 3-10 as the rate-
determining step, specifies that the hydroxypalladation (eq 3-15) is initiated with a

relatively fast external nucleophilic attack by a water molecule.

Ha
H,C - C _ OH _
A AN cl
cl CH, Cl / Xcp ¥
\Pd/ > | — D Pd (3-14)
ANCEPARTEN: o o,
OH
4 5
.
HaCy 02 omy ; OHz
/I J ’ I
C_ / CHz G, [O\ /X c\_/
Pd P H — PaN (3-15)
a” om, cl OH, cl OH,
3
OH o
cl OH _
Cl OH; H20
5 6

Henry proposed a concerted nonpolar four-center transition state® (eq 3-14) in

the rate-determining step, similar to an I, (associative interchange) process.'” This
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mechanism has been described as “a cis attack of coordinated hydroxide upon one of

9969

the double bond carbon atoms™ and “a nucleophilic intramolecular attack on the

99102 68-77

coordinated alkene. Further investigation, using a low concentration of
chloride ion, showed that a combination of steric and electronic effects directs the
mode of this hydroxypalladation step (eq 3-14).

In the second mechanism proposed, the hydroxypalladation step is not the
rate-determining step but an equilibrium involving a relatively rapid external attack of
a water molecule upon a carbon atom of the alkene double bond (eq 3-15).”%"
Instead, the dissociation of a chloride ion CI' from the palladium B-hydroxyalkyl
intermediate 5 (eq 3-10) is proposed to be the rate-determining step of the
reaction,”®?7:103-105 However, data used to formulate these conclusions were obtained
from reactions carried out under a high (= 3 M) chloride ion concentration, so these
results may apply to a reaction other than that which is the subject of this study.

There may be some confusion surrounding the mechanism of this reaction
because many of these reactions were not run under the exact conditions of the

64,65

Wacker reaction. For example, reactants often had different ligands on

78-85 .86,95

palladium or used different nucleophiles; it has been reported” that either of
these can change the reaction mechanism. In addition, some studies”"'” have been
carried out with a much higher concentration of chloride (=3 M) than is used in the

traditional Wacker reaction (<1 M) developed by Smidt and co-workers®*®

(while at
Wacker Chemie laboratory). Initially, it was assumed®’ that using a chloride

concentration different from that in the original Wacker oxidation would not likely

change the steric course of the reaction. However, it was recently shown that this
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higher chloride concentration does indeed change the reaction mechanism, from syn
addition at low [CI7] to anti addition at high [C]].” Moreover, different products are
obtained with the different chloride concentrations.”” The relative reactivity data used
for our study were obtained under the lower [Cl'] (<1 M), so the studies® "’ pertinent
to this investigation are those carried out under analogous reaction conditions,
68-77

including low chloride ion concentration. Therefore, only the pertinent studies

under analogous conditions will be used herein for comparison and analysis.

3.2.2 Correlation plots

Alkene IPs, HOMO energy levels, LUMO energy levels, and relative rates for
the PdCl, oxidation of representative alkenes are shown in Table 3-4. The relative
rates were converted from a previous kinetic study,”’ in which the reaction was
carried out in low chloride concentration (<1M) at room temperature (25°C).
Experimental alkene IPs were collected from literature. Alkene HOMO and LUMO
energy levels were calculated by using the MNDO semi-empirical MO method.

Correlation lines with negative slopes were observed in the plots of log k.
values versus alkene IPs (Fig 3-7) and versus HOMO energies (Fig 3-8), which
indicate that this reaction is not an electrophilic addition to alkene C=C bonds, but a
nucleophilic one. Therefore, we correlated log k. values versus alkene LUMO
energies in Fig 3-9. The negative slopes in Fig 3-9 confirm that this reaction is a
nucleophilic addition to alkenes; a lower LUMO energy level corresponds to a greater

reaction rate within each sterically similar alkene group.
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Table 3-4. Alkene IPs (eV), HOMO energies (eV), LUMO energies (eV), and
relative rates of palladium chloride oxidation of alkenes

No. alkene IP¢ HOMO’ LUMO’ kel
1 | — 10.52 -10.17 1.31 897
2 | = 9.74 -9.97 1.12 241
3 | ™ —on 9.63¢ -9.93 1.14 103
4 |\ 9.63 -9.94 1.12 100
5 | T \ZLon 9.52° -9.92 1.18 35.9
6 =< 9.24 -9.80 0.99 44.9/
7 | /4N 9.12 9.79 0.93 76.9
8 | = 9.12 -9.78 0.93 87.2
9 {OH 9.01¢ -9.75 0.96 223

“Ref 61, unless otherwise noted. "MNDO method by Christopher Brammer. ‘Ref 70;
kwi values are relative to ke = 1.00 x 10? for 1-butene. The unit of rate constants is
M. “Ref 113. “Calculated by applying to the IP for 1-butene a correction factor
calculated as the difference between the IPs of 1-propene and 2-propen-1-ol: 9.63eV -
(9.74eV - 9.63¢V) = 9.52eV; Ref 114a. /Ref 71. #Calculated by applying to the IP for
2-propen-l-ol a correction factor calculated as the difference between the IPs of 1-
propene and trans-2-butene: 9.63eV - (9.74eV - 9.12eV) = 9.01eV; Refs 114a and
114b.
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10.3

10.8

Figure 3-7. Plot of log k. values versus alkene IPs.

alkenes

- ethene ®
11[ 0.99 monosubstituted @) ]
0.43 disubstituted ) PY
0.87 all
1.0 1.5 2.0 2.5 3.0

log k (rel PdCI, / H,O)

Data are from Table 3-4.

Negative slopes are obtained for correlation lines for sterically similar alkenes and for

all alkenes, regardless of steric requirements, which indicates a nucleophilic addition

to alkenes.
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-9.7

9.8 1 ©

-9.9
HOMO
(eV)
-10.0
r alkenes
— ethene L]
-10.1 || 0.92 | mono-substituted O
0.66 di-substituted L)) 1
0.85 all )
-10.2 T T T
1.0 1.5 2.0 2.5 3.0

log k (rel PdCI, / H,0)

Figure 3-8. Plot of log k. values versus alkene HOMO energies. Data are from
Table 3-4. Negative slopes are obtained for correlation lines for sterically similar
alkenes and for all alkenes, regardless of steric requirements, which indicates a

nucleophilic addition to alkenes.
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1.4
r alkenes
1
ethene ® Y
1.3 7 0.88 mono-substituted @)
0.60 di-substituted ©
0.44 all
1.2 5
LUMO 3 )
(eV) <
1.1 7 4
6
1.0 1 ')
© 8
9 7 O
0.9 T T T
1.0 1.5 2.0 2.5 3.0

log k (rel PdCl, / H,0)

Figure 3-9. Plot of log k1 values versus alkene LUMO energy levels. Data are from
Table 3-4. Data points naturally fall into different sterically similar alkene groups.
Correlation lines are given for monosubstituted alkenes (E ymo = 1.29 — 0.075 log ke,
r = 0.88, s = 0.056, and c.l. = 90%) and for disubstituted alkenes (E ymo = 1.06 —
0.063 log kel, 1 = 0.60, s = 0.102, and c.1. = 60%).

3.2.3 Substituent effects

The negative slopes of correlation lines in Figs 3-7 to 3-9 reflect that the
Wacker oxidation is a nucleophilic addition to alkenes. Within each sterically similar
group of alkenes, a lower LUMO energy corresponds to a greater reaction rate. The
natural grouping of data points for alkenes with different steric requirements in Fig 3-
9 reveals that rates of this reaction depend upon not only electronic effects but also
steric effects. For instance, the disubstituted alkenes react much slower than do those
monosubstituted alkenes with similar LUMO energies because of their greater steric

hindrance.
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3.2.4 Mechanistic analysis of the Wacker oxidation

One goal of the mechanistic analysis was to determine whether our work
could differentiate between the most likely proposed mechanisms for this reaction. A
multi-step pathway (steps 1 to 7) has been suggested for the Wacker oxidation.
However, debate surrounding the identity of the rate-determining step has focused on
whether hydroxypalladation (3—5) is the rate-determining step®™ or an equilibrium
preceding the rate-determining step (5—6).°>°” This is linked to the question whether

attack by the nucleophile on C=C in the hydroxypalladation is internal (4—5)*® or

external (3—5).”%"

Proposed reaction mechanisms for Wacker oxidation:

H,oC

N -
A i
Step 1 H,C=CH, + PdClj% =—= Pd + Cl (3-7)
a” el
1 2
HaC. HoC
A TSE cl /\CHZ
h ’ N - 3-8
Step 2 Pd\ T H0 /Pd\ + Cl (3-8)
o’ cl OH,
2 3
HaC HC OH__
o,/ CH, - HyO* [CI\ /X% e [N
Step 3 Pd + HyO Pd — Pd 3.9
N oH, @ | g ‘\Q/QHQ o Dou (3-9)
3 4 5
OR
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HaC OHy o

N /_/ /_/ -
N/ ‘3)'*/2\ “\ _He | N (399
Step3'  Pd + H0 Pd_ B AN _
CI/ \OHz CI/ OHy CI/ OH;
3 5
OH o
Cl
~ Noy /M L ¢ (3-10)
Step 4 Pd - Pd
cp Vs /
cl OH;, H20
5 6
Cl OH o M
Step 5 po—"  —— PN G-11)
H,O H,0” > O
6 7
’ HO
Cl\Pd/ . C|\
Step 6 N Pd (3-12)
HZO/ //—OH ,
H,0
7 8
HO)_ o
Cl
N / + Pd® + HCI + H,0 3-13
Step 7 P’d — 7 2 (-13)
H,0
8 9

In this section, evidence will be presented which supports internal attack
(4—5) as the rate-determining step, rather than loss of chloride (5—6) preceded by an
external attack (3—35) equilibrium. Our correlation study shows multiple lines with

negative slopes in the plot of log k. values versus alkene LUMO energy levels for
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the Wacker oxidation (Fig 3-9). This indicates that the overall reaction rate of the
Wacker oxidation is mainly influenced by a step (or steps), in which nucleophilic
attack upon the alkene C=C bond is involved and in which the alkene reactivity
depends upon both electronic and steric effects of the substituents.

The results of our correlation study are helpful in considering the
hydroxypalladation step and the rate-determining step of the reaction. The results of
other mechanistic studies also give experimental evidence which should be
considered in selecting which mechanism is more plausible. A step-by-step analysis
of the proposed mechanisms presents the pertinent experimental evidence, which is
useful in judging whether that step has an important influence on the rate of the

reaction.

Step 1: Alkene displacement of CI" from the metal center of PdCL*

H,C
"N -
Cl 7 CH, .
H,C=CH, + PdCl,Z —= Pd + Cl (3-7)
o’ e
1 2
e Not important: it is an electrophilic addition to an alkene C=C bond,*****7 while

experimental evidence indicates that the reaction with the alkene is nucleophilic.

Step 2: Replacement of chloride by a water molecule

H,>C H2C

N _ N
N /\CH2 N /\CHZ i .
Pd + H,0 =/ /Pd\ + Cl (3-8)
o’ cl OH,
2 3
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e Not important: the alkene C=C bond is not directly involved in this step.
Characteristics of the C=C bond would have little effect on this reaction, but
experimental evidence indicates that substituents on C=C influence the reaction
rate, both electronically and sterically.

One member of the graduate Advisory Committee (MHA) has asked why
Henry'"""* did not discuss the equilibrium leading to formation of the trans isomer
of 3 (trans-3). We believe this is because Henry realized that trans-3 would be
formed but would dissociate again, because it could not lead to product formation.
It is common practice in organic chemistry not to write all possible equilibrium

structures of a mechanism, but only to write those which lead to product formation.

Step 3: Hydroxypalladation by the internal attack mechanism®®

MG G OH _
. / CH, -Hz0* [ON / )CH'Z o |\

Pd_ + HO SN Tom | LN (3-9)
o’ oH, @ Lo ‘Q/" 2 La OH

3 4 5

Step 3a: Deprotonation of alkene complex 3

N N, -H0* | O\ / CH:

Pd + H,0 PAN (3-9a)
o \OH2 cl OH

3 4

e Not important: the alkene C=C bond is not involved in this equilibrium. Therefore,

substituents on the C=C bond would have little effect on this reaction, but
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experimental evidence indicates that electron withdrawing substituents on C=C
increase the rate.

One member of the graduate Advisory Committee (MHA) has asked why
Henry® concluded that olefin structure would not be expected to have a significant
effect (no “cis effect”) on the equilibrium shown in eq 3-9a, which would produce
the relative reactivities shown in Table 3-4. First, a “cis effect” is defined as "the
effect of a ligand upon the rate of ligand replacement of the group cis to itself.”'**
In eq 3-9a, the H,O ligand is not being replaced; it is being deprotonated.
Therefore, the “cis effect” would not apply here. Second, we assume that Henry
was aware that the effects of substituents drop off drastically after passing through
three sigma bonds; the only functionality with an electronegative atom in his study
was OH, and in each such functionalized alkene, the OH is two sigma bonds from
the m system, which is itself two or three sigma bonds from the proton being
abstracted (depending upon whether one considers the m-bonded olefin or the
metallacyclopropane bonding extremes of compound 4)."%* " Third, although the

trans effect is reported to be small, the cis effect is much smaller.''**¢

Step 3b: Addition of the coordinated OH" to the alkene C=C bond to give 5

HaCo OH _
./ CH]T @y [ON I~
Pd\) — Pd__ 1 oh
o Nou | 3 Lo -
4 5

This step is important in determining the overall reaction rate because it is a reaction

with the C=C bond and it is supported by a variety of experimental evidence:
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e [t is a nucleophilic addition to alkenes — an internal attack of the coordinated OH
on the C=C bond coordinated to palladium (eq 3-14).*® This is consistent with

experimental evidence that the overall reaction is a nucleophilic attack upon the

C=C bond.
Ho
H2C _ C - OH_
N N
Cl_ / CHa Cl \CHZ t cl
Pd M —_— /P\d\ ! — /Pd (3-14)
OH,
4 5

e A congested four-membered cyclic transition state is formed in this step (eq 3-14),”
producing strong steric effects reducing the reaction rate. This is consistent with
the experimental observation that the reaction rate depends upon steric effects as
well as electronic effects of the substituents.

e Methyl ketones are the major products from terminal alkenes.”**''® This is
consistent with the internal attack mechanism for the hydroxypalladation step, in
which the less hindered end of a terminal alkene is attached to Pd in intermediate
S5a, in order to minimize steric hindrance between the Pd complex and the alkene in

the transition state’® (eq 3-16).

cl B cl $ cl cl
H,O - -
CI—Pd—| —2% | CI—Rd~"7} - P (3-16)
I/I ‘\ : Hzo
OH H,0 HO
HO
4a S5a

e Similar four-membered cyclic transition states are proposed in rate-determining

steps for alkene hydroboration (eq 3-17) and for alkene hydrogenation catalyzed by
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Wilkinson’s catalyst (eq 3-18). In both cases, multiple lines have been observed in
their correlation plots, which are similar to Fig 3-9. The similar correlation plots
evidence similar electronic effects and strong steric effects among all three
reactions. Comparable steric effects in these reactions suggest that they share some
mechanistic characteristics, i.e. congested four-membered cyclic transition states in

their rate-determining steps.

l//////
+
wﬁ\

\Q
N \
N
N

E|; 5 B--1 - (3-17)
l} ]

H H” H

o] A fou ] o on] o

Rh e I T © Rh 3-18

o T =2

Step 3’: Hydroxypalladation by the external attack mechanism’*’’

+

OH
H,C. H Otz OH; N _
cl CHz gn, [Oh. /¢ ° /_/ —H TN
\Pd< S N =T =] | 619
o’ OH, o’ \OHQ Cl OH> cl OH,
3 5

Not important: this is proposed to be a reversible external attack of a free water

molecule upon the alkene C=C bond (3—5).”’

¢ The transition state of hydroxypalladation in the external attack mechanism is much
less congested than the four-membered cyclic transition state in the internal attack

mechanism. Therefore, steric effects on this equilibrium and consequently on the
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overall reaction rate would be expected to be much lower, which is not consistent
with the fact that steric effects on the rate of this reaction are strong. In
oxymercuration, which has an analogous mechanism, introduction of methyl at the
2-position of a terminal alkene accelerates the reaction by a factor of 1000; this is
opposite to that observed in the Wacker Reaction.

7780116 show that methyl ketones are the major products from terminal

e Experiments
alkenes in the Wacker oxidation (eq 3-19). External attack by H,O on a

monosubstituted alkene in hydroxypalladation (eq 3-20) would favor the less

hindered terminal carbon, in order to lower steric hindrance, giving aldehydes as

major products.
O
PdCl,
/: > (3_]9)
CuCl, O,
R R
OH
el OH
cl \/\ ’ ks cl -
N~/ Ho [C_ / P ICN
Pd_ 2 \pd\ ] e Pd (3-20)
CI/ OHy cl OH, CI/ OH,

External attack is reported in other Wacker-like reactions, and in those cases,
experimental results indicate attack at the terminal carbon. For example, in a
palladium complex catalyzed reaction between a terminal alkene and an alcohol
catalyzed via an external attack pathway, experimental evidence reveals that the

alcohol attacks the less hindered terminal carbon of the C=C bond (eq 3-21)."'"
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X
R—OH + ||—PdCl, HCl + PdCI (3-21)
X =0.CR, OR OR
Step 4: Chloride dissociation from intermediate 5
OH _ o
Cl OH -
“of . >Pd_/_ + (3-10)
o’ om, H20
5 6
Not important:

e In the internal attack mechanism,® it is proposed to be a fast reaction after the rate-
determining step and so would not affect the overall reaction rate.

e In the external attack mechanism,’’ it is considered to be the rate-determining step
of the Wacker oxidation and dissociation of a ligand from a 4-coordinated
intermediate 5 to give a 3-coordinated product 6. This step does not involve the

. . . . 117b
C=C bond. Moreover, in coordination chemistry,'"”’

such a dissociation is expected
to be sterically accelerated by bulky ligands. Therefore, increasing the degree of
substitution on alkene C=C bond would increase the size of the hydroxyalkyl ligand
in the 4-coordinated intermediate 5 and thus accelerate the rate-determining
chloride dissociation (step 4). However, this is in contrast to the observation that

this reaction is decelerated by increasing the degree of substitution on the alkene

C=C bond.
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Step 5: B-Hydrogen elimination of intermediate 6

C

I Cl

OH
Sog O e g (3-11)
/ /

H
S
d\ OH
H,0 H,0O
6 7

¢ Not important: it is a fast reaction after the rate-determining steps in both proposed

mechanisms.*>"’

Step 6: B-Hydrogen addition of intermediate 7

HO
Cl H
N S o )— _
ed, . Npg (3-12)
H,o > O |
Ho0
7 8

¢ Not important: it is a fast reaction after the rate-determining steps in both proposed

mechanisms.*>"’

Step 7: Deprotonation and dissociation of intermediate 8

) u— o]
C'\Pd / + Pd® + HCl + H0 (3-13)
|
H,0
8 9

e Not important: it is a fast reaction after the rate-determining steps in both proposed

mechanisms.®®"’
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Finally, based on the step-by-step analysis above, it can be concluded that the
results of our correlation study favor the proposed internal attack mechanism and

disfavor the proposed external attack mechanism for the Wacker oxidation.

3.2.5 Conclusion

Plots of log kw1 values versus alkene LUMO energy levels reveal multiple
nearly parallel lines of correlation with negative slopes, indicating that the Wacker
oxidation is a nucleophilic addition to alkenes, dependent upon both electronic and
steric effects. This result is consistent with the syn addition mechanism proposed by
Henry in which the rate-determining step is the nucleophilic hydroxypalladation.
However, the results of this study disfavor the mechanism proposed by Backvall and
co-workers, in which the hydroxypalladation is considered to be an equilibrium via a
anti attack of a water molecule to the alkene C=C bond and the rate-determining step
is dissociation of a chloride from the hydroxypalladation adduct. Comparison of the
results for PdCl, oxidation versus those for hydroboration and for oxymercuration,
combined with consideration of the two mechanisms proposed for PdCl, oxidation,
indicates that the syn addition mechanism for PdCl, oxidation of alkenes has

similarities to that for hydroboration.
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3.3 Correlations in homogeneous hydrogenation of alkenes in the presence

of Wilkinson's catalyst, RhCl(PPh;);

3.3.1 Introduction
Homogeneous hydrogenation of alkenes in the presence of RhCI(PPh;)s,
tris(triphenylphosphine)chlororhodium(I), which was developed in 1965 by

- - 126-128
Wilkinson and coworkers and named as Wilkinson’s catalyst, has been

129-156

extensively studied due to the interest in its mechanism and in its application in

157-164

organic syntheses. Using modifications of Wilkinson’s catalyst, homogeneous

asymmetric hydrogenations, catalyzed by rhodium diphosphine chiral complexes,

168,169

were developed later by Knowles'®'® and Noyori. Asymmetric

hydrogenations enabled the production of a single predicted enantiomer, of great

significance in the syntheses of pharmaceutical products,'>*'>>165-169

One early
industrial scale synthetic application was synthesis of L-DOPA, which is useful in the
treatment of Parkinson's disease and which is produced by enantioselective
hydrogenation of an a-amino acid catalyzed by a rhodium complex containing the
chiral diphosphine ligand DiPAMP.'” A wide range of similar catalysts has been
applied widely in industrial syntheses of medical drugs and other
materialg, 152155165169
The basic hydrogenation of alkenes (eq 3-22) shows sensitive selectivity to

157,161,162

different alkene C=C bonds with different substituents on it and can be easily

carried out under mild reaction conditions (room temperature and atmospheric

157-1
pressure of Hy)."”">’
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/ \ H,, RhCI(PPhs); . / (3-22)

Benzene

OH OH
96.5%

3.3.2 Proposed mechanisms
Several reaction mechanisms'**'*"!**1%¢ haye been proposed for this

homogeneous hydrogenation catalytic cycle, but the “hydride route” (as opposed to

99157 59136

the “alkene route or “substrate route” ") is believed to be the predominant
pathway."”’ Three proposed “hydride route” mechanisms of this reaction are shown
in Schemes 3-8, 3-9, and 3-10. Kinetic study'* has given the rate law of this reaction
(eq 3-23).

_ Kk[alkene][RhH ,CI(PPhy),]
[PPh,]+ K[alkene]

rate

(3-23)

For eq 3-20, k is the rate constant for the rate-determining step, alkene insertion into
the metal hydride bond. K is the equilibrium constant for the alkene coordination to
the rhodium metal center. In the hydride route, the dihydride rhodium complex

intermediate, RhH,CI(PPhs),, is formed via a reversible oxidative addition of H; to

rhodium catalyst (22 3 in Scheme 3-8 or 62 7 in Scheme 3-9). Therefore, this

reaction is first order in alkene, in hydrogen, and in rhodium catalyst.
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Scheme 3-8. A hydride route mechanism proposed for hydrogenation of alkenes by

using Wilkinson’s catalyst (P = PPh; and S = benzene as solvent)

There are five steps in the reaction sequence in Scheme 3-8:'*"""°! (1) PPh;

ligand dissociation 12 2; (2) oxidative addition of hydrogen (H;) 22 3; (3) alkene

coordination 32 4; (4) alkene migratory insertion into the Rh-H bond 4—5; and (5)

alkyl reductive elimination 5—2. In this mechanism, the alkene insertion 4—5 is

146-151

considered to be the rate-determining step, and the key intermediate is 4, an

octahedral dihydride alkene complex RhH,Cl(alkene)(PPhs),. All other steps are fast

131-133,146-151
4—5.

relative to the alkene insertion Positions occupied by S (S =

solvent) in 2, 3, 5 are considered to be either vacant or coordinated to a solvent

157,170

molecule."”” Some later studies tend to support the idea that a solvent molecule

is associated with the Rh center at each of those positions.

A second hydride route mechanism (Scheme 3-9)'>

differs slightly regarding
(a) the structures of the key intermediates (9 in Scheme 3-9 versus 4 in Scheme 3-8)

and (b) the involvement of the solvent molecules because no solvent molecule is
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involved in this proposed mechanism. In this alternative mechanism, an

isomerization (72 8) precedes the formation of a key intermediate 9, which possesses

cis biphosphine ligands. All these first four steps (12 6, 62 7, 72 8, and 82 9) are

considered to be fast equilibria.'”™ Then, the rate-determining alkene insertion
(9—10) is followed by a fast alkyl reductive elimination (10—6) to give the final

hydrogenated product and to regenerate 6.'>>'**

\H
- P + H2 ,\\\\
Cl—Rh——P =+—=> Cl—Rh =——> Cl—Rh
+P - Hy | \H
P
P P
1 H H 6 7
\\H//
Y
P cl H H
\\ S
H—Rh“\\\ slow ", .\\“\P + < N
- Rh <~——5 H—Rh

Scheme 3-9. A second hydride route mechanism with isomerization, proposed for

hydrogenation of alkenes by using Wilkinson’s catalyst (P = PPhj)

In an ab initio computational mechanistic investigation'’*""" of the Scheme 3-
8 pathway, the potential energy profile for the full catalytic cycle of alkene
hydrogenation in the presence of the Wilkinson's catalyst was studied. The
geometries of the transition states, as well as of the intermediates, were determined at

the RHF/ECP level by using a variety of basis sets, for each step of the reaction cycle.
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It was found that the alkene insertion step has the highest energy barrier in the full
catalytic cycle of this reaction, predicting it to be the rate-determining step of this
reaction. This conclusion is consistent with both mechanisms shown in Schemes 3-8

146-151,153
and 3-9. ’

156

A third hydride route mechanism (Scheme 3-10) > was proposed based on

kinetic analyses indicating that a solvent molecule S (S = benzene) is involved in the

catalytic sequence. In this mechanism, the rate-determining step, which is preceded

by four fast complexation equilibria®® in two different routes (12223 and

12 112 3), is formation of the 6-coordinate intermediate 4 (3—4). Then, this 6-

coordinate intermediate 4 undergoes a fast decomposition to yield the alkane product

and to regenerate Wilkinson’s catalyst 1.'°

13
4
T
\%
/2
o
Qﬁ
I—1T
>
T

Scheme 3-10. The third hydride route mechanism (P = PPhj, S = benzene as solvent)

Another totally different mechanism for alkene hydrogenation in the presence

of Wilkinson’s catalyst and various Lewis acids, such as AlCl;, BF3, AlPh;, etc., has
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been proposed.'** However, the reaction conditions used in that study are so different

146-151,154,156

from those discussed above, that this may constitute a different reaction,

and a mechanistic comparison is probably invalid.

3.3.3 Correlation plots

Alkene experimental IPs, alkene computational LUMO energy levels, and
relative rates for homogeneous hydrogenation of alkenes in the presence of
Wilkinson’s catalyst are given in Tables 3-5 and 3-6. The two sets of relative rate
data in Tables 3-5 and 3-6 were converted from two previous studies,'’*'">'’® in
which both reactions were carried out under similar reaction conditions (at room
temperature and using benzene as solvent). As was done previously, cyclic alkenes
and aryl alkenes are excluded here in order to avoid complications due to ring strain
or conjugation with phenyl. Experimental alkene IPs were collected from literature

and the alkene LUMO energy levels were calculated by using ab initio method at

HF/6-31G* level.

Table 3-5. Alkene IPs(eV), LUMO energy levels(eV), and relative rates of catalytic
hydrogenation of alkenes by using Wilkinson's catalyst (A)

No. alkene IP* LUMO’ kel
1 | —/—on 10.167 4.66 410°
2 | AN 9.59/ 5.32 117.9
3| /AN 9.48 5.11 100
4 = 9.08 5.18 93.1
5 |\ 9.04 533 79.3
6 | — 8.98 5.37 34.5

112



7T [ N=_ 8.97 5.35 6.9
8 v=/\ 8.97 5.20 6.8°
9 /=C 8.57¢ 5.23 2.7°
10 >=< 8.27 5.36 1.4¢

“Ref 61, unless otherwise noted. “Ab initio at HF/6-31G* level by Christopher
Brammer. ‘Refs 172 and 173; k. values are relative to k. = 1.00 x 10? for 1-hexene.
The unit of rate constants is mole's™'. “Ref 174. ‘Ref 172; converted to relative rates
from rates of H, consumption. ’Calculated by applying to the IP for 1-decene, a
correction factor calculated as the difference between the IPs of 1-decene and 1-
octene: 9.51eV + (9.51eV — 9.43eV) = 9.59¢V; Ref 175. #Calculated by applying to
the IP for 3-ethyl-3-hexene, a correction factor calculated as the difference between
the IPs of cis-2-pentene and cis-3-hexene: 8.48¢V + (9.04eV — 8.95¢V) = 8.57eV; Ref
61.

