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Abstract

The control of stereochemistry in chemical reactions is a primary concemn for
synthetic organic chemists. The Diels-Alder reaction often provides good yields of a single
stercoisomer. However, the reasons for this stereoselectivity are not always obvious.

The Diels-Alder reaction of 5-substituted-1.3-cyclopentadienes has been the focus

of consil debate. 1,3-C; i ituted at the C; position with OR, NRR,
and F yielded 100% syn addition products, while substitution with CH;, SR and Cl yielded
mixtures of the products of syn and anti addition, and substitution with Si(CH;);, Br, SePh
and [ yielded primarily anti addition products. Explanations in the literature for the
preferential syn addition of some dienes usually involved electronic phenomena.

The degree of facial selectivity for the Diels-Alder reactions of S-substituted-1,3-
cyclopentadienes with a variety of dienophiles can be predicted correctly at the ab initio
HF/6-31G(d) level. It has been determined that the energy required to deform the diene into
its syn transition state geometry is the primary factor controlling facial selectivity in these
reactions. This energy is related to the amount of angular change about C; of the diene in the

syn ition state. Facial ivity roughly with empirical measures of the size

of the C, substituent.

The size of the bond between Cy and its substituent (Cs-X bond) has been defined to
be the second moment, evaluated at the centroid of charge of the C,-X bond, of the localized
molecular orbital which describes the C;-X bond. This measure of size correlates with facial
selectivity. The C;-O, C,-N and C,-F bonds are predicted to be smaller than the Cs-H bond.



A substituent factor has been defined by dividing the value of size by the distance between

C; and the centroid of charge. The i factor 1 with facial

selectivity. Thus, facial selectivity can be fully accounted for based on steric arguments. An
additional electrostatic repulsion has been shown to exist for syn addition of 1,3-
cyclopentadienes substituted with halogen atoms, C=N or C=CH, with 1,2 4-triazoline-3.5-
dione.

Protonation of the C;-substituent is predicted to stabilize the ani addition transition

state. resulting in more anti addition product. D ion of the C,-substil i icted
10 stabilize the syn addition transition state, and to destabilize the anti addition transition

state. thus increasing the proportion of syn addition product.

The reaction of 3. i 1,2 with 1,3 iene is predicted to
yield. in most cases. mainly the product of endo-anti addition, with a lesser amount of the

product of exo-anti addition. It is suggested that endo-syn and exo-syn additions are

due to steric hi between the diene and the C;-substituent of the

di ile. The for endc i addition is primarily due to a favourable interaction
between the methylene hydrogen of 3 i 1,2 and1, iene. This
becomes less asthe ivity of the C;-substituent increases.

The i well with both steric hi y

It is transferable to other systems, and correlates with geometric trends.
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1. Stereoselectivity in the Diels-Alder Reaction

1.1 Introduction

In the world of synthetic organic chemistry, the control of stereochemistry in
chemical reactions is of paramount concern. For instance, the stereospecific synthesis of
pharmaceuticals is of great interest. It has been determined that for some drugs, such as

Ibuprofen' and Prozac.” one enantiomer is more effective than the racemic mixture. In the

case of Thalidomide,' the i of the drug has the desired sedative

while the y enantiomer is

The production of a single, desired stereoisomer is not a trivial task. Most reactions

are not ific. and thus yield mi f products that are often difficult to separate.
The separation of racemic mixtures is i ic. given that i share
the same physical ies. The ion of i i isan i

that leads to increased labour and cost. Therefore, reactions that produce high yields of a
desired stereoisomer are invaluable tools for the synthetic organic chemist. One of the most
popular and useful of these is the Diels-Alder reaction.

The Diels-Alder reaction is the most important cycloaddition reaction available to
synthetic chemists. Since the investigation of this reaction in the laboratories of German
scientists Otto Diels and Kurt Alder’ about 70 years ago, it has been the centre of much
attention and controversy. The simplest prototype (Figure 1.1) is the reaction of

1.3-butadiene (the diene) with ethene (the dienophile). This reaction involves the breaking



of the three a-bonds while forming two new o-bonds that close the ring, and a new n-bond
between C, and C; of the original diene structure. After a lengthy debate in the literature,

based on i i and it evidence it has been accepted that the

single-step concerted reaction pathway is energetically preferred to the competing two-step

biradical ism for most di i ile systems.*

The accepted mechanism for the concerted reaction path is often explained by
Frontier Molecular Orbital (FMO) theory.® The reaction usually involves the transfer of
electron density from an electron-rich diene to an electron-poor dienophile. The

antisymmetric x, HOMO of the diene is “in phase™ with the antisymmetric x,* LUMO of

i e a s . ; rbital mixing (Figure 1.2b).

Alternatively, the LUMO of the diene can mix with the HOMO of the dienophile. This

situation is i 10 occur when an el ich di ile transfers electron density

to an electron-poor diene, and is called inverse-electron-demand (Figure 1.2¢).

/C[-\ /CI

7~ o
S Il

I * ”
G \C. \) G \C
4

Figure 1.1 The Diels-Alder reaction of 1,3-butadiene with ethene.
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Of great importance to synthetic chemists is the stereo- and regiochemistry of the
Diels-Alder reaction. All four new sp’ carbons have the potential to become new stereogenic
centres. and if meso-compounds are used, even more stereocentres can be generated. The
Diels-Alder reaction often gives good yields of a single product. For instance, the
Diels-Alder reaction in Figure 1.3 was a key step in an approach to kempane diterpenes.®

Thi: il Id i ight products: addition to the dit pl

from above or below the plane of the page (syn or anri addition), with the bulk of the
dienophile above or away from the bulk of the diene (endo or exo addition), and with the
dienophile oriented as shown or vertically flipped (vielding two possible regioisomers).
Amazingly, this reaction gave a yield of 80%, of which 100% of the isolated Diels-Alder
adduct was the single, desired product. The synthetic importance of the Diels-Alder reaction

is obvious. since stereo- and regie ivity are usually ictable and yields are high.

o
o
o \c2 I H
H: H !,
Pl o
c; B ——
! toluene, A
SO TBDMSO'

o

Figure 1.3 The stereoselective power of the Diels-Alder reaction. This reaction gives an
80% yield of only one of the eight possible Diels-Alder products. TBDMSO is
t-butyldimethylsilyl ether.



1.2 Syn/anti Stereoselectivity

The stereoselectivity of the Diels-Alder reaction in Figure 1.3 was predicted based
on FMO and steric arguments. First, this reaction yielded the product of endo addition,
which is the observed preference of the majority of dienophiles. This is often attributed to
secondary orbital overlap,” although other rationalizations exist (Section 1.3). Second. the
dienophile avoids the face bearing the bulky lactone, and instead attacks the less hindered
face bearing the hydrogens which point out from the bridge carbons between the two five-
membered rings. Finally, it was predicted that C, would have the larger p-component in the
HOMO of the diene than C,, while C; would have a larger p-component in the LUMO of the
dienophile than C, (Figure 1.4). These two carbons would have the better overlap, hence the
observed regioselectivity. However, while the prediction was correct in this case, the
reasoning was flawed. STO-3G//AMI results predict that the value of the p-components in
the LUMO of the dienophile are about the same for the two carbons (0.345 for C,, 0.338 for

C;). Thus, no regioselectivity should be expected on the basis of FMO arguments.

TBDMSO'

Figure 1.4 FMO rationalization of observed
s



Frequently, th ivity of i be i easily, and often the

rationalizations are questionable. One such case is the controversy associated with facial

ity of 5- i 1,3 i (denoted CpX, where X is the substituent

at C, of the diene). Not only are CpX's potent dienes, but they have fewer degrees of

freedom than their acyclic implifying both i | analysis and
theoretical study. The reaction of CpX with a dienophile can occur in one of two diastereo-
facially distinct ways: the dienophile can react on the face of the diene that bears X (syn

addition). or on the face bearing Hy (anti addition; Figure 1.5).

H X
_—
bt syn product
c=C X 4
b yn TS
A | -
== g
e X _Hs
anti face
Hy %
anti product
Figure 1.5 Diels-A ion of CpX and eth il i d anti istry.
TS denotes ition state. The ing sch defined above are emp
throughout this text.



A first glance, it would be intuitive to predict that the dienophile would prefer to

attack the face bearing the smaller group. geni i to by thanall other
substituents. Thus. the Diels-Alder reaction of CpX would be expected to yield primarily

the product of anti addition. ici| the Diels-Al ion of CpX, where X =Br.*

1. CH,OCH,," SePh'" or SiMe;,"” yielded 100% anri addition product for the reactions

displayed in Figure 1.6. However. there are of facial ivity which seem

to defy ional steric ions involving CpOAc™ and CpF" yielded

exclusively the product of syn addition, as did derivatives of CpOH and CpOAc."” As well,
CpX derivatives bearing OH, OCH,; or NHAc on C directed addition syn to these groups'®
(Figure 1.7). Facial selectivity ranged from 60% to 99% syn addition for CpCI* and
1.2,3.4,5-pentachloro-1,3-cyclopentadiene'” (denoted CpCI;H; Figure 1.8). On the other
hand, CpSPh' and 1,2,3.4,5-pentamethyl-1,3-cyclopentadiene'® (denoted Cp(CH,)H)
showed little selectivity (Figure 1.9). How could a chlorine atom or an acetoxy group be less
sterically demanding than a hydrogen atom? The answer to this question has been
considered by several prominent chemists, and has resulted in a lengthy exchange in the

literature. Their hypotheses are outlined in the next section.
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Figure 1.6 Diels-Alder reactions of CpX which exclusively yield anti addition products.
DMAD denotes dimethyl acetylenedicarboxylate, PTAD denotes
4-phenyl-1.2 4-triazolene-3,5-dione, and MA denotes maleic anhydride.
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Figure 1.9 Other Diels-Alder reactions that take place with modest facial selectivity.
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1.2.1 The Facial Selectivity Hypotheses

The failure of conventional steric arguments to explain these counterintuitive facial

lectivities led to the of rationales based on ic and
effects. Experimental data involving the Diels-Alder reaction for many CpX derivatives

existed. However, the form of the dienes and di iles, and the reaction itions were

not i F the i power required to perform ab initio studies
on the simplest Diels-Alder reactions was not generally available until the late eighties.
Thus. most of the hypotheses could not be computationally tested.

In 1969, Williamson. Hsu, Lacko and Youn' were among the first to address the
question of facial selectivity. They argued that the reaction would occur on the face that,
when colliding with a dienophile exhibited the lesser amount of van der Waals repulsion.
The predominantly syn addition of CpCI;H to some dienophiles (Figure 1.8) was attributed

1o attractive van der Waals and Lond it ion forces. The p for syn addition

was reported to be greater for more polar dienophiles, indicating a dipole-dipole interaction.
Another cited factor was the higher polarizability of chlorine over hydrogen.

In the early seventies, Anh® suggested that favourable orbital mixing might occur
between an antisymmetric orbital on X and the LUMO of the dienophile (Figure 1.10). In
1976. Fukui. Inagaki, and Fujimoto® formally derived the “orbital mixing rule.” They

that the lone pai the h i ibsti would perturb the x,-HOMO

of the diene. enhancing the reactivity of the syn face (Figure 1.11).



Figure 1.10 Anh’s orbital mixing hypothesis.

Figure 1.11 Fukui’s orbital mixing rule.