Table 3-6. Alkene IPs(eV), LUMO energy levels(eV), and relative rates of catalytic
hydrogenation of alkenes by using Wilkinson's catalyst (B)

No. alkene IP* LUMO" kel
11 RCN 10.91¢ 2.80 1470
12 RCOOMG 10.72¢ 3.15 350
13 | T/—cN 10.18° 4.22 490
14 | —~—on 10.16/ 4.66 340
15 jOAC 9.857 4.47 160
16 | —= AV 9.48 5.11 100
17 ROEt 9.15% 5.51 180
18 =</\ 9.08 5.18 69
19 =L 8.91 5.00 41
20 | /AN 8.84 5.32 54
21 | N\= 8.83 5.31 17

“Ref 61, unless otherwise noted. ’Ab initio at HF/6-31G* level by Christopher
Brammer. ‘Ref 176; k. values are relative to k. = 1.00 x 10 for 1-hexene. ‘Ref

177. “Ref 178. /Ref 174. $Ref 179.
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Figure 3-10. Plot of log k. values for homogeneous hydrogenation of alkenes by
using Wilkinson’s catalyst versus corresponding alkene IPs. Data used for this plot
are given in Table 3-5. Negative slopes are obtained for correlation lines for
sterically similar alkenes and for all alkenes, regardless of steric requirements, which

indicates a nucleophilic addition to alkenes.
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Figure 3-11. Plot of log k. values for homogeneous hydrogenation of alkenes by
using Wilkinson’s catalyst versus corresponding alkene IPs. Data used for this plot
are given in Table 3-6. Negative slopes are obtained for correlation lines for
sterically similar alkenes and for all alkenes, regardless of steric requirements, which

indicates a nucleophilic addition to alkenes.
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Figure 3-12. The plot of the log k. values for homogeneous hydrogenation of
alkenes by using Wilkinson’s catalyst versus corresponding alkene LUMO energies.
Data used for this plot are given in Table 3-5. Data points for tetra-, tri-, and trans-
disubstituted alkenes are naturally separated from those for terminal and cis-
disubstituted alkenes. Correlation line is given for terminal and cis-disubstituted

alkenes (Erymo = 6.54 — 0.68 log ki1, 1 = 0.89, s = 0.356, and c.l. = 98%)).
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Figure 3-13. The plot of the log k. values for homogeneous hydrogenation of alkenes
by using Wilkinson’s catalyst versus corresponding alkene LUMO energies. Data
used for this plot are given in Table 3-6. Similar to Fig 3-8, correlation line is given
for terminal and cis-disubstituted alkenes (E umo = 7.96 — 1.51 log ke, r = 0.80, s =
0.925, and c.l. = 99%).

Similar to the PdCI, oxidation of alkenes discussed in the previous section,
negative slopes were also observed in the plots of log & values versus alkene IPs for
alkene hydrogenation (Figs 3-10 and 3-11). Therefore, alkene catalytic
hydrogenation is also a nucleophilic addition to alkenes. We thus correlated the log
kit values versus alkene LUMO energies to ascertain the relative importance of
electronic and steric effects. Correlation lines of log k. values versus alkene LUMO
energies for terminal and cis-disubstituted alkenes studied herein are shown in Figs 3-
12 and 3-13. However, the data points for alkenes with different steric requirements,

such as trans-disubstituted, trisubstituted, and tetrasubstituted alkenes, are deviant
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from the line of correlation. The results of this correlation study indicate that the
reaction rate this reaction depends upon both electronic and steric effects. The trend
displayed in Fig 3-12 seems not very convincible because alkene 1 (allyl alcohol) is
the only functionalized alkene in the sterically similar alkene group, and is obviously
separated from the data points for the other olefins. However, in Fig 3-13, in which
more than half of the alkenes are functionalized alkenes, a trend similar to that shown

in Fig 3-12 is also observed, which confirms the validity of the results from Fig 3-12.

3.3.4 Substituent effects and mechanistic analysis
The negative slopes of the plots in Figs 3-12 and 3-13 agree with previous

180-183

findings that this reaction is a nucleophilic addition to alkenes, with a lower
LUMO energy level corresponding to a higher reaction rate. The slopes in the plots
are opposite to those in most of our previous investigations, which explored
electrophilic additions. However, the correlation plots of this reaction is similar to
that of PdCl, oxidation (multiple lines with negative slopes), which is also a
nucleophilic addition reaction (see section 3.2).

The conclusion that the reaction rate in homogeneous hydrogenation catalyzed
by RhCI(PPh;); is controlled predominant by a step involving nucleophilic attack on
the alkene C=C bond is consistent with both the first and the second proposed

147-151

mechanisms (Schemes 3-8 and 3-9). These mechanisms have virtually identical

rate-determining steps, each proposed to be an intramolecular alkene insertion into

the Rh-H bond (4—5 in Scheme 3-8 and 9—10 in Scheme 3-9). The structural

changes during the insertion have been described”’ as a symmetrical alkene 1>
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coordination, shifting to a n'-coordinated species and picking up the hydride from the
metal at its uncoordinated carbon. Therefore, the rate-determining steps are

nucleophilic addition to alkenes in the first and second proposed mechanisms."”'®°

The alkene coordination to the rhodium metal center (32 4 in Scheme 3-8 and 82 9

in Scheme 3-9) is the only step involving alkene C=C bond among all the equilibria
prior to the rate-determining step. The alkene coordination step must play a minor
role in determining the reaction rate because it is an electrophilic process, while the
reaction is overall a nucleophilic addition to alkenes.

However, the results of our study disfavor the third proposed mechanism
(Scheme 3-10),"° in which alkene complexation to the metal center (3—4 in Scheme
3-10) is predicted to be the rate-determining step. In this step, the alkene coordinates
to the Rh center, which constitutes an electrophilic attack of Rh center on the alkene ©t
bond. There is no alkene involved in all the equilibria prior to the proposed rate-
determining step in this mechanism. Therefore, the results of our study do not

support the third proposed mechanism.

3.3.5 Comparison with Wacker oxidation

The catalytic hydrogenation of alkenes by using Wilkinson’s catalyst has
similarities to and differences from the PdCl, oxidation of alkenes (the Wacker
Reaction): (1) the slopes of the lines in the plots of log k. values versus alkene
LUMO energies for both reactions are negative, which indicates that both reactions
are nucleophilic additions to alkenes; (2) the rate-determining steps in Scheme

3-8'4718 and Scheme 3-9'% are both alkene insertions into an Rh-H bond similar to
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the alkene insertion into a Pd-OH bond in the PdCI, oxidation (eq 3-14); (3) the rate-
determining steps both in catalytic hydrogenation in the presence of Wilkinson's
catalyst (eq 3-24) and in the Wacker oxidation (eq 3-25) have been proposed to
involve similar four-membered cyclic transition states; (4) data points in plots for
PdCl, oxidation separate naturally into different sterically-similar alkene groups, as
do those in the plots for alkene hydrogenation; and (5) geminal and vicinal cis-
disubstituted alkenes fall into the same sterically similar group as the monosubstituted
alkenes in alkene hydrogenation (Figs 3-12 to 3-13), while all disubstituted alkenes
fall into a different group in PdCl, oxidation, which implies greater steric effects in

the latter reaction.

N7 th\ B —— Rh (3_24)
ofifed S 7| >
— v/ H
| Ep—
- Cl

cl /_\ c|:| o T | -
| Hz0 (3-25)

ClI—Pd——O0OH | —=—> | CI—Pd-~- — |CI——Pd—O0H,

70
| i ! OH
| I—

The display of similar electronic effects in the two reactions is not surprising.

H % H
Ol sl

Rh and Pd might be expected to form organic derivatives which have similar
characteristics, based on their joint membership in the second triad of groups 9 and
10; they are both “platinum metals.”'**'*> Similar nucleophilic characteristics in both

reactions could be rationalized by the nucleophilic attacks upon one carbon atom of
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the alkene double bonds by the nucleophilic hydride in the hydrogenation and by the
nucleophilic hydroxide in the Wacker reaction.

The different steric effects in the two reactions could probably be derived
from steric congestion at an alkene carbon atom, from steric congestion about the
central metal, or from other sources. Several explanations for the differing steric
effects in the transition states of the two reactions can be offered:

(A) The different sizes of the groups migrating to the alkene carbon must be
considered; a hydroxide (-OH) is much larger than a hydride (-H), so its migration
might be expected to cause greater steric congestion at the alkene carbon in Wacker
reaction, as observed.

(B) The different sizes of the solvent molecules entering as ligands are
significant. An entering benzene ligand might be expected to cause more congestion
than an entering H,O ligand (eqs 3-24 and 3-25). However, this is inconsistent with
lower steric effects in the Wilkinson reduction than in the Wacker Reaction, so the
entering solvent does not produce the observed steric effect in these reactions. This

supports the practice of omitting solvent from mechanistic schemes drawn for this

146-152 153-155

reaction, often done by Halpern and by Brown.

(C) The smaller steric effects in spite of a larger entering solvent ligand in
alkene hydrogenation (eq 3-24) than in the Wacker reaction (eq 3-25) might also be
explained by the former being an I3 (dissociative interchangel%) process of an
octahedral complex and the latter being an I, (associative interchange'*®) process of a

square planar complex. The designations “I4 process” and “I, process” follow the

generalized nomenclature for mechanisms of ligand exchange.'” An I, process has
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both the entering and leaving ligands more dissociated and farther apart than an I,
process, as depicted in eqs 3-24 and 3-25. Although we have no experimental
measurements to compare distances between the metals and entering ligands in the
transition state structures, there are some data available for similar ground state
molecules. Studies show that the average distance between Rh and the two
coordinated  benzene carbons in the product [Rh(n-CsHs){B,a,1,2-1-
CeHsC(Ph)=CH,}] is about 2.21 A,' which is greater than the distance (2.10 A)
between Pd and O in the product [Pd(C,H,OH)(H,0)Cl,]."*"'#

(D) However, the calculated bond lengths of Pd-Cl and Pd-C are 2.30 A and
2.20 A" respectively in the four-membered transition state of the rate-determining
insertion of [PdCI,H(C,H4)], while the calculated bond lengths of Rh-Cl and Rh-C
are 2.30 A and 2.21 A,"”° respectively, in the four-membered transition state of the
rate-determining insertion of [RhCI(PH3),(C,H4)H;]. These are almost identical and,
therefore, would lead one to predict similar steric effects in the transition state
structures in these two reactions.

(E) A theoretical calculation'’ predicts the Rh-C bond strength in Rh-C,Hs of
50.3 kcal/mol, which is higher than that of Pd-C bond in Pd-C,Hs (40.9 kcal/mol).
The stronger developing Rh-C bond in the transition state structure might cause the
alkene migratory insertion transition state in catalytic hydrogenation to be later with
somewhat less steric effects than in the Wacker oxidation.

(F) Calculations' ™ have predicted a late transition state for the hydrogenation
of alkenes catalyzed by Wilkinson’s catalyst, which is consistent with the prediction

that the rate-determining step of this reaction is an endergonic process.”*"”' A late
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transition state, in which only one carbon is significantly bonded to Rh and the Rh-H
bond is nearly broken, could explain the reduced steric effects. Therefore, a later
transition state in alkene hydrogenation by using Wilkinson’s catalyst than in the

Wacker oxidation might also contribute to slightly smaller steric effects in the former.

3.3.6 Conclusion

Negative slopes of correlation lines in the plots of log 4 values versus alkene
IPs and versus alkene LUMO energies are obtained for hydrogenation of alkenes by
using Wilkinson’s catalyst. This indicates that this reaction is a nucleophilic addition
to alkenes. The natural separation of data points into sterically similar groups in each
plot indicates that this reaction is dependent upon both electronic and steric effects.
Results of this study are consistent with the two proposed mechanisms with an alkene
migratory insertion into Rh-H bond as the rate-determining step, but inconsistent with
a proposed alternative mechanism with coordination of an alkene to the metal center

of a rhodium complex as the rate-determining step.
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Chapter Four

Substituent Effects in Alkene Halogenations

Abstract: In order to investigate the substituent effects in alkene halogenations, we
have correlated relative reactivities of alkenes versus their IPs and HOMO energies
for several different alkene halogenations in this chapter. Similarities and differences
among these reactions are discussed. The plots for alkene bromination (Br;) and
chlorination (Cl;) each shows a single line of correlation with positive slope among
all alkenes, regardless of their steric requirements, which indicates that they are
electrophilic additions to alkenes depending predominantly upon electronic effects.
However, in interaction with iodine (complexation with 1), each plot exhibits a
natural separation into groups of similarly-substituted alkenes, which indicates that
steric effects and electronic effects are both important here. The plots for ISCN
addition to alkenes reveal that the alkene relative reactivity in this reaction depends
mainly upon electronic effects, while steric effects also play an important role within
each similarly-substituted alkene group. Steric effects are related to the relative
position, size, and branching of alkyl substituents on C=C bonds in ISCN addition.
Some interesting trends are observed through comparing ISCN addition to alkenes
with ICI addition to alkenes and with alkene bromination and chlorination. Studies
included in this chapter have been published in two different papers: (1) Nelson, D. J.;
Li, R.; Brammer, C. Journal of Organic Chemistry 2001, 66, 2422-2428; (2)
Brammer, C.; Nelson, D. J.; Li, R. Tetrahedron Lett. 2007, 48, 3237-3241. Copies of

the reprints of the two papers are attached at the end of the dissertation.
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4.1 Substituent effects on alkene reactivities in bromination and in

chlorination of alkenes

4.1.1 Introduction
Additions of halogens X, (X =F, CI, Br, and I) to C=C bonds of alkenes yield
1,2-dihalide products, which, termed as halogenation of alkenes, are very important

. . . . 1-2
reactions in organic chemistry.

The most widely applied and intensively studied
alkene halogenations are additions of Br, (bromination) and Cl, (chlorination),
whereas fluorination (F,) and iodination (I;) are less commonly used in practice
because the former is too reactive to control while the latter is not reactive enough to
give satisfactory yield of products.' Therefore, our correlation study in this section
will only focus on bromination and chlorination of alkenes.

The rate-determining step in both bromination and chlorination is believed to
be the formation of a three-membered cyclic halonium cation intermediate by an
electrophilic attack of a halogen molecule on the C=C bond. This halonium
intermediate is then quickly attacked by a nucleophile X  to yield the final 1,2-

16

dihalide products (eq 4-1)."* Previous kinetic studies of bromination®'® and

C 17419
chlorination

of alkenes allow us to carry out correlation studies on these reactions
to ascertain the relative importance of steric and electronic effects of substituents in

the rate-determining steps.

N=o Xe. [/ X+\ — X - X\C—C//
P S O . S (4-1)
X =Cl, Br
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4.1.2 Correlation plots
Table 4-1 lists experimental alkene IPs, computational alkene HOMO energy
levels, and relative reaction rates of representative alkenes with bromine (Br;) and

chlorine (Cl,). The relative rates for alkene bromination’'® and for alkene

19 were converted from previously reported kinetic data. The

chlorination
experimental alkene IP values were collected from literature. The alkene HOMO
energy levels were calculated by using the MNDO method described in the previous

study.”

Table 4-1. Alkene IPs (eV), HOMO energies (eV), and relative reaction rates of
bromination and chlorination of alkenes

No. | alkene IP¢ HOMO’ Relative rates
Bl‘zc Clzd
1 >=< 8.27 -9.49 1.40 x 10° 430x 10
2 /=< 8.68 -9.63 1.40 x 10° 1.10x 10°
3NN 8.95 9.76 9.76 x 10°
4 | AN 8.97 -9.76 3.57 x 10
5 =</\ 9.08 -9.79 895
6 | /N 9.12 -9.79 4.05x 10° 6.30 x 10’
7 |~ 9.12 -9.77 2.62x10° 5.00 x 10°
8 | =, 9.15 -9.79 1.60 x 10°
9 =< 9.24 -9.80 5.80 x 10
10 | ™ _ope 9.44° -10.17 7.20"
11 ;é 9.45 -9.96 40.48 115
12 | /™ AN/ 9.48 -9.97 100
13 | = 9.63 -9.94 148
14 | = 9.74 -9.97 100
15 — 9.93¢ -10.49 5.00x 107
g <
16 | ™\ _oac 10.09" -10.34 0.72
17 | T\ _cn 10.18' -10.53 0.70
18 | T\_q 10.34' -10.48 0.06 0.300

“Ref 21, unless otherwise noted. "MNDO method by Christopher Brammer. “Refs

5-11; ke values are relative to k. = 1.00 X 10? for 1-hexene. “Ref 17; ko values
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are relative to k. = 1.00 x 107 for 1-hexene. “Ref22. ‘For the corresponding ethyl
ether. ®Ref23. "Refs 24 and 25. 'Ref 26.

Correlation plots of log k. values for alkene bromination versus alkene IPs
and versus alkene HOMO energy levels are shown in Figs 4-1 and 4-2 respectively.
The correspondent plots for chlorination of alkenes are shown in Figs 4-3 and 4-4.
Since a higher IP corresponds to electron removal from a lower-energy molecular
orbital, IP values were listed in increasing magnitude proceeding down each plot, in

order to make the plots comparable to those using HOMO energy levels.

8
9 _
P
(eV)
alkenes
10 - 0.89 mono-substituted @)
0.55 di-substituted O
tri-substituted =)
tetra-substituted @
0.97 all
1" T T T T
2 0 2 4 6 8

log k(rel Br,)

Figure 4-1. Plot of log k. values of alkene bromination versus alkene IPs for
reaction conditions Br,/NaBr/MeOH; data are from Table 4-1. All data points,
regardless of steric requirements, lie on one line of correlation (IP = 9.99 — 0.27 log

krel, 1=0.97,s=0.057, and c.l. = 99.98%)).
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-9.4

-9.8 7
HOMO
(eV)
10 alkenes
102 1 0.95 mono-substituted O
0.63 di-substituted ©
- tri-substituted (=)
- tetra-substituted ®
0.97 all
-10.6 T T T T
-2 0 2 4 6 8

log k(rel Br,)

Figure 4-2. Plot of log k. values of alkene bromination versus alkene HOMO
energies for reaction conditions Br,/NaBr/MeOH; data are from Table 4-1. All data
points, regardless of steric requirements, lie on one line of correlation (Euomo = 0.15

log ki1 - 10.31, r=10.97, s = 0.034, and c.l. = 99.98%).
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r alkenes
0.95 mono-substituted O
0.55 di-substituted [ )
tri-substituted =
9 - tetra-substituted @
0.99 all 7
IP 9
(eV)
10 - ©
15
11 , . .
-6 1 4 9
log k(rel ClI,)

Figure 4-3. Plot of log k. values of alkene chlorination versus alkene IPs for
reaction conditions Cl, gas/O,/dark; data are from Table 4-1. Except for point 15, all
data points, regardless of steric requirements, lie on one line of correlation (IP =
10.13 — 0.25 log keet, r = 0.99, s = 0.061, and c.l. = 99.98%). Point 15 is not included
in the line of correlation because of its obvious deviation from the line. If it was
included, the correlation would be much weaker (IP = 9.75 — 0.16 log k), r = 0.89,
and s = 0.125). The deviation of IP from the line for point 15 would be over 4 times

of standard deviation.
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-9.0

r alkenes
1/l 0.99 | mono-substituted O
0.67 di-substituted @
95 1| - tri-substituted (=) ?
tetra-substituted ® 6 ?
HOMO
(eV) -10.0 1
-10.5 1

log k(rel Cl,)

Figure 4-4. Plot of log k. values of alkene chlorination versus alkene HOMO
energies for reaction conditions Cl, gas/O/dark; data are from Table 4-1. Except for
point 15, all data points, regardless of steric requirements, lie on one line of

correlation (Egxomo = 0.11 log ki - 10.25, r=0.95, s = 0.059, and c.l. = 99.98%)).

4.1.3 Alkene bromination

The plots of alkene IPs and HOMO energies versus log k. values for
bromination (Br,/NaBr/MeOH), shown in Figs 4-1 and 4-2 respectively, each has a
single line of correlation with an good correlation coefficient among all alkenes,
regardless of the degree of substitution about the C=C bond. In both cases, this
correlation is better than those within groups of sterically similar alkenes, for
instance, the mono-substituted alkenes and the di-substituted alkenes. Therefore, it
could be concluded that electronic effects play a predominant role in the rate-
determining step of this reaction, while steric effects are less important. The positive

slopes in the plots indicate that this is an electrophilic addition of electrophile
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bromine (Br;) to the carbon-carbon double bonds of alkenes. Increasing electron-
donating groups, such as alkyls, on alkene C=C bond would enhance the alkene
HOMO energy level and lower the alkene IP value and thus increase the alkene
reactivity in this reaction. In contrast, if the substituent is an electron-withdrawing
group, the result is opposite. For instance, electron-withdrawing substituent groups,
-Cl, -CH,Cl, -CH,CN, and -CH,OAc in this study, all lead to lower reaction rates.

In a study reported by Dubois and Mouvier, a two-parameter equation
employing Taft’s inductive constant (6*) and steric substituent constant (Es) was
necessary to achieve a linear correlation because of the steric requirements of the
substituents. In our study which includes alkenes with large substituents, for
example, a #-butyl group in 3,3-dimethyl-1-butene (11), a linear correlation with the
IPs was obtained; this means that this type of study may be more likely to give a
suitable treatment without use of additional steric parameters.

Similar correlations and plots of alkene IPs versus log k. values for alkene
bromination under other reaction conditions'’ (Bro,/HBr/CH,Cl,) also gave a single
line of correlation regardless of the number of alkyl groups on the C=C bond and with
an excellent correlation coefficient (ry; = 0.98) (plot not shown). However, data and
plots (not shown) for bromination in the presence of HOAc'® showed virtually no
correlation for all alkenes (ryy = 0.26) or for sterically similar groups; it is unlikely
that this is due to the acidic conditions, since bromination'’ using Bro/HBr gave good
results. Rather it is probably that each alkene included in the study using HOAc'® had

a functional group, which could offer conjugative stabilization directly to an alkenyl
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carbon and could thereby stabilize a carbocation formed from the alkene; this could

lead to involvement of mixed reaction mechanism pathways.

4.1.4 Alkene chlorination

The correlation plots (Figs 4-3 and 4-4) for chlorination (Cl, gas/O,/dark'”’)
show appearance similar to that for bromination. The best correlation is obtained by
considering all alkenes as a single group with the correlation coefficients ry; = 0.99
for log k. values versus alkene IPs and ry; = 0.95 for log k.. values versus alkene
HOMO energies. This result implies that, similar to bromination, alkene chlorination
is also an electrophilic addition to C=C bonds without significant steric effects. The

d'"" as compatible with a

reactivities of the alkenes in this reaction are interprete
transition state which involves partial bonding of the chlorine molecule with both
termini of the olefinic system and with little development of positive charge on one
carbon, as in a T-complex.

In an alkene chlorination study by Poutsma,'” it was found necessary to use
only the 6* constant in order to achieve linear correlation. However, attempts to
include allyl chloride and alkene with a bulky #-butyl substituent in that correlation
gave less satisfactory correlation. In contrast, allylic compounds and alkenes with
large substituents were included in the correlations study herein without problems.

Poutsma'’ warned of dangers in extrapolating from linear to branched alkenes
since branching stabilizes possible carbocation formation. This could switch the

mode of chloronium ion decomposition or switch the mechanism from one with a

cyclic chloronium intermediate to one with an open carbocation. While we found no
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problems achieving correlation with the branched olefins studied herein, we did find
problems including aryl substituents, probably for that reason. We attempted to
include 1,2-dichloroethene (15) in the plots, which was also excluded in Poutsma's
study, but found that its point fell far from the correlation line. It is possible that the
chlorine substitution directly on the double bond converts the reaction mechanism, in
a manner similar to one of the mechanistic pathway changes discussed above, and
thus the data points for 15 were not included in the correlation lines in Figs 4-3 and 4-
4.

Chlorination data obtained using Cl,/HOAc'® were plotted versus alkene IPs
and versus HOMO energies (plots not shown). Similar to the results obtained for
bromination in the study using HOAc as solvent, we found no correlation for
sterically similar groups or for all alkenes regardless of the degree of substitution in
the plot of log k. values versus alkene IPS (rmono-sub = 0.83, rgisup = 0.43, and 1y =
0.14). The results for log k. values versus alkene HOMO energies are essentially the
same as those for versus alkene IPs. Once again, the alkenes included in this study'®
each had a functional group, which could offer conjugative stabilization with a

carbocation and could lead to involvement of mixed reaction mechanism pathways.

4.1.5 Comparing chlorination with bromination

In the previous correlation study, we found that reactions with similar
mechanisms always gave correlation plots with similar appearances. Chlorination
and bromination both involve the formation of the halonium ion intermediate in their

rate-determining steps, and so each plot of alkene IPs versus log k. values in both
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reactions yields one single line with a positive slope, regardless of the steric
requirements of the alkenes. The results indicate that the rate-determining step in
each is an electrophilic addition influenced more by electronic effects than by steric
effects.

However, careful analysis about the plots (Figs 4-1 to 4-4) or the data in Table
4-1 indicates that there still exist some differences in the relative importance of
electronic and steric effects in these two reactions to some extent. For instance, the
increase of relative rate caused by adding an extra methyl onto cis-2-butene (IP =
9.12 eV) to become 2-methyl-2-butene (IP = 8.68 eV) for alkene chlorination is five
times greater than that for alkene bromination. Therefore, the electronic effects are
stronger in chlorination than that in bromination, probably because chlorine is an
electrophile stronger than bromine. The steric effects in bromination seem greater
than those in chlorination, though the steric effects are not significant overall in both
reactions. For example, the difference in relative rates between cis- and trans-2-
butene (IP = 9.12 eV in both cases) in bromination is greater than that in chlorination,
probably due to the greater steric requirements of bromine (Br;) than those of

chlorine (Cl,) in the rate-determining transition states.

4.1.6 Conclusion

Alkene bromination and chlorination both give single lines of correlation with
positive slopes in the plots of logarithms of relative rates versus alkene IPs and versus
alkene HOMO energy levels. The results of this study indicate that both reactions are
electrophilic additions to alkene C=C bonds, depending predominantly upon

electronic effects in the rate-determining steps. Comparison between these two

147



reactions reveals that the electronic effects are stronger in chlorination than in
bromination, while the steric effects in chlorination are weaker than in bromination.
The difference in substituent effects between these two reactions could be
rationalized with the strong electrophilicity and small size of chlorine (Cl,), relative

to those of bromine (Bry).

4.2  Substituent effects in alkene complexation with iodine
4.2.1 Introduction

Adding I, to alkene C=C bonds to give 1,2-diiodo products, unlike alkene
bromination and chlorination that are readily carried out under mild conditions, can
only be achieved in the presence of UV irradiation or some catalysts under very low

temperature. >’ >*

Under normal conditions, iodine I, forms only complexes with
alkenes (eq 4-2)**°°° and other carbon-carbon T systems via thermodynamically
controlled equilibria.’’ 1In this section, we investigated the substituent effects of a

series of alkenes on their relative reactivity toward the complexation with solid

molecular iodine (I,).

>C: C< + I,

4.2.2 Correlation plots

|

A study of interaction between gaseous alkenes and solid iodine via a gas-
solid chromatographic (GC) technique by coating solid iodine on the support material
of a GC column has been reported by Cvetanovi¢ and co-workers.® The equilibrium
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constants for the overall complexation process from their experiments were treated
mathematically in two ways, not accounting for complexation with untreated support
material and accounting for it. The relative values of the equilibrium constants
treated in both ways, not accounting for complexation with support material (w/o
support in Table 4-2) and with accounting for it (w/ support in Table 4-2), are listed
in Table 4-2. Alkene IPs were collected from literature and HOMO energies were
calculated by using the MNDO method.

Table 4-2. Alkene IPs (eV), HOMO energies (eV), and relative equilibrium
constants of alkene complexation with solid iodine

No. | alkene IP* HOMO” Relative reactivity*
K1 (W/0 support) Kl (W/ support)
1 — 8.27 -8.70 34 7.3
2 \/:< 8.607 -8.99 22 4.6
3 /=< 8.68 -8.86 9.6 3.5
4 | SN 9.04 -9.27 35 31
5 I\ AV 9.04 9.21 6.6 4.4
6 | =CA | 908 -9.36 18 11
ARV aN 9.12 -9.26 9.6 7.9
8 |~ 9.12 9.25 2.5 1.7
9 =</ 9.15 -9.37 8.8 6.3
10 =< 9.24 -9.39 2.5 1.3
11 | ==\ 9.52 -9.62 100 100
12 | /™« 9.53 -9.70 34 34
13 | ==/ 9.63 9.70 40 41
14 | = 9.74 9.72 7.7 7.1

“Ref 21, unless otherwise noted. "MNDO method by Christopher Brammer. ‘Ref 30;
Ko values are relative to Ky = 1.00 x 10* for I-pentene. “Estimated by applying to
the IP for 2-methyl-2-butene a correction factor, which is the difference between the

IPs of 2-butene and 2-pentene: 8.68eV — (9.12eV — 9.04eV) = 8.60eV; Ref 21.
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Similar plots of logarithms of relative equilibrium constants versus alkene IPs
were shown in Figs 4-5 and 4-6. In both cases, regardless of consideration for
untreated support material interaction, the data points fall into groups depending upon
the steric requirements of the alkenes, giving multiple lines with positive slopes. In
both plots, a much better correlation is obtained by using separate lines for
monosubstituted alkenes (Tmonosub = 0.88 for both considering and not considering
interaction with untreated support material) and for disubstituted alkenes (rgisup = 0.70
for considering interaction with untreated support and r4isu, = 0.67 for not considering
that interaction) than by considering all alkenes as one group regardless of degree of
substitution on C=C bonds (r; = 0.42 for considering interaction with untreated

support material and r,; = 0.04 for not considering the interaction).
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Figure 4-5. Plot of log K. values for the complexation of a series of alkenes with
solid iodine versus alkene IPs. Complexation with untreated support material was not
accounted for in this plot. Data are from Table 4-2. Data points naturally fall into
different sterically similar alkene groups.  Correlation lines are given for
monosubstituted alkenes (IP = 9.90 — 0.20 log k., r = 0.88, s =0.117, and c.l. = 90%)
and for disubstituted alkenes (IP = 9.21 — 0.11 log ke, r = 0.67, s = 0.055, and c.l. =
90%).
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Figure 4-6. Plot of log K values for the complexation of a series of alkenes with
solid iodine versus alkene IPs. Complexation with untreated support material was
accounted for in this plot. Data are from Table 4-2. Data points naturally fall into
different sterically similar alkene groups.  Correlation lines are given for
monosubstituted alkenes (IP = 9.89 — 0.19 log k., r = 0.88, s = 0.112, and c.l. = 90%)
and for disubstituted alkenes (IP = 9.19 — 0.10 log ke, r = 0.70, s = 0.041, and c.l. =
90%).

4.2.3 Substituent effects

Multiple lines of correlation with positive slopes were obtained in plots of
log K. values versus alkene IPs for alkene complexation with solid iodine (I,) (Figs
4-5 and 4-6). The resulting plots indicate that complexation of alkenes with iodine is
an electrophilic process that depends upon both electronic and steric effects. Within
each sterically similar group of alkenes, the stability of the complexes of alkenes with

10odine increases as the alkene IP value decreases.
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As expected, the electrophilicity in iodine complexation is similar to that in
alkene bromination and chlorination, as stated previously in this chapter. However,
unlike alkene bromination and chlorination, multiple lines of correlation were
obtained in the plots of log K values versus alkene IPs for iodine complexation,
which means that the relative reactivity of alkenes in complexation with iodine
depends on both electronic and steric effects.

Different results for alkene complexation with iodine as opposed to those for
alkene chlorination and bromination imply that they likely follow different
mechanisms.  Bromination and chlorination are kinetically controlled addition
reactions and go to completion to produce final addition products. In contrast, the
complexation with iodine is a thermodynamically controlled equilibrium and does not
go to completion to give stable 1,2-diiodo products. Therefore, the plots obtained
from complexation with iodine might be expected to resemble those of other alkene
complexations rather than those of bromination and chlorination.

Alkene complexations with the silver ion (AgNO;) and with mercury ion
(HgCl,) were previously studied by Nelson’s group®” by using the same methodology.
Correlations or trends similar to alkene complexation with iodine were also observed
in alkene complexations with silver ions and with mercury ions. Multiple lines of
correlation with positive slopes in the plots of log K. values versus alkene IPs for
these reactions indicate that they all involve electrophilic attack on alkene C=C bonds
and the stabilities of the complex formed depend upon both electronic and steric

effects.
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4.2.4 Conclusion

Alkene complexation with solid iodine on a gas-solid GC column results in
grouping according to alkene steric requirements in the plots of alkene IPs versus log
K1 values. Correlation lines with positive slopes within each sterically similar group
of alkenes were obtained in each plot. Results of this study demonstrate that iodine
complexation, unlike bromination and chlorination, are dependent upon not only
electronic effects but also steric effects, probably because it is a thermodynamically
controlled equilibrium, but not a kinetically controlled completion addition. Instead
of alkene bromination and chlorination, alkene complexation with some transition
metal ions, such as Ag" and Hg2+, were found to result in correlation plots similar to
those for alkene complexation with iodine, which suggests that these alkene

complexations likely follow similar mechanisms.

4.3 Substituent effects in additions of ISCN and ICI to alkenes

4.3.1 Introduction
Adding iodine (Iy) directly to C=C bonds, as stated in previous sections, is not
an effective way to produce organoiodine compounds, which are important in many

areas, such as organic synthesis,”>* biochemistry,*>>’ biogeochemical reactions,”®*

and environmental studies.*'™

However, iodine incorporation is achievable via
" T . 45-49 44
alkene additions of many iodine-containing compounds, such as ICI, IBr,

I0Ac,* IN3,> and ISCN,*'™* which are reported to undergo complete reactions with

alkenes under mild reaction conditions. Thiocyanate has been termed as a
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pseudohalogen anion,” because it has chemical properties similar to those of halogen
anions; therefore, iodine(I) thiocyanate (ISCN) addition to alkenes (Scheme 4-1)

might be expected to have characteristics similar to halogenations of alkenes. ISCN

addition to alkenes yields vic-iodothiocyanates ¢ and vic-iodoisothiocyanates d,”'™>

which can be used as intermediates in synthesizing some useful compounds, such as

55,56

episulfides, thiazolidin-2-ones,”®  2-amino-2-thiazolines,”® and 2-alkoxy-2-

thiazolines.”’

1 R I R I
R H Ha% HaZ
\.__ / IscN /_+\ SCN- \’-C_C/ N /
c=—c. ——> gpunyC C"”’IIH —_— /) + C C'l/,/
e . o N, / \N“u / ANGH
NCS R SCN R
a b c d

Scheme 4-1. ISCN addition to alkenes

The first step of ISCN addition to alkenes has been proposed™® to be the
formation of a bridged iodonium ion intermediate b, which is generally believed®' to
be the rate-determining step of the reaction (Scheme 4-1). Intermediate b does not
undergo ring-opening prior to anti-attack by nucleophiles in the second step. There
seems to be general agreement regarding the initial attack on the alkene double bond

58-60

by the electrophilic ISCN molecule, although controversy still exists about the

exact species of nucleophile that reacts with the iodonium ion b in the second step™ *°

and about the distribution of the final anti-addition products.’”*

The analysis of substituent effects upon reactivity of alkenes toward ISCN
addition to alkenes would provide new and useful information about its mechanism,
since detailed mechanistic studies of this reaction are scarce to date. Its reaction

pathway has been described’®®' as similar to that for bromination or chlorination of
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alkenes. Although the mechanisms for alkene bromination, chlorination, and ISCN
addition are clearly not identical, it seems to be generally agreed that the rate-
determining step in each precedes (not necessarily immediately) formation of the

halonium ion.

4.3.2 Correlation plots

Relative reaction rates (k. values) of ISCN addition to alkenes, alkene IPs,
and alkene HOMO energies are listed in Table 4-3. We examined the correlation of
log kw values versus alkene IPs, and also the correlation of log k. values versus
alkene HOMO energies because experimental IPs for some alkenes in Table 4-3 (4, 7,
33, and 34) were not available in the literature. Alkene HOMO energies in Table 4-3
were calculated by using ab initio method at HF level with 6-31G* basis set.**® Figs
4-7 and 4-8 give the plots of log k. values of ISCN addition to alkenes versus alkene

IPs and versus alkene HOMO energies respectively.  Their appearances are

essentially analogous to each other.
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Table 4-3. Alkene IPs (eV), HOMO energies (eV), and relative rates of additions of

ISCN and ICI to alkenes
No. Alkene IP* HOMO” | ket 1sen” Frel, 11"
1 — 10.52 -10.19 2.28
2 N 9.74 9.72 40.5
3 — 9.63 -9.70 121 100
4 N\ 9.51° -9.65 105
5 = 9.53 -9.70 40.0 190
6 N\ 9.48 -9.66 100
7 SV 9.4¢ -9.67 36.0
8 R VAN 9.45 -9.66 47.0
9 ;% 9.45 -9.65 24.0 34.2
10 NN 9.44 -9.61 137
11 =AU 9.438 -9.61 137
12 ;/é 9.40 -9.59 21.0
13 =< 9.24 -9.39 1.53x10° | 1.12x10°
14 =</ 9.15 -9.37 1.84x10° | 2.14x10°
15 N 9.12 -9.26 790 2.91x10°
16 %N 9.12 -9.25 411 934
17 =</\ 9.08 -9.36 1.32x10°
18 =<4 9.07 -9.34 1.21x10° | 1.55x10°
v | v 9.04 -9.27 4.15x10°
20 [\ AN 9.04 9.21 1.80x10°
21 _{é 9.02 9.17 521 1.36x10°
2 | 8.98 -9.28 2.27x10°
23 \ AL 8.97 -9.28 1.10x10°
24 AN 8.97 -9.27 495
25 v 8.95 -9.27 895
26 /=\€ 8.92 -9.27 4.61x10°
27 \//\é 8.91 -9.25 50.6
28 P N 8.84 922 684
29 AAN 8.83 -9.23 305
30 N NN 8.77 -9.20 790
31 ANNAAN 8.76 -9.21 390
32 /=< 8.68 -8.86 3.21x10° | 1.88x10*
33 \/=< 8.60/ -8.99 3.68x10°
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34 __ i _ 3
JJ_</ 8.59 8.78 2.53x10
3 =< 8.27 -8.70 3.74x10°

“Ref 21, unless otherwise noted. “4b initio at HF/6-31G* level, partially by

Christopher Brammer. ‘Ref 64; k. values are relative to ke = 1.00 X 10? for 1-
hexene. ‘Ref 49; k. values are relative to ke = 1.00 X 10 for 1-butene. The unit of
rate constants is M?s™. “IP for 1-decene used as an approximation. /Calculated by
applying to the IP for 1-pentene a correction factor, which is the difference between
the IPs of trans-4-methyl-2-hexene and trans-2-hexene: 9.52eV— (8.97¢V — 8.91eV)
=9.46eV; Ref 21. ¢Ref 65. "Calculated by applying to the IP for 2-methyl-2-butene a
correction factor, which is the difference between the IPs of 2-butene and 2-pentene:
8.68eV—(9.12eV — 9.04eV) = 8.60eV; Ref 21. ‘Calculated by applying to the IP for 2-
methyl-2-butene a correction factor, which is the difference between IPs of 2-methyl-

I-propene and 2-methyl-1-butene: 8.68eV— (9.24eV —9.15eV) = 8.59¢V; Ref 21.

r alkene
34
8.6 || 0.36 | monosubstituted @) @ @33
0.59 disubstituted  © 31 30 2@
trisubstitited @ © ©
0.27 risubstitute o 5O
0.80 all 29 9y

IP
(eV)

9.8

log k (rel ISCN)
Figure 4-7. Plot of the log 4. values for ISCN addition to alkenes versus alkene IPs.
Data are from Table 4-3. Data points do not fall in the correlation line neatly, but

cluster to three groups due to the numbers of the alkyl substituents on the alkene
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double bonds. Within each sterically similar group, relative rates depend mainly upon

the position(s) and size(s) (the branching) of alkyl substituent(s).

-8.6
r alkene
34
0.01 | monosubstituted O °
0.88 disubstituted ()} @32
90 1 0.95 trisubstituted (=) N
0.84 all
HOMO
(eV)
-9.4 1
-9.8

log k (rel ISCN)

Figure 4-8. Plot of the log k. values for ISCN addition to alkenes versus alkene
HOMO energies. Data are from Table 4-3. The trends shown here are essentially

similar to those shown in the plot for alkene IPs.

4.3.3 Electronic effects versus steric effects

The overall trend shown in Figs 4-7 and 4-8 supports the proposal® that the
rate-determining step of ISCN addition to alkenes is the first step, a—b in Scheme
4-1, in which the alkene m bond is attacked by electrophile ISCN to form a three-
membered cyclic iodonium ion intermediate b. Increasing alkyl substitution on the
double bond increases the reaction rate presumably due to the electron-donating

electronic effects of the alkyl groups, rather than to steric effects, which would retard
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the reaction rate. Enriching electron density on the alkenyl carbons makes their 7
electrons more loosely held and facilitates processes, which remove or reduce the
electron density of the w bond. This manifests itself experimentally as a lower IP, as
well as an increased rate of reaction with an electrophile.

Thus, the overall trend shown in Figs 4-7 and 4-8 indicates that electronic
effects play a more significant role than do steric effects in the rate-determining step
of the ISCN addition to alkenes. The above observations and inferences are similar to
those made in alkene bromination and in alkene chlorination, but different from those
in iodine complexation studied in previous sections of this chapter. This is probably
because three-membered cyclic onium intermediates are formed in the kinetically
controlled ISCN addition, bromination, and chlorination, whereas iodine
complexation is only a thermodynamically controlled equilibrium, yielding only

neutral I, complexes.

4.3.4 Patterns in the plot

The general pattern of alkene reactivity in ISCN addition displayed in Figs 4-7
and 4-8 is similar to that shown in many other electrophilic additions,*® which depend
upon only electronic effects: (1) the relative rates of trisubstituted alkenes are greatest
because they have the lowest IPs or highest HOMO energy levels, (2) disubstituted
alkenes react slower because they have higher IPs and a lower HOMO energy levels,
and (3) the monosubstituted alkenes react slowest because they have the highest IPs

and lowest HOMO energy levels.
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However, the data points in the plots for ISCN addition (Figs 4-7 and 4-8) do
not fall in the correlation line closely, but clearly cluster to three groups due to the
numbers of the alkyl substituents on the alkene double bonds. Within each sterically
similar group, relative rates depend mainly upon the position(s) and size(s) (the
branching) of alkyl substituent(s) but not the alkene IP or HOMO energies. For
example, in ISCN addition to disubstituted alkenes, the ordering according to relative
reaction rates produces further subgroups: geminal alkenes (13, 14, 17, and 18 in
Table 4-3 and Figs 4-7 and 4-8) > vicinal cis-alkenes (15, 25, 28, and 30) > vicinal
trans-alkenes (16, 24, 29, and 31), as shown in Chart 4-1 (a). 2,3,3-Trimethyl-1-
butene (21) reacts much slower than do other geminal alkenes, probably due to the
bulky #-butyl group, which retards the reaction significantly. Similarly, the ordering
of monosubstituted alkenes produces two subgroups: faster-reacting alkenes, each
with a straight chain alkyl substituent (3, 4, 6, 10, and 11), and slower-reacting
alkenes, each with a branched alkyl substituent (5, 7, 8, 9, and 12), as shown in Chart

4-1 (b).

Chart 4-1. Orders of relative reactivity of alkenes in ISCN addition due to (a)

positions and (b) branching of its substituent(s)

The dependence of relative reactivities of alkenes in ISCN addition upon the
positions and branching of alkyl substituents within each sterically similar group of

alkenes is quite different from what we observed in our other correlation studies,

161



where either a single line of correlation among all alkenes, regardless of the degree of
substitution, or multiple lines of correlation among sterically similar alkenes was

obtained.

4.3.5 Comparison with other alkene halogenations

Comparing the correlation plots for ISCN addition (Figs 4-7 and 4-8) with
those for bromination and chlorination in the previous section reveals that although
the plot of log k1 values versus alkene IPs for each reaction displays a single line of
correlation with positive slope, large differences still exist among them. In
bromination and chlorination, all data points in each plot form a single correlation line
with only very small deviations, indicating that their relative reaction rates depend
predominantly on alkene IPs, regardless of degree of substitution and of position and
size of substituents. However, as shown in Figs 4-7 and 4-8, the relative rates in
ISCN addition depend upon not only alkene IPs or HOMO energies, but also
positions and types of substituents within each sterically similar group, which account
for the large deviations of the data points from the correlation line and worse
correlation than those for bromination and chlorination.

In order to facilitate the comparison of substituent effects in ISCN addition
with those in other similar halogenation reactions, plot of log 4 values versus alkene
IPs for ICl addition to alkenes is also given in Fig 4-9. Trends about the electronic
and steric effects of the substituents in Fig 4-9 are similar to those shown in Fig 4-7
for ISCN additions. However, the correlation of log k. values versus alkene IPs for

ICI addition is much better than that for ISCN addition, but still worse than those for
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bromination or chlorination. The large deviation of 27 (frans-4,4-dimethyl-2-
pentene) from the correlation line is probably due to the combination of its trans

isomerism and the bulky #-butyl substituent.

8

21 20 ®
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Figure 4-9. Plot of the log k. values for ICl addition to alkenes versus alkene IPs.
Data are from Table 4-3. A much better correlation among all data points is obtained

here (IP = 10.30 — 0.39 log k1, r = 0.89, and s = 0.162).

The differences among these alkene halogenations discussed above could be
rationalized by the differences of the properties of these electrophiles. The
electrophilicity order of Cl, > Br, > ICI > ISCN is probably the reason for the order of
electronic effects in these reactions: chlorination > bromination > ICl addition > ISCN
addition. The difference in size of ISCN > ICl > Br, > Cl, might account for the
different steric effects among them: ISCN addition > ICl addition > bromination >
chlorination. Because ISCN is the largest in size and smallest in electrophilicity,
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steric effects would reasonably play a more important role in ISCN addition than in
the other reactions, as has been observed. In contrast, Cl, and Br, are both strong
electrophiles with small sizes and electronic effects thus play predominant roles in
these reactions, while the steric effects are very weak and can be ignored. The
relative importance of electronic and steric effects in ICl addition is between these
two different cases. The relationship between steric effects and the sizes of
electrophiles (XY) could be visualized clearly by the unsymmetrical three-membered

cyclic transition state structure in the rate-determining step in Fig 4-10.

_ - 1%
]
| 6+
XY é( //////// -Y
alkene —— S i, ——> onium ion
| H R -

1) R=alkyl; X=Cl; Y =CI
2) R =alkyl; X =Br; Y =Br
3)R=alkyl; X=1; Y =Cl

4) R =alkyl; X=1; Y =SCN

Figure 4-10. Possible unsymmetrical three-membered cyclic transition state

structures in the rate-determining step of alkene halogenations

Such an unsymmetrical transition state could also explain the trends of relative
reactivity in ISCN addition stated above: (1) a geminal disubstituted alkene has a less
sterically hindered carbon atom in its double bond than a vicinal disubstituted alkene
which has two equally sterically-hindered carbons; the geminal alkene therefore
reacts faster, (2) a cis disubstituted alkene accommodates the entering electrophile
molecule on the side with less steric hindrance and so reacts faster than a trans

disubstituted alkene, and (3) a straight chain monosubstituted alkene is less sterically
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hindered and reacts faster with the entering electrophile than a branched
monosubstituted alkene. In addition, within each structurally similar subgroup of
alkenes, increasing the size of an alkyl group borne by an alkene carbon increases two
competing effects. These are (1) rate-increasing electronic effects, which lower the
alkene IP, and (2) rate-retarding steric effects. The two effects obviously must cancel
each other to some degree. This would explain why in ISCN addition, the reactivities
of the alkenes in the same subgroup are closer to each other than one would expect
based solely on their IPs. Similar subgrouping effects also observed in the other
halogenations studied here but get weaker in the order of IC1 > Br, > CI, due to their
size changes.

Steric effects caused by the branching of alkyl substituents could also be
explained by Taft's’’ measurements about the electronic substituent constant 6* and
the steric substituent constant Eg for alkyls groups. For instance, the 6* values of
methyl, ethyl, i-propyl, and #-butyl are 0, -0.100, -0.190, and -0.300 respectively,
while their Eg values are 0, -0.07, -0.47, and -1.54 respectively. It is apparent from
these data that the ethyl group, compared to the methyl substituent, has very low
steric effects for lack of branching, which could be mostly canceled by its increase in
electronic effects. However, i-propyl and #-butyl groups show much stronger steric
effects due to branching, which would outweigh their relatively less increased
electronic effects and thus result in the obvious decrease of the relative reactivity of
the alkenes when the steric requirements of the electrophile is great, such as in ISCN

addition.
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Complex intermediates prior to the formation of the onium ion in the rate-
determining step have been proposed and identified for alkene bromination,®®
chlorination,®® and ICI addition.*° Therefore, similar complex intermediates
might also be involved prior to the formation of the iodonium intermediate b in ISCN
addition to alkenes (Scheme 4-1), although this could neither be confirmed nor

excluded merely by the analysis of the electronic and steric effects in the rate-

determining step in this study.

4.3.6 Conclusion

Interesting trends about relative reactivities of alkenes have been observed in
the plot of log k. values versus alkene IPs for ISCN addition to alkenes. The overall
trend shown in the plot indicates that this reaction is an electrophilic addition to
alkenes and is dependent more upon electronic effects than upon steric effects in their
rate-determining steps. However, within each sterically similar group, the reaction
rates are also dependent upon the relative position and size (branching) of the alkyl
substituents, which is quite different from what we found in the correlation studies on

other alkene reactions.
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Chapter Five

Computational Methods

Abstract: Molecular orbital (MO) methods, including semi-empirical and ab initio
methods, which have been applied in our correlation studies to calculate the alkene
HOMO and LUMO energy levels, are first reviewed briefly in this chapter. The
evaluation of five computational methods for 43 different alkenes (over two thirds
functionalized) indicates that ab initio method with 6-31G* and 3-21G™ basis sets
can produce alkene HOMO and LUMO energy levels in relative order, almost
matching those of experimental first ionization potentials (IPs) and electron affinities
(EAs), respectively. Other studied methods can give only HOMO energy levels
which correlate with experimental IPs well. However, the correlations between
computational LUMO energy levels and experimental EAs are poor. The collected
alkene experimental IPs/EAs and calculated HOMO/LUMO energy levels in Table 5-
1, as well as the correlation plots in Figs 5-1 and 5-2, reveal the trends of substituent
effects on alkene IPs (or HOMO energies) and on alkene EAs (or LUMO energies).
These results are useful in predicting relative reactivities of alkenes toward an
addition reaction according to the substituents on their C=C bonds. Calculations of
HOMO and LUMO energies of alkenes in Table 5-1 were conducted in collaboration

with Christopher Brammer.
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5.1 Introduction

Ionization potentials (IPs) and electron affinities (EAs) of alkenes are
important molecular parameters that closely relate to alkene characteristics and
reactivities in addition reactions. These parameters are very useful in our studies
correlating them to relative reactivities of alkenes toward their addition reactions, as
stated in the previous chapters. However, experimental values of alkene IPs, and
especially EAs, are in fact often unavailable in literature. In these cases,
computational HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energy level counterparts can be substituted for the
experimental IPs and EAs respectively. This is because an alkene’s first IP is related
directly to its HOMO energy level'™ and similarly an alkene’s first EA is related
directly to its LUMO energy level."** Furthermore, the experimental data for
alkene IPs and EAs collected from different reports might be inaccurate in some
cases. Therefore, it seems necessary in our correlation studies to first obtain the
computational HOMO and LUMO energies of the alkenes and then correlate their
relative reactivities versus both the experimental alkene IPs/EAs and the
computational alkene HOMO/LUMO energies. Comparison among the resultant
correlation plots would help to avoid achieving false conclusions because of the
possible inaccuracy of the experimental alkene IPs and EAs collected from literature.

The calculation of the HOMO and LUMO energies of a molecule is based on
the solution of the Schrédinger equation (eq 5-1) for the molecule.”"

HY = EY (5-1)
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In this equation, H is the Hamiltonian operator, E is the system energy, and W is the
wavefunction of the molecule. The Schrodinger equation is a multivariate differential
equation that can only be accurately solved for the simplest systems, for instance, a
hydrogen atom or other similar one-electron systems. For other many-electron atoms
and molecules, only approximate solutions can be achieved after making a number of
approximations, which simplify the procedure solving the Schrodinger equation. The
three approximations are:*’

(1) The Born Oppenheimer approximation --- separates the nuclear and electron
motions by assuming that the nuclei are stationary in a molecule. This approximation
eliminates the nuclear kinetic energy terms and leads to a constant nuclear-nuclear
potential energy term in eq 5-1.

(2) The Hartree-Fock approximation --- separates the electron motions by
representing a many-electron wavefunction for a molecule as the product of all one-
electron wavefunctions. This approximation simplifies the terms for the correlation
between individual electrons.

(3) The LCAO approximation --- represents a molecular orbital (MO) in a linear
combination of atom-centered basis functions (atomic orbitals, AOs), which is termed
as the basis set.

Based on these approximations, Schrodinger equation can be solved for a
molecule through iterative self-consistent field (SCF) computational procedures. The
resultant solutions provide important information about the molecular structure,
including the HOMO and LUMO energy levels. Two main streams of computational

methods, semi-empirical and ab initio methods, have branched out from this point due
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to whether introducing adjustable parameters into the calculation. In order to further
simplify the calculation procedure, the semi-empirical methods make additional
approximations and introduce adjustable parameters into the calculation. In contrast,
ab initio methods are based merely on those three approximations and no adjustable
parameters are needed in the calculations. Therefore, ab initio methods are generally
more complicated and time consuming but also more reliable than the semi-empirical
methods. Finally, it should be pointed out that it is almost impossible for the MO

calculations to be carried out without the help of efficient computers.

52  MNDO method
MNDO (modified neglect of diatomic overlap) method is a semi-empirical

112 We have employed this method

method first developed by Dewar and coworkers.
in calculating alkene HOMO and LUMO energies in several projects in this thesis
because of its capability to yield reliable HOMO energies.'”> Moreover, the MNDO
HOMO and LUMO energies of many alkenes have already been made available for
us since this method had been applied in many previous studies in Dr. Nelson’s
research group.

In the MNDO calculation, in order to further simplify the computational
procedure, only valence atomic orbitals (a minimal valence basis set) are included.
Also, the core electrons together with the atomic nucleus are considered as a single
entity (a point charge), which is termed as core approximation. In addition, all the

terms (integrals) for overlap of atomic basis functions (AOs) on different atoms are

eliminated in the calculation due to the NDDO (neglect of diatomic differential
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overlap) approximation. Adjustable parameters are introduced in calculations of
various electron repulsion integrals, which would compensate for the inaccuracy
because of the approximations stated above. Values of these adjustable parameters
are determined by fitting available experimental data, such as heats of formation,

geometrical variables, dipole moments, and ionization potentials.

5.3  Ab initio methods

In some of our correlation studies, we have also employed the ab initio MO
methods to calculate HOMO and LUMO energy levels of alkenes. Unlike in the
semi-empirical methods, the ab initio MO methods are based solely on the three
approximations stated in section 5.1 without introducing additional adjustable
parameters into the computational procedure.”'’ Therefore, the ab initio MO
methods are more complicated but also more accurate than the semi-empirical MO
methods.

Various ab initio methods differ in their employed basis sets, which are sets of
atom-centered basis functions (AOs) used to construct the MOs. These basis
functions are generally expressed as Gaussian basis functions (GTOs, Gaussian-type
orbitals), x'y"z"exp(ar’), which are developed from Slater-type orbitals (STOs),

Nexp((xr).g'lo

Here, x, y, and z are the three coordinates; r is the vector distance
between the electron and the nucleus; values of 1, m, n, N, and o vary with different

orbitals.  Slater-type orbitals (STOs) are the AOs based on Hartree-Fock

approximation that neglects the correlation between individual electrons.
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The minimal basis set in ab initio calculation is STO-3G. In this basis set,
each basis function (AO) is represented by a sum of three Gaussian functions which
are specifically chosen to best fit Slater-type orbitals (STOs). However, this minimal
basis set was found to be inadequate in many cases to describe non-spherical electron
distribution in molecules. An approach to solve this problem is to split the valence
functions into “inner” and “outer” components, each of which includes one or more
Gaussian basis functions. For instance, in the 3-21G basis set, three Gaussian
functions are used to represent each non-valence atomic orbital, while two and one
Gaussian functions are used, respectively, to represent the “inner” and “outer”
components of a valence atomic orbital. Similarly, the 6-31G basis set uses six
Gaussian functions to represent each non-valence atomic orbital and three and one
Gaussian functions, respectively, to represent the “inner” and “outer” components of
a valence atomic orbital.