Figure 1.12 Orbital tilting hypothesis proposed by Paquette and Gleiter.
12



In the early eighties, Paquette and Gleiter™ explained the odd facial preference in the

Diels-Alder reactions ofisodi ene (additions were syn to the ethano bridge) using
“orbital tilting™ They ized that a strong i ion existed between the
s-orbital and the o-orbitals of the carbon resulting in disrotatory “tilting” of the

p-components of the ng-orbital (Figure 1.12). The face bearing the inward-tilted -orbital

was more repulsive to the filled z-orbital of the incoming dienophile. Thus, th

preferentially attacked the face bearing the ilted” ns-orbital. Subtle

to the parent molecule could cause “tilting” in the opposite direction, thus leading to a
reversal of facial selectivity with some derivatives of isodicyclopentadiene.

A couple of years later, Brown and Houk® used an MM2 model to show that facial

v of isodi iene and its derivatives was instead governed by torsional
effects in the norbornane skeleton, which could be overcome by steric effects in substituted
cases. In a later collaboration with Burnell and Valenta,™ they used the same methodology
to examine the facial selectivity of the Diels-Alder reaction of the two polycyclic dienes

pictured in Figure 1.13 and Cp(CH;)H. All facial selectivity could be rationalized on the

basis of steric effects.

Figure 1.13 Dienes studied by Brown, Houk, Burnell and Valenta.
13



Coxon, Fong, McDonald and Steel™ provided an example in which filled orbital
repulsion could affect facial selectivity. Whereas MA predominantly attacked the anti face
of the “caged ether” pictured in Figure 1.14, DMAD and PTAD both gave mostly syn
addition products. Even though the anvi face appeared to be the more sterically demanding
side of the diene, the lone pairs on the ether oxygen repel the x-orbitals (perpendicular to the
reactive w-orbitals) of DMAD and the lone pairs of PTAD.

In a 1987 paper, Kahn and Hehre™ rationalized the facial selectivity of both dienes

and di hiles based on di in ilicity and ilicity. The more

electrophilic face of the dienophile was predicted to react with the more nucleophilic face
of the diene.

In the late eighties, Ishida, Aoyama, and Kato” suggested that there is a favourable

backside i ion between the m-ell of the ping bond and the

polarized carbon-heteroatom bond in forming the TS structure (Figure 1.15). Inalater paper

with Inagaki.” these authors an energetic criterion for facial ivity based on

Fukui’s “orbital mixing rule.” In their words, i ion of the m-orbitals of
the plane-unsymmetric dienes is caused by mixing of the low-lying c-orbitals of the carbon
framework through the interaction with the high lying orbitals n of the 5-substituent.” They
based facial selectivity on the relative energy of the x-HOMO (x,), €,, and the heteroatom’s

n-orbital, €, of the diene.



syn face

f

anti face

Figure 1.14 Caged ether studied by Coxon, Fong, McDonald and Steel.

Figure 1.15 Backside interaction hypothesized by Ishida, Aoyama and Kato.

Figure 1.16 The “Cieplak effect” proposed by Macaulay and Fallis.
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Three possible scenarios lead to three types of facial selectivity:
1. Group A: g, > g, gave syn selectivity
2 Group B: g, = g, gave no selectivity
3. Group C: g, <&, gave anti selectivity
Their method predicted that cyclopentadienes substituted with NH,, OH, F, PH,, Cl, AsH,,
Br and I all belong in Group A, while CpSH belonged in Group B, and SeH and TeH
substituents belonged to Group C. They suggested that the incorrect prediction of facial
selectivity for much of Group A was due to anti-driving steric hindrance, which is greater
than the syn-driving effect of orbital mixing.

In a 1990 paper, Macaulay and Fallis'® adopted the “Cieplak effect” in their

idel; d ion of facial ivity in the Diels-Alder reaction. In 1981,

ly P!

Cieplak™ had rationalized the stercochemistry of the addition of nucleophiles to

d related systems based on jugati Cieplak

that the better o-donor bond should lie antiperiplanar to the incipient bond, thus stabilizing
the forming ¢* anri-bond. Macaulay and Fallis extended this concept to the Diels-Alder
reaction, stating that the dienophile preferred to attack the face opposite the one bearing the
better o-donating substituent. According to Fallis and Macaulay, the order of increasing
o-donating ability is:
Geo < Oon < Ocqy < Occ < Oy < Ocs

This explained why CpX and Cp(CH;),X substituted at C; with OR, NRR’ or Cl gave
predominantly syn addition products. Steric arguments were used to justify the fact that the

16



reaction of Cp(CH;).H and MA yielded only 21% syn addition product. Macaulay and Fallis
attributed their order of o-donor ability to a review by Epiotis, Cherry. Shaik, Yates and
Bernardi.* The following is a reproduction of Table 36b of this review, which lists “the
intrinsic donor ability of bonds™:
= C-H>N-H>O0-H>F-H

H-1>H-Br>H-Cl > H-F

H-§ > H-O

H-P>H-N

N-Si>H-C

C-1>C-Br>C-Cl>C-F

C-CI>C-C>C-H>C-F i
Table 37a from the same review is presented below, which lists “the intrinsic acceptor ability
of C-X sigma bonds™:

C-F>C-0>C-N>C-C

C-[>C-Br>C-Cl1>C-F

Cc-$>C-0

C-P>C-N

csi>c-Cc ¢
According to these tables. the C-C and the C-Cl bonds should be better g-donors than C-H.
Therefore. the Diels-Alder reactions of both CpCH; and CpCl should preferentially yield the
product of anti addition. This is not the case for CpCl. Macaulay and Fallis also seem to

have ordered the o-donor ability of the C-O, C-N, and C-C bonds either by using the order

of c-donating ability of the ing H-X bonds, or by using the reverse order of o-
accepting ability of these C-X bonds. The latter case would be a groundless assumption,
given that the opposite is true for carbon-halogen bonds. Finally, nowhere in the review by
Epiotis er al. is it suggested that a C-S bond is a better o-donor than a C-H or a C-C bond.

17



Thus. the basis used to support the “Cieplak effect” hypothesis is questionable.

In 1992, using both i i di d
AMI calculations, Werstiuk, Ma, Macaulay and Fallis found no significant evidence of
Fukui's 7-x orbital mixing in the x,-HOMO.*' Ironically, two years later Werstiuk and Ma
published another AM1 study in which they found no significant evidence of Fallis’ “Cieplak
effect” either.”” In this paper, Werstiuk and Ma concluded that facial selectivity in the Diels-
Alder reaction of CpX-based dienes with MA was thermodynamically controlled. However,
most Diels-Alder reactions are known to give kinetic products via early TS's.”

The issue of facial selectivity in the Diels-Alder reaction of CpX has obviously not
been settled. Facial selectivity of this reaction continues to be explained using the “Cieplak
effect,”™ Fukui’s orbital mixing rules,” and orbital tilting arguments.* While these
hypotheses have been used to rationalize observed facial selectivity, they have little
predictive power. In the planning of a lengthy synthesis it would be more useful to be able
1o predict the stereochemistry of a reaction before it is attempted. The question remains, is
there a single phenomenon or a combination of factors that control facial selectivity for all

Diels-Alder reactions of CpX?



1.3 Endolexo Stereoselectivity
A more widely known issue involving the Diels-Alder reaction is the question of

endo versus exo stereoselectivity (Figure 1.17). With few notable exceptions, the kinetically

lled Diels-A o6 ofi

and often exclusively, the product of endo addition. It can be argued that an explanation for

this is not n v, given the ictability of the ical outcome.

However. th i i iles whose Diel: reactions yield i the

product of exo addition. Furthermore, some dienophiles do not have a clear endo and exo

(e.g. 1-chloro-1 A general theory which addresses endo versus

exo stereoselectivity for any dienophile is required.

247

Figure 1.17 Endo versus exo stereoselectivity.

H
exo product
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The first explanation for endo selectivity came from Alder and Stein®”in 1937. Most

have one or ji with the primary reactive centres.
Alder and Stein attributed the preference for endo addition to a favourable “maximum
accumulation of double bonds,” ie., the carbonyl of the dienophile prefers to subtend the
diene n-system. In 1965 Woodword and Hoffman’ provided this “endo rule” with a quantum
mechanical foundation using FMO theory. Whether the Diels-Alder reaction goes through

~ I-oran i 1 4 d ism, p-orbitals on the atoms adjacent to the

two reaction centres of the dienophile are “in phase™ with the p-orbitals of middle carbons
of the diene. Therefore, these orbitals can mix to give energetically favourable secondary
orbital overlap (SOO) which stabilizes the endo TS, but SOO is not possible in the exo TS

(Figure 1.18). This is still the most widely accepted explanation for endo selectivity.

Soon fter, other d-order orbital i ions (SOI's) were

The terms SOO and SOI were often inappropriately used. In a review of SOI's published in

(®) ©

Figure 1.18 Secondary Orbital Overlap, (a) normal-electron-demand and (b) inverse-
electron-demand possibilities for endo addition, and (c) exo addition for the
Diels-Alder reaction of CpX with MA. Primary overlap is denoted by the
heavy dashed lines, while secondary overlap is denoted by the thin broken line.
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1983. Ginsburg™ began by clearing up this ambiguity. He defined first-order orbital

interactions to be.

“the in-phase and out-of-phase relationships between the atomic orbital
coefficients at the pertinent reaction centres™

of stereo- and regi ivi dly, he defined:

“Secnnd—ordcr orbnzl mtcracuons are those which ue dmmned by :he

(forexample, |h= former ificity, the lallzr hy “' y of -1
mixing). These include substituent effects which cause polarization of the n-
systems and the o-t mixing at the atoms where the new bonds are formed, polar
group effects, and secondary orbital interactions between atoms which are not
involved in bond formation or cleavage.”™

Gi ited i ier that year by Gleiterand Bshm,* who defined

these terms in a similar fashion. Gleiter and Bohm distinguished between SOI's by dividing

the diene and the dienophile into three regions: the active centres (AC). the active frame

(AF). and the inactive frame (IF; Figure 1.19).

Figure 1.19 Examples of the subdivisions defined by Gleiter and B6hm.
21



Hence,

L) first-order orbital interactions are in-phase relations between AO’s of AC in an
unperturbed frame
. d-order orbital i ions are ivided into three types:

1. secondary orbital effects: in-phase relation between AO’s of AF

%)

effects: a) ization of n-sy , and b) o/x mixing at AC

w

polar group effects: interactions between AC and non-AC’s, and between
non-AC’s.

Gleiter and B6hm's paper listed examples of how the three types of SOI's could be
applied to explain endo versus exo stereoselectivity. Ginsburg provided situations from the
literature where SOI's were invoked to explain observed stereoselectivities. He also
reviewed the alternative rationalizations for endo versus exo stereoselectivity that had been
proposed. including:

. van der Waals-type inductive forces which stabilize the endo TS
. charge transfer
. differences in the geometries of endo versus exo addition, resulting in differences in

the primary orbital overlap of the reaction centre

. experimental parameters, including solvent effects and Lewis acid catalysis
. steric effects
Ginsb: that SOI's were i i ining th hemical

reactions, but that sometimes SOI's were masked by other factors which could also influence

22



the reaction pathway.

The endo addition of some di iles, such as and

cyclopropene, cannot be rationalized based on SOO. However, it has been suggested that

the sp’ carbons of th i iles do have a p inan-MO that can mix with the

p-components of the middle carbons of the diene. Apeloig and Matzner* provided a
systematic study of the role of SOI in determining the endo/exo product ratio of the Diels-
Alder reaction of cyclopropene. They defined the stabilizing energy of the endo TS due to
SOl as:

AE(FMO) = (Mopy
LUMO(diene) - HOMO(cyclopropene)

where MOP is the calculated Mulliken overlap ion between the rbon of

d the middle carb: the diene. Thei 1

is selected because the LUMO (m,*) of cyclopropene has a node at the position of the
methylene carbon. whereas the HOMO () does contain a p-component on the methylene

carbon. AE(FMO) lates well with the i between the activation barriers

for endo and exo addition reactions of a series of dienes with cyclopropene.

On the other hand, Jursic*' attributed the tendency for cyclopropene to give endo
products as being due to a favourable SOI between the methylene hydrogen and the x-bond
of the diene, which is not present in the exo (Figure 1.20). Jursic justified this hypothesis by
citing the following evidence:
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. the bond order calculated for the meth hyd: of with C,or C;

of 1,3-butadiene was higher for the endo TS than the exo TS (0.02 and 0.002.
respectively)
. the net atomic charge of the methylene hydrogen was higher in the endo TS than in
the exo TS (0.21 and 0.20, respectively)
. the energy of the HOMO of the endo TS is lower than that of the exo TS
Dannenberg and co-workers* also claimed that the dominant effect in determining
the endo preference in the Diels-Alder reaction of cyclopropene was a C-H-x interaction.
However, little evidence was presented to support this hypothesis or to reject the hypothesis
of Apoleig and Matzner. The results of a kinetic isotope effect (KIE) study that
Dannenberg’s group presented in their paper did not support their argument. The only
evidence they provided that supported the dominant role of a C-H-x interaction was a
reference to a study of the T-shaped dimer of ethyne (available as supplementary material),
which yielded a stabilization energy of 0.9 kcal'mol'. Their main criticism of the work by

Apoleig and Matzner was the neglect of the BSSE ion in the i Accordi

Figure 1.20 Jursic's SOl between the g d the n-system
of the diene.
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to the d: y d rkers, thi: ion should result in a chang

in the relative activation energies for endo versus exo addition of at most 0.5 kcal'mol ™! (the

difference in activation energy is about 2 kcal-mol™').

The problem with using SOI's to rationalize observed regio- and ity is
that they are neither directly observable experimentally nor are they uniquely determined

computationally. The stabilizing effect of SOI's is difficult to quantify, and in turn the

relative i fother factors is i ine. One such factor i
effect. Several authors have suggested that steric effects destabilize exo addition, thus
making endo addition more favourable.

One paper which suggests that steric effects govern endo/exo stereoselectivity was
by Fox, Cardona and Kiwiet.* They performed an MNDO and an AM 1 study of the reaction
paths of the retro-Diels-Alder reaction for several endo and exo addition products. This was
accomplished by starting at the product geometries and elongating the incipient o-bonds
stepwise in a concerted. synchronous fashion. The geometry was then reoptimized while
keeping the incipient 6-bonds fixed. For each evaluated structure the dihedral angle, which
defined the angle of approach of the dienophile with respect to the diene, was determined.
Fox et al. defined the difference between the product and TS valuesof this dihedral angle as
A, . and A(A) to be the endo/exo difference in A, values. They determined that there was
an inverse correlation between A(A) and A(AH"). Based on this evidence, Fox ef al.
suggested that steric effects were at least as important as SOI in controlling endo versus exo
stereoselectivity.
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Sodupe. Dannenberg, Oliva and Bertran* questioned the results of Fox er al.
Dannenberg and co-workers claimed that the TS structures determined by Fox et al. were not
fully optimized, and that two systems that were predicted to favour endo addition actually
favoured exo addition. It should be noted that one of these systems was the dimerization of
CpH. which is known to yield predominantly the product of endo addition. However, the

paper by Dannenberg e al. is not flawless. For example, TS energies evaluated using MMX

were The MMX quadratic functi sed to model bond
for bond lengths which are not close to ground state equilibrium lengths.

Section 4 of this thesis addresses both the question of endo versus exo
stereoselectivity and the question of facial selectivity in the dienophile for the Diels-Alder
reaction of 3-substituted-1,2-cyclopropenes (denoted CprX) and 1,3-butadiene (denoted

Bdiene).
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2. Facial Selectivity in the Diels-Alder Reactions of
5-Substituted-1,3-Cyclop di

2.1 A Systematic Experimental and Theoretical Study
Section 1.2 introduced the topic of facial selectivity in the Diels-Alder reaction of
CpX. and the dispute over its mechanism. An underlying problem with all of the hypotheses

which to rationalize the observed ivity was a ination of irregular

data and i i i To elimi this i a

land

involving both
of facial selectivity.
This effort involved the research groups directed by Dr. D. Jean Bumell and Dr.

A. Poirier. The experi study was primarily conducted by Lori Burry,*

Jonathon Letourneau®” and Mark Wellman,** while the computational investigation was

carried out by Cory Pye* and myself. The two studies were complimentary and reciprocal.

Observations from one study were used firm results and imulate i igations in
the other. The experimental results are presented in Tables 2.1 through 2.3. The
experimental facial selectivities are based upon NMR analysis of the total reaction mixture.

In some cases. product ratios were also determined by X-ray crystalography.
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Table2.1 il facial it as percent syn addition to X, for the
Diels-Alder reaction of CpX with NPM, PTAD and tetracyanoethene (TCNE).*

3 S . N °"
o N’ 0 o N {e] ‘I
X Ph ln NG ol
Cl 79 42 31
Br 15 o 0
1 0 o 0
CH; 40 79 0
Et 31 70 0
n-Bu 26 66 [}
CH,OCH, 84 84 0
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Table2.2 i as percent syn addition to X, for the
Diels-Alder reacuon of CpCI,X with the listed dienophiles.**

X
H CH, Br
42 [} 8
78 81 18
37 0 =
67 25 6
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Table2.3 faci ivities, ition to X. for the
Diels-Alder reaction of CpMe,X with the listed dienophiles.*”
X
‘
H (o] Br Et CH,OMe
| 82 100 50 4 14
i
-
| 75 0 0 5 26
i
:
0 s = - :
;
NC. CN
I 97 100 5 3 7
NC’ CN
-
I 76 = - 19 27




2.2 The ab initio Study
Facial selectivity in the Diels-Alder reaction of CpX might potentially be determined
by a single factor or by a combination of factors. The hypotheses presented in Section 1.2.1

were a logical starting point for this investigation. These conj can be into

two categories:

L Ph which that facial ivity might be ined by factors

which are present in the ground state (GS) diene:
. substituent to z-HOMO orbital mixing
®  o-nmixing of the carbon framework to give orbital tilting

L] facially different nucleophilicities or electrophilicities

8]

Hypotheses which proposed that the factors controlling facial selectivity are not
observable until the diene interacts with the dienophile:

. lone pair of X with the LUMO of the dienophile mixing

. backside interaction

[ torsional strain arguments

. filled orbital repulsion

. facially different van der Waals forces between diene and dienophile

. hyperconjugation, including the “Cieplak effect™

There is also the question of whether facial ivity is a
phenomenon. Therefore, a search for evidence of these effects required a study of both GS
dienes and syn and anti TS structures, as well as syn and anti addition Diels-Alder products.
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2.2.1 Facial Selectivity Model

A model which reproduced the trends in facial selectivity was required. The exact

of il itions using quantum chemical methods would involve the

d addesids and the inchish ffects. Thi

of
would be expensive computationally, and the number of degrees of freedom would be

immense. The first approximation was to neglect solvent effects. The concerted and

Diels-A reaction g a ively nonpolar TS, thus solvent effects
are relatively unimportant. It has been shown that solvent polarity affects the reaction rate
of the Diels-Alder reaction by no more than a factor of ten,” and has a minor, unsystematic
effect on facial selectivity.*'

According to the data in Tables 2.1 to 2.3, substitution at C,, C,, C; and C, of CpX

usually had a modest effect on facial selectivity. Below is a summary of comparable results:

CpCl 2% ..

P —PTAD,, 329 2ddition syn o Cl
CpChHy NPM 40% i

CpCH)H ~— 7 1gy *ddionsymioCH,
CpCHy PTAD,  79% g

Cp(CHy)H 25% addition syn to CH,
Cp(CH,,Cl __ NPM

100%_, ...
CpCICH, —_— lmaddmon!ynlocl

Cp(CH,),Cl PTAD 100%
CpCl{Z’H’; 81%
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Since differences of about 20% in facial selectivity amount to less than a 2 kJ-mol”
difference in activation energy, such substitution on the CpX ring usually has little effect on
facial selectivity. The reactions presented in Figure 1.7 also support this conclusion. The
reaction of CpCH; and Cp(CH;);H with PTAD resulted in different facial preferences: 79%
versus 25% addition syn to CH; (about a 6 kJ-mol” difference in activation energy).

Nevertheless, CpX was adopted as the model diene for this study.

Di iles whose two i sp® carbons, such as NPM, MA and 1.4-
naphthoquinone, usually give similar facial selectivities (Figure 1.7, Tables 2.2 and 2.3).
Although ethene is a poor dienophile, it was hypothesized that it would serve as a good
model, in terms of facial selectivity, for these dienophiles.

Based on all of these considerations, the primary model system for the computational
study was the reaction of CpX and ethene. As a safeguard, some reactions of CpX and

maleimide (Figure 2.1) were also studied. Reactions with ethyne were studied in place of

il has DMAD. i fCpX’sand PTAD often yielded facial selectivities
that were different from reactions involving the same CpX's with other dienophiles (Figure

1.8. Tables2.1.2.2and 2.3). Toi i i ionof CpXand 1.2.4-

triazoline-3,5-dione (TAD) was studied.
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For the primary study of the reaction of CpX and ethene, the set of X studied is

comprised of the following main group hydrides and simple substituents:

X = H CH; NH, OH F
BH, SiH, PH, SH al

GeH AsH, SeH Br
SnH, SbH, TeH 1

C=CH c=N CH=CH, CF, NO,

For this set of X. GS structures for CpX and syn and anti TS structures for the reaction with
ethene were determined. Some syn and anri addition products were also determined. For
the reaction of CpX with ethyne, maleimide and TAD, syn and anti (endo) TS structures

were determined for the following set of X:

X = H CH, NH, OH F
SiH, PH, SH c
C=CH c=N Br [

Some exo TS structures and products were also determined.

H
H  _H 8 } |
Y|~ ~
H’ H H S p—
H H =
Figure 2.1 The four dienophiles: (from left to right) ethene, ethyne, maleimide and TAD.

H
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2.2.2 Computational Methods

lecular structures can be ined using empirical. semi-empirical or ab initio

methods. Empirical methods, such as MMX, generally cannot be used to evaluate TS
structures because they are designed using quadratic potentials for which only minima can
be found. Semiempirical methods, such as AMI, have been shown to give good results in
stereoselectivity studies.” However, they are less reliable than ab initio calculations. For

instance, it has been shown that AM1 gave the wrong endo/exo stereoselectivity for the

reaction of CpH with * The ization schemes for
methods are usually built to reproduce experimental results for GS molecules. TS species
are not directly experimentally observable, and thus cannot be parameterized in this fashion.

Therefore, ab initio methods were the most suitable for our study.

Ab initic th their problems. i Hartree-Fock (RHF) methods
tend to overestimate the activation barrier, while MP2 calculations greatly underestimate the

barrier.” However, for the purposes of this study, absolute energies are not important; only

lati i Fori: i suchas gy di between synand
anti TS's. HF methods can actually perform better than post-HF calculations.** The validity
of the computational results can be best checked by comparing them to the experimently
determined facial selectivities.