If the molecule possesses strong polarity, it would be necessary to incorporate
an energetically low-lying d-type function into the basis set, which is indicated by
adding an asterisk in the representation of a basis set. For example, in both 3-21G"
and 6-31G*, d-type atomic orbitals have been involved in the construction of the
basis sets. The parentheses in the former indicate that the d-type orbital incorporation
is only applied to the second row and heavier elements. We have chosen 6-31G*
basis set in our ab initio MO calculations, because we found from our evaluation
studies for several MO methods that it could yield relatively more accurate alkene

HOMO and LUMO energies.
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5.4 Evaluation of the MO computational methods

As stated above, since different approximations, parameterizations, and basis
sets are adopted in different MO methods, the resulting HOMO and LUMO energy
levels by different methods are expected to differ from each other. To evaluate the
reliability of each method, a reliable approach is to compare the computational values
obtained by this method with the correspondent experimental properties. Based on
the direct relationships between alkene HOMO energy levels and IPs and between
alkene LUMO energy levels and EAs, correlating computational alkene HOMO
energy levels versus experimental IPs and LUMO energy levels versus EAs should
each produce a nearly straight line, if the computational method is accurate enough.
On the other hand, poor correlations between these parameters imply that the applied
MO method is not reliable for producing computational alkene HOMO and LUMO
energies.

Listed in Table 5-1 are the experimental first IPs, EAs, and computational
HOMO and LUMO energy levels by using five different MO methods for 43 alkenes
(over two-thirds bearing functionalities). All alkenes studied herein were those that
have experimental IPs'*? and EAs**>° reported in literature. The alkene IP values in
Table 5-1 were measured from photoelectron spectroscopy (PES)"** and EAs from

electron transmission spectroscopy (ETS).*¢?’

The negative values of EAs in Table
5-1 imply that the molecular anions formed from the impact of the alkene molecules
by free electrons possess higher energy than the correspondent neutral molecules.

Alkene HOMO and LUMO energy levels were calculated by using two semi-

empirical methods (MNDO and PM3) and ab initio MO methods with three different
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basis sets (STO-3G, 3-21G™, and 6-31G*). PM3 (Parameterized Model 3) is a semi-
empirical method,”” similar to the MNDO method but with further parameterizations
based on data from spectroscopy.

In order to evaluate the reliability of each MO method in calculating HOMO
and LUMO energies of alkenes, we correlated the calculated alkene HOMO and
LUMO energy levels versus the experimental IPs and EAs, respectively. The
represented correlation plots for alkene IPs versus HOMO energies (ab initio with 6-
31G* basis set) and for alkene EAs versus LUMO energies (ab initio with 6-31G*

basis set) were shown in Figs 5-1 and 5-2 respectively.
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Figure 5-1. Experimental alkene IPs versus computational HOMO energies (ab initio
with 6-31G* basis set); data are from Table 5-1. All data points lie on one line of

correlation (Egxomo = -0.83 IP — 1.78, r = 0.94, s = 0.446, and c.1. = 99.98%).
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Figure 5-2. Experimental alkene EAs versus computational LUMO energies (ab
initio with 6-31G* basis set); data are from Table 5-1. All data points lie on one line

of correlation (E ymo =2.87 — 1.12 EA, r=0.97, s = 0.072, and c.l. = 99.98%).

The resulting correlation coefficients for these MO methods are listed in Table
5-2 in order to facilitate comparison; a higher correlation coefficient indicates that
this method produces data, which are in a closer relative order to observed
experimental values. The results in Table 5-2 show that all methods included herein,
except for ab initio with STO-3G basis set, give good or excellent correlations for
alkene HOMO energy levels versus IPs. However, only ab initio with 6-31G* and

3-21G™ basis sets can give LUMO energies which correlate alkene EAs excellently

and nearly excellently, respectively. Therefore, we have chosen ab initio method
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with 6-31G* basis set to calculate alkene HOMO and LUMO energies in several

projects.

Table 5-2. Correlation coefficients of alkene IPs versus HOMO energies and EAs
versus LUMO energies for five different MO methods

No.| Method Correlation coefficient (1) Evaluation of r
IP vs. HOMO EA vs. LUMO
1 | STO-3G 0.49 0.62 Poor for both
2 |3-221G% 0.93 0.89 Excellent for HOMO
Good for LUMO
3 | 6-31G* 0.94 0.97 Excellent for both
4 | PM3 0.76 0.42 Good for HOMO
5 | MNDO 0.83 0.45 Good for HOMO

5.5 Substituent effects on alkene IPs (or HOMO energies)

Different substituents on the alkenyl C=C bonds have different effects on
alkene IPs (or HOMO energies). Understanding these substituent effects is important
in predicting relative reactivities of alkenes with different substituents toward an
electrophilic addition. The trends of substituent effects upon alkene IPs (or HOMO
energies) can be observed explicitly by the correlation plot of alkene HOMO energy
levels versus IPs in Fig 5-1, as well as the data given in Table 5-1.

(i) Alkyl substituents are weakly electron-donating groups; increasing the
number of alkyl groups on the C=C bond raises the alkene HOMO energy level and
lowers the alkene first IP. Therefore, 2,3-dimethyl-2-butene (12) with four alkyls
attached to its C=C bond has the highest HOMO energy level and the lowest IP in
Table 5-1 (and in Fig 5-1). Electron donating groups other than alkyls, such as -OEt
in 13 and -CH,SiMe; in 7, raise the alkene HOMO energy level and lower the alkene

first IP more than do alkyls.
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(ii) Halogen substituents, which are overall electron withdrawing groups,
exert two different effects upon alkene double bonds, inductive and conjugative; the
former lowers the alkene HOMO energy level and increases the alkene IP, while the
latter does the opposite. Table 5-1 and Fig 5-1 show that all examined alkenes, with
Cl (24-29) and Br (41 and 43) directly attached to the C=C bonds, have slightly
higher HOMO energy levels and lower IP values than their parent alkene (ethene 1).
This demonstrates that conjugative effects slightly outweigh inductive effects in
chloro- and bromoalkenes. All examined alkenes bearing F (17-22) on the alkenyl
carbons have HOMO energy levels and IP values similar to their parent alkene 1
(Table 5-1 and Fig 5-1); this indicates that conjugative effects are approximately
equal to inductive effects and so they cancel each other. The alkenes with mixed Cl
and F substituents (30-33) have IP (or HOMO energy) values between those of
chloroalkenes and fluoroalkenes. For instance, the IP of 1,1-chlorofluoroethene (30)
is lower than that of 1,1-difluoroethene (20) but higher than that of 1,1-dichloroethene
(27). All examined haloalkenes generally have lower HOMO energy levels and
higher IPs than alkenes with only alkyl substituents, showing a greater electron-
donating character of alkyls relative to halogens.

(iii) Alkenes functionalized with other electron withdrawing groups examined
herein, such as -SiMe;s, -SiCls, -Si(OEt);, -CH,Cl, -CO,Me, -CN, and -CH,Br (in 4,
35, 36, 37, 38 and 40, 39, and 42 respectively), are basically similar to haloalkenes.
They generally have lower HOMO energy levels and higher IPs than alkenes with

only alkyl substituents.
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5.6 Substituent effects on alkene EAs (or LUMO energies)

Substituent effects upon alkene LUMO energy levels and EAs are, however,
quite different from those upon alkene HOMO energy levels and IPs. Both data in
Table 5-1 and the plot of alkene LUMO energy levels versus EAs (Fig 5-2) display
the following trends, which is useful in predicting the relative reactivity of alkenes
with different substituents toward a nucleophilic addition.

(i) Alkyl groups, relative to hydrogen in their parent alkene (ethene 1), raise
the alkene LUMO energy level and lower the alkene EA slightly. Therefore, all
simple alkenes studied (2, 3, 5, 6, 8-12, 15, 16, 23, and 34) have slightly higher
LUMO energies and lower EAs than those of parent alkene 1.

(ii) Fluoroalkenes (17-22) have slightly higher LUMO energy levels and
slightly lower EAs than their parent alkene 1. For example, tetrafluoroethene 22 has
the highest LUMO energy level and the lowest EA value.

(iii) Alkenes bearing chloro (24-29) and bromo (41 and 43) substituents on
C=C bond experience effects upon LUMO energy levels and EAs which are opposite
to those of fluoroalkenes and greater in magnitude, i.e., they have lower LUMO
energy levels and higher EAs than their parent alkene 1. For instance,
tetrachloroethene (29) has a very low LUMO energy level and a very high EA
relative to those of its parent alkene 1. The LUMO energy levels and EAs of alkenes
with mixed Cl and F substituents (30-33) are between those of chloroalkenes and
fluoroalkenes. For instance, the EA of alkene 30 is higher than that of alkene 20, but

lower than that of alkene 27.

187



(iv) Similarly to chloro- and bromoalkenes, alkenes in Table 5-1 which bear
other electron withdrawing groups, such as -SiMes;, -SiCls, -Si(OEt);, -CH)CI,
-CO,Me, -CN, and -CH,Br (in 4, 35, 36, 37, 38 and 40, 39, and 42 respectively), also

have lower LUMO energy levels and higher EAs than their parent alkene 1.

5.7 Conclusion

Correlation plots of experimental alkene IPs/EAs versus computational
HOMO/LUMO energies from five computational MO methods showed that the
capability of producing reliable alkene HOMO/LUMO energies by each method is
quite different. Ab initio methods with 6-31G* and 3-21G" basis sets were found to
be able to give both alkene HOMO and LUMO energy levels in relative order almost
matching those of experimental first IPs and EAs respectively. Correlation plots of
alkene IPs versus HOMO energies and EAs versus LUMO energies as well as the
data listed in Table 5-1 reveal the trends of substituent effects on alkene IPs (or
HOMO energies) and on alkene EAs (or LUMO energies). These trends are helpful
in understanding the relative reactivities of alkenes with different substituents on their

C=C bonds toward a certain addition reaction.
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Chapter Six

Conclusion

6.1 Summary of the project

In this project, we have applied the methodology, correlating relative
reactivities of alkenes versus their measurable characteristics, such as IPs and
HOMO/LUMO energies, in the mechanistic investigation on many important alkene
reactions. The studied alkene reactions include (1) acid-catalyzed hydration, (2)
oxidation with chromyl chloride, (3) oxidation with chromic acid, (4) oxidation with
palladium chloride (the Wacker oxidation), (5) homogeneous hydrogenation in the
presence of Wilkinson's catalyst, (6) bromination, (7) chlorination, (8) complexation
with molecular iodine, (9) iodine thiocyanate addition, (10) iodine chloride addition.
Based on these studies and the ones conducted previously by Dr. Nelson’s group, a
number of conclusions regarding this correlation method and the studied alkene
addition reactions can be reached.

The results of these studies indicate that this correlation method is applicable
for a wide range of alkene reactions, probably because an electrophilic/nucleophilic
attack on alkene C=C bonds plays key role in most alkene additions. Good to
excellent correlations have been observed in the plots of relative reactivities of the
alkenes versus the alkene measurable properties (IPs and HOMO/LUMO energies) in
most of our studies. From the resulting correlation plots, the substituent effects,

including electronic and steric effects as well as their relative magnitudes, on alkene
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reactivity in an addition reaction can be determined. These results are useful in
predicting relative reactivities of different alkenyl C=C bonds toward an addition
reaction, which is very important for synthetic purposes especially when two or more
different alkenes are present simultaneously in the same reaction system or when an
unconjugated diene or polyene with different C=C bonds reacts with a reagent.

In some cases, the results of the studies are also helpful in analyzing and
understanding the proposed mechanisms with controversies for an alkene reaction, as
shown in Chapter 3. Analyzing the substituent effects in the rate-determining step as
well as in the preceding equilibria for the proposed alternative mechanisms
sometimes may provide information valuable in differentiating between these
mechanisms. For instance, the conclusion that alkene hydrogenation is a nucleophilic
addition to alkenes can exclude the proposed mechanism in which the electrophilic
coordination of the rhodium center with alkene C=C bonds is considered to be the
rate-determining step. Instead, the mechanisms in which the nucleophilic alkene
insertion into the Rh-H bond is considered as rate-determining step are favored.

The majority of the studied alkene reactions have been found to be
electrophilic additions to alkenes, in which correlation lines with positive slopes are
observed in the plots of log k. values versus alkene IPs or HOMO energies. This
result indicates that alkene additions are initiated by electrophilic attacks from
electrophiles to alkenes C=C bonds in most cases. In order to assess the validity of
the methodology for nucleophilic additions to alkenes, we have also included two
nucleophilic additions to alkenes, oxidation with palladium chloride (the Wacker

oxidation) and homogeneous hydrogenation in the presence of Wilkinson's catalyst,
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in this project by correlating log k.1 values versus alkene LUMO energies. Results of
the study have proven the applicability of the methodology in nucleophilic additions
to alkenes.

Steric effects of the substituents govern the pattern of the resulting correlation
plots. Single lines of correlation have been obtained in more than half of the studied
alkene reactions, in which steric effects are not significant and electronic effects play
a predominant role. This type of alkene reactions studied includes (1) epoxidation,
(2) sulfenyl halide addition, (3) carbene addition, (4) oxidation with osmium
tetroxide, (5) oxidation with permanganate, (6) nitrosyl chloride addition, (7)
oxidation with chromyl chloride, (8) oxidation with chromic acid, (9) bromination,
(10) chlorination, and (11) iodine chloride addition. In contrast, owing to the strong
steric effects, multiple lines of correlation have been obtained in the plots for the
following alkene reactions: (1) hydroboration, (2) oxymercuration, (3) silver ion
complexation, (4) diimide reduction, (5) acid-catalyzed hydration, (6) oxidation with
palladium chloride (the Wacker oxidation), (7) homogeneous hydrogenation in the
presence of Wilkinson's catalyst, and (8) complexation with molecular iodine.

The steric effects of substituents in alkene reactions are found to be dependent
upon the rate-determining transition structure of the reaction. The symmetry of the
structure of the rate-determining transition state also governs the grouping patterns of
the alkene data points in the plots for those sterically important alkene additions. If
the structure of the transition state is symmetrical in an alkene addition, for instance,
in diimide reduction, silver ion complexation, and complexation with molecular

iodine, a substituent would cause similar steric hindrance to the incoming electrophile
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no matter on which carbon of the C=C bond it attaches. The alkene data points in the
plots would separated into sterically similar groups based only on the number of the
substituents on the C=C bond, i.c. mono-, di-, tri-, and tetrasubstituted alkenes. If the
rate-determining state has an asymmetric structure in an alkene addition, for instance,
in hydroboration, oxymercuration, and acid-catalyzed hydration, the incoming
electrophile would be located closer to the less substituted carbon of the C=C bond to
lower the steric hindrance from the substituents. In other words, the steric effects
depend upon the steric requirements of the less substituted carbon of the C=C bond.
In this case, the data points for the alkenes in the plots would be separated into
sterically similar groups based on the steric requirements of the less substituted
carbon of the C=C bonds, i.e. terminal (mono- and geminal disubstituted), internal
(vicinal disub- and trisubstituted), and tetrasubstituted alkenes.

The relative magnitudes of electronic and steric effects in an alkene addition
are also related to the electronic properties and steric requirements of the incoming
electrophiles or nucleophiles. For example, we have studied alkene additions of
several halogens and derivatives (Cl,, Bry, ICl, and ISCN) in Chapter 4. The results
of the study demonstrate that the importance of electronic effects relative to the steric
effects in these reactions follow an order of Cl, > Br, > ICl1 > ISCN. In alkene
chlorination, electronic effects play a predominant role and steric effects are
negligible. However, in ISCN addition, alkene reactivities depend upon not only
electronic effects, but also steric effects in each group of sterically similar alkenes.

The trends of relative importance of electronic and steric effects can be explained by
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the order of their electrophilicity, Cl, > Br, > IC1 > ISCN, and the order of their sizes,

ISCN > IC1 > Br;, > Cl,.

6.2 Directions for future studies

Based on the recent development, I believe that the future studies on this
project should take the following two directions:

(1) Greater variety of alkene reactions should be included in this project to test
the generality and limitation of the methodology and meanwhile to obtain information
useful synthetically and mechanistically about the studied alkene reactions. Many
alkene reactions that are significant in either organic syntheses or mechanistic studies
have not been studied by using this method. Especially, more nucleophilic additions
to alkenes should be included in the future study.

(2) The electronic and steric effects of the substituents in an addition to
alkenes should be analyzed not only qualitatively but also semi-quantitatively by
measuring the slopes and the extent of separation between the correlation lines for
different sterically similar alkene groups. Quantitatively measuring the steric effects
of the substituents on alkene reactivities in addition reactions would be a challenging,

but very attractive target in the future study on this project.

Appendix: Copies of reprints of five published papers that correspond to the studies

included in Chapters 3 and 4.
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ABSTRACT: Plots of logarithms of relative reaction rates of chromyl chloride oxidation and of chromic acid
oxidation of alkenes (log k.. values) versus alkene ionization potentials (IPs) and versus their highest occupied
molecular orbital energy levels (HOMOs) demonstrate excellent correlations. Each plot has a similar appearance and
shows a single line with a positive slope. The results indicate that the rate-determining step of each title reaction
involves an electrophilic attack on the alkene 7-bond without significant steric effects; this supports a proposed 2 4+ 3
cycloaddition mechanism and disfavors a proposed stepwise 2 + 2 cycloaddition mechanism. Comparison is made
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INTRODUCTION

We reported a method to differentiate the relative im-
portance of electronic and steric effects in addition
reactions of alkenes by correlating logarithms of relative
reaction rates (log k.. values) versus the alkene ionization
potentials (IPs) and versus their highest occupied mole-
cular orbital energy levels (HOMOs) and applied this
method to a variety of important addition reactions of
alkenes.'*™ This technique offers synthetically valuable
information about addition reactions to one alkene in the
presence of another differently functionalized alkene and
sometimes enables selection from among the proposed
mechanisms.'" Therefore, it seems desirable to investi-
gate reactions with great mechanistic and synthetic
importance, in order to gather additional information
about that reaction.

Oxidation of alkenes by transition metal oxo com-
pounds has been an important topic in organic and
organometallic chemistry for a long time.” Intensive
mechanistic studies have been carried out both theoreti-
cally’®™ and experimentally™™ during the past decade.
Among them, chromium(VI) compounds, such as
CrO,Cl, and H,CrOy4, have been shown to be versatile

*Correspondence to: D. ). Nelson, Department of Chemistry and
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E-mail: djnelson@ou.edu

'Paper presented at the 9th European Symposium on Organic
Reactivity, 12-17 July 2003, Oslo, Norway.
Contract/grant  sponsors: National Science
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Foundation; Lucent
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oxidizing agents, and their reactions with alkenes yield
epoxides commonly and other products depending on the
reaction conditions.” " ® In this study, we use the above
technique to explore chromyl chloride oxidation and
chromic acid oxidation of alkenes, partly because of their
importance in organic synlhcsish—"‘” and partly because

of interest in their mechanisms. <30

BACKGROUND

Interesting similarities and differences among reactions
of alkenes with complexes of chromium(VI) versus those
of other d” transition metals have been noted recen-
Ilylzk‘p",'j" In oxidizing alkenes, complexes of Re(VII)
(when L =Me).™ Ti(IV),” V(V).* Cr(VD)** and Mo(V1)’
each yields epoxides preferentially, while those of

Re(VI) when L=Cp* (=CsMes),'” Mn(VID,™
L MetOs, ROOH 0,
e N Q\—R

R
Met' = Re(L=Me), Ti, V. Mo, R" = H or alkyl

]
L,CrO;
= 290 Q\—R + other products
L=ClLOH
L
0~§ 4
O/MB“B
= LMet'0; N
= \_<—R —

Met" = Re (L=Cp*), Mn, Ru, Os, Te

I Phys. Org. Chem. 2004; 17: 10331038
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Ru(VIID,"" Os(VII'? and Te(VID"
yields cis-dihydroxyalkanes.” 2k

The point has been made that in some epoxidations,
L, Met'O; does not react directly with the alkene, but with
an additional oxygen source, which may be necessary to
effect the reaction; in these cases, the addition proceeds
by an indirect pathway.

Some of the above metals do not fit completely into
either group Met’ or Met”. For example, it was noted”™"
that MeReO; compounds do not react directly with
olefins,™ as do oxidizing compounds of Ti,” V* and
Mo.” However, Cp*ReQ; is proposed to react with
alkenes to give a 2+ 3 addition product,”™'” as are the
compounds of Mn,* Ru,'' Os'? and Tc¢'?, but the former
does not yield diols as the final product,®'? as the later
compounds do, 21111213

Another misfit is chromium. Chromyl chloride has
been likened™ to other oxidizing metal complexes
LMO;, such as Os, Ru and Mn. Chromium fits Met’ in
that it yields epoxides™ 7 as the others do; but it does
not fit Met’ in that it does not require a peroxide to react
with alkenes,™ “>® as the Os. Ru and Mn do."#?
Chromium is like Met” because its compounds react
directly with the olefin® in a proposed™ 2 + 3 addi-
tion as do Os, Ru and Mn; but it is unlike Met” because
it q’oels ]m{l give a diol as a product,”™ as the others
do.™

The above observations have spawned comparisons
and contrasts of oxidation with chromium compounds
versus those with compounds of Met” (Re, Mn, Ru, Os
and Te).?*%9 Ag a result, proposals that these oxidations
of alkenes proceed via 2 + 3 reactions have been shared
by many of these compounds, Cr,”"' Os,"* Re(L = Cp),*
Mn,* Te."?

There have been many experimental reports,” ™" the-
oretical reports,”* ™35! and analyses™" favoring the
243 mechanism over the 2+ 2. Among these, density
functional theory (DFT) calculations " " predicted
that the 2+ 2 mechanism has a much higher activation
energy than that of the 2 + 3 mechanism in reactions of
many such compounds, which led to the conclusion that
the latter is more likely. In many*$ 3" "3 of the DFT
calculations, the most stable point on the energy surface
was the 2 + 3 adduct,”® 7" "3! which might be expected
to hydrolyze to diols.”™® Owing to comparisons and
concerns such as those noted above, questions linger as to
(1) whether the 2 + 3 mechanism or the 2 + 2 mechanism
is responsible for the products and (2) if the 243
mechanism operates with chromium complexes, why
the metalladioxylate intermediate would not yield diols
as do complexes of the other metal Met”.

* each preferentially

Oxidation using CrO,Cl;

The mechanism of chromyl chloride oxidation of
; : s
alkenes has been investigated for decades.” > Al least
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four® %M different mechanisms have been
suggested for this reaction. The first suggestion was a
‘direct addition’ mechanism (Scheme 1), which was
criticized due to its failure to explain all stereochemical
aspects (such as the formation of the cis- Lhiorohydnn and
the cis-dichloride) of chromyl chloride oxidation.™ Two
other different mechanisms were then proposed: (1) the
2 4+ 2 eyeloaddition mechanism (Scheme 2)%%% and (2)
the 2+ 3 cycloaddition mechanism (Scheme 3).7*¢ Re-
cently, an ESR signal was observed in the oxidation of
aryl substituted alkenes,”™" and a diradical was proposed
as the intermediate giving rise to this result. However, the
stereospecificity of these reactions has been used to argue
against radical intermediates in the C—O bond forming
steps. In addition, the alkenes considered in this paper do
not possess radical-stabilizing Ph substitutions. There-
fore, in this study, we focus on the application of our
results to the rate-determining steps of the mechanisms
shown in Schemes 2 and 3.

The main difference between the two proposed
mechanisms shown in Schemes 2 and 3 is in their rate-
determining steps and characteristics of their transition-
state structures. In the 2 + 2 mechanism (Scheme 2), the

+ \\Cr/

R R
— 0--CrOCl; —= )0 + CroCl,
e o

R cl R

R

Scheme 1. The direct addition mechanism for CrO,Cl;
oxidation of alkenes?® <%

@, 20
*I‘

R
k” I + Cridy
[+] (v ]
phicris o "
L |
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" | show? H0
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Scheme 2. The 2 + 2 cycloaddition mechanism for CrO,Cl,
oxidation of alkenes® "
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Scheme 3. The 2 + 3 cycloaddition mechanism for CrO,Cl,
oxidation of alkenessa-d.l
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decompositions of intermediates 3 and 4 are proposed as
rate-determining sitl:[:»s;."'J None of these transformations
involves alkene m-electrons. In contrast, the 2+ 3 me-
chanism (Scheme 3) requires a five-membered ring
transition-state structure in the rate-determining forma-
tion of the intermediates and all involve breaking the
alkene 7-bond.

Oxidation using H,CrO,4

Chromic acid (H,CrOy) oxidation of alkenes produces
epoxides or their higher oxidation level products.®" A
kinetic study of this reaction fostered a mechanism
involving a three-membered transition-state structure
(Scheme 4).("' similar to the ‘direct addition mechanism’
that was previously discarded for CrO,Cl, oxidation of
alkenes. Another proposed mechanism™® for the
H,CrO, oxidation invoked a five-membered intermediate
(Scheme 5). It is analogous to the 243 mechanism
for the chromyl chloride oxidation shown (1—9) in
Scheme 3 (path B). A major difference between these
two proposed mechanisms for chromic acid oxidation of
alkenes is that the former suggests a direct single-step
formation of an epoxide (Scheme 4), while the latter
requires formation of a five-membered intermediate be-
tween the reactants and the epoxide product (Scheme 5).
In this study, we shall discuss its mechanisms through
comparison with those of chromyl chloride oxidation of
alkenes.

RESULTS AND DISCUSSION

Relative rates™ of chromyl chloride oxidation of alkenes,
alkene IPs'® and alkene HOMOs are shown in Table 1.
Relative rates®™ of chromic acid oxidation of alkenes,
alkene IPs'® and alkene HOMOs are shown in Table 2.
Both reaction rates were determined by following the
disappearance of the Cr(VI) oxidation reagents under
pseudo-first-order  conditions  (large  excess of
alkene).**® As in our previous studies,' cyclic alkenes
and aryl alkenes are omitted in order to avoid complica-

Ho,_ 0
R HO_ 0 R ~ ( ‘ R
j| v e — ]‘\_o( 0 [—— j;o + HyCrO3
x i
= HO 0 R H R

Scheme 4. The direct addition mechanism for H,CrO,4
oxidation of alkenes®
R 0\ OH

R0 oH]F R
R s
j| ;c:/\ — I /Gr/ — }o + HaCrOy
R RO OH o “ou R

Scheme 5. The 2 + 3 cycloaddition mechanism for H,CrOy
oxidation of alkenes

o oH
e —
& “ou R

Copyright © 2004 John Wiley & Sons, Lid.

199

1035

Table 1. IPs, HOMOs and relative rates of chromyl chloride
(CrO,Cl.) oxidation of alkenes

No. Alkene IP (eV)" HOMO (eV) j
1 =N 9.52 —9.94 1.22 x 10?
2 ANV 9.51°  —995 88.0
3 T|AS 948  -9.97 1.00 x 10
4 = 945 996  536x10°
5 TN 9.43°  —9.95 77.0
/N 9.12  -979  151x10°
7 = 912 978  138x10°
8 =</\ 9.08  -9.79  8.00x 10°
L S V4 9.04  —977  148x10°
0 N= 904 976  151x10°
1 =§ 9.02 ~9.75 1.05 x 10°
12 =£é 8.91 -9.71 2.36 x 10°
13 :é 978  7.54x10°
14 >=>< 883 —964  138x10°
15 >= 868  —9.63  2.02x10°
16 >=< 827 949  391x10°

* Ref, 15a, unless otherwise noted,
" Ref. Sc.

“ Ref. 15b.

“ Ref. 15¢.

tions due to ring strain or conjugation with the aryl group.
Because the IP for compound 13 in Table 1 was not
available in the literature, we calculated HOMOs for all
alkenes to enable a check to be made using data for all
compounds. The alkene HOMOs were calculated in the
same manner as reported previously.'” Figures 1 and 2
show the similar correlations of log k. values versus
alkene IPs for chromyl chloride oxidation of alkenes and
for chromic acid oxidation of alkenes, respectively. Each
shows a single line with a positive slope and an excel-
lent'® correlation coefficient (ry =0.93 in Fig. 1,
ra1=0.97 in Fig. 2). The plots (not shown) of logk
versus alkene HOMOs for both reactions are essentially
analogous to Figs 1 and 2. They also have single lines
with positive slopes and show excellent correlations
(ra1=0.94 for the chromyl chloride oxidation and
rar=0.95 for the chromic acid oxidation). Correlation
coefficients for all alkenes (r,, values) are calculated
from individual values for the alkenes.

J. Phys. Org. Chem. 2004; 17: 10331038
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Table 2. |Ps, HOMOs and relative rates of chromic acid
(H,CrO.) oxidation of alkenes
No. Alkene IP (eV)" HOMO (eV) kel

1 = 9.74 -9.97 323

2 _ 9.63 994 52.0

3 VAN 9.52 ~9.94 75.5

4 | 9.48 -9.97 1.00 x 10°
5 — 945 996 68.7

6 TAAN 9.44 -9.94 94.2

7 =< 9.24 —9.80 248 % 10*
8 SN 9.2 -979  2.86x 107
9 L—\ 912 978 189107
10 %/ 904 976  246x 107
THERAS VN 897 975  278x10°
12 =<é 891  —971  344x10?
13 >ﬁ( 8.83¢ —9.64 1.10 % 10?
14 >3 8.68 ~9.63 3.13 % 10°
15 >=< 827 949  1.60x10°
“ Ref. 15a, unless otherwise noted.
" Ref. 6b.
 Ref. 15¢c.

10.0

30 3s

log k (rel CrO,Cl)

40

Figure 1. The plot of the log k.., values for chromyl chloride
oxidation of alkenes versus correspondent alkene IPs. Data
are given in Table 1. Correlation coefficients (r values) are
given in the legend for monosubstituted alkenes, for disub-
stituted alkenes and for all alkenes regardless of the degree
of substitution about the double bond. The y-axis IP data are
plotted in inverse order to facilitate comparison with the
HOMO plots and previous studies

Copyright © 2004 John Wiley & Sons, Lid.
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LE]

IP (eV)

25
log k {rel H:CrOy)

a0 35 40

Figure 2. The plot of the log k. values for chromic acid
oxidation of alkenes versus correspondent alkene IPs. Data
are from Table 2

Steric effects and electronic effects

The excellent'® correlation of log k,.; values versus
alkene IPs and versus alkene HOMOs in each plot
indicates that the rate-determining step of each reaction
involves the alkene w-electrons. Each plot has a single
line of correlation, regardless of the degree of alkene
substitution, so there is no natural separation due to steric
requirements of the alkenes, which has sometimes been
observed in other additions to alkenes.'*™%&" This
provides evidence that both chromyl chloride oxidation
and chromic acid oxidation of alkenes are dependent
more upon electronic effects than steric effects in their
rate-determining steps.

All correlation lines in Figs 1 and 2 have positive
slopes: in each reaction a lower IP (or a higher HOMO)
corresponds to a greater reaction rate. Therefore, the rate-
determining step, in chromyl chloride oxidation of al-
kenes and in chromic acid oxidation of alkenes, involves
electrophilic attack upon the w-bond of the alkene.
Electron-donating substituents in the alkene increase
the rate of reaction using either reagent, and electron-
withdrawing ones decrease it.

Differentiating between the proposed
mechanisms

Many studies have attempted to differentiate between the
2+ 2 mechanism versus the 2 + 3 mechanism for chro-
myl chloride oxidation of alkenes.”"#"" Some have
favored the former mechanism,” " and have some
favored the latter.™' The results of our current study
indicate that the rate-determining step in the oxidation of
alkenes, by using chromyl chloride or chromic acid, is an
electrophilic attack upon the alkene w-bond. This dis-
favors the 2 + 2 mechanism for chromyl chloride oxida-
tion of alkenes, because in this mechanism (Scheme 2)
the only electrophilic step is the formation of the
chromyl chloride alkene complex (1—2), which is

J. Phys. Org. Chem. 2004; 17: 10331038
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generally agreedzcj" not to be the rate-determining step,
but a fast equilibrium. Neither of the two [Jrcl]:n:)sccis1 sets
of rate-determining steps in the 2+ 2 mechanism are
viable possibilities, because they are not electrophilic
processes involving the alkene 7-bond: the formation of
intermediates 3 and 4 from 2 (2—3 and 2—4 in
Scheme 2) are nucleophilic processes. The decomposi-
tion of these intermediates (3 —5. 3—6. 4 —6 and
4 —8 in Scheme 2) has no direct relationship to the
alkene m-bond IPs and any mechanism with these as the
rate-determining steps can be excluded. Ziegler's calcu-
lations™ predicting that these are indeed the rate-
determining steps excludes the 2+2 mechanism
(Scheme 2) in this reaction, in analog with calcula-
tions™ " for other metal complex oxidations of
alkenes using similar computational methods.

Our analysis that the rate-determining step is an
electrophilic process involving attack upon the alkene
m-bond supports the 2 + 3 mechanism (Scheme 3). Elec-
trophilic attack by the reactant CrO,Cl, could be visua-
lized by using one of its resonance structures in which an
oxygen atom carries a positive charge.™

+0 (o} o] 8] -0 o+
Cl \Cl Cl Cl Cl \CI

Our investigations similarly indicate that the chromic
acid oxidation of alkenes is also an electrophilic addition
with a rate-determining step which involves the alkene -
electrons. The plot of log k., values versus alkene IPs for
oxidation with H,CrO, (Fig. 2) is essentially analogous to
that of CrO,Cl, (Fig. 1) with correlation coefficient
ran=0.97. Our results are accommodated by either of
the mechanisms in Scheme 4 or Scheme 5. One might
argue to exclude the mechanism in Scheme 4 for the
following reasons: (1) HoCrOy is structurally similar to
CrO,Cls: (2) the two similar reagents might be expected
to react in a similar manner; (3) an analogous mechanism
for the CrO,Cl, reagent was discarded and (4) a mechan-
ism similar to that in Scheme 5 also agrees with the
results obtained by using the reagent CrO,Cl,.

What explanations can be offered for the production of
products other than diols? One possibility is that in the
242 mechanism, the first step is actually the rate-
determining step, although the results of Ziegler’s study
work against this. Another possibility is that the 2+ 3
adduct reacts via a pathway other than hydrolysis to diols.
This second possibility has been the subject of recent
studies.”™ " The observation of an ESR signal in the
reaction of the Cr(V) intermediate complex with
CrO,Cly: alkene = 2:1°™™° suggests that, for the 2+ 3
adducts of Cr0,Cl, and of H,CrQ,, instead of hydrolysis,
perhaps an alternate reaction pathway involving diradi-
cals is favored.
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CONCLUSION

A single line in each correlation plot of log k., values
versus alkene IPs (Figs | and 2) and versus alkene
HOMOs (r,; =094 and 0.95) for the oxidation of
alkenes by using CrO,Cl; and H,CrO; demonstrates
that (1) the rate-determining step of each reaction in-
volves the alkene w-electrons and (2) these reactions are
more dependent upon electronic effects than upon steric
effects. Their positive slopes indicate that the rate-deter-
mining step in each reaction is an electrophilic addition.
Our study supports the 2+ 3 mechanism and disproves
the 2 + 2 mechanism with the rate-determining step that
has been proposed for it.
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Abstract: Investigations of the title reaction, carried out by plotting logs of the relative reaction rates vs IPs,
vs HOMOs, and vs LUMOs, reveal multiple nearly parallel lines of correlation with small negative slopes in
each. Ovwerall, the natural grouping into monosubstituted and disubstituted alkenes gives better correlations
than that obtained by using all alkenes. Comparison with analogous plots for other reactions indicates that the
mechanism for this reaction has similarities to that for hydroboration, the major difference being that the lines
in the plots for hydroboration have positive slopes, indicating an electrophilic rate-determining step involving
the  electrons, while those for the title reaction have small negative slopes, indicating a nucleophilic rate-
determining step. Of the two reaction mechanisms proposed for the title reaction, only one has a nucleophilic
attack at the complexed alkene as the rate-determining step, and therefore, this work supports that reaction

mechanism.

L. Introduction

We have developed a technique' for correlating measurable
characteristics in addition reactions with alkenes in order to gain
information which is useful mechanistically and synthetically.
We have applied this technique to several reactions: hydro-
boration,'* oxymercuration,'* bromination,'*&" diimide addition,'?
oxidation with permanganate,'s epoxidation,' sulfenyl halide
addition,'¥ mercuric chloride complexation,' silver ion complex-
ation,'%" carbene addition,'s nitrosyl chloride addition,'s oxida-
tion with osmium tetroxide,' chlorination,'s" and complexation
with iodine.'#" This technique offers (1) a procedure to
determine relative magnitudes of steric and electronic effects
in the rate-determining step, (2) a relatively simple way to
predict the effects of substituents on reaction rates for synthetic
purposes, and (3) a method to choose between alternative
proposed reaction mechanisms in some cases. In investigations'
of other additions to alkenes, we applied this simple method
by correlating the logs of the relative reaction rates (log ke
values) with the alkene ionization potentials (IPs), with their
highest occupied molecular orbital energies (HOMOs), and in
some cases with their lowest unoccupied molecular orbital
energies (LUMOs). In those investigations, reactions with
similar mechanisms gave correlation plots which were similar
in appearance. To develop further this new technique and to
clucidate synthetically and mechanistically important informa-
tion from experimental or from computational data, we apply
the technique to important reactions with a variety of mecha-

(1) (a) Nelson, D. J.; Cooper, P. J.; Soundararajan, R. J. Am. Chem. Soc.
1989, /71, 1414—1418. (b) Nelson, D. J.; Henley, R. L.; Yao, Z.; Smith,
T. D. Tetrahedron Lett. 1993, 34, 5835—5838. (¢) Nelson, D. J.; Henley,
R. L. Tetrahedron Lent. 1995, 36, 6375—6378. (d) Nelson, D. J.;
Soundararajan, R. Terrahedron Ler. 1988, 29, 62076211, (e) Nelson, D.
J. Tetrahedron Len. 1999, 40, 58235826, (f) Nelson, D. J.; Cooper, P. J.
Tetrahedron Let. 1986, 27, 4693—4696. (g) Nelson, D. J.; Pemg, T.;
Campbell, D. Proceedings of the 26tk National Triennial C: ion o
fota Sigma Pi. low Sigma Pi Promethium Chapter: Portland, OR, 1999,
(h) Nelson, D. J.; Li, R.; Brammer, C. N. ... Org. Chem. In press,

10.1021/ja002190j CCC: $20.00

of

nisms. For nucleophilic addition reactions, such as PdCl;
oxidation and other transition metal additions, which are
characterized by inhibition of rate by alkyl substitution and
nonselective mode of addition, there have been no clear
measures of the relative importance of electronic and steric
effects; this technique provides such quantitative information.?
Thus, it is desirable to investigate similarly the PACl> oxidation
of representative functionalized alkenes, because this is an
important reaction for which is indicated a mechanism of a type
which we have not treated previously, and the reaction is suited
to our analysis method.

I1. Background

There has been much interest®™'? in the mechanism of
palladium chloride (PdCl,) oxidation (eq 1) of acyclic alkenes.

(2) We are grateful to a reviewer for making this point.

(3) (a) Smidt, J.; Hafner, W.; Jira, R.; Sedlmeier, J.; Sicber, R. Angew.
Chem. 1959, 71, 176—182. (b) Smidt, J.; Hafner, W.; Jira, R.; Sieber, R_;
Sedlmeier, J.: Sabel, A. Angew. Chem. Int. Ed. Engl. 1962, 1, 80—88. (c)
Tsuji, J. Synthesis 1984, 5, 369384, (d) Tsuji, J. Synthesis 1990, 9, 739—
749,

(4) (a) Henry, P. M. /. Am. Chem. Soc. 1966, 88, 1595—1597. (b) Henry,
P. M.: Zaw, K.; Wan, W. K. Organometallics 1988, 7, 1677, (c) Henry, P.
M.; Zaw, K. J. Org. Chem. 1990, 55, 1842—1847. (d) Henry, P. M Adu.
Chem. Ser. 1968, 70, 127—154. (e) Henry, P. M. Palladium Caralvzed
Ovidation of Hydrocarbons; D. Reidel: Dordrecht, The Netherlands, 1980;
pp 41—84. () Henry, P. M.; Hamed, O.; Thompson, C.J. Org. Chem. 1997,
62, T082—T083. (g) Henry, P. M.; Hamed, O. Organometallics 1997, 16,
4903—4909. (h) Henry, P. M.; Francis, 1. W. J. Mol Catal. A 1995, 99,
T7=86. (i) Henry, P. M.; Gragor, N. L. Am. Chem. Soc. 1981, 103, 681—
682, (j) Henry, P. M.; Wan, W. K.; Zaw, K. J. Mol. Caral. 1982, 16, 81—
87

(5) (a) Bickvall, J, E. dcc. Chem. Res. 1983, 16, 335—342. (b) Bickvall,
1. E.; Heumann, A.J. Am. Chem. Soc. 1986, 108, 7107—7108. (¢) Bickvall,
1. E;; Hopkins, R. B. Tetrahedron Let. 1988, 29, 2885—2888. (d) Henry,
P. M.; El-Qisairi, A.; Hamed, O. J. Org. Chem. 1998, 63, 2790-2791. (¢)
Henry, P. M.; Hamed, O. Organomerallics 1998, 17, 51845189, () Henry,
P. M.; Francis, 1. W. /. Mol. Catal. A 1996, /12, 317—326. (g) Metener, P.
1: Trost, B. M. L Am. Chem, Soc. 1980, 102, 3572=3577. (h) Kozitsyna,
N. Y.; Vargaftik, M. N.; Moiseev, 1. L. J. Organomet. Chem. 2000, 593—
594, 274-291.
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This is in part due to the industrial importance™* of the reaction
in the synthesis of carbonyl compounds from corresponding
alkenes (the Wacker oxidation*?) and in part due to the interest
in its mechanistic pathway.*~!?

C,H,, + PACl, + H,0 — C,H, 0 + Pd(0) + 2HCI (1)

The steps of the reaction are now generally considered to be
those shown below (eqs 2—7), although there has been
disagreement over some mechanistic details and over the identity
of the rate-determining step.*~'> The first step (eq 2) of the
reaction is alkene coordination to give a palladium(l11) complex
2. The next step (eq 3) in the reaction sequence is generally
accepted to be the nucleophilic replacement of a second chloride
by water to give intermediate 3. There seems to be agreement
that the previous equilibrium steps (eqs 2 and 3) in the reaction
sequence are fast relative to the rates of the subsequent steps.*~12
However, two different pathways have been suggested for the
following step (3 — 5) (egs 4 and 4°). In the first pathway,* the
alkene complex 3 deprotonates first to a negative hydroxymetal
complex ion 4 (eq 4), followed by rate-determining conversion
of the palladium(Il) alkene m-complex into a palladium(Il)
fi-hydroxyalkyl species 5, a process called hydroxypalladation
(eq 4).* The second proposed pathway ™" is a rapid equilibrium
in which a H>O molecule attacks the C=C double bond directly
to give the palladium f-hydroxyalkyl intermediate 5 (eq 4°),
with the rate-determining step following. The palladium j-hy-
droxyalkyl intermediate 5 then loses a chloride ion (eq 5) to
yield another -hydroxyalkyl intermediate 6. The next step (eq
6) is fi-hydrogen elimination of the intermediate 6 to give a
palladium enol 7-complex 7. Compound 7 then undergoes
fi-hydrogen addition to give the palladium o-hydroxyalkyl
species 8. Finally, the carbonyl product 9 is produced by
deprotonation and dissociation (eq 7).

Much debate surrounding the identity of the rate-determining
step has focused on whether the hydroxypalladation (3 — 5) is
the rate-determining step or an equilibrium immediately preced-

(6) (a) Biickvall, J. E. Tetrahedron Lett, 1977, 5, 467—468, (b) Bickvall,
J. E.; Andell, O. 8. J. Organomet. Chem. 1983, 244, 401-407. (¢) Espeel,
P. H.; De Peuter, G.; Tielen, M. C.; Jacobs, P. A. J. Phys. Chem. 4 1994,
08, 11588—11596. (d) Stille, J. K.; Divakaruni, R. J. Organomer. Chem.
1979, 169, 239-248, (e) Kragten, D. D.; van Santen, A. J. Phys. Chem. A
1999, 103, 80—88. (f) Kaszonyi, A.; Vojtko, l.: Hrusovsky, M. Collect.
Czech. Chem. Commun. 1982, 47, 2128—2139. (g) Henry, P. M. J. Org.
Chem. 1967, 32, 2575—2580. (h) Henry, P. M. dcc. Chem. Res. 1973, 6,
16—24. (i) Henry, P. M.: Lee, H. Can. J. Chem. 1976, 54, 1726—1738. (j)
Clark, F. R. 5.; Norman, R. O. C.; Thomas, C. B. J. Chem. Soc., Perkin
Trans. | 1975, 1230-1231.

(7) (a) Bickvall, J. E.; Akermark, B.; Ljunggren, 8, O. J. Chem. Soc.,
Chem. Comnnm, 1977, 264—265. (b) Bickvall, ). E.; Akermark, B.;
Ljunggren, 8. O. ) Am. Chem. Soc. 1979, 101, 2411—-2416. (c) Henry, P.
M.; Dumlao, C. M.; Francis, J. W. Organometallics 1991, 10, 1400— 1405,
(d) Henry, P. M.; Francis, J. W. Organometallics 1992, 11, 2832—2836.
(¢) Henry, P, M.; Hamed, O.; Thompson, C. J. Org. Chem, 1999, 64, 7745—
7750.

(8) Mehrotra, R, C.; Singh, A. Organometallic Chemistry; John Wiley
& Sons: New Delhi, 1991; pp 467—470.

(9) Elschefibroich, Ch.; Salzer, A. Organometallics; VCH: New York,
1991; pp 425—427.

(10) (a) Crabtree, R. H. The Organometallic Chemistry of The Transition
Metals; John Wiley & Sons: New York, 1994; pp 193—196. (b) Dedicu,
A. Catal. Met. Complexes 1995, 18, 167—195.

(11)(a) Miessler, G. L.; Tarr, D. A. Inorganic Chemistry; Prentice
Hall: Englewood Cliffs, NJ, 1998; pp 504-505. (b) Willkins, R. G. Kinetics
and Mechanism of Reactions of Transition Metal Complexes; VCH: New
York, 1991; p 201

(12) {a) Stille, J. K.; Divakaruni. R. J. Am. Chem. Soc. 1978, 100, 1303~
1304. (b) Bickvall, J. E.; Bjorkman, E. E.; Pettersson, L.; Siegbahn, P. J.
Am. Chem. Soc. 1984, 106, 4369—4373. (¢) Fujimoto, H.; Yamasaki, T. ..
Am. Chem. Soc. 1986, 105, 578—581. (d) Siegbahn, P. E. M. J. Am. Chem.
Soc. 1995, 117, 5409—-5410. (¢) Siegbahn, P. E. M. Struct. Chem. 1995, 6,
271279, (f) Siegbahn, P, E. M. J. Phys. Chem. 1996, 100, 14672—14680.

204

J. Am. Chem. Soc., Vol. 123, No. 8, 2001 1565
Chy
N -
cl
oy o Pk = [DI\ <:1m] o @
1 2
CHy
ac N
2 + WD = m\)’(u:ﬂ’ + (]
T
3
CQ oH
0P [N, e ] o Hag l-'i\m/\/ )
s B O] 1 [0
4 5
OR
on A~
3+ H0 — o’ on, + H #)
5
o oH
5 . H;Nf .o (5)
6
oy M
° wo? o ©
7
H
o
7 — \T}—_,. _ A e emiano o)
0

8 9

ing the rate-determining step (eq 5).*"'? This is linked to a
controversy over whether the attack by the nucleophile on the
double bond in step 4 is internal (eq 8) or external (eq 9). The
proposed mechanism which has eq 8 as the rate-determining
step proceeds via internal nucleophilic attack, while the proposed
mechanism which has eq 10 as the rate-determining step
specifies a relatively fast thermodynamic external nucleophilic
attack preceding the rate-determining step.
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Henry proposed a concerted nonpolar four-center transition
state® (eq 8) in the rate-determining step, similar to an I,
process.''” This mechanism has been described as “a cis attack
of coordinated hydroxide upon one of the double bond carbon
atoms™ * and “a nucleophilic intramolecular attack on the
coordinated alkene™” Further investigation,* using a low
concentration of chloride ion, showed that a combination of
steric and electronic effects directs the mode of this hydroxy-
palladation step (eq 8).

In the second mechanism proposed, the hydroxypalladation
step (eq 8) is not the rate-determining step but is a reversible
procedure involving a relatively rapid external attack of a water
molecule upon a carbon atom of the alkene double bond (eq
9).7%P Instead, the loss of a chloride ion C1~ from the palladium
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Table 1. [Ps, HOMOs, LUMOs, and Relative Rates of Palladium
Chloride Oxidation of Alkenes
No.| akene | WP (evpE | HOMO | LUMO |k Pacis
V) V)

T e 1052 | -10.07 132 7

2 -0 A2

] =, 074 9.97 112 241

3 = ] 993 14 103

9.63¢

4 - EXE] -S54 L2 1]
v

S = 952 | 092 [§E] 350
-

aH

6 924 EX] 059 44.9¢

7 EXH EX] 093 769
St

5 Gz 9.8 [XF] [153
=

9 —, o | 908 096 3

H

“ Reference 13a. " Reference 4c. < Reference 13b. ¥ Calculated by
applying to the IP for 1-butene a correction factor calculated as the
difference between the IPs of 1-propene and 2-propen-1-ol: 9.63 ¢V
—=(9.74 eV — 9.63 eV) = 9.52 eV, ref 15. © Reference 4d. / Calculated
by applying to the IP for 2-propen-l-ol a correction factor calculated
as the difference between the IPs of 1-propene and frans-2-butene:
9.63 eV — (9.74 eV — 9.12 eV) = 9.01 eV refs 13c and 15.

[-hydroxyalkyl intermediate 5 (eq 10) is proposed to be the
rate-determining step of the reaction.”*!%!! However, data used
to formulate these conclusions were obtained from reactions
carried out under a high (=3 M) chloride ion concentration, so
these results may apply to a reaction other than that which is
the subject of this report.

There may be some confusion surrounding the mechanism
of this reaction because many of these reactions were not run
under the exact conditions of the Wacker reaction*" For
example, reactants often had different ligands on palladium® or
used different nucleophiles:® it has been reported*' that either
of these can change the reaction mechanism. In addition, some
studies” have been carried out with a much higher concentration
of chloride (=3 M) than is used in the traditional Wacker
reaction (<1 M), developed by Smidt and co-workers™® (while
at Wacker Chemie laboratory). Originally, it was assumed™ that
using a chloride concentration different from that in the original
Wacker oxidation would not be likely to change the steric course
of the reaction. However, it was recently shown that this higher
chloride concentration does indeed change the reaction mech-
anism, from syn addition at low [C17] to anti addition at high
[C17].* Moreover, different products are obtained with the
different chloride concentrations.* The relative reactivity data
used for our study were obtained under the lower [CI7] (<1
M), so the studies® pertinent to this investigation are those
carried out under analogous reaction conditions, including low
chloride ion concentration. Therefore, only those pertinent
studies® under analogous conditions will be used herein for
comparison and analysis.

II1. Results

Relative rates®? for the PACl> oxidation of representative
alkenes and alkene IPs'? are shown in Table 1. As in our
previous studies,' cyclic alkenes and aryl alkenes are omitted
in order to avoid effects due to ring strain or conjugation with
phenyl; only acyclic alkenes without aryl functionalities are
included in this study. HOMOs and LUMOs, also given in Table
1, were calculated as described below.

The plot of the log ky values for PdCl; oxidation of alkenes
versus their corresponding IPs (Figure 1) reveals a natural
grouping of data for monosubstituted and disubstituted alkenes.
Lines show a good-to-excellent correlation (Fmonosubstinged = 0.99,
Faisubstinued = 0.43) within each sterically similar group, with a
small natural separation between the two lines so formed. The
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r alkenas
. ethene L
1031 | 0.89 | mono-substituted O ;
0.43 di-substiluted  © .
0.87 all
108
1.0 1.8 2.0 25 3.0

log k (rel PdCl; / H,O)

Figure 1. Plot of the log k. values for PACl: oxidation of alkenes
versus their corresponding IPs. Data are from Table 1. Lines of
correlation for monosubstituted alkenes and for disubstituted alkenes
are shown. Correlation coefficients r are given in the legend for
monosubstituted alkenes, for disubstituted alkenes, and for all alkenes
regardless of the degree of substitution about the double bond. The
v-axis IP data are plotted in inverse order so that data reflecting lower
a-electron energies appear at the bottom of the plot, to facilitate
comparison with the plots of HOMOs and of LUMOs,

-8

HOMO (eV)

-10.0
alkenes

_e- othene .

0.92 | mono-substituted O

0.86 di-substituted  © 1

0.85 all -
024

1.0 1.5 2.0 25 a0

log k (rel PdCl, / H, Q)

Figure 2. Plot of log k. vs HOMO analogous to that shown in Figure
1.

correlation obtained by considering data for all alkenes regard-
less of degree of substitution is »,; = 0.87. Within each group
of alkenes, the relative reaction rates increase as the IPs increase,
giving a line with negative slope. Figure 2 shows similar
correlations of log Ay values versus the HOMOs of the
corresponding all (r, bstited = 0.92, . i = 0.66,
ra = 0.85). Similar to the IP data, within each group of sterically
similar alkenes, relative reaction rates increase as the HOMO
energies decrease. The negative slopes of the lines in the plots
using IP and HOMO values indicate a nucleophilic attack upon
the complexed alkene in the rate-determining step. Therefore,
we also determined the LUMO energies in order to ascertain
whether there was a similar correlation. In Figure 3, a correlation
with the alkene LUMOs shows results somewhat more definitive
than those obtained with IPs or with the HOMOS (#onosubstinsted
= 0.88, Fisubstinued = 0.60, ryy = 0.44). Considering the data
from all three plots, the correlations within sterically similar
groups are somewhat better than those obtained with all data
points regardless of degree of substitution.

1V. Discussion

A. Nucleophilic vs Electrophilic. The lines of correlation
in the plots (Figures | and 2) show an opposite (negative) slope
compared to the results of most of our previous investigations,
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Figure 3. Plot of log ky values vs LUMO analogous to that shown in

Figure 1.

which were of clectrophilic reactions with positive slopes, such
as bromination,' hydroboration,' & oxymercuration,'® diimide
reduction,'™ and chlorination.'®" These results are similar to
those found for nucleophilic reactions such as permanganate
oxidation'® and conversion of the adsorbed form of the alkene
on molecular iodine or silver ion to the complexed form,'
although the slopes of the lines are smaller for this reaction.
The negative slope, reflecting a nucleophilic attack at the alkene
carbons, is in agreement with Henry's proposed rate-determining
step for the PdCl, oxidation of alkenes, which invokes attack
by OH™ at the complexed alkene. The small magnitude of the
slope indicates that the reaction is not as dependent upon IP as
other nucleophilic reactions which we have investigated
previously.'s" Nevertheless, this is interesting and important
since we have not previously found another system which gives
plots with multiple lines of negative slope.

The nucleophilicity of the rate-determining step of this
reaction is relevant to the recent debate surrounding the
mechanism of the PACls oxidation of alkenes.*~!! i.e., whether
the rate-determining step is eq 8% or eq 97401011 Henry’s
most recent mechanistic studies*™® indicate that the rate-
determining step is eq 8, the nucleophilic hydroxypalladation
step leading from the m-complex. Our results support this
conclusion, since the lines in our plots each have a negative
slope, characteristic of a nucleophilic reaction.'c2

The other proposed rate-determining step, the dissociation
of CI™ (eq 5), has no direct relation to the -bond in the alkene.
Our results, which indicate a correlation with molecular orbital
energies, disfavor that step as the rate-determining step. They
are inconsistent with the mechanism proposed by Béckvall and
co-workers, in which the hydroxypalladation is an equilibrium
process, and the rate-determining step is loss of chloride from
the hydroxypalladation adduct 5 (eq 5). These conclusions,
which account for the appearance of the plots for this reaction
and for Henry's findings,* also fit the patterns which were
established by our previous studies.