All of the calculations were performed using closed-shell RHF theory. The main
assumption made by the closed-shell RHF wavefunction is that all MO's are either doubly-
occupied or unoccupied. Pople’s 6-31G(d) basis set™ was used forall first, second, and third
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period elements. Pople’s 6-31G(d) basis sets have not been determined for fourth and fifth
period elements, so Huzinaga's (43321/4321/41) and (433321/43321/431) split valence

polarized basis sets* were used for these elements, respectively.

With few it all were optimized using MUNGAUSS * When
applicable, Cs symmetry was enforced during optimization. GS minima for CpX and the
evaluated products were optimized using Davidon’s Optimally Conditioned (OC) method.*
TS structures were obtained using a minimization of sum-of-squares method.** If any of

these were il then the were optimized further

using Pulay’s DIIS method.”® Gaussian 92 and 94* were used to evaluate most of the syn

and anti TS structures for the reaction of CpX with maleimide and TAD, for X = CH;, NH,

and OH. Gaussian was also used to evaluate ical force for all to
ensure that the GS had no imaginary ies, and that all TS's were first-order
saddlepoints.

Where X wasa linear, multi i i all probable i minima

were optimized in order to determine the lowest energy minimum. Unless otherwise stated,
only rotational global minima are reported here. The conformation names represent the
arrangement of substituents about the atom of X which was directly attached to C; (denoted
X°). with respect to H (Figure 2.2). The lowest energy conformations of X for GS CpX's

are:
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CH; staggered NH, gauche OH staggered BH, gauche

SiH; staggered PH, gauche SH staggered CH=CH, eclipsed
GeH; staggered AsH, staggered SeH staggered CF; staggered
SnH; staggered SbH, staggered TeH gauche NO, staggered
Hlp Hip H/p
Cy C, Cy f C, C,
H/lp
H/Ip H/p Ip’ H
H
H Hy Hs
staggered (Cs) eclipsed (Cs) gauche (C))
H
\ H H
T ot ™ W°
C;==C,—C;s \
\ H H
Hy Hs H;s
staggered NO, (Cs) eclipsed CHCH, (Cs) gauche BH; (C, )

Figure 2.2 Newman projections and a side-on view of the conformation designations,
including their respective symmetry point group (Ip denotes lone pair). The
relative position of the substituents on X° with respect to C, and C, of the diene
defined above is used consistently in this text.
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2.3 Activation Barriers and Energies of Reaction

The factor that ultimately controls stereoselectivity in any reaction is energy. Tables
2.5 through 2.9 list the 6-31G(d)//6-31G(d) activation energies (denoted AE_ ) for syn and
anti addition in the Diels-Alder reactions of CpX with ethene, ethyne, maleimide (endo

addition), TAD (endo addition), and imide and TAD ddition), respecti Also

listed is the conformation of X for each TS, the percentage of syn product predicted to be
formed by a kinetically controlled reaction, and the most comparable experimental result.

Percent syn addition is approximated using the equation:

(Lwa®=y

where AAE_, = AE__(syn) - AE__(anti), R is the gas constant, and T is temperature. This

expression is derived from the Arrhenius equation, with the following two assumptions:

1 The Diels-Alder reaction obeys a second-order rate law

2. The Arrhenius pre-exponential factor is the same for both syn and anti addition for
a given CpX.

Although the experimental facial selectivities were derived at various temperatures, the

facial iviti d ined at 273.15K, to facilitate

a comparison between the various computed results. Table 2.4 outlines the relationship

between |AAE, | and facial selectivity.
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Table 2.4 The relationship between | AAE, | (kJ-mol") and facial selectivity

1AAE, | ratio 18AE_ | ratio |AAE,| ratio
0.0 50:50 5.0 10:90 100 12:98.8
1.0 39:61 6.0 7:93 11.0 0.8:992
20 29:71 7.0 4:96 12.0 0.5:99.5
3.0 21:79 8.0 3:97 15.7 0.1:99.9
40 15:85 9.0 2:98 209 001:99.99
Although int energy (ZPE i i aby-product of the

computed frequencies, they have not been incorporated in the calculation of AE, . For the
reactions of CpF. CpCl, CpBrand Cpl with ethene, AAE, , would change by -0.3,-0.6, +0.8

and +1.0 kJ'mol”, respectively. These differences in AAE,, would not translate to

changes in the facial ivities or in the analyses performed in this
thesis. The ZPE corrections may even introduce other errors. For instance, the imaginary
frequency. that corresponds to the “mode of vibration™ about the reaction coordinate, is

ignored in the calculation of the ZPE correction. As well, the evaluation of the ZPE

for ilibrit is i and thus applying the ZPE

correction to the analysis that is presented in Section 2.6 would be problematic.
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Table2.5TS gy (kJ-mol™) and and

facial selectivity (% syn addmon) for the reaction of CpX and ethene.

syn anti % syn addition
X conform. AE , | conform. AE_ | cale. | exp(di il
H 165.9
BH, staggered 1819 | gauche 168.6 03
CH; staggered 175.6 staggered 1721 17.8 | 40 (NPM)*
NH, gauche 162.4 gauche 169.6 95.9 | 100 (NPM)*®
OH gauche 154.4 staggered 164.9 99.0 | 100 (NPM)>1*
F 138.7 163.9 | 100.0 | 100 (DMAD)**
SiH; staggered 198.4 staggered 171.7 0.0 | 0 (Me acrylate)™
PH, staggered 1863 |staggered  169.6 0.1
SH gauche 175.8 staggered 170.7 9.4 | 30 NPM)*
i} 163.5 165.7 72.5 [ 79 (NPM)*
GeH, staggered 1993 |staggered 1713 0.0
AsH, staggered 1917 |staggered 1682 0.0
SeH eclipsed 180.9 gauche 170.7 L1 | 0(MA)-"
Br 171.7 165.2 54 | 15 (NPM)*
SnH, staggered  209.9 |staggered 1716 0.0
SbH, staggered 204.0 staggered 1685 0.0
TeH eclipsed 187.9 gauche 167.5 0.0
I 1829 164.9 0.0 | 0 (NPM)*
CH=CH, | eclipsed 175.0 eclipsed 167.9 43
C=CH 162.1 169.6 96.5
C=N 160.9 165.9 90.2
CF, staggered 1827 |staggered  174.0 22
NO, staggered 153.4 staggered 168.3 99.9
* Table 2.3.® Figure 1.7. < Figure 1.6.
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Table2.6 TS gy (kJ-mol™) and and
facial selectivity (% syn addmon) for the reaction of CpX and ethyne.

syn anti % syn addition
X conform.  AE_, conform.  AE_ calc. exp. (dienophile)
H 179.8
CH, staggered 187.9 | staggered 185.7 27.4 | 24 (DMAD)*
NH, gauche 169.5 | gauche 181.7 99.5 | 100 (NPM)*<'¢
OH staggered 156.0 | staggered 176.1 100.0 | 100 (ethene)**
F 160.4 174.3 99.8 | 100 (DMAD)*
SiH, | eclipsed 204.8 | staggered 186.9 0.0 | 0 (Me acrylate)*"
PH, | gauche 195.4 | staggered 184.4 08
SH eclipsed 186.4 | staggered 183.5 21.5 | 40 (MA)"
Cl 1825 177.9 11.6 | 40 (DMAD)™*
Br 190.1 177.7 0.4 | 0 (DMAD)**
1 198.8 178.1 0.0 | 0 (PTAD)*
C=CH 181.0 183.0 70.6
C=N 177.7 179.2 65.1

Table 2.3.° Figure 1.7. < Cp(CH,),;NHAc. ¢ Figure 1.6.°F
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Table 2.7 TS conformation, activation energy (kJ-mol™') and calculated and experimental
facial selectivity (% syn addition) for endo addition of CpX to maleimide.

syn anti % syn addition
X conform. _ AE,, |conform. AE,, cale. exp.(dienophile)
H 129.8
CH; staggered  140.4 staggered  135.7 11.1 40 (NPM)*
NH, |staggered 1256 [ gauche 136.1 99.0 | 100
OH gauche 118.7 staggered  136.0 100.0 | 1004
F 108.5 1375 100.0 | 100 (DMAD)**
SiH; |staggered 166.0 | staggered 1372 0.0 [0 (Meacrylate)*
PH, |staggered 1548 |staggered 1378 0.1
SH gauche 1458 |staggered 1414 126 |30 (NPM)*
cl 136.5 1413 89.3 | 79 (NPM)*
Br 1455 143.7 317 | 15 (NPM)*
1 159.7 1434 0.1 |omPM)y
C=CH 1298 139.1 98.4
C=N 138.4 145.0 94.9
Table 2.1.° Figure 1.7. < Figure 1.6.
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Table2.8 TS gy (kJ-mol"') and
facial selectivity (% syn lddman) for endo addition of CpX to TAD

syn anti % syn addition
X conform.  AE,, conform. AE_, calc. exp.(dienophile)
H 95.0
CH; staggered 97.0 [ staggered 98.9 70.3 79 (PTAD)*
NH, | gauche 81.3 | gauche 101.9 100.0 | 100
OH | staggered 73.1 |staggered  106.6 1000 | 100%1
F 96.3 107.6 9.3 100 (DMAD)**
SiH; staggered 118.9 staggered 102.0 0.1 0 (Me acrylate)*"
PH, | gauche 111.6 | gauche 104.4 4.0
SH staggered 106.6 | staggered 108.7 n.1 14 (PTAD)*
Cl 1185 1122 5.9 |42(PTAD)
Br 127.0 1152 0.5 0 (PTAD)"
I 1343 1158 0.0 | 0(PTAD)"
C=CH 108.6 1053 19.0
C=N 119.4 116.3 20.2
Table 2.1. ® Figure 1.7. © Figure 1.6.
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Table 2.9 Activation energy (kJ-mol"), calculated facial selectivity (% syn addition) and
calculated total percent exo addition® for the exo addition reaction of CpX to

maleimide and TAD.
maleimide TAD
AE,, cale.  calc. AE,, cale.  cale.
X on awtl Y% syn % exo s o Ysyn % exo
H 1420 05| 1419 0.0
F 1349 157.1 100.0 0.0 | 136.7 168.5 100.0 0.0
Cl 180.1 1583 0.0 0.0 | 1818 170.1 0.6 0.0
Br 224.6 188.9 0.0 00| 2213 195.8 0.0 0.0

* Total percent exo addition is the combined percentage of exo-syn and exo-anti addition of
all possible modes of addition. Percent addition of mode of addition / out of the possible four
modes of addition (j = 1,4) is defined to be:

o AELAVAT

3 ¢ AExVET
bl

% add.(i) = x 100%

Thus. toral percent exo addition is:

o “SuderogMVRT _ , -8E, fexo-ani) RT

Y%exo = x 100%
o BEendo-symIRT " -AE,_endo-ani) RT

. o AEdeo-nmVRT | -AE_fexo-amnlRT

The assumptions made on page 38 also apply here.
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As can be seen in Tables 2.5 through 2.8, the calculated facial selectivities agree

well with the il results in similar systems. This was amazing
i imati ions that inth ional model.
The igni ion is th facial selectivity for the reaction of CpSH and

TAD (72.1% syn addition). The experimental result of 14% syn addition is for the reaction
of CpSPh and PTAD. It is probable that in this case, using a hydrogen atom in place of a

phenyl group in our computational model was not a good approximation. The agreement

between facial ivities derived by ion and by i is qualitative, since
AAE, s have not been derived for the experimental results. 100% syn addition or 100%

anti addition can correspond to absolute values of AAE,, that can range from 12 kJ-mol’

to an infinite amount of energy. qualitative or quantitative, th with
experiment provides a good level of trust in the computational model. The computed
AE, s are at least 25% too high, in relation to experimental observation. However, the
error in evaluating AE, , must be systematic and almost constant, given the good agreement
with experimental facial selectivities.

The total amount of exo addition predicted for these reactions is negligible (Table
2.9). Therefore, the endo addition pathway was assumed unless otherwise specified in all

further discussions.

Th i icted that Diels-A ions involving CpX substituted with

i i suchas F, OH and NH,, yield very predominantly syn addition

products. CpCH;, CpSH and CpCl are predicted to be moderately facial selective, while
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CpX’s substituted with third and fourth row groups should produce primarily anti addition
products. Inaddition, these calculations predicted that CpNO,, CpC=CH and CpC=N would
also react through a syn TS with most dienophiles, with the notable exception of TAD. Both
experimentally and computationally, reactions with TAD can result in facial selectivities that
are dramatically different from those resulting from the corresponding reactions with other
dienophiles. Unlike reactions of ethene, ethyne and maleimide, reactions of TAD carbon-
based CpC=CH, CpC=N, and CpCl were predicted to yield mostly anti products, while
CpCHj; and CpSH should prefer syn addition.

The good between the facial ivities and

observation suggests that facial selectivity of these reactions is kinetically controlled. Table
2.10 lists the energy of reaction, AE,,, facial selectivity calculated based on the relative
energies of the products, and experimentally observed facial selectivities for some syn and
anti Diels-Alder additions. The exothermicity of these Diels-Alder reaction is too high to
allow equilibration, and the wrong facial selectivity is predicted for the reaction of CpBr and
Cpl with ethene, and for the reaction of CpCl with TAD. Thus, facial selectivity cannot be

a result of thermodynamic equilibrium in these reactions.



Table 2.10 Energies of reaction (kJ-mol) and calculated® and experimental facial
selectivities, for the given reactions.

exp. % syn
reaction syn AE,_ anti AE_ calc. Yosyn (dienophile)
CpH + ethene -100.9
CpF + ethene -139.7 -1252 9.8 100 (DMAD)**
CpCl + ethene -121.0 -112.4 97.8 79 (NPM)*
CpBr + ethene -114.0 -106.1 97.0 15 (NPM)*
Cpl + ethene -1033 -98.8 882 O (NPM)*
CpH + maleimide -108.3
CpCl + maleimide -1215 -110.6 99.2 79 (NPM)*
CpH +TAD -129.4
CpCl +TAD -125.1 -121.7 81.7 42 (PTAD)

*based on relative product energies. ° Figure 1.16. © Table 2.1.
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The most important trend to note in Tables 2.5 through 2.8 is the range of AE,_, for

synand anti addition. Thy nge izedin Table 2.11.

the syn AE, s vary over a broad range of values about the value for CpH. On the other
hand. anti values do not vary much from the corresponding value for CpH. AE_, for the
reaction of CpH with ethene and ethyne is within the range of the corresponding anti values.
For the reaction of CpX with maleimide and TAD, all of the AE_ s for anti addition are
greater than the corresponding value for the reaction with CpH. These differences in the

ranges suggest that there exists a that affects syn signi! more than anti

AE, . Therefore, the factor which controls facial selectivity in these reactions affects the
syn face more than the anti face of the diene, whether in the GS or in the TS. Thus, the
answer to the facial selectivity paradox is unlikely to be found in the anti TS (ie., the

~Cieplak effect” is not a significant factor).

Table 2.11 Ranges of AE (kJmol") for syn and anri addition reactions.

Reaction syn AE, , range anti AE,  range
CpX + ethene 713 10.1
CpX + ethyne 427 125
CpX + maleimide 57.5 9.9
CpX + TAD 61.2 17.4
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2.4 The Search for an Electronic Effect

Many of the hypotheses proposed to explain facial selectivity in the Diels-Alder
reaction of CpX use as their basis orbital mixing arguments of some sort. Whether the
orbital mixing is present in the diene or is manifested only in the TS, the assumption made
for all of the hypotheses is that the primary favourable interaction between the diene and the
dienophile in the TS is the mixing of the HOMO of the diene with the LUMO of the

No other i ion between the two addends is considered

important. Paquette and Gleiter even suggested that there is a repulsion between the filled
7-MO of the diene and the n,-MO of the dienophile.

The validity of MO arguments can be judged by looking at MO plots. MO plots are
presented at the end of this section for a selection of GS CpX molecules and TS structures
for the reaction of CpX with the four dienophiles studied. All plots were generated using
Spartan 4.1.*' using wavefunctions evaluated using Gaussian 94. The default contour value
0f 0.032 was used for all MO plots.

CpH has three MO’s with n-character: the HOMO (MO 18) is the predicted n,-MO,
while MO 12 and 17 form a bonding and antibonding mixing of the 7;-MO with the two
C4-H 6-MO'’s (Figure 2.3). This does not fit the simple FMO prediction in Figure 1.2.

The predicted m,-HOMO exists for all CpX studied, and there are p,-components on
X° for many CpX (Figure 2.4). These p,-components are antibonding with respect to the x-
lobes of the syn face. Where they exist, the size of the p,-components on X° increases as the
period number of X° increases. However, differences between the syn and anri faces for
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most CpX. as were predicted by the Japanese research groups.”'**** do not appear to be
present.

Both the HOMO and the nz-HOMO of Cpl. CpTeH and CpSeH have m,-character
(Figure 2.5). These MO’s consist of an antibonding and a bonding addition of the syn face
components of x, and the p,-components of X°, respectively. In the ma-HOMO. there is
overlap between components on X°and xt,. These are the only examples of mixing apparent
between X and the =, but these were not the dienes that Fukui's group®' predicted to have
such mixing.

There exists a 7;-MO similar to MO 17 of CpH for all CpX. This MO exhibits one
of three different types of o-n mixing (Figure 2.6):

2 No significant overlap between the c-orbitals and the = orbital: CpH,

CpCHj, CpSH, CpBr, Cpl. CpC=CH, CpCH=CH,, CpCF;, CpNO,.

™

Significant overlap between the C,-X o-bond and the x-lobe on the i face:
CpNH,, CpOH. CpF, CpPH,, CpCl, CpC=N.

Significant overlap between the C,-H; 6-bond and the n-lobe on the anti face:

w

CpBH,, CpSiH,, CpGeH;. CpAsH,. CpSeH, CpSnH, CpSbH,, CpTeH.

All of the dienes listed in Case 2, except CpPH,, have a tendency for syn addition, while all

of the dienes in Case 3 favour anri addition. Facial selectivity for Case I ranges from 100%

antito 100% syn addition preference. While this ns-MO does exhibit characteristics that can
be linked to facial selectivity, the connection is not perfect.

CpX with C, symmetry (i.e., CpBH,, CpNH,, CpPH, and CpTeH) have remarkably
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different MO structures. although =, - and 7-MO’s can still be determined. Their complexity

cannot be easily captured in a two-dimensional picture. Yet, while the MO's of

Csand C, are signi different, facial selectivity is rarely
affected by the conformation of X. However, facial selectivity can be affected by the
conformation of X for reactions with TAD (discussed later). In summary, there is no
indication that there is a significant facial bias in the x,-HOMO. However, the z-MO's of
many CpX reveal a pattern which may be related to facial selectivity.

In general, FMO theory does not take into account the possibility that MO's other
than the HOMO and LUMO of the reactants are interacting with each other in the TS. Other

do exist, and it would be ienti suggest that they have a negligible effect

on the reaction. For the TS of the reaction of CpH and ethene, there are at least four

occupied MO's that are is in describing the i ion between the addends. The

HOMO (MO 26) was a surprise — it is the result of an antibonding addition of two occupied
MO's: a g from CpH with the g of ethene (Figure 2.7a). MO 24 is the bonding counterpart
of the HOMO (Figure 2.7b). MO 25 is the one predicted by FMO theory: the mixing of the
7, of CpH with the x, * of ethene (Figure 2.7c). MO 22 also exhibits visible overlap between
the diene and the dienophile (Figure 2.7d). This MO is comprised of an unexpected mixing
of g-orbitals on CpH with o-orbitals on ethene. All of these orbitals are “frontier molecular
orbitals.” and all can significantly contribute to the kinetics of this reaction.

The TS's of all syn and anii additions of CpX and ethene possess similar
diene/dienophile m,/r,*, ms/ns bonding and ny/xg antibonding MO’s. Similar o/c MO's are
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present for many CpX and ethene TS’s, as are other MO's which have significant mixing
between the diene and the dienophile. For some TS's the x,/x,* MO is the HOMO, for
others it is the 7y/xs, but there does not seem to be a clear pattern.

The FMO’s of the TS structures for the reactions of CpH with ethyne and maleimide
are very similar to those for the TS structures for the reaction of CpH and ethene. Figure 2.8
displays the &,/x,*, 25/t bonding and #y/n; antibonding MO’s for the reaction of CpH with
ethyne. For the endo and exo addition TS's for the reaction of CpX and maleimide, the
7,/%,* HOMO's are nearly identical for both TS"s (Figures 2.9 and 2.10, respectively). As
well. the endo and exo TS’s each have three n5/n5- type MO’s. There is significant overlap
between components on the two addends in other MO’s as well.

The MO's of the TS for the reaction of CpH and TAD are somewhat different from
the other TS's involving CpH. The HOMO's for the endo and exo addition TS's are
presented in Figure 2.11. For the corresponding TS’s involving the other dienophiles, the
components of the x,/x,*-MO contributed by the dienophile are mostly centred on the
reacting carbons. On the other hand, for both TS's involving TAD, the dienophile’s
contribution to the x,/x,*-MO is not only on the reacting nitrogens. but encompasses part
of the dienophile’s ring. Both endo and exo TS's also have more high lying MO's, including
the 7g/mg-types observed in the other TS’s, which have significant overlap between the diene
and the dienophile. Figures 2.12 and 2.13 present some of the more interesting MO’s of the
endo and exo TS’s for the reaction of CpH and TAD.

This brief overview of MO plots has led to a couple of conclusions. First, several
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hypotheses could be conceived to explain facial selectivity by looking at individual MO's.
However. there is no trend consistent for all cases. Second, there are so many MO's which
describe the interaction between the diene and the dienophile, that one cannot reasonably
consider one MO in isolation of the others.