B. Mechanism of Formation of the C—O Bond. There have
been conflicting proposals for the mechanism by which the C—0
bond is formed in eq 4 or 4; some reports propose an internal
migration of OH to a carbon of the complexed alkene (eq 4).457
and some propose an external attack by H>O upon a carbon of
the complexed alkene (eq 477201010 Our work cannot dif-
ferentiate between external vs internal attack directly. However,
our work does show that the rate-determining step for the
reaction with low [CI7] is a nucleophilic addition to an alkene,
and in the proposed mechanism involving nucleophilic addition
to an alkene (eq 8), the C—O bond is formed via internal
migration. Conversely, the step involving external attack is
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proposed to be a rapid equilibrium™1%11 (eq 9) preceding a
rate-determining step (eq 10), which neither is nucleophilic nor
involves the alkene 7-electrons, Therefore, our work indirectly
supports internal migration of OH to the complexed alkane.

C. Relative Magnitudes of Steric versus Electronic Effects.
Additional patterns drawn from our previous studies of additions
to alkenes can be used for comparison to help differentiate
between egs 8 and 10 as the rate-determining step for the
palladium chloride oxidation of alkenes. In previous studies of
single-step reactions leading to three-center products or reactions
involving three-center intermediates, we often find two types
of plots of log kw values vs alkene IPs. Type 1: If the rate-
determining step leads fo a three-center intermediate or product,
a correlation involving all alkenes regardless of steric effects is
indicated by a single line of correlation in the analogous plot
of log kw vs 1P or HOMO.! Type 2: If the rate-determining
step leads firom a three-center s-complex, then plotted data
appear in groups dependent upon the steric requirements of the
alkenes. '

Since plotted data for palladium chloride oxidation of alkenes
appear in groups dependent upon the steric requirements of the
alkenes, these results support a reaction mechanism* more
similar to the type 2 mechanism, with the rate-determining step
leading from the -complex, as depicted in eq 8. A correlation
with all alkenes regardless of steric effects would favor
formation of a 7-complex, similar to the reaction shown in eq
2, as the rate-determining step of this reaction. The natural
separation into two sterically similar groups supports the
postulation that the rate-determining step of this reaction is
dependent upon both steric and electronic effects. These
conclusions, regarding the rate-determining step and the steric
and electronic effects upon it, are similar to those reported by
Henry et al.%ef

The log kv values for substituted alkenes 6—9 are faster than
would be predicted on the basis of IP alone. Because the IP
reflects the electronic but not the steric effects of the substituents,
the steric effects in palladium chloride oxidation may be
responsible for the reaction rate being different than would have
been expected solely on the basis of the IP. If this is the case,
then the steric effects of the substituents on the double bond
carbon atoms do not decelerate the decomposition of the Pd(II)
f-hydroxyalkyl, but accelerate it. The steric effects of the
alkenes might be expected to affect the rate of the hydroxyp-
alladation step (eq 8), since the Pd(II) group complexed to the
alkene is quite large and could therefore create steric congestion.
Steric acceleration in the rearrangement from the m-complex
would occur when the complex is more sterically congested
than the transition state structure which follows. A similar
analysis of hydroboration or of oxymercuration reveals steric
deceleration, which indicates a transition from a less to a more
sterically hindered structure. This might indicate that the
m-complex in hydroboration is looser and less sterically
congested (eqs 10 and 11)."

(13) (a) Masclet, P.; Grosjean, D.; Mouvier, G.; Dubois, 1. J. Electron
Spectrosc. Relar. Phenom. 1973, 2, 225—237. (b) Katrib, A.; Rabalais, J.
W..JL Phys. Chem. 1973, 77, 23582363, (¢) Klasnic, L.: Ruscic, B.; Sabljie,
A.; Trinajstic, N. J. Am. Chem. Soc. 1979, 101, 7477-7482,

(14) (a) Brown, H. C. Hydroboration; W. A. Benjamin, Inc.: New York,
1962; p 13. (b) Dewar, M. J. S.; McKee, M. L. fnorg. Chem. 1978, 17,
10751082, (¢) Sundberg, K. R.; Graham, G. D.; Lipscomb, W. N. /. dm.
Chem. Soc. 1979, 101, 2863—2869. (d) Nagase, S.; Ray, N. K.; Morokuma,
K. J Am. Chem. Soc. 1980, 102, 4536—4537. (e) Clark, T.; Schleyer, P.v.
R. J Organomer. Chem. 1978, 156, 191—202. (f) Dasgupta, S.; Datta, M.
K.; Datta, R. Tetrahedron Lett. 1978, 15, 1309—1312. (g) Seyferth, D. Prog.
Inorg. Chem. 1962, 3, 210. (h) Streitwieser, A, J.: Verbit, L.; Bittman, R.
J. Org. Chem. 1967, 32, 15301532,
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D. Compare and Contrast Similar Reactions. The PdCl,
reaction has similarities to and differences from hydroboration
and oxymercuration: (1) The plot for each shows a separation
into groups of sterically similar alkenes, with cach group
dependent upon the steric requirements of the alkenes. (2)
Increased substitution on the alkene causes a rate decrease in
all three reactions. (3) The slopes of the lines in the plots are
negative in PdCl; oxidation but positive in hydroboration and
oxymercuration. (4) In each reaction, the m-electrons are
complexed to the metal via a dative bond which changes to a
formal o bond through the transition state. (5) A four-center
transition state in the rate-determining step preceded by a three-
center T-complex has been proposed for each reaction.'#* (6)
However, palladium chloride oxidation demonstrates effects
consistent with steric acceleration in rearrangement from the
m-complex while hydroboration and oxymercuration results are
consistent with steric deceleration.

The similarities suggest that the steric and electronic require-
ments of the internal migration could be analogous to those of
hydroboration (eqs 10 and 11), and those of the external attack
could be analogous to oxymercuration (egs 12 and 13). The
following comparison between the mechanisms involving four-
center transition states in palladium chloride oxidation proposed
originally by Henry (eq 11).* and in hydroboration proposed
originally by Brown (eq 10)," is striking.'

)

\:f _‘H . g] e
AT B -

The external attack mechanism in PdCl; oxidation (eq 13) is
also similar to that in oxymercuration (12), except that eq 12 is
proposed to be the rate-determining step in oxymercuration,
while eq 13 is not proposed to be the rate-determining step in
PdCl; oxidation.

However, comparing eqs 12 and 13 is not warranted for at
least three reasons: (1) the reaction shown in eq 13 is not
proposed as a rate-determining step, (2) the rate-determining
step in the proposed mechanism which includes step 13 is not
a nucleophilic process, and (3) the mechanism by which the
C—0 bond is formed in eq 4 has been determined recently by
Henry to be internal attack in the presence of low [CI7] and
external attack with high [CI7].% This conclusion fits nicely
our results for this reaction using low [C17] as well as analogies
with other reactions predicted from the patterns determined in
our previous studies.

\/- ~

[ 17

6=

(10}

(15) Yamazaki, T.. Kimura, K. Bull. Chem. Soc. Jpn. 1975, 48, 1602—
1607.

(16) A reviewer noted that a similar unsymmetrical transition state has
been previously proposed for nucleophilic attack upon olefins complexed
to other transition metals: (a) Eisenstein, O.; Hoffmann, R. . Am. Chem.
Soc. 1981, 103, 4308—4320. (b) Eisenstein, O.; Hoffmann, R. J. Am. Chem.
Soc. 1980, 102, 6148—6149.
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The electrophilic nature of the electronic effects in hydrobo-
ration and in oxymercuration manifests itself as a slope opposite
to that for oxidation by using palladium chloride, a nucleophilic
reaction. However, a linear relationship of the electronic effects
is apparently intact in all three reactions.

V. Theoretical Procedure

The HOMOs and LUMOs of the alkenes were calculated by using
MNDO in the same manner as reported previously.' In cach case, the
eigenvectors were examined to ensure that the HOMO and LUMO
correspond to the carbon—carbon - and 7 *-orbitals, respectively. The
HOMOs for the allylic alcohols cach pertain to the geometry having
the O—C—C=C dihedral angle equal to 0°. We found that these
geometries yield the lowest-magnitude HOMO values for the allylic
alcohols and give the best correlation with log k. values. For some
allylic alcohols having both HOMO and IP data available, the use of
HOMO values for other conformers was explored; these data were not
used because the correlation between HOMO and IP values was
diminished in those cases.

V1. Conclusion

Plots of log kq values vs IPs, vs HOMOs, and vs LUMOs
reveal multiple nearly parallel lines of correlation with negative
slopes in each, indicating that the rate-determining step of this
reaction is a nucleophilic process. Although the present results
cannot distinguish between anti and syn additions, they do
indicate that the rate-determining step is a nucleophilic addition.
This result is consistent with the mechanism proposed by Henry
in which the rate-determining step is nucleophilic hydroxypal-
ladation. It is inconsistent with the mechanism proposed by
Biickvall and co-workers, in which the hydroxypalladation is a
rapid equilibrium and the rate-determining step is loss of
chloride from the hydroxypalladation adduct. Comparison of
the plots for PACly oxidation versus those for hydroboration
and for oxymercuration, combined with consideration of the
two mechanisms proposed for PACl: oxidation, indicates that
the mechanism for PACl; oxidation of alkenes at low [C17] has
similarities to that for hydroboration. The method of analysis
reported herein also provides a simple way to predict relative
reactivities of functionalized alkenes for synthetic purposes,
based on the electronic and steric characteristics of the substit-
uents.
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Plots of the logarithms of relative rates of homogeneous catalytic hydrogenation of alkenes (log kya
values) by using Wilkinson's catalyst versus their ionization potentials (IPs) and versus their lowest
unoecupied molecular orbital energy levels (LUMOs) display good-to-excellent correlations. The
correlations indicate that the rate-determining step of this reaction is a nucleophilic addition to
the alkene double bond, which is dependent upon both electronic effects and sterie effects. This
conclusion is in agreement with only two of three previously proposed mechanisms for the reaction,
effectively ruling out one in which the rate-determining step involves electrophilic addition to the
alkene. Characteristics of the analysis using these correlations are compared and contrasted with
other additions to alkenes, such as the Wacker oxidation, to probe patterns in transition state

characteristics.

Introduction

In this study, we apply to homogeneous catalytic
hydrogenation by using Wilkinson’s catalyst a relatively
new technique that can reveal mechanistic similarities
of alkene addition reactions by comparing their correla-
tion plots. This simple method!'a~" ascertains the relative
importance of electronic and steric effects in addition
reactions of alkenes by correlating logarithms of relative
reaction rates (log k. values) versus the alkene ionization
potentials (IPs), versus their highest occupied molecular

*To whom correspondence should be addressed. Tel: (405) 325-
2288, Fax: (405) 325-6111.

10.1021/j0048968r CCC: $30.25 © 2005 American Chemical Society
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orbital energy levels (HOMOs), and sometimes versus
their lowest unoccupied molecular orbital energy levels
(LUMOs). This technique provides synthetically useful
information about the selectivity of a reaction toward

(1) (a) Nelson, D. J.; Soundararajan, R. Tetrahedron Leit. 1988, 29,
6207-6210. (b) Nelson, D. J.; Cooper, P. J.; Soundararajan R. .J. Am.
Chem. Soc. 1989, 111, 1414—1418. (¢) Nelson, D, J.; Henley, R. L.; Yao,
Z.; Smith, T. D. Tetrahedron Lett. 1993, 34, 5835—-5838. (d) Nelson,
D. J.; Henley, R. L. Tetrahedron Lett. 1995, 36, 6375-6378. (e) Nelson,
D. J. Tetrahedron Lett. 1999, 40, 5823—5826 and unpublished results.
(f) Nelson, D. J.; Li, R.; Brammer, C. J. Org. Chem. 2001, 66, 2422—
2428, (g) Nelson, D. J.; Li, R.; Brammer, C. J. Am. Chem. Soc. 2001,
123, 1564—1568. (h) Nelson, D. J.; Li, R.; Brammer, C. J. Phys. Org.
Chem. 2004, 17, 1033—-1038. (i) Nelson, D. J.; Li, R.; Brammer, C.
Unpublished results.
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different types of alkene 7 bonds.'” " In some cases, it
has enabled mechanism selection from a group of pro-
posed mechanisms. Examples of reactions of alkenes in
which this was done are (1) classifying the mechanism
of oxymercuration as being similar to hydroboration
rather than bromination,'* (2) analyzing the three-
membered cyclic intermediate (or product) mechanism
in alkene bromination, arylsulfenyl chloride addition,
oxidation via peracetic acid, and dichlorocarbene addition
versus the four-membered cyclic intermediate mechanism
in nitrosyl chloride addition,'®* (3) selecting one of two
proposed mechanisms for oxidation by using palladium
chloride,’ and (4) supporting a 2 + 3 cycloaddition
mechanism but disfavoring the 2 + 2 cycloaddition
mechanism for alkene oxidation by chromyl chloride, by
chromic acid, and by osmium tetroxide.'" In each study,
we used the rationale that reactions with similar mech-
anisms give correlation plots that are similar in appear-
ance. It is desirable to investigate similarly more reac-
tions of mechanistic and synthetic importance, not only
to gather additional information about the reactions but
also to explore further the application of this analysis
technique. Therefore, we report the application of this
technique to the homogeneous catalytic hydrogenation
of alkenes by using Wilkinson’s catalyst, as a result of
the interest in its mechanism®® and its synthetic® "and
industrial®®" importance.

Background

Homogeneous catalytic hydrogenation of alkenes in the
presence of Wilkinson’s catalyst RhCI(PPhy);, developed
in 1965 by Wilkinson and co-workers,” is a widely
studied®* ” homogeneous catalytic hydrogenation method
used in organic synthesis® ' and reported to be industri-
ally important.%" Using modifications of Wilkinson's
catalyst, homogeneous asymmetric hydrogenation reac-
tions, catalyzed by rhodium diphosphine chiral com-
plexes, were developed later by Knowles® ¢ and Noyori.®®

(2) (a) Meakin, P.; Jesson, J. P.; Tolman, C. A. J. Am. Chem. Soc.
1972, 94, 3240—3242. (b) Siegel, S.; Ohrt, D. Inorg. Nuel. Chem. Lett.
1972, 8, 15—-19. (c) Ohtani, Y.; Fujimoto, M.; Yamagishi, A. Bull. Chem.
See. Jpn. 1976, 49, 1871-1873. (d) Ohtani, Y.; Fujimote, M.; Yamag-
ishi, A. Bull. Chem. Soc. Jpn. 1977, 50, 1453-1459. (e) Ohtani, Y,
Yamagishi, A.; Fujimoto, M. Bull. Chem. Soc. Jpn. 1979, 52, 69-72.
(f) Strauss, S, H.,; Shriver, D, F. Inorg. Chem. 1978, 17, 3069-3074,
(g) Dedieu, A.; Strich, A. Inorg. Chem. 1979, 18, 2940—2943. (h) Dedieu,
A, Inorg. Chem. 1980, 19, 375—383. (i) Dedieu, A. Inorg. Chem. 1981,
20, 2803—-2813. (j) Climent, M. A_; Esteban, A. L.; Perez, J. M. An.
Quim, Ser. A 1983, 79, 700-703. (k) Roe, C. D. J. Am. Chem. Soc.
1983, 105, T770-7771. (1) Wink, D. A,; Ford, P. C. J. Am. Chem. Soc.
1987, 109, 436—442. (m) Khan, T. M. M.; Rao, R. E.; Siddiqui, M. R.
H.; Khan, B. T.; Begum, S.; Ali, M. 5; Reddy, J. J. Mol. Catal. 1988,
45, 35—50. (n) Derome, A. E.; Green, M. L. H.; Wong, L. New J. Chem.
1989, 13, 747-753. (o) Hostetler, M. J.; Butts, M. D.; Bergman, R. G.
of. Am. Chem. Soc. 1993, 115, 2743—2752. (p) Job, F.; Csiba, P.; Bényei,
A.J. Chem. Soc., Chem. Commun. 1993, 21, 1602—1604. (q) Duckett,
5. B.; Newell, C. L.; Eisenberg, R. J. Am. Chem. Soc. 1994, 116, 10548—
10556.

(3) (a) Halpern, J.; Wong, C. 8. J. Chem. Soe., Chem. Commun. 1973,
17,629—630. (b) Halpern, J.; Okamoto, T.; Zakhariev, A..J. Mol. Catal.
A 1976, 2, 65—-68. (c) Halpern, J. Inorg. Chim. Acta 1981, 50, 1119,
(d) Halpern, J.; Okamoto, T. Inorg. Chim. Acta 1984, 89, L53-L54. (e)
Halpern, J. In Organotransition-Metal Chemistry; Ishii, Y., Tsutsui,
M., Eds.; Plenum: New York, 1975; pp 109—117. (f) Halpern, J. Trans.
Am. Crystallogr, Assoc, 1978, 14, 59-70. (g) Halpern, J. In Asymmetric
Synthesis; Morrison, J. D., Ed.; Academic Press: New York, 1985; Vol.
b, pp 41-69.

(4) (a) Brown, J. M.; Evans, P. L.; Luey, A. R. J. Chem. Soc., Perkin
Trans. 2 1987, 1589—-1596. (b) Brown, J. M.; Evans, P. L. Tetrahedron
1988, 44, 4905—4916. (c) Brown, J. M. Chem. Soc. Rev. 1993, 22, 25—
41,
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This synthetic method enabled the production of a single
predicted enantiomer, of great significance in the syn-
theses of pharmaceutical products.®#"c* One early in-
dustrial scale synthetic application was synthesis of
L-DOPA, which is useful in the treatment of Parkinson’s
disease and which is produced by enantioselective hy-
drogenation of an a-amino acid catalyzed by a rhodium
complex containing the chiral diphosphine ligand
DiPAMP.* A wide range of similar catalysts has been
applied widely in industrial syntheses of drugs and other
materials 27#bes

The basic reaction (eq 1) shows sensitive selectivity to
different alkene double bonds with different substituents
on it%ef and can be easily carried out under mild reaction
conditions (room temperature and atmospheric pressure
of Hy).b+

Ha, RRCI(PPh);
—_——————-
Benzene

/

96.5%

7 m

oH OH

Several different reaction mechanisms® 445 have been
proposed for this homogeneous hydrogenation catalytic
cycle, but the “hydride route” (as opposed to the “alkene
route™® or “substrate route™") is believed to be the
predominant pathway.® Three proposed hydride route
mechanisms of this reaction are shown in Schemes 1-3.

There are five steps in the reaction sequence in Scheme
1:%-f (1) PPh; ligand dissociation 1 = 2; (2) hydrogen
oxidative addition 2 = 3; (3) alkene coordination 3 = 4;
(4) alkene migratory insertion into the Rh—H bond
4 — 5; and (5) alkyl reductive elimination 5 — 2. In
this mechanism, the alkene insertion 4 — 5 is considered
to be the rate-determining step,” ' and the key inter-
mediate is 4, an octahedral dihydride alkene complex
RhH.Clialkene)(PPhj),. All other steps are fast relative
to the alkene insertion 4 — 5.2 ¢% 1 Positions occupied
by S (S = solvent) in 2, 3, 5 are considered to be either
vacant or coordinated to a solvent molecule.” Some later

(5) de Croon, M. H. J. M.; van Nisselrooij, P. F. M. T.; Kuipers, H.
J. A, M.; Coenen, J, W. E. J. Mol. Catal. 1978, 4, 325-335.

(6)(a) Chaloner, P. A.; Esteruelas, M. A.; Joé, F.; Oro, L. A,
Homogeneous Hydr tion; Kluwer Academic Publishers: Boston,
1994; pp 533, (b) Crabtree, R. H. The Organometallic Chemistry of
the Transition Metals; John Wiley & Sons: New York, 1994; pp 212—
213. (e) Mehrotra, R. C.; Singh, A. Organometallic Chemistry; John
Wiley & Sons: New York, 1991; pp 450—461. (d) Collman, J. P ;
Hegedus, L. 8.; Norton, J. R.; Finke, R. G. Principles and Applications
of Organotransition Metal Chemistry; University Science Books: Mill
Valley, CA, 1987; pp 383—415. (e) Ireland, R. E.; Bey, P. Org. Synth.
1973, 53, 63—65. (f) Birch, A. J.; Walker, K. A. M. J. Chem. Soc. C
1966, 1894—1896. (g) Parshall, G. W.; Ittel, S. D. Homogeneous
Catalysis; John Wiley & Sons: New York, 1992; pp 25—31. (h) Torrent,
M.; Sola, M.; Frenking, G. Chem. Rev. 2000, 100, 439—493.

(7) (a) Young, J. F.; Osborn, J. A.; Jardine, F. H.; Wilkinson, G. .J.
Chem. Soe., Chem. Commun. 1965, 7, 131-132. {(b) Osborn, J. A.;
Jardine, F. H.; Young, J. F.; Wilkinson, G. .J. Chem. Soc. A 1966, 1711—
1732. (c) Lawson, D. N.; Osborn, J. A.; Wilkinson, G. J. Chem. Soc. A
1966, 1733—1736. (d) Jardine, F. H.; Osborn, J. A;; Wilkinson, G. /.
Chem. Soe. A 1967, 1574—1578. (e) Montelatici, S_; van der Ent, A.;
Osborn, J. A; Wilkinson, G. J. Chem. Soe. A 1968, 10541058,

(8) (a) Vineyard, B, D.; Knowles, W. S.; Sabacky, M. J.; Bachman,
G. L.; Weinkauff, D. J. J. Am. Chem. Soc. 1977, 99, 5946—5952. (b)
Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D.; Weinkauff, D. J. J.
Am. Chem. Soc. 1975, 97, 2567—2568. (c) Knowles, W. S. Ace, Chem.
Res. 1983, 16, 106—112. (d) Miyashita, A.; Yasuda, A.; Takaya, H.;
Toriumi, K.; Ito, T.; Souchi, T.; Noyori, R. JJ. Am. Chem. Soc. 1980,
102, T932-7934. (e) Kitamura, M.; Ohkuma, T.; Inoue, 8.; Sayo, N.;
Kumobayashi, H.; Akutagawa, S.; Ohta, T.; Takaya, H.; Noyori, R. ..
Am, Chem. Soc. 1988, 110, 629-631,
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SCHEME 1. First Hydride Route Mechanism
Proposed for Hydrogenation of Alkenes by Using
Wilkinson’s Catalyst™ ' (P = PPhg and S =

Benzene as Solvent)
H
+Hy iF | 7 H
-— Rh
- Hz
C TP
s

P-rs
+P, S

’

1

SCHEME 2. Second Hydride Route Mechanism
with Isomerization, Proposed for Hydrogenation
of Alkenes by Using Wilkinson’s Catalystis (P =
PPhj).

C—Rh—P == CI—ILh -—2p o— h"‘\\\H
+P | “H, |y

4 5

| |
Hif,., ‘\\\P + >'=< \\\\P

~—— H—RH_
| Y > |

Cl Cl

9 8

studies®* tend to support the idea that a solvent mole-
cule is associated with the Rh center at each of those
positions.

A second hydride route mechanism®*® differs slightly re-
garding (a) the structures of the key intermediates (9 in
Scheme 2 versus 4 in Scheme 1) and (b) the involvement
of the solvent molecules because no solvent molecule is
involved in this proposed mechanism. In this alternative,
an isomerization (7 = 8) precedes the formation of a key
intermediate 9, which possesses cis biphosphine ligands.
All of these first four steps (1 =6,6=17,7—8, and B
=9) are considered to be fast equilibria.*” Then, the rate-
determining alkene insertion (9 — 10) is followed by a
fast alkyl reductive elimination (10 — 6) to regenerate
GA-Im.Hh

In an ab initio computational mechanistic investi-
gation?*? of the Scheme 1 pathway, the potential energy
profile for the full catalytic eycle of alkene hydrogenation
by Wilkinson's catalyst was studied. The geometries of
the transition states as well as of the intermediates were
determined at the RHF/ECP level by using a variety of
basis sets, for each step of the reaction cycle. It was found
that the alkene insertion step has the highest energy
barrier in the full catalytic cycle of this reaction, predict-
ing it to be the rate-determining step of this reaction.
This conclusion is consistent with both mechanisms
shown in Schemes 1 and 2.3 "4
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SCHEME 3. Third Hydride Route Mechanism® (P
= PPhg, S = Benzene as Solvent)®

+H
- Hz

¢ ”fz.,_J_,‘

B

P

@ Stereochemistry was not specified and is given solely to
facilitate comparison with structures in Schemes 1 and 2.

A third hydride route mechanism® (Scheme 3) was
proposed on the basis of kinetic analyses indicating that
a solvent molecule S (S = benzene) is involved in the
catalytic sequence and that the rate-determining step,
which is preceded by four fast complexation equilibria®
in two different routes, is formation of the 6-coordinate
intermediate 4. Then, this 6-coordinate intermediate 4
undergoes a fast decomposition to yield the alkane
product and to regenerate Wilkinson’s catalyst 1.°

Another totally different mechanism for alkene hydro-
genation in the presence of Wilkinson's catalyst and
various Lewis acids, such as AlCls, BFs, AlPhs, etc., has
been proposed.”’ However, the reaction conditions used
in that study® are so different from those discussed
above® 145 that this may constitute a different reaction,
and a mechanistic comparison is probably invalid.

Results and Discussion

A. Correlation Patterns Probe Addition Reaction
Mechanisms. Information about electronic and steric
effects is revealed from the plots of log &, values versus
IPs. The IP is an appropriate comparator because it is a
measure of the amount of energy required to remove an
electron from the 7 bond and because it is independent
of steric effects. Most of our previously studied reac-
tions gave good-to-excellent correlations with positive
slopes;'*~*h some of the resulting plots each had a single
line of correlation,'*®=™ and some each had nearly-
parallel lines of correlation.'® =%

In this way, these correlation plots gave information
about steric effects in the reactions. Reactions of alkenes
(such as bromination,'" epoxidation,' carbene addition,
oxidation by chromyl chloride and by chromic acid," etc.)
that lack significant steric effects display in their plots
of log k., values versus IPs a single correlation line
consisting of all alkenes, regardless of degree of substitu-

(9) (a) Daniel, C.; Koga, N.; Han, J.; Fu, X. Y.; Morokuma, K. J.
Am. Chem. Soc. 1988, 110, 3773-3787. (b) Koga, N.; Daniel, C.; Han,
J.; Fu, X. Y.; Morokuma, K. JJ. Am. Chem. Soc. 1987, 109, 34553456,
(c) Hornback, J. M. Organic Chemistry; Brooks/Cole: New York, 1998;
p 259. (d) Connors, K. A. Chemical Kinetics; VCH: New York, 1990; p

23.

(10} {a) Dewar, M. J. S.; McKee, M. L. Inorg. Chem. 1978, 17, 1075—
1082. (b) Dewar, M. J. S; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4907—
4917.

(11) Nelson, D; Dewar, M. J. S.; Buschek, J. M.; McCarthy, E. .J.
Org. Chem, 1979, 44, 4109-4113.
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TABLE 1. IPs(eV), LUMOs(eV), and Relative Rates of
Catalytic Hydrogenation of Alkenes by Using Wilkinson's
Catalyst, RhCl{PPhs)s

No. alkene IP° | LUMO | k'
1 [T —oH 10.16° | 4.66 4107
2 [ =Aananas 9.59° 5.32 117.9
3 [ = 9.48 5.11 100
N 9.08 5.18 93.1
5 |/ —v 9.04 5.33 79.3
6 | 8.98 5.37 34.5
7 | N= 8.97 5.35 6.9
8 \/=/\ 8.97 5.20 6.8
9 /=<: 857 5.23 2.77
10 >=< 8.27 5.36 1.47

@ Reference 13a, unless otherwise noted. * References 7d, 12a.
© Reference 13b. ¢ Reference 7d; converted to relative rates from
rates of Ha consumption, ¢ Reference 13c. © Reference 13d.

tion. Reactions of alkenes with significant steric effects
(such as hydroboration,' oxymercuration,'™ silver ion
complexation,'® diimide addition,'* etc.) give plots with
multiple lines of correlation.

However, for the reaction of alkenes with PdCly/H,0,*
we found multiple lines with negative slopes in the plots
of alkene IP versus log k., value. The lines indicated a
good-to-excellent correlation. Initially, in this nucleophilic
addition, we planned to explore a correlation between log
ko values and alkene electron affinities (EAs), but EAs
are not readily available for a large selection of alkenes.
However, calculated alkene LUMOs are good estimates
for experimental EA values'®!! if a suitable computa-
tional method is selected. Therefore, using a selection of
computational methods, we examined the correlation of
calculated alkene LUMOs versus experimental alkene
EAs and used the method (6-31G%) that gave the best
agreement.!