We must not forget that an MO, y,, is just one element of the mathematical solution

tothe Bdi equation. F hy ical rbitals (CMO's) are not

a unique solution; the CMO’s can be converted by unitary transformation to an infinite

number of other bases. The signi fy, is more ical than physical in nature
~ it is not experimentally observable. What has physical significance is the “square” of the
total wavefunction, |¥(r)|*, i.e., electron density, and expectation values, i.e., (¥(5]¥).
Atomic charges and bond orders also do not reveal any trends which can be linked
to facial selectivity. Table 2.12 lists the Mulliken atomic charges® for the four sp® carbons
of CpX in the GS and in the syn and anti TS for the reaction with ethene, relative to the
corresponding value for CpH. Table 2.13 lists relative bond orders according to Mayer*’
between X°and C, and C, for CpX and the corresponding syn and anti TS’s. Also tabulated
in Table 2.13 are bond orders for the incipient bond, and between X° and the carbons of

ethene.
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Table 2.12 Mulliken atomic charge on the sp’ carbons of CpX in its GS and its syn
and anti TS’s for the reaction with ethene. Listed values are relative to the

value for CpH.*
relative atomic charge C, .C, relative atomic charge C, ,.C;
X GS syn anti GS syn anti
H 0.000 0.000 0.000 0.000 0.000 0.000
BH, -0.068 0.010 0.022 0031 -0.003 -0.001
0.030 -0.039 -0022 0.006
CH, 0.012 0.010 0.011 -0.005 -0.007 -0.001
NH, -0.013 -0.011 -0.006 -0.002 -0.008 -0.010
0.012 0.013 0.016 -0.005 -0.008 -0.009
OH -0.033 -0.036 -0.015 0.000 -0.009 -0.018
-0.015 -0.009
E -0.041 -0.057 -0.041 0.004 -0.008 0.009
SiH; -0.009 0.008 -0.002 0.000 -0.001 0.001
PH, 0.018 0.004 -0.006 -0.004 -0.001 0.012
-0.009 0.007
SH 0.019 0.011 0.019 0.001 -0.002 -0.004
0.015 -0.003
Cl 0.027 0.011 0.012 0.008 -0.003 0.015
GeH; 0.010 0.005 0.007 -0.004 -0.003 0.002
AsH, -0.002 -0.005 -0.004 0.003 -0.002 0.007
SeH 0.011 0.004 0.016 -0.003 -0.003 0.013
-0.017 0.009
Br 0.012 -0.005 0.002 0.007 -0.004 0.013
SnH; 0.027 0.020 0.020 -0.004 -0.003 0.000
SbH, 0.015 0.011 0.008 0.000 -0.002 0.003
TeH 0.042 0.020 0.030 -0.004 -0.003 0.011
-0.001 -0.004 0.012 0.004
I 0.026 0.010 0.012 0.005 -0.004 0.013

* Throughout the thesis, one value is tabulated for a pair of equivalent parameters for
structures with C symmetry, whereas two values are given for structures with C, symmetry.
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Table 2.13 Bond orders for CpX in the GS and the syn and anti TS’s for the reaction with
ethene. Listed values are relative to the corresponding value for CpH.

X°-C,, X°>-C, X°-C, X°-C, C,-C,, C-C,

X GS syn anti syn anti

H 0.000 0.000 0.000 0.000 0.000 0.000

BH, 0.088 0.007 0.034 0.010 -0.008 0.020

0.030 0.075 0.023

CH;, -0.005 -0.004 -0.001 -0.010 -0.012 0.003

NH, -0.054 0.006 0.001 -0.015 -0.014 -0.009

-0.044 -0.003 -0.008 -0.015 -0.012 -0.005

OH 0.013 0.014 0.006 -0.024 -0.015 -0.014

0.004 -0.025 -0.014

F 0.002 0.021 0.012 -0.024 -0.009 -0.014

SiH, 0.032 0.014 0.033 0.001 -0.005 0.020

PH, 0.004 0.007 0.018 -0.007 -0.009 0.010
0.006

SH -0.007 -0.002 -0.003 -0.016 -0.009 0.000

0.000 -0.007 -0.014

Cl -0.013 -0.002 -0.010 -0.020 -0.014 -0.007

GeH;, 0.036 0.016 0.036 -0.001 -0.007 0.020

AsH, 0.026 0.013 0.028 -0.005 -0.008 0.014

SeH 0.005 0.007 0.008 -0.009 -0.009 0.003

0.015 0.008

Br -0.047 0.006 0.000 -0.019 -0.013 -0.003

SnH; 0.048 0.017 0.042 0.002 -0.005 0.025

SbH, 0.040 0.017 0.037 -0.002 -0.006 0.018

TeH 0.014 0.010 0.014 -0.006 -0.008 0.003

0.020 0.023 0.012

1 -0.042 0.010 0.006 -0.018 -0.012 -0.001




It should be noted that for all CpX, the incipient bonds have a lower bond order in
the syn TS than in the corresponding anri TS. This is reflected in the geometry; the incipient
bond is longer in the syn TS than it is in the anri TS (Section 2.5). While this is a
distinguishing feature between syn and anti TS's, it does not result in facial selectivity.

Unfortunately, Mulliken atomic charges and Mayer's bond order are also based on
a partitioning scheme that has a degree of arbitrariness. Both are constructed using the
population matrix, which is the product PS of the density matrix P and the overlap matrix
S. The trace of PS yields the total number of electrons. The Mulliken definition of the

charge g, on atom A is defined to be:

9, =2, - X (Ps),
&

where Z, is the nuclear charge of atom A, and the sum is only over basis functions which are
centred on atom A. The bond order according to Mayer, BO,;, between atoms A and B is

defined to be:

B0, = E; "):.(PS),,

Mulliken atomic charges and Mayer’s bond order do provide a qualitative picture of the

inmany cases. However, they are known to fail

10 the point that currently they are rarely used in published theoretical analyses. Both of
these methods ignore the fact that all basis functions contribute to the mapping of electron
density about the whole molecular structure, not just for the atoms they are centred on.
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A o i e i e has been Bader ™

Bader defines the boundary of an atom as the surface about the atom where the Laplacian of
the density, Vp, is equal to zero. All of the electron density that resides inside this surface

“belongs™ to the atom. Obtaining atomic charges using Bader’s definition would have been

ideal. but the y code il ‘While Bader has defined

of bond order for carbon-carbon bonds based on bond ellipticity, there is no theoretically

rigorous derived formula for the general bond order between two non-bonded atoms.
Facial selectivity in the Diels-Alder reaction of CpX follows a periodic trend.

Therefore, itis exp ivity, which is iodic property, should correlate

with facial ivity. Boyd and 5 the ivity of groups,
based on the relative position of the bond critical point defined by Bader. The calculated
electronegativities were fitted to compare with the Pauling scale. Figure 2.14 presents a plot

of AE,,, versus group electronegativity of X for both syn and anti additions of CpX and

.
ethene. Pauling electronegativity values (of X°) were used for X = H, SnH;, SbH,, TeH and
1.%2 There is a rough correlation between syn AE,, and group electronegativity (r = 0.82
with CpH. r* = 0.88 without CpH). The narrow range of values for anti AE,, doesnotallow

fora ion with group ivity. ivity is directly ional to

periodic trends such as ionization energy, electron affinity and atomic radius. s it

electronegativity, or another periodic trend that correlates with facial selectivity?

* Boyd and group ivities and Pauling ivities are listed
in Table A.42 of the appendix.
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(a)

(©)

Figure 2.3 MO plots for CpH. (a) MO 18: a, (HOMO), (b) MO 17: b, and (c) MO 12: b,.
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(b)

()

Figure 2.4 Plot of HOMO for (a) CpF, (b) CpCl and (c) CpBr. All HOMO's have a”
symmetry.



(a)

(b)

Figure 2.5 MO plots for CpSeH. (a) HOMO and (b) n-HOMO. Both MO’s have a”
symmetry.
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(a)

(b)

()

Figure 2.6 MO plots of the three types of 7. (a) Case 1: MO 24 of CpSH., (b) Case 2: MO
25 of CpCl, and (c) Case 3: MO 25 of CpSiH,. All MO’s have @’ symmetry.
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Figure 2.7 Plotted MO’s for the TS for the reaction of CpH and ethene. (a) MO 26: @'
(HOMO; my/mg antibonding), (b) MO 25: @” (m,/%,*), (¢c) MO 24: d’ (mg/mg
bonding) and (d) MO 22: &' (0/0).
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Figure 2.8 Plotted MO’s for the TS for the reaction of CpH and ethyne. (a) MO 25: &
(HOMO:; m,/m,*), (b) MO 24: 4’ (ng/n; antibonding) and (¢) MO 22: & (my/m
bonding).
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(a)

Figure 2.9 Plotted MO’s for the endo addition TS of CpH and maleimide. (a) MO 43: "
(HOMO), (b) MO 42: &, (c) MO 39: &’ and (d) MO 38: 4'.
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(a) (b)
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e
L ]

(c) (d)
® '

Figure 2.10 Plotted MO’s for the exo addition TS of CpH and maleimide.
(a) MO 43: @” (HOMO,), (b) MO 41: @, (c) MO 39: @ and (d) MO 38: d.



(a)

(b)

Figure 2.11 Plotted HOMO’s (MO 43) for the TS for (a) endo and (b) exo addition of CpH
and TAD (both have a” symmetry).



(a) (b)

A,
%
o

Figure 2.12 Plotted MO’s for the TS for endo addition of CpH and TAD. (a) MO 42: d',
(b) MO 41: d", (¢) MO 38: &, (d) MO 37: ", (¢) MO 35: d" and (f) MO 30: .

(d)
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(b)

L

Figure 2.13 Plotted MO’s for the TS for exo addition of CpH and TAD. (a) MO 42: 4’
(b) MO 41: 4", (¢) MO 38: &, (d) MO 37: &". (€) MO 36: ¢” and (f) MO 35: d’

(c)
(e)

s-
%
“&
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Figure 2.14 AE__, versus group electronegativity. @ = syn, & = anti, @ = CpH.
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2.5 Geometry

1o the diene or the dil ile due to X should translate into

geometric changes in the carbon framework of the diene and/or the dienophile. in the GS
and/or the TS, depending on the phenomenon. Covalent bond lengths depend on the amount
of electron density in the bond - the higher the electron density, the shorter the bond. Bond
angles can reflect the hybridization of the central atom.

For GS CpX, the n-bonds C,=C, and C;=C, are of greatest interest. These bonds are
shorter for CpXs that prefer syn addition, whereas the C,-C; bonds are longer for these same
CpX's. Figure 2.15 displays a graph of the C,-C; bond length versus the average of the

C,=C, and C;=C, bonds for a given CpX. Note that for all graphs, the scale of both axes is

the same two ities have the same di i There is excellent correlation
between these two quantities (' = 0.96). Moreover, the slope of -1.73 suggests that as the
C,-C; bond gets longer, the electron density is transferred largely to the two n-bonds. If x-
donation from X to the ring were important, the C,-C; bond would shorten with the increased
m-donation due to conjugation. Instead, an inductive effect is probably the basis of these
bond length trends. The electronegativity of X is playing a role here: as the electronegativity
of X increases, the length of the two x-bonds decreases.