Previous studies indicated that reactions with similar
rate-determining transition-state structures yield cor-
relation plots that have similar slopes and numbers of
lines. Reactions that have different rate-determining
transition-state structures usually yield different types
of correlation plots, but this is not necessarily the case.
As clarification, if different types of plots are obtained,
then rate-determining transition states in the reactions
concerned must have significant differences; however,
similar correlation plots do not necessarily indicate
similar rate-determining transition-state structures.

B. Correlation in Hydrogenation of Alkenes by
Using Wilkinson’s Catalyst. Relative reaction rateg™ 20
for homogeneous hydrogenation of alkenes in the pres-
ence of Wilkinson's catalyst, alkene IPs,'%" and alkene
LUMOs are given in Tables 1 and 2. As was done
previously,! eyclic alkenes and aryl alkenes are excluded
here in order to avoid complications due to ring strain
or conjugation with phenyl.

The plots in Figures 1-4 show good-to-excellent'
correlations of log k.. values versus alkene IPs and
versus alkene LUMOs for the terminal alkenes and cis-
disubstituted alkenes. However, the data points for
alkenes with different steric requirements, such as trans-
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TABLE 2. IPs(eV), LUMOs(eV), and Relative Rates of
Catalytic Hydrogenation of Alkenes by Using Wilkinson's
Catalyst, RhCl(PPhs)s

No. alkene 1P” LUMO kel
=N 10.91° 2.80 1470
12 | = 10.72° .

% 0.7 3.15 350
13 [T—cn 10.187 422 490
14 | =_on 10.16° 4.66 340
15 | =~ 9.85° 4.47 160

___oac
16 | = 9.48 5.11 100
17 ot 9.15" 5.51 180
18 :</\ 9.08 5.18 69
19 [ = & 8.91 5.00 4]
20 | AN 8.84 5.32 54
21 [N A 8.83 5.31 17

@ Reference 13a, unless otherwise noted. * Reference 12b. © Ref-
erence 13f. ¢ Reference 13g. © Reference 13b. / Reference 13h.
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r alkane
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tetrasubstituled
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0 1 2

log Kt (Hz / RACI(PPh3)3)  (data from Table 1)
FIGURE 1. Plot of the log k. values for homogeneous
hydrogenation of alkenes by using Wilkinson's catalyst versus
corresponding alkene IPs. Data used for this plot are given in
Table 1. Correlation coefficients (r values) are given in the
legend for terminal alkenes + cis-disubstituted alkenes and
for all alkenes regardless of the degree of substitution about
the double bond. The correlation line in this plot refers to
terminal alkenes and cis-disubstituted alkenes only. The y-axis
IP data are plotted in inverse order to facilitate comparison
with previous works.

disubstituted, trisubstituted, and tetrasubstituted al-
kenes, are deviant from the correlation lines, which
indicates that the rate-determining step of homogeneous

(12} (a) James, B. R. Homogeneous Hydrogenation; John Wiley &
Sons: New York, 1973; pp 198—287. Allyl cyanide is not included in
the plot because its data point falls far from the correlation line,
probably as a result of the interaction of the cyanide group and the
Rh metal center of the catalyst. (b) Candlin, J. P.; Oldham, A. R.
Discuss. Faraday Soc. 1968, 46, 60-71.

(13) (a) Masclet, P.; Grogjean, D.; Mouvier, G.; Dubeis, .J. .J. Electron
Spectrose. Relat. Phenom. 1973, 2, 225-237. (b) Katrib, A.; Rabalais,
J. W..J. Phys. Chem. 1973, 77, 2358~2363. (¢) Calculated by applying
to the IP for 1-decene, a correction factor caleulated as the difference
between the IPs of 1-decene and 1-octene: 9.51 + (9.51 — 9.43) = 9.59
eV; ref 13e. (d) Calculated by applying to the IP for 3-ethyl-3-hexene,
a correction factor calculated as the difference between the IPs of cis-
2- and cis-3-h 8.48 + (9.04 — 8.95) = B.57 eV; ref 13a.
(e) Hiraoka K. .J. Phys. Chem. 1981, 85, 4008—4015. (f) Houk, K. N.;
Munchausen, L. L. J. Am. Chem. Soc. 1976, 98, 937-946. (g) Willett,
G. D; Baer, T. J. Am. Chem. Soc. 1980, 102, 6774-6779. (h) Friege,
H.; Klessinger, M. J. Chem. Res., Synop. 1977, 208—209.
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*C =0
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FIGURE 2. Plot of the log k. values for homogeneous
hydrogenation of alkenes by using Wilkinson’s catalyst versus
corresponding alkene LUMOs, Data used for this plot are given
in Table 1. The correlation line in this plot refers to terminal
alkenes and cis-disubstituted alkenes only.

' alkene
ferminal +
092 | cisdisubstiutes O
2 20 = | rans-disubstituted O
© o 091 all
a4
19
P
(eV)

20

log ke (Hz / RhCI(PPh3)3)

25 a0

{data from Table 2)

FIGURE 3. Plot of the log k. values for homogeneous
hydrogenation of alkenes by using Wilkinson's catalyst versus
corresponding alkene IPs. Data used for this plot are given in
Table 2. The correlation line in the above plot refers to
terminal alkenes and cis-disubstituted alkenes only.

hydrogenation of alkenes in the presence of Wilkinson's
catalyst is dependent upon both steric effects and elec-
tronic effects. The correlation line in each plot of Figures
1—4 is for terminal alkenes and cis-disubstituted alkenes
that have similar steric requirements in this reaction,
but not for all alkenes regardless of the degree of sub-
stitution of the alkene double bonds. Although in some
plots it seems that the plot with all alkenes gives just as
good results as the plot with terminal + cis-disubstituted
alkenes, this is not the case for all figures. However, the
plot with terminal alkenes + cis-disubstituted alkenes
gives at least “good™* correlation in each case.

C. Nucleophilic versus Electrophilic Character-
istics. The negative slopes of the plots in Figures 1-4
agree with previous findings'"-d that the rate-determin-
ing step in this reaction is a nucleophilic process, with a

(14) Rowntree, D. Statistics Without Tears; Seribner: New York,
1981; p 170.

(15) {a) Burger, B. J.; Santarsiero, B. D.; Trimmer, M. 8.; Bercaw,
J. E. J. Am. Chem. Soc. 1988, 110, 3134—3146. (b) Doherty, N. M.;
Bercaw, J. E. J. Am. Chem. Soc. 1985, 107, 26T0—2682. (¢) Eisenstein,
0.; Hoffmann, R. J. Am. Chem. Soc. 1980, 102, 6148—6149. (d)
Eisenstein, O.; Hoffmann, R. J. Am. Chem. Soc, 1981, 103, 43084320,
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FIGURE 4. Plot of the log ky values for homogeneous
hydrogenation of alkenes by using Wilkinson's catalyst versus
corresponding alkene LUMOs. Data used for this plot are given
in Table 2. The correlation line in the above plot refers to
terminal alkenes and cis-disubstituted alkenes only.

higher IP or lower LUMO corresponding to a higher
relative reaction rate. The slopes in the plots are opposite
to those in most of our previous investigations'* " which
explored electrophilic additions. However, the correlation
in this reaction is similar to that of PdCl: oxidation
(multiple lines with negative slopes),'* which is also a
nucleophilic addition reaction.

The conclusion that the rate-determining step in
homogeneous catalytic hydrogenation involves nucleo-
philic attack on the alkene is consistent with both the
first and the second proposed mechanisms (Schemes 1
and 2).%-142 These mechanisms have virtually identical
rate-determining steps, each proposed to be an intramo-
lecular alkene insertion (4 — 5 in Scheme 1 and 9 — 10
in Scheme 2). The structural changes during the insertion
have been desecribed® as a symmetrical alkene #*-coor-
dination, shifting to a 5'-coordinated species, and picking
up the hydride from the metal at its uncoordinated
carbon. The proposed rate-determining step is a nucleo-
philic addition,™ which our results support.

However, the above coneclusion disfavors the third pro-
posed mechanism (Scheme 3),% in which alkene complex-
ation (3 — 4 in Scheme 3) is predicted to be the rate-de-
termining step. In this step, the alkene displaces benzene
and coordinates to the Rh center, which constitutes an
electrophilic attack of Rh on the alkene; our results,
which indicate a rate-determining nucleophilic attack on
the alkene, are at odds with this proposed mechanism.

D. Comparison with Other Similar Addition Re-
actions. The catalytic hydrogenation of alkenes by using
Wilkinson's catalyst has similarities to and differences
from the PdCl; oxidation of alkenes (the Wacker reac-
tion): (1) the slopes of the lines in the log k.. versus IP
and log k.. versus LUMO plots of both reactions are
negative, which indicates that both reactions are nucleo-
philic addition reactions; (2) the rate-determining steps
in Scheme 1°*¢ and Scheme 2 are both alkene insertion
processes similar to that for PdCl; oxidation;'% ¢ (3) the
rate-determining steps in catalytic hydrogenation in the
presence of Wilkinson's catalyst (eq 2) and in the Wacker

(16) (a) Henry, P. M. .JJ. Am. Chem. Soc. 1966, 88, 1595-1597. (b)
Henry, P. M. Adv. Chem. Ser. 1968, 70, 127—154. (c) Wan, W. K.; Zaw,
K.; Henry, P. M. Organometallics 1988, 7, 16771683,
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oxidation (eq 3) have been proposed to involve similar
four-center transition states; (4) data points in plots for

H s H
Cly, @. ey, Clg, | P

o @ e @
| Lga | e

= LS - H

1y mechanism (P = PPh;)

I, mechanism

[+]

o s I
— |o—rs—om, (3)

H

PdCl; oxidation'® separate naturally into different steri-
cally similar alkene groups, as do those in the plot for
alkene hydrogenation, although some differences still
exist between them; and (5) geminal and vicinal cis
disubstituted alkenes fall into the same sterically similar
group as the monosubstituted alkenes in hydrogenation
(Figures 1—4), whereas all disubstituted alkenes fall into
a different group in PdCl; oxidation,’®* which implies
greater steric effects in the latter for reasons that cannot
be specified.

The display of similar electronic effects in the two
reactions is not surprising. Rh and Pd might be expected
to form organic derivatives that have similar such
characteristics, based on their joint membership in the
second triad of groups 9 and 10; they are both “platinum
metals”.'” Similar nucleophilic characteristics in both
reactions could be rationalized by the nucleophilic attacks
upon one carbon atom of the alkene double bonds by
hydride in the hydrogenation and by hydroxide in the
Wacker reaction.

The different steric effects in the two reactions could be
derived from steric congestion at an alkene carbon, from
steric congestion about the central metal, or from other
sources. Several explanations for the differing steric effects
in the transition states of the two reactions can be offered:

(A) The different sizes of the groups migrating to the
alkene carbon must be considered; OH is larger than H,
s0 its migration might be expected to cause greater steric
congestion at the alkene carbon in that reaction, as
observed.

(B) The different sizes of the solvent molecules entering
as ligands are significant. An entering benzene ligand
might be expected to cause more congestion than an
entering H,0 ligand (egs 2 and 3). However, this is
inconsistent with lower steric effects in the Wilkinson
reduction than in the Wacker Reaction, so the entering
solvent does not produce the observed steric effect in
these reactions. This supports the practice of omitting
solvent from mechanistic schemes drawn for this reac-
tion, often done by Halpern® and by Brown.*

(C) The smaller steric effect despite a larger entering
solvent ligand in alkene hydrogenation (eq 2) than in the
Wacker reaction (eq 3), might also be explained by the

(17) (a) Cotton, A. F.; Wilkinson, G. Advanced Inorganic Chemistry;
John Wiley & Sons: New York, 1972; pp 990-995. (b) Heslop, R. B.;
Jones, K. Inorganic Chemistry; Elsevier Scientific Publishing Com-
pany: New York, 1976; pp 701-703.
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former being an I (dissociative interchange'®) process of
an octahedral complex and the latter being an I, (as-
sociative interchange'®) process of a square planar com-
plex. The designations “I; process” and “I,, process” follow
the generalized nomenclature for mechanisms of ligand
exchange;'® an Iy process has both the entering and
leaving ligands more dissociated and farther apart than
in an I, process as depicted in eqs 2 and 3. Although we
have no experimental measurements to compare dis-
tances between the metals and entering ligands in the
transition-state structures, there are some data available
for similar ground-state molecules. Studies show that the
average distance between Rh and the two coordinated
benzene carbons in the product [Rhiy-C;H;){f5,0,1,2-5-
CsH;C(Ph)=CH] is about 2.21 A,"* which is greater than
the distance (2.10 A) between Pd and O in the product
[Pd(C.H,OH)(H,0)Cl,]. 190+

(D) However, the calculated bond lengths of Pd—Cl and
Pd—C are 2.30 and 2.20 A 1% respectively, in the four-
membered transition state of the rate-determining inser-
tion of [PACL.H(C2H,)] -, and the calculated bond lengths
of Rh—Cl and Rh—C are 2.30 and 2.21 A,g" respectively,
in the four-membered transition state of the rate-
determining insertion of [RhCI(PH3).(CoHy)H,l. These are
almost identical and, therefore, would lead one to predict
similar steric effects in the transition-state structures in
these two reactions.

(E) A theoretical calculation'™ predicts the Rh—C bond
strength in Rh—C:H; of 50.3 kcal/mol, which is higher
than that of Pd—C in Pd—C,H; (40.9 kcal/mol). The
stronger developing Rh—C bond in the transition state
structure might cause the alkene migratory insertion
transition state in catalytic hydrogenation to be later
with somewhat less steric effects than in the Wacker
oxidation.

(F) Calculations™ have predicted a late transition state
for the hydrogenation of alkenes catalyzed by Wilkinson's
catalyst, which is consistent with the prediction that the
rate-determining step of this reaction is an endergonic
process.*d A late transition state, in which only one
carbon is significantly bonded to Rh and the Rh—H bond
is nearly broken, could explain the reduced steric effects.
In this case, electronic effects would also not be signifi-
cant, because little distortable 7 electron density would
remain in the transition state structure. This would agree
with the correlation plot, i.e., closely spaced multiple lines
with small slopes. Thus, a later transition state in alkene
hydrogenation by using Wilkinson’s catalyst than in the
Wacker oxidation might also contribute to slightly smaller
steric effects in the former.

It should be added that rates of catalytic reactions may
not represent only the barrier of the rate-determining
step, as has been assumed in the above discussion; they
can be a more complex mixture, driven by the distribution
of catalyst among active and inactive species. However,
in this case, excellent correlations are obtained, suggest-
ing that here a factor other than catalyst distribution
prevails.

(18) Wilkins, R. G. Kinetics and Mechanism of Reactions of Transi-
tion Metal Complexes; VCH: New York, 1991; 201.

(19) (a} Wadepohl, H.; Metz, A.; Pritzkow, H. Chem. Eur. J. 2002,
8, 1591—-1602. (b) Fujimoto, H.; Yamasaki, T..J. Am. Chem. Soc. 1986,
108, 578—581. (c) Bickvall, J. E.; Bjorkman, E. E.; Pettersson, L.;
Sieghahn, P. J. Am. Chem. Soc. 1984, 106, 4369—-4373. (d) Siegbahn,
P. E. M. J. Phys. Chem. 1995, 99, 12723-12729,



Homogeneous Hydrogenation with Wilkinson'’s Catalyst

Conclusion

Negative slopes of correlation lines in the plots of log
k. values versus [Ps and versus LUMOs are obtained
for hydrogenation of alkenes by using Wilkinson’s cata-
Iyst. This supports previous findings that the rate-
determining step of this reaction is a nucleophilic alkene
addition. The multiple lines in each plot indicate that the
reaction is dependent upon both electronic effects and
steric effects in its rate-determining step. The method of
analysis employed in this study demonstrates a simple
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way to predict relative reactivities of functionalized
alkenes based on electronic and steric characteristics of
the alkene substituents; this information will be useful
in designing syntheses requiring selective reaction of one
alkene functionality in the presence of another.
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Comparing correlations of logs of relative reaction
rates versus alkene HOMO and LUMO energies
reveals thar reactions with similar electronic and
steric effects have similar shapes in their plots;
this can sometimes be used to select among
proposed reaction mechanisms. The rate-
determining step of homogeneous hydrogenation
of alkenes catalyzed by Wilkinson's catalyst is
revealed to be a nl|(.']ru|\|1||kL addition to the
alkene double bond, which depends upon both
electronic and steric effects of the substituents
See Nelson and co-workers, p 761.
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Correlation of Ionization Potentials and HOMO Energies versus
Relative Reactivities of Cly, of Brz, and of I; with Representative
Acyclic Alkenes. Comparison with Other Additions to Alkenes
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DNelson@pu.edu

Received December 4, 2000

Plots of log k. versus IP or versus HOMO for the title reactions are presented; similarities and
differences among the reactions are discussed. The Cl; and Br: data each show a single line of
correlation with positive slope for all alkenes regardless of the steric requirements; increasing
substitution at the double bond increases the reaction rate, indicating an electrophilic reaction.
Each plot of the I, data calculated for adsorption exhibits a natural separation into groups of
similarly substituted alkenes, in which increased substitution reduces the rate. Within each group,
a good-to-excellent correlation is observed, with a lower IP generally corresponding to a higher
relative rate. The results indicate that the relative magnitude of the steric requirements about the
double bond is similar to that of the electronic effects in iodination. Plot shapes for iodination are
compared to those of other reactions, such as hydroboration, oxymercuration, complexation with

Ag®, and complexation with MeHg".

L Introduction

We have correlated measurable characteristics in ad-
dition reactions with alkenes in order to gain information
which is useful mechanistically and synthetically. We
have applied this technique to several reactions: hydro-
boration,'*" oxymercuration,'*" bromination,'** diimide
addition,'? oxidation with permanganate,'* epoxidation, !’
sulfenyl halide addition,'" mercuric chloride complexation,'’
silver ion complexation,'’ carbene addition,'® nitrosyl
chloride addition,'® oxidation with osmium tetroxide,'®
and the Wacker oxidation.'" The technique can often (1)
determine relative magnitudes of steric and electronic
effects in the rate-determining step; (2) predict, in a
simple way, the effects of substituents on reaction rates
for synthetic purposes; and (3) select between alternative
proposed reaction mechanisms, in some cases. The previ-
ous investigations' applied this simple method by cor-
relating the logarithms of the relative reaction rates (log
Jr values) with the alkene ionization potentials (IPs) and
with their highest occupied molecular orbital energies
(HOMOs); reactions with similar mechanisms gave cor-
relation plots which were similar in appearance. To
develop further this new technique and to elucidate
synthetically and mechanistically important information

* Corresponding author,

(1) (a) Nelson, D. J.: Cooper, P. J.; Soundararajan, R. J. Am. Chem.
Soc. 1989, 111, 14141418, (b) Nelson, D. J.: Cooper, P. J. Tetrahedron
Letr. 1986, 27, 4693—4696. () Nelson, D. J.; Perng, T.; Campbell, D,
Proceedings of the 26th National Triennial Convention of lota Sigma
Fi; Tota Sigma Pi Promethium Chapter: Portland, OR, 1999. (d)
Nelson, D. J.; Henley, R. L.; Yao, Z.; Smith, T. D. Tetrahedron Lett.
1993, 34, 5835—5838. (e) Nelson, D. J.; Henley, R. L. Tetrahedron Lett.
1995, 36, 63756378, (f) Nelson, D. J.; Soundararajan, R, Tetrahedron
Lett. 1988, 29, 6207-6211. (g) Nelson, D. J. Tetrahedron Lett. 1999,
40, 58235826, (h) Nelson, D. J.; Li, R.; Brammer, C. N. /. Am. Chem,
Sec. 2001, 123, 15641568,

10.1021/jo0017032 CCC: $20.00

from experimental or computational data, we apply the
technique to important reactions with a variety of mech-
anisms.

Independent rate studies of chlorination,” bromina-
tion,* and iodination® of alkenes allow examination and
comparison of steric and electronic effects caused by
increasing the degree of substitution at the doubly
bonded carbons of acyclic alkenes. In bromination, such
steric effects are smaller than electronic effects since one
line of correlation is obtained which includes all alkenes,
regardless of the degree of substitution at the double
bond.'** For chlorination, in nonpolar media and free
from radical contributions,? relative rates parallel those
of bromine addition, and the plot obtained is similar, as
expected (eq 1).

XX
N, Halp N N Hal”
Je=c{ —% = —>
Hal
"C ':!/ Hal = Cl, B
*Hal g Lhae

Studies of alkene iodination explored the adsorption (A
= B) of the olefin with solid iodine on a GC column to
give the charge-transfer complex B, and complexation (B

(2) Masclet, P.; Grosjean, D.; Mouvier, G.; Dubwis, J. 1. Electron
Spectrosc. Relat. Phenom. 1973, 2, 225-37.

(3) (a) Poutsma, M. L. J. Am. Chem. Soc. 1965, 87, 4285. (b) de la
Mare, P.; Bolton, R. Electrophilic additions to unsaturated system;
Reaction Mechanisms in Organic Chemistry Monograph 4; Elsevier:
New York, 1966; pp 73—112. (c) Bartlett, P. D.; Sargent, G. D. J. Am.
Chem. Soc. 1965, 87, 1297. (d) A reviewer pointed out that the
deviations of the values from linearity could also be due to errors in
the IPs, HOMOs, or k. values.
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Comparing the relative steric and electronic effects of
these reactions would increase their synthetic utility.

We previously contrasted the bromination of alkenes
against hydroboration,'* oxymercuration,' and a number
of other reactions of alkenes involving three-membered
intermediates or products.'™ We determined that hy-
droboration and oxymercuration each had multiple lines
in the plots, grouping alkenes with steric effects which
were of the same order of magnitude.'® However, bromi-
nation gave one line for all alkenes, indicating that the
steric effects in that reaction were of the same order of
magnitude for all of the alkenes studied, similar to what
was observed for the other reactions involving three-
membered intermediates.'" To explore the effectiveness
of this procedure and increase the synthetic utility of the
reaction, it seemed desirable to determine if these results
for bromination are also applicable to the reactions of
alkenes with chlorine and iodine; we report the results
of that comparison herein.

II. Background

The general procedure' for gathering information about
the relative magnitudes of steric versus electronic effects
in the transition state of the rate-determining step, and
therefore about the mechanistic pathway, is the follow-
ing: (1) relative rates of reaction (k. values) of a number
of representative alkenes, with a broad range of electronic
and steric properties are determined; (2) ionization
potentials (IPs), highest occupied molecular orbital ener-
gies (HOMOs), and in some cases, lowest unoccupied
molecular orbital energies (LUMOs) are obtained, be-
cause these are relatively insensitive to steric effects; (3)
log k. values of the alkenes are plotted against the
alkene z IPs, HOMOs, or LUMOs; (4) plots and correla-
tion coefficients are examined for linearity and number
of lines, with each line representing a group of alkenes
having steric effects with similar orders of magnitude in

(4) (a) Collin, V. G.: Jahnke, U.: Just, G.: Lorenz, G.: Pritzkow. W.;
Rolling. M.: Winguth, L.; Dietrich, P.. Doring. C. E.: Houthal, H. G.:
Wiedenhoft, A. J. Prake. Chern. 1969, 311, 238. (b) Walisch, W.; Dubois,
J. E. Chem. Ber. 1959, 92, 1028. (c) Dubais, J. E.; Mouvier, G.
Tetrahedron Lett. 1963, 1325. (d) Dubois, J. E.; Schwarcz, A, Tetra-
hedron Lett. 1964, 2167. (e} Dubais, J. E.; Goetz, E. Tetrahedron Lett,
1965, 303. (f) Dubois, J. E.; Barbier, G. Tetrahedron Lett. 1965, 1217,
(g) Dubois, J. E.; Mouvier, G. C. R. Hebd. Seances Arcad. Sci. (Paris)
1964, 259, 2101. (h) Grosjean, D.; Mouvier, G.; Dubois, J. E. J. Org.
Chem. 1976, 41, 3872. (i} Cerichelli, G.; Grande, C.; Luchetti, L.;
Mancini, G.; Bunton, C. J. Org. Chem. 1987, 52, 5167—5171. (j)
Acharya, D.; Das, M. J Org. Chemn. 1969, 34, 2828-2831. (k)
Fukuzumi, S.; Kochi, J. K. J. Am. Chem. Soc. 1981, 103, 2783—-2791.
(I} Popov, A. Halogen Chemistry, Gutmann, V., Ed.; Academic Press:
London, 1967; p 225,

(5) Cvetanovié, R. J.: Duncan, F. 1.; Falconer, W. E.; Sunder, W. A,
J. Am. Chem. Soc. 1966, 85, 1602.
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that reaction; and (5) plot shapes are compared with
those from other reactions in order to ascertain similari-
ties.

In our previous investigations of addition reactions of
representative acyclic alkenes,' a plot of IPs or HOMO
energies versus the logarithm of relative rates shows a
natural grouping of data points corresponding to the
number of alkyl groups attached to the double bond. Data
for the groups of more highly substituted alkenes fall
together in the portion of the plot corresponding to lower
relative rates of reaction. The rate retardation for more
highly substituted alkenes must be due to the rate-
retarding steric effects over-riding the rate-increasing,
electron-donating electronic effects of the alkyl groups.

In contrast, other addition reactions of acyclic alkenes
give only one line in such plots, regardless of the degree
of substitution. In these, the reaction rates are of the
same order of magnitude regardless of the degree of
substitution about the double bond.! In these cases, the
overall effect of increasing the degree of substitution is
rate-increasing, which means that electronic effects over-
ride the steric effects.

II1. Results and Discussion

Table 1 lists k. values of representative acyclic alkenes
with chlorine,* bromine,* and iodine.? It also lists alkene
IPs and HOMOs. In designated cases, IPs were not
available and had to be determined through comparison
with HOMOs, which were calculated as described
previously.'® Plots of alkene IPs or HOMOs versus log
ki) values are shown in Figures 1—4. Since a higher IP
value corresponds to electron removal from a lower-
energy molecular orbital, IPs were listed with increasing
magnitude proceeding down each plot, in order to make
the plots comparable to those using HOMO energy levels.

A. Bromination. Although we did not include so many
large substituents on the alkenes in our previous alkene
bromination study.'* we have included them in this
study. Each of the plots of alkene IP and HOMO versus
log k. for bromination®*# (Brz/NaBr/MeOH), shown in
Figure 1, has one line of correlation with r= 0.97. In
both plots, this correlation is better than those found
within groups of sterically similar alkenes. In a study
reported by Dubois and Mouvier,* it was necessary to
utilize a two-parameter equation, employing Taft's induc-
tive o* constant and steric substituent constant, to
achieve a linear correlation because of the steric require-
ments of the substituents. In the study reported herein,
which includes alkenes with large substituents, a linear
correlation with the IPs was again obtained; this means
that this type of study may be more likely to give a
suitable treatment without use of additional steric pa-
rameters.

Similar correlations and plots (not shown) of IP versus
log k. values for bromine addition under other conditions®
(Bro/HBr/CH:Cly) gave one line of correlation regardless
of the number of alkyl groups on C=C and with an
excellent correlation coefficient (r= 0.98). Data and plots
(not shown) for bromine addition in the presence of
HOAc™ showed virtually no correlation for all alkenes
(r = 0.26) or for sterically similar groups; it is unlikely
that this is due to the acidic conditions, since bromination®
using Bro/HBr gave good results. Rather, it is probably
the case that each alkene included in the study using
HOAc™ had a functional group which could offer conju-
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Table 1. Alkene IPs, HOMOs, and Relative Reactivities for Reactions with Chlorine, Bromine, and lodine
Relative reactivity
P2 | HOMO ct Bry i
no. alkene eV) energy level 2 2 z
with support without support
adsorp plex | adsorp ipl

1 Y=< 827 -9.49 43 x 107 140x10°| 73 36 | 164
2 L< 868 -9.63 11x10° 140x10°| 35 45 96 | 119
I AV ENS 895 976 ozex10®| m¢ | 3¢ | 3 | ¢
1 /\:v 8.97 -9.76 357x10°| 44t 43¢ 66°| 64°
5 =</\ 9.08 979 16x10% | g5 110 48 | 18 78
6 | /=N 912 979 63x10° 405x10°| 79 23 96 | 28

7 /:/ 912 977 50x10° 26x10°| 173 | 50 25 | 72
8 = 924 978 5.8 x10° 126 | 52 25 | 10

9 eome | 948 | .07 720

| —X 9.45 996 115 4048 YL IPCUI VR L
11 oAy | 948 997 100 100¢ 100" | 100' |100f
12 == 9.63 994 148 41 118 40 17

B = 9.4 997 100 | m» 77 | 7

| A=A 993/ | -1049 5x 107

15 —oae | w09k | -103 072

16 =_a 108" -10.53 07

17 =_qo 10341 -10.48 0.30 0.06

# All IPs, including those in footnotes, are first IPs from ref 2, unless otherwise noted. » Reference 3a. © Reference 4a—g. ¥ Reference 5.
* Data for the corresponding 2-pentenes; IP's = 9.04 eV (cis) and 9.04 eV (trans). 'Data for 2-methyl-1-butene; IP = 9.15 eV. # Reference
6. " Data for 3-methyl-1-butene; IP = 9.52 eV, / Data for 1-pentene; IP = 9.48 eV, / Reference 7. ¥ Reference 8. ' Reference 9.

gative stabilization directly to an alkenyl carbon and
could thereby stabilize a carbocation formed from the
alkene; this could lead to the involvement of mixed
reaction mechanism pathways.