The length of these bonds is also related to facial selectivity. Figures2.16 and 2.17

present plots of AE_ for the reaction of CpX and ethene versus the average C,=C,/C;=C,

bond and the C,-C; bond in the ing GS CpX, respectively. syn AE,, is higher for
CpX’s that have longer n-bonds, while the reverse is true for the C,-C; o-bond.
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Figure 2.15 Graph of the C,-C, bond length versus the average C=C bond length for ground
state CpX's (A).
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Figure 2.16 Graph of syn and anti AE,.,, (kJ-mol"") versus average C=C bond length for
ground state CpX's (A). @ =syn. A = anri, = CpH.
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Figure 2.17 Graph of syn and anti AE,, (kJ-mol") versus C,-C; bond length for GS CpX
(A). ®=3syn, A =anti, = CpH.
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A shorter x-bond should lead to a more reactive diene. However, if the effect is congruent
for both the syn and anti face of CpX, this should not directly affect facial selectivity.
What is most interesting about the z-system in the TS is that the variation in geometry
becomes even less than it was in the GS. In the TS for syn and anri addition of all CpX's to
ethene, the C,=C,, C;=C, and C,-C; bonds in the diene and the C,=C, bond in the dienophile
all fall in a range between 1.3772A and 1.4043A. This is a variance of less than 0.03A for
four bonds which were dissimilar in the GS. Although the range of bond lengths is reduced
in the TS. the relationships observed in Figures 2.15 through 2.17 are still maintained.
There are several consistent trends in these TS’s. As was mentioned in the previous
section. the incipient bond for syn addition is always longer than for anti addition in the TS.
Other uniformities exist for all of the TS’s, irrespective of the mode of addition, the
dienophile or X. For example, the C,-substituent Y which faces the dienophile in the TS
(Figure 2.18) is always almost coplanar with the four carbons of the diene. As well, the C;-Y
bond always becomes shorter in the TS than its corresponding value in GS CpX.
Conversely. the Cs-Z bond, which lies antiperiplanar to the dienophile, always becomes

longer than its GS value. is most interesting about these changes is that the Cs-Y and C-Z

z
Figure 2.18 Definition of Y and Z; Y is nearly coplanar with the four carbons of the diene.
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bonds return to their GS CpX value in the product. While it is difficult to associate this
phenomenon with any one particular orbital mixing, we speculate that favourable mixing
between the o- or x-framework of the diene and the C,-Y bond is enhanced in the TS, thus
increasing the electron density in this bond, which leads to its shortening.

None of the trends in absolute geometry have addressed the problem of facial
selectivity of CpX. However. the changes involved in transforming the GS diene to its TS
geometry do provide more insight. Table 2.14 lists the ranges of these changes for the
reaction of CpX and ethene. Whereas some of the individual changes are large, most of the
geometric changes vary over a small range of values.

The exception lies in the group of angles about C;. The range of these angle changes
is about an order of magnitude greater than the range of any other angular change. As CpX
is deformed into its syn TS geometry, the angles C,-C,-X and C,-C-X widen, while the
angles C,-Ci-H; and C,-C,-H, compress by a similar amount. The angle X-C,-H
experiences less change. The net effect is to tilt the X-C,-Hj triangle about the C, pivot, as

illustrated in Figure 2.19.
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Table 2.14 Maximum and minimum geometry changes (A,,, and A, in transforming
the GS reactants to their TS structures for the reaction of CpX and ethene.*
AA = A, - A, Angle changes are in degrees, bond length changes are in

A
synTS -GS anti TS - GS

parameter .o A AA O AA

CCs 0.1145 -00704 0.0441 | -0.0885 -0.0781 0.0104
GGG, 00533 00635 00102 | 0.0543 00651 0.0108
€€, CiCs 200122 00296 00418 | -0.0011 00143 0.0154
CoH, 0.0003 00179 0.0176 | -0.0108 -0.0043  0.0065
CeX 20.0269 00006 0.0275 | -0.0010 0.0263  0.0273
€:C; 00602 00680 0.0078 | 0.0637 00708 0.0071
€-C1C;. C<CC 056 002 058| -061 003 058
C+CCx CH0C; 468 220 248| 317 201 116
C,-Cs:C, 443 268 175|376  -331 0.45
C,-CyHy, C-CyHy 1105 -l64  940| -048 552 600
Ci-CeX, CoCeX 028 2315 2343 751 487 1237
X-Cy-H, 975 392 1367| -198 314  SI2
C-Cr-Hy,. C-CeHe, 236 -131 105 -236 -194 043
Cy-Cr-Ha, C-Co-Hey -1.87  -146 041 | -187  -1.55 032
H,-CiHe HyCrHp | 219 060 158 | -191  -148 043

* The appendix contains tables of geometries for all structures studied in this thesis.
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Figure 2.19 The tilting of X-C,-H; triangle about the C, pivot in transforming CpX to its TS
geometry. The dashed lines represent the GS position of the C;-H; and the C;-X
bonds.

This same tilting occurs in the transformation of the GS CpX to its anti addition TS, albeit
1o a lesser degree.

The extent of the angular change about C, correlates well with facial selectivity. The
mode of addition which experiences the lesser amount of angular change about C; is the
preferred mode of attack. The total angular change, A®y,,, , accounts for the change in all

five angles:

80, = 180, 4 + 80, ¢, + 18O, ¢, ] + 180, ¢, * 18Oy ¢,y

where lABc, c.-l is the absolute value of the change in angle C,-C-X from its GS to its TS
value, and so forth. Table 2.15 lists the values of A@y,,, for the syn and anri addition of CpX
and ethene, and Figure 2.20 contains the plot of AE, , versus A®x,,, for these reactions.
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Table 2.15 AO,,, (degrees) and facial selectivity for the reaction of CpX with ethene.

X A8y, (s3m) AOr,, (anti) calc. % syn
H 170

BH, 589 8.1 03
CH; 26.5 1.4 17.8
NH, 19.6 207 959
OH 144 162 99.0
F 9.7 184 100.0
SiH; 46.8 6.2 0.0
PH, 26.1 165 0.1
SH 204 109 9.4
cl 213 14.0 725
GeH; 46.1 5.0 0.0
AsH, 38.5 3.9 0.0
SeH 23.0 16.4 L1
Br 256 1.8 54
SnH;, 54.8 6.1 0.0
SbH, 477 37 0.0
TeH 356 53 0.0
1 30.6 96 0.0
CH=CH, 27.1 1.7 43
C=CH 185 145 9.5
C=N 173 142 90.2
CF, 307 1.0 22
NO, 133 16.0 99.9
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Figure 2.20 AE, , (kJ-mol") versus A®r,, (degrees) for the reaction of CpX and ethene, for
CpH (W), and for syn (@) and anti (&) addition. Vy denotes CH=CH,.
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Remarkably, A®y,, accounts for facial selectivity in all cases, with the exception of
CpNH,, CpCl. CpC=N and CpC=CH (all of which prefer syn addition). For anti addition.
the value of A@,,,, is similar to that of CpH. while A, for syn addition is spread over a
much wider range of values. Furthermore, for syn addition, with the exception of CpBH,.
A®, is linearly proportional to A, (= 0.91 for all CpX except CpBH, ; = 0.75 if
CpBH, is included). This correlation suggests that angular deformation about C; for syn

addition isan i factor in ining facial ivity for CpX. However, AG,

does not correlate without exceptions with AE__, and it fails to determine facial selectivity
in some cases. This may be an indication that another factor important in controlling facial
selectivity exists. On the other hand, it is more likely that the failures can be attributed to the
fact that the energetic cost per unit of angular change cannot be the same for all of these
angles in all of these dienes. A better comparison would be between AE_, and the energy

required to change the angles about C; to their TS values.



2.6 Partitioning Activation Energy

Sections 2.4 and 2.5 highlighted the difficulty of assigning differences in electronic

structure or geometry to their i in ing facial ivity. Itis th geti

of suchdi that ines the di inAE_, that lead to facial
selectivity. InSection 2.2, the vari plain facial ivity were
divided into two ies. Facial ivity might be ined by factors which are

either present in the GS CpX, or require an interaction between the diene and the dienophile
to occur. The following partitioning scheme for AE_, allowed us to determine in which
category each factor belongs.

The formation of a Diels-Alder TS can be imagined to occur in three distinct steps:

0 the diene is deformed into its TS structure (diene deformation)

N

the dienophile is deformed into its TS geometry (dienophile deformation)

the diene and dienophile are placed in their TS positions relative to each other

w

(interaction)

The sum of the energies required to perf hof the above steps is AE,,, for the reaction.
Two more calculations are required: an SCF calculation on the diene and on the dienophile
in their TS geometries. From these values the energy of the corresponding GS entities were

subtracted, resulting in diene and dienophile deformation energies. AESY, and AES, .

pectively. The energy of i ion, AE, , was defined to be the remaining energy after

subtracting the two deformation energies from AE,,. In summary,
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AE,, = AEZT + AE::I{M + AE,

Figure 2.21 provid ictorial i f the diffe ibuti AE,_,. Tables

2.16 through 2.19 list AE,, and its components for syn and anti additions of CpX to ethene.

ethyne, maleimide and TAD, respectively.

™~
N o
[} '
AEag AEg;!fiile I e
A
AEﬂ?efne D(: e Q_x

H

Figure 2.21 Pictorial definition of AE,,, AESY, . AES, and AE,,.
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Table2.16 A, AES, . A4, and AE,, (kJ'mol") for synand anti addition of CpX
and ethene.

syn anti

AE,, AEZ, AE, AE, |AE, AEQ, AEgl, OE,
H 165.9 99.0 48.1 189
BH, 1819 1122 52.1 17.7 168.6 948 51.8 221
CH; 175.6 107.9 46.0 216 172.1 99 484 237
NH, 162.4 98.8 452 184 169.6 100.6 463 226
OH 1544 98.8 40.1 15.5 164.9 994 44.7 208
F 138.7 85.7 40.5 12.5 163.9 98.9 45.0 20.1
SiH; 198.4 127.7 503 204 v B | 974 526 21.8
PH, 186.3 119.9 474 19.0 169.6 96.1 50.0 235
SH 175.8 1144 448 16.5 170.7 993 484 229
Cl 163.5 104.8 41.7 17.0 165.7 97.0 47.0 21.6

GeH; 1993 1283 495 215 1713 96.8 53.0 214
AsH, 191.7 1241 482 193 | 1682 93.7 512 233

SeH 1809 1189 462 159 |170.7 98.7 49.6 25
Br 171.7 1119 42.1 176 | 165.2 95.3 48.2 217
SnH; 2099 1372 513 214 [171.6 96.6 54.8 202
SbH, 2040 1334 50.1 205 |[1685 93.1 53.0 224
TeH 1879 123.0 478 17.1 | 167.5 944 50.7 25
1 1829 1205 434 19.1 | 164.9 93.5 493 221

CH=CH, [ 175.0  108.1 46.2 207 | 167.9 98.0 479 220
C=CH 162.1  101.8 442 16.1 |169.6 103.0 472 194

C=N 1609  102.7 454 127 | 1659 1023 46.5 17.1
CF; 1827 1194 447 185 |1740 1020 485 235
NO. 153.4 99.4 442 9.8 |1683 103.5 46.0 18.8

83




Table2.17 AE,,. AESY . AE:i;. and AE,, (kJ-mol™) for syn and anti addition of CpX

and ethyne.
syn anti
X AE,, AEM AEY, AE, |AE,, AEM, AEZ, AE,
H 179.8 100.3 64.0 155

CH; 187.9  108.3 61.6 179 | 1857 1016 64.1 19.9
NH, 169.5 97.1 61.4 1.1 181.7 1011 61.1 19.5

OH 156.0 91.2 62.1 28 |176.1 99.1 58.8 182
F 160.4 87.9 56.4 16.1 1743 984 59.0 169
SiH; 2048 1275 66.0 113 | 1869 1000 68.8 18.1
PH, 1954 1188 63.7 129 | 1844 98.5 65.9 199
SH 1864 1123 60.9 132 [1835 1008 63.7 19.0
Cl 1825 1058 57.0 197 | 1779 978 61.8 182
Br 1901 1123 573 205 | 1777 96.3 63.3 18.1
I 1988 1200 585 202 |178.1 948 64.7 186