Last, we should note that this treatment does not
consider the effect of the simultaneous reaction of Bry~
with alkenes. Although the rate of reaction of Bry~ is
slower than that of Bry, the difference in rate is not
sufficient to justify disregarding it.*) However, compari-
sons of these reactions have shown not only that sub-
stituents affect the two reactions similarly and only in
differing magnitudes,* but also that the effects of the
substituents are roughly parallel.™ The fact that the
results obtained for chlorination are similar to those
obtained for bromination, as will be seen below, also
supports the conclusion that the effects must be roughly
parallel, since the formation of Cly~ is unimportant in
that system."

B. Chlorination. The plots (Figure 2) for chlorination
(Clz(g)/Oz/dark®) each show that the best correlation is
obtained by considering all alkenes as a single group with
the correlation coefficients r= 0.99 (IP) and 0.95 (HOMO).
This result is very similar to that for bromination. The
reactivities of the alkenes in this reaction are inter-
preted®< as compatible with a transition state, which
involves partial bonding of the chlorine molecule with
both termini of the olefinic system, and with little
development of positive charge on one carbon, as ina 7
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complex. This transition state is preferred to one which
involves attack at a single terminus with development
of carbocation character on one carbon; this conclusion
is also very similar to that for bromination.

Because the chlorination study® included only one
compound with a large substituent, the authors found it
necessary to use only the ¢* constant in order to achieve
linear correlation. However, attempts to include allyl
chloride in that correlation gave less satisfactory results.
In contrast, allylic compounds and alkenes with large
substituents were included in our previous study and are
included in the correlations reported herein, both without
problems.

As in the previous chlorination study, the position of
the alkyl substituent on the double bond has little effect
on the rate; there is little difference among the chlorina-
tion or bromination data for isobutene, cis-2-butene, and
trans-2-butene, but there is a large difference between
the chlorination and bromination data for both methyl-
propene and 2-methylbutene,

Poutsma warned of dangers in extrapolating from
linear to branched alkenes since branching stabilizes
possible carbocation formation, this could switch the
mode of chloronium ion decomposition or switch the
mechanism from one with a cyelic chloronium intermedi-
ate to one with an open carbocation. While we found no
problems achieving correlation with the branched olefins
studied herein, we do find problems including aryl
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substituents, probably for that reason. Although data for
dichloroethene were not included in Poutsma's correla-
tion,” we attempted to include it here and found that its
point fell far off the correlation line (Figure 2). It is
possible that the chlorine substitution directly on the
double bond converts the reaction mechanism in a
manner similar to one of the mechanistic pathway
changes discussed above.

Chlorination data, obtained using ClL/HOAc,* were
plotted versus IPs”'! (or HOMO, values in parentheses).
As with the results obtained for bromination in the study
using HOAc, we found no correlation for sterically similar
groups, r = 0.83 (0.16) and r = 0.43 (0.41), or for all
alkenes, r= 0.14 (0.36) (plots not shown). Once again,
the alkenes included in this study™ each had a functional
group which could offer conjugative stabilization with a
carbocation and could lead to involvement of mixed
reaction mechanism pathways.*

C. Iodination. Results for iodination® (by using I on
GC column support material) are different from those for
bromination and chlorination. Studies of the interaction

(6) Brown, R. 5.; Marcinko, R. W. J. Am. Chem. Soc. 1978, 100, 5721.

(7) Nelson, D. 1.; Dewar, M. 1. 5.; Buschek, J. M.; McCarthy, E. 1.
J. Org. Chem. 1979, 44, 4109-4113.

(8) (a) Klasnic, L_; Ruscic, B.; Sabljic. A.; Trinajstic, N. J. Am. Chem.
Soc. 1979, 104, 7477. (b) Willet, G. D.; Baer, T. J. Am. Chem. Soc.
1980, 102, 6774.

(9) Schmidt, J.; Schweig, A, Angew. Chem., Int. Ed, Engl, 1973, 12,
307,

(10) (a) Muhs, M. A.; Weiss, F. T. J. Am. Chem. Soc. 1962, 84, 4697,
(b) Cvetanovi¢, R. J.; Duncan, F. J.; Falconer, W. E_; Irwin, R. S. .
Am. Chem. Soc. 1965, 87, 1827.

(11) (a) Momigny, J. Nature 1963, 199, 1179, (b) Van Dam, J.;
Oskam, A, Jf. Electron Spectrose. Relat. Phenom. 1978, 13, 273. (c) Lake,
R. F.: Thompson, H. Proc. R. Soc. London, Ser. A 1970, 317, 187.
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of olefins with molecular iodine were carried out by using
a gas chromatographic technique. These explored the
complexation equilibria of the olefin interacting with solid
iodine on the column: an equilibrium corresponding to
adsorption of the gaseous alkene molecules on solid iodine
(A ==B), and an equilibrium between the adsorbed alkene
and the complexed alkene (B == C). Each equilibrium was
treated mathematically in two ways, accounting for
complexation with untreated support and not accounting
for it. For adsorption (A == B), regardless of consideration
for untreated support interaction, the data points group
depending upon the steric requirements of the alkenes
(Figure 3a.b), giving multiple lines with a positive slope.
In the plots for these equilibria, a much better correlation
is obtained by using separate lines for monosubstituted
alkenes (r = 0.78 when considering interaction with
untreated support and r= (.79 when not considering it)
and for disubstituted alkenes (r = 0.73 considering
interaction with untreated support and r = 0.70 not
considering interaction) than by considering all alkenes
as one group (r = 0.36 considering interaction with
untreated support and = 0.06 not considering interac-
tion).

For the second equilibrium (between the adsorbed
alkene and the complexed alkene, B == C), regardless of
consideration for untreated support interaction, a better
correlation is shown in Figure 3c.d with one line of
negative slope containing data for all alkenes, irrespec-
tive of their steric requirements (r = 0.76 considering
interaction with untreated support and r = 0.62 not
considering interaction). The negative slope in each of
the plots in Figure 3c.d indicates that the product has
an increased amount of electron density in the 7 bond.
One explanation for this phenomenon, which has been
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proposed in other systems,®'"1? is that back-bonding
from the electrophile (here I;) to the alkene could be
absent in the adsorbed form B and present in the complex
C.

Electrophilic character in the adsorption step (A == B),
and nucleophilic character in the complexation from
adsorption (B == C), reveal information regarding the
direction and character of electron transfer in these steps.
One explanation for these data, which agrees with eq 2,
is that electron density is transferred from the alkene to
iodine in the adsorption step (A == B), and there is a net
increase in the amount of electron density in the 7 bond
in going from the adsorbed alkene to the complexed one
(B == C). Perhaps the transfer of electron density from
iodine to the alkene via back-bonding is more important
in the complexed form than in the adsorbed form.

The manifestation of grouping according to alkene
steric requirements for adsorption (Figure 3a,b), but not
for complexation starting from the adsorbed alkene
(Figure 3c.d), might seem surprising because adsorption
should be a “looser” interaction, with the molecules
farther apart and reduced steric effects. However, be-
cause complexation is from the adsorbed alkene, perhaps
there would be little additional congestion incurred in
this transformation so no grouping according to steric
requirements would appear in the plots.

Different results for iodination as opposed to those for
chlorination and bromination might seem surprising at

(12) Bach. R. D.;

Weibel, A. T.: Patane, J.; Kevan, L. ./ Am. Chem.
Soc. 1976, 98, 6237,
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first, but they are easily explained. Bromination and
chlorination are addition reactions which go to comple-
tion. The reaction with iodine does not go to completion
because it is unfavorable entropically and is endothermic;
it is a reversible complexation reaction in which the
equilibrium favors the reactants. Therefore, the plot
obtained from reaction with iodine might be expected to
resemble those of other alkene complexations instead of
those of bromination and chlorination.

D. Comparison to Complexation with Metal Ions
or with Organometals. Comparison of the plots for
iodination versus those for complexation with the silver
ion (AgNQ,)'"1% reveals similarity (Figure 4a,b). Cor-
relation of log K, I, versus alkene IP gives different
results depending upon the equilibrium which is being
considered. The plot for A == B shows groups of data
which form multiple lines, having a positive slope and
corresponding to alkenes with different steric require-
ments; that for B = C shows one line with a negative
slope, independent of alkene steric requirements. Cor-
relation of log K., Ag" versus alkene IP can also give a
different plot appearance, depending upon the experi-
mental method used to obtain the equilibrium constant
data. Like the results for the reaction with I, these are
multiple lines with a positive slope or one line with a
negative slope.

As we reported!f earlier, if Ag" complexation data are
obtained by allowing the alkene to become distributed
between two liquid phases, then the plot (shown in ref
1f) has multiple lines, each with a positive slope and
corresponding to a group of sterically similar alkenes.
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That plot pertains to the complexation equilibrium'™ (A
== C) between the free alkene plus Ag™ and the complexed
alkene. However, it appears to be similar to that for the
adsorption of the alkene on iodine (A = B) shown in
Figure 3a,b. This similarity in plots is apparent although
the equilibria being examined are not reported to be the
same. There are at least two possible explanations for
this. (1) The overall complexation of alkene with Ag” in
solution proceeds via the adsorbed form (ie. A== B =
C) but reflects the steric requirements of the reactant
alkenes. (2) Formation of the product is by direct com-
plexation from the free alkene A == C, which accom-
modates (and reflects) the steric requirements of the
alkene.

Plots for alkene adsorption (A == B) with iodine (Figure
3a,b) and silver ion'’ are somewhat similar to the plots
obtained for oxymercuration and hydroboration of
alkenes,'" except for the placement of data for 1,1-
disubstituted alkenes and trisubstituted alkenes. In the
adsorptions, 1,1-disubstituted alkenes are in a "disub-
stituted alkenes” group with 1,2-disubstituted alkenes,
and trisubstituted alkenes are separate; in oxymercura-
tion and hydroboration, 1,1-disubstituted alkenes are in
a “terminal alkenes” group with l-hexene, and 1,2-
disubstituted alkenes are in an “internal alkenes” group
with the trisubstituted alkenes. It is interesting that
these plots would be so similar even though the former
two are equilibria reactions and the latter two are
kinetically controlled reactions.

Equilibrium data for silver ion complexation which
correspond to B = C are determined by GC.5'" Plots of
log K. vs IP or HOMO give one line of correlation with
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a negative slope (Figure 4a.b), regardless of the steric
requirements of the alkenes (r = 0.81'% and r= 0917
respectively). Plotted data from either study of the
equilibrium, between the alkene adsorbed on Ag” and the
alkene complexed with Ag™ (B == C), is similar to the
analogous plots for iodination (also B == C). As in the case
of the iodination adsorption to complexation equilibrium
(B == C), the negative slope indicates the product has an
increased amount of electron density in the 7 bond.
Cvetanovié¢® made note of the similarity between I,
complexation and Ag" complexation (both give plots with
one line of negative slope, B = C), as well as of the
nucleophilic character of the Ag® complexation. He
attributed'™ the latter to a back-donation of electrons to
the olefin from the silver ion; this is similar to our
discussion for iodination above.

Bach!? also noted a similarity between the results of
calculations for alkenes complexed with methylmercury
cation and those with silver ion. He explained that “the
bonding in silver and mercury ;7 complexes is due largely
to overlap of the filled 7 orbital of the alkene with the
vacant s orbital of the metal. The amount of dx—px back
bonding of metal electron density with the antibonding
7 orbital of the alkene is minimal.”'? He also cited
differences between the effect of increasing alkyl substi-
tution on the alkene in the data for the reactions of
alkenes with methylmercury cation (rate increasing in
gas phase by ion cyclotron resonance) and in those for
complexation with silver ion (rate decreasing in solution).
These gas phase (ICR) data do not collect in sterically
similar groups, which is in contrast with the behavior of
the oxymercuration data (multiple lines, positive slopes),'®
which leads to comparable intermediates in solution. The
appearance of the plot (not shown, single line, positive
slope, r=(.85) obtained from the gas phase (ICR) data'?
for complexation with MeHg™ is also at odds with those
from the gas phase (GC) data for complexation with Ag*
(B == C, single line, negative slope)>'® or with I, (adsorp-
tion A == B, multiple lines, positive slope, Figure 3a,b;
complexation B == C, single line, negative slope, Figure
3¢,d).” This indicates that the intermediate and/or the
mechanism involved in the reaction with MeHg" is not
the same as that in the reaction with Ag" or L.

E. Summary of Patterns in Plot Appearance and
Reactions. The following patterns appear in the above
reactions, (1) Chlorination and bromination are similar
in that the rate-determining step is the formation of the
halonium ion, and the plot of IP versus log k.., yields one
line with a positive slope regardless of the steric require-
ments of the alkenes. The plots indicate that the rate-
determining step in each is an electrophilic addition
influenced more by electronic effects than by steric
effects. (2) Adsorption with iodine (A == B) and complex-
ation with silver ion in solution (A = C) are similar
because plots of IP versus log k.. give lines of correlation
with positive slope and with data grouped according to
the degree of alkene substitution: monosubstituted,
disubstituted, and trisubstituted. (3) Upon including in
the mathematical treatment of the data an equation
which relates the equilibrium constant of adsorption of
gaseous alkene molecules on solid iodine to the equilib-
rium constant of complexation with solid iodine of alkene
molecules physically adsorbed on solid iodine, the ap-
pearance of the plots for iodination switches from mul-
tiple lines with positive slope to one line with negative
slope. (4) Equilibria (B == C) for complexation from the
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adsorbed form in the reaction of alkenes with I or Ag®
cause the best correlation line in each plot of IP versus
log k. to be one line with negative slope, which includes
data for all alkenes regardless of steric requirements. (5)
Switching the phase of reaction with Ag™ or mercuronium
ion generation from solution to gas phase causes the
correlation lines in the IP versus log K., plots to switch
from multiple lines of positive slope to one line of positive
slope. (6) Little back-bonding has been predicted in
complexes with Ag™ or HgX", and back-bonding is not
possible in hydroboration. However, back-bonding in
complexes of alkenes with Ag® or I; would explain the
change in slope in going from adsorption (positive,
electrophilic) to complexation (negative, nucleophilic). It
is not clear that those conclusions can necessarily be used
to predict the significance of back-bonding in complex-
ation with other metal ions or molecules. (7) Oxymercu-
ration and hydroboration give results similar to those in
(2) except that the data are grouped according to whether
there is an unsubstituted end of the double bond,
terminal vs internal instead of monosubstituted vs di-
substituted.

1V. Conclusion

Chlorination and bromination give plots of alkene IP
versus log k., which are characteristic of typical electro-
philic additions to alkenes. lodination gives plots which
are dependent upon the treatment of the data to reflect
adsorption or complexation of the alkene on solid L.
Adsorption of the alkene on iodine results in grouping
according to alkene steric requirements in the plots of
alkene IP versus log K.... whereas complexation from the
adsorbed alkene shows no such grouping. Data for
reactions of alkenes with I, and with Ag™ appear to be
similar to each other, but different than those for reac-
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tions that give mercuronium ions; this may be due to
changing reaction conditions.

Reactions considered herein, with similar mechanisms
and steric and electronic requirements in the rate-
determining step, give plots similar in appearance.
Therefore, it follows that it should be possible to use
correlations and plots such as the ones in this report to
gather information about and/or to distinguish between
reaction mechanisms and intermediates which are under
consideration for a given reaction. One example is to
differentiate in iodination between adsorption (A == B),
which has no back-bonding and gives multiple lines with
positive slope in the plot, versus complexation from the
adsorbed form (B == C), which is predicted to have a
small, but significant, amount of back-bonding and gives
a single line of negative slope in the plot. Another
example is to differentiate between a kinetically con-
trolled reaction in which electronic effects have a greater
influence than steric effects, such as bromination, which
has a single line of positive slope in the plot, versus
adsorption (A == B) or complexation (B = C) of iodine,
which have plots as described in the previous sentence.
Examples of the use of this technique to differentiate
between a reaction involving a three-center intermediate
I or product P with the rate-determining step leading to
Lor P (giving a plot with one line of positive slope) versus
one with the rate-determining step leading from I or P
(giving a plot with multiple lines of positive slope) have
been reported.!

Acknowledgment. We are grateful to Lucent Tech-
nologies, McEvoy Financial Corp., and Sunwest Capital
Corp. for financial support. We appreciate the assistance
of Tamy Perng in preliminary correlations.

JO0017032



-

“.* ScienceDirect

Available online at www.sciencedirect.com

Tetrahedron
Letters

Tetrahedron Letters 48 (2007) 3237-3241

Substituent effects in addition of iodine thiocyanate to alkenes

Christopher N. Brammer, Donna J. Nelson* and Ruibo Li
Department of Chemistry and Biochemistry, The University of Oklahoma, 620 Parrington Oval, Room 208, Norman, OK 73019, USA

Received 31 January 2007; revised 2 March 2007; accepted 6 March 2007
Available online 12 March 2007

Abstract—The plots of logarithms of relative rates of ISCN addition to alkenes versus alkene IPs and versus alkene HOMO energies
reveal that the alkene relative reactivity depends upon both electronic and steric effects of the substituents. Steric effects are related
not only to the degree of substitution on the C=C bond but also to the relative position, size, and branching of alkyl substituents.
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Organoiodine compounds play a significant role in
many areas, such as, organic synthesis,' biochemistry,’
biogeochemical reactions,” and environmental studies.*
Adding I, to alkenes might initially seem to be a simple
way to introduce iodine into an organic compound, but
this reaction actually can only be carried out photo-
chemically under very low temperatures (below
—40 °C) to give diiodo products that are decomposed
quickly at room temperature.® However, iodine incor-
poration is achievable via alkene addition of an iodine-
containing compound, such as ICL,” IF%* IN; 8" INO;,%
I0Ac.®™ INCO.* 1SeCN.*" and ISCN;” these are
reported to undergo complete reaction under mild
reaction conditions. One iodine-containing compound,
which is often used in alkene addition, is ISCN.” 1% Its
reaction (Scheme 1) yields vic-iodothiocyanates ¢ and
vic-iodoisothiocyanates d, which are used as intermedi-
ates in synthesizing useful compounds, such as episul-
fides,'™'" thiazolidin-2-ones,'? 2-amino-2-thiazolines,'?
and 2-alkoxy-2-thiazolines.'*

The first step of ISCN addition to alkenes is proposed'?
to be the formation of a bridged iodonium ion inter-

R H R
AN /1SN
Cc=—C, — gunuC—Cuumy
H/ \R H/ \R
a b

Scheme 1. ISCN addition to alkenes.

SCN-

mediate b, which is generally believed'* to be the rate-
determining step of the reaction (Scheme 1). It is re-
ported that intermediate b does not undergo complete
ring-opening prior to anti attack by nucleophiles in
the second step.'* There seems to be general agreement
regarding initial attack on C=C by electrophilic
ISCN.'* although controversy still exists about the exact
species of nucleophile that attacks iodonium ion b in the
second step and about the final anti addition product
distribution.'? Similarly to ISCN addition, additions
of other iodine-containing compounds’*® to alkenes nor-
mally also yield vicinal anti addition products. There-
fore, the reaction mechanisms of additions of these
iodine-containing compounds might have some aspects
in common and so further comparison may reveal addi-
tional similarities. Of the iodine-containing compounds
listed above, there seem to be few kinetic studies on
additions to a wide range of alkenes, but those of
ISCN'® and ICI” have been reported. We present here,
the analysis of substituent effects upon alkene reactivity
toward ISCN addition to alkenes and a comparison
with ICI addition; this might provide useful informa-
tion about the reaction mechanism, since detailed

R/ 1 /l
HoZ,
\};— Cv" + ;’c ¢,
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NCS R SeN \R .
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mechanistic studies about the title reaction are still
somewhat scarce.

Alkene IPs, HOMO energy levels, and relative rates of
ISCN and ICl additions to alkenes are listed in Table
1. Alkene HOMO energies were calculated,!” because
experimental IPs for some alkenes in Table 1 were not
available in the literature. We report ab initio (HF level,
6-31G" basis set) values here because they correlated
best versus alkene IPs, in our calculations by a variety

of computational methods.'™ Cyclic and aryl alkenes
are excluded in order to avoid complications due to ring
strain or conjugation with aryl groups. Figure la shows
the plot of logk,. values of ISCN addition to alkenes
versus alkene IPs. The plot of loghk, values versus
alkene HOMO energies in Figure 1b is essentially
analogous to that in Figure la. The overall trend of rel-
ative reactivity of alkenes shown in Figures la and b
support the suggestion'* that the rate-determining step
of ISCN addition to alkenes is the first step, a—b in

Table 1. Alkene IPs, HOMO energies, and relative rates of ISCN and IC] additions to alkenes

No. Alkene 1P (eV) HOMO (eV) krvises® ko

1 —_— 10.52 —10.19 228

2 = 9.74 -9.72 40.5

3 . 9.63 —9.70 121 100

4 AAAN 9.51¢ ~9.65 105

5 Ny 9.53 -9.70 40.0 190

6 i Yavs 9.48 —9.66 100

7 = 9.46° —9.67 36.0

8 Vi 9.45 ~0.66 470

9 =\¢ 9.45 ~9.65 24.0 342

10 TN 9.44 9.6 137

11 AN 943" —9.61 137

12 =% 9.40 -9.59 21.0

13 = 9.24 ~9.39 1.53x 10 L12x10°

14 =, 9.15 ~9.37 1.84 % 10° 2,14 % 10°

15 Vo 9.12 ~9.26 790 291 % 10°

16 AN 9.12 —9.25 411 934

17 = A 9.08 —9.36 1.32x10°

18 :<L 9.07 —9.34 1.21 % 10° 1.55 % 10°

19 Van Vi 9.04 —9.27 4.15x10°

20 N 9.04 —9.21 1.80 % 10°

21 =<€ 9.02 -9.17 521 1.36 x 10°

22 PV 8.98 -9.28 227 % 10°
AL 8.97 -9.28 1.10% 10°
AN 897 927 495

25 NN 8.95 -9.27 895

26 /=\€ 8.92 —9.27 461 x10°

27 N 8.91 —9.25 50.6

28 AN 8.84 -9.22 684
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Table 1 (continued)

No. Alkene IP* (eV) HOMO (eV) Kreriser® kerier®
29 ANAN 8.83 -9.23 305

AN 8.77 -9.20 790
31 ANANAN 8.76 —9.21 300

32 8.68 ~8.86 3.21 = 10° 1.88x10°

kx) 8.60° —8.99 3.68 % 10°

k] 827 —8.70 374 % 10*

~
v

34 = 8.59" ~8.78 2.53% 10°
>

*Ref. 16a. unless otherwise noted.

"Ref. 15.

“Ref. Ta.

AIP for 1-decene used as an approximation. Ref. 16a.

“Estimated by applying to the IP for 1-pentene a correction factor, which is the difference between the IPs of trans-4-methyl-2-hexene and rrans-2-
hexene: 9.52eV — (8.97 eV — 8.91 eV) =946 eV. Ref. 16a.

"Ref. 16b.

¢ Estimated by applying to the IP for 2-methyl-2-butene a correction factor, which is the difference between the IPs of 2-butene and 2-pentene:
B.68 eV — (9.12eV — 9.04 V) = 8.60 ¢V. Ref. 16a.

" Estimated by applying to the IP for 2-methyl-2-butene a correction factor, which is the difference between IPs of 2-methyl-1-propene and 2-methyl-
1-butene: 8.68 eV — (9.24 eV — 9.15eV) = 8.59eV. Rel. 16a.

3
log k (rel ISCN) log k (rel ISCN)
c 8

1

P
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1 2 3 4 5
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Figure 1. Plots of logarithms of relative rates of (a) ISCN addition to alkenes versus alkene IPs, (b) ISCN addition to alkenes versus alkene HOMO
energies, and (¢) 1C] addition to alkenes versus alkene IPs. ¥Y-Axis IP data are plotted in inverse order to facilitate comparison with the plot of
HOMO energies. The data points in the plots are coded according to the steric similarities given by the number of alkyl groups attached to the double
bond: mono-, di-, tri-, and tetrasubstituted.
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Scheme 1, in which the alkene n bond is attacked by the
electrophile ISCN to form a three-membered cyclic iod-
onium ion intermediate b. Increasing alkyl substitution
on the alkenyl double bond increases the reaction rate,
presumably due to the electron-donating electronic
effects of the alkyl groups, rather than to steric eflects,
which should retard the reaction rate. This would be
expected because enriching electron density on the
alkenyl carbons makes their m electrons more loosely
held and facilitates processes which remove or reduce
n electron density. This manifests itself experimentally
as a lower 1P, as well as an increased rate of reaction
with an electrophile.

The general pattern of relative reactivity of alkenes
observed in ISCN addition has some similarities to our
previous studies of electrophilic additions,'*" which
depended mainly upon electronic effects: (1) the relative
rates of trisubstituted alkenes are greatest because they
have the lowest IP values, (2) disubstituted alkenes react
slower because they have higher IP values, and (3) the
monosubstituted alkenes react slowest because they
have the highest IP values. However, unlike those previ-
ous studies, the data points in the plots in Figures la
and b do not fall on a correlation line neatly, but clearly
cluster into three groups according to number of alkyl
substituents on the C=C bond. Within each group, rel-
ative rates depend greatly upon position, size, and
branching of alkyl substituents, as well as the alkene
IP or HOMO energy values. For example, in ISCN
addition to disubstituted alkenes, the ordering according
to reaction rates produces further subgroups: geminal
alkenes (13, 14, 17, and 18) > vicinal cis-alkenes (15,
25, 28, and 30) > vicinal rrans-alkenes (16, 24, 29, and
31). 2.3,3-Trimethyl-1-butene (21) reacts much slower
than do other geminal alkenes probably due to the bulky
t-butyl group, which may retard the reaction signifi-
cantly. Similarly, the ordering of reaction rates of mon-
osubstituted alkenes produces two subgroups: faster-
reacting alkenes, each with a straight chain alkyl substi-
tuent (3, 4, 6, 10, and 11), and slower-reacting alkenes,
each with a branched alkyl substituent (5. 7. 8. 9. and
12). The relationship between alkene reactivity and the
position, size, and branching of its alkyl substituents
in ISCN addition is quite different from what we
observed in our previous studies.'™® In those either
(1) a single line of correlation among all alkenes regard-
less of the degree of substitution and of the positions
and sizes of the substituents, or (2) multiple lines of
correlation among similarly-substituted alkenes regard-
less of the positions and sizes of the substituents was
obtained. Therefore, this study demonstrates that, in
addition to the degree of substitution of the alkene
C=C bonds, the position, size, and branching of sub-
stituents can be a major part of the total steric effects
upon the reactivity in some alkene additions.

The plot of alkene IPs versus logk,. values of ICl addi-
tion is given in Figure lc. The overall trend here is sim-
ilar to that shown in Figures la and b for ISCN
additions, that is, the reaction rate increases as more
alkyl substituents are introduced onto the C=C bond.
However, the clustering and subgrouping of the data
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points observed in ISCN addition are less apparent here
and log k. values correlate alkene IPs better in ICl addi-
tion than in ISCN addition. Additions of ICl,” Br,,"
and Cl,,'" are more complicated than ISCN addition;
the proposed mechanism for each involves several steps.
Therefore, one might expect a lower correlation in these
reactions than in ISCN addition. Surprisingly, ISCN
addition appears to have the worst correlation.'®®
Reasons which might account for the unexpected result
include (1) the substituent effects are spread across
multiple reaction steps in the addition of ICl, Bra, and
Cl, and (2) ISCN is lower in electrophilicity, but larger
in size than those halogens, which enhances the relative
importance of steric effects.
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