C=CH (1810 1025 59.9 186 |[183.0 1042 624 16.4
C=N 177.7 _ 103.3 60.2 142 1792 1035 61.3 14.3




Table2.18 AE,,,. AESY . AES, and AE,, (kJ-mol”) for syn and anti addition of CpX

“diene

and maleimide.
syn anti
X AE,,  AE, AEZ, OE. |AE. MEZ, AEg, AE,
H 129.8 93.9 543 -18.4

CH; 1404  103.5 519 -151 135.7 95.4 540 -137
NH, 1256 1017 469  -23.0 |136.1 96.5 52.0 -12.4
OH 1187 94.5 46.0 -21.8 | 136.0 95.2 49.6 -88
F 108.5 81.7 467  -199 |1375 959 49.8 -82
SiH; 1660 123.9 576 -156 |1372 929 598 -154
PH, 1548 117.0 552 <174 | 1378 93.0 573 <125

SH 145.8 1110 52.1 -17.4 1414 96.7 55.1 -103
cl 1365  101.7 49.1 -144 11413 952 53.1 -70
Br 1455 1089 499  -134 1437 94.3 549 -54
I 159.7 1178 514 94 | 1434 93.1 56.5 62
C=CH |129.8 97.6 50.5 -184 [ 139.1 98.1 52.5 -115
C=N 1384  100.0 52.3 -13.9 | 1450 98.2 52.2 -54
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Table2.19 AE, . AEX . AEZ, and AE, (kJ-mol") for syn and anti addition of CpX
and TAD.

sn anti

X AE,, MBI, AEi, AE, |AE, AEE, AEW, AE,
H 95.0 86.5 299 -21.4

CH; 97.0 89.5 275 -20.0 989 875 299 -18.5
NH, 81.3 798 266 =252 1019 89.0 283 -154
OH 73.1 75.6 262 -28.7 106.6 89.1 268 94
F 96.3 774 246 5.7 107.6 90.3 26.8 -9.5
SiH; 118.9 107.4 30.1 -18.6 102.0 86.8 333 -18.1
PH, 111.6 98.4 28.1 -15.0 1044 89.1 319 -16.6
SH 106.6 927 268 -129 108.7 90.8 303 -123
Cl 1185 925 248 12 1122 90.8 29.1 <17
Br 127.0 98.6 251 33 1152 91.2 306 -6.6
I 1343 104.7 257 39 1158 91.0 31.8 -7.0
C=CH | 108.6 88.9 26.6 -6.9 105.3 90.7 29.0 -14.4
C=N 119.4 92.1 26.1 1.3 116.3 92.7 28.0 -4.3




A discussion of the data in Tables 2.16 through 2.19 is facilitated with plots. Figures
2.22 through 2.28 display plots of AE,, versus the components of AE,, for the various
reactions with CpX. All axes corresponding to the same figure or reaction are drawn on the
same scale.

Figure 2.22 displaysa plotof AE, , versus AE;{::: and AE,, for the reaction of CpX.
and ethene. Itis evident that both AE,':L,‘ and AE,,,as wellas AE, , foranti addition, vary
over a proportionately narrow range of values compared to AE_, for syn addition. The
reaction of CpX with the other three dienophiles exhibits similar behavior. Figure 2.23
contains a plot of AE_  versus AE;{,,E and AE,, for the reaction of CpX with ethyne,
maleimide and TAD.

The only notable correlation between AE,_ and AE, is for the reaction of CpX and
TAD. Figure 2.24 focuses on this phenomenon. There is a very good linear dependence
between AE,  and AE,, for anti addition (" =0.91. slope = 1.18). For syn addition, there
are two distinct groups of dienes. One group consists of the halogen-substituted CpX,
CpC=CH and CpC=N, while the other group consists of all of the other CpX (including
CpH). These two groups will be referred to as the halo CpX and the non-halo CpX,
respectively. Each group has a similar linear dependence between AE, , and AE,, (=081
and 0.74. slope = 2.62 and 2.56. for halo and non-halo CpX, respectively). However, the
halo CpX have a higher AE,, by about 12 kJ-mol”, which is also reflected in the higher

values of AE,,,. This phenomenon will be explored in greater depth later.
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Figure 222 AE,, versus (a) AES/,, and (b) AE,,, (k'mol") for the reaction of CpX and
ethene, for CpH (W), syn addition (@) and anri addition (A).
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Figure 2.23 AE, , versus (a) AEZ/, and (b) AE,, (kJ'mol"!) for the reaction of CpX with

ethyne (filled symbols), maleimide (empty symbols) and TAD (pluses in
symbol), for CpH (square), syn addition (circles) and ani addition (triangles).
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Of greater importance to facial selectivity are the plots of AE,, versus AES/, for

all four dienophiles (Figures 2.25, 2.26 and 2.27). For the reaction of CpX with ethene.

ethyne and maleimide. AEZ/ y with AE,, for syn addition (r* = 0.96.
0.95. 0.93. respectively; slope = 1.33, 1.20, 1.37, respectively). For anti addition, values of
AEZ . like AE,,. are similar to the corresponding value for CpH for these reactions. For
agiven value of AES . AE,, is noticeably higher in energy for anti addition than for syn
addition.

For the reaction of CpX with TAD (Figure 2.27), halo CpX and non-halo CpX again
behave differently for syn addition. For each group, AE:;{' correlates excellently with AE,
(' =0.96.0.97; slope = 1.48. 1.4 for halo and non-halo CpX, respectively). However,
AE,_, isabout 15 kJ-mol" higher for the halo CpX. There is also a lesser correlation between
AE,, and AESY for anti addition (r* = 0.82, slope =3.23).

In all of these plots, we are comparing quantities (energies) which have the same

units. Thus, both the range of energy values and the slopes obtained are physically

in ining the relative i of AESY,. AEY, and AE,, to the
in AE,,.and to facial selectivity. We have alread that

the factor that controls facial selectivity is more prevalent for syn addition than it is for anti

addition. due to the difference in the range of AE,, for all of the reactions studied.
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Figure 2.25 AE, , versus AE"" (kJ-mol") for the reaction of CpX and ethene, for CpH
(-) syn addmon (.) and anti addition (A).
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Figure 2.26 AE,, versus AE;Y, (kJ'mol™) for the reaction of CpX with ethyne (filled
symbols) and maleimide (empty symbols), for CpH (square), syn addition
(circles) and anri addition (triangles).

93



140

120
& ]
r
=2
H
2 100
80

L]
OH

T T
80 100
Diene Deformation Energy
Figure 2.27 AE, , versus AEZ:{., (kJ'mol™) for the reaction of CpX and TAD, for CpH (W),
syn addition (@) and anti addition (A).
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Now. due to the small range of values of Asg* and AE, . and their lack of correlation with

AE,, forthe ion of CpX with ethene, ethyne and imide, we can conclude that both

and the i ion between the two addends are also not important

in determining facial selectivity in these reactions. For the reaction of CpX with ethene,
ethyne and maleimide, the primary factor which determines facial selectivity in these
reactions is the energy required to deform the diene into its syn TS geomeiry. This is
supported by the wider range of both AE,_, and AEZ/_ for syn addition. As well, the near
unity slopes indicate the relationship between these two quantities is almost one-to-one.
For the reaction of CpX and TAD, the primary factor in determining facial selectivity

is. again, the energy required to deform the diene into its syn TS geometry. Thisis supported

by the wider range of AE,  and AE;{‘ for ddition, and the near unity linear

between these quantities. However, there is an important secondary effect, which is near
constant (near-parallel slopes for halo and non-halo CpX), that separates the CpXs into two
groups. As well, there is a smaller, tertiary effect for anri addition, which leads to the
observed correlations between AE,, and both AEjY and AE,,. This is a minor effect,
given the narrower range of these energy values.

The secondary effect is consistent with a closed-shell repulsion between the lone pairs
on the reacting nitrogens of TAD with the lone pairs of CpF, CpCl, CpBr and Cpl, and the
#-bond of CpC=N and CpC=CH. This is similar to the arguments used by Coxon et al., for
facial selectivity in the Diels-Alder reaction of their caged ether (Figure 1.14). CpX's that
have lone pairs, such as CpNH, and CpOH, prefer conformations in their syn addition TS’s
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where a hydrogen is pointing at the nil fTAD. CpNH, inits

and CpOH in its gauche ion lead to d-orde ints in the syn TS for

their reaction with TAD. In these cases. both substituents have lone pairs pointing at TAD.

Forthe other ienophiles, th iveriseto fi ints. The AE,
and AE;, for the reaction of staggered CPNH, and gauche CpOH with TAD makes these
dienes behave more like the halo CpX (Figure 2.28). This supports the closed-shell repulsion
hypothesis.

We can conclude that facial selectivity is primarily ined by the energeti

of deforming the diene into its TS geometry for all of these reactions. The secondary effect

observed for the reaction of CpX with TAD also to rgetic cost il

the diene. Any factor involving an attractive interaction between the diene and the

ile either does not signi affect facial ivity, or is into diene

deformation in the TS. The latter possibility seems unlikely, and would be difficult to prove

one way or another. Therefore, any of the that that facial ivity
is due to differences in the interactions between the diene and the dienophile is unlikely to
be significant (ie., X and dienophile LUMO mixing, different van der Waals forces
experienced by the two faces, and the “Cieplak effect”). There must be an interaction
between the diene and the dienophile in order for diene deformation to occur. However, it
is possible that the primary factor which controls facial selectivity in these reactions should

be observable in the GS CpX.
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Figure 2.28 AE,,, versus AEZ/_ (kJ'mol™") for the reaction of CpX and TAD, for CpH

iene

(M) and syn addition (@). Second order saddlepoints for the reaction of
CpNH, and CpOH (#) are included.
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While AEZ/ correlates with AE, _ for syn addition, a straightforward comparison
of AE . for syn and anti addition occasionally fails to predict facial selectivity. Although
CpCl and CpC=N both prefer syn addition to ethene, both have lower AEZ for anti
addition. Failures also exist for the reaction of CpCl with ethyne, for the reaction of CpNH..
CpCl and CpC=N with maleimide, and for the reaction of CpCH;, CpSH, CpC=CH and
CpC=N with TAD. Most of these reactions are less selective, and are thus more susceptible
to minor effects and errors (e.g., BSSE). Nevertheless, acomparison of A£;, for syn and
anti addition does successfully predict facial selectivity in most cases.

In the previous section. it was shown that A@r, for syn addition correlates well with
facial selectivity. A comparison of Figures 2.20 and 2.25 reveals a striking resemblance
between the behavior of A@r,, and AEZZ, for the reaction of CpX and ethene. AEZ,

measures the energetic cost of angular deformation about C,, as well as every other

deformation in the diene. Given the consistency in all other geometric changes involved in

S diene into its TS shape (Table 2.15), iti iationin AEZY,

is directly due to the variation in the angular deformation about C,. Thus, AES/_isa good

for the desired measure of th geti ofangular bout C,
and it includes a constant factor for all of the other geometric changes required to transform
the GS diene to its TS structure. AE,:{' properly accounts for CpF and CpBH,, whose value
of O, would predict a higher value for syn AE,,.

‘What property of CpX determines the extent of angular change and consequently the
amount of energy required to deform the diene into its syn TS? The differences in A@r,,, are
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Id ine facial ivity in these

hinting at a steric hil factor
The question is, what is the basis of such an argument? How can H be more sterically
demanding than OH. NH,, NO,, C=N, C=CH, and CI? Is the correlation between the

electronegativity of X and facial selectivity due to an electronic effect or a periodic trend?



2.7 Size and Steric Hindrance

Steric hi

“bumping” i h oth

Itis a function of the size and shape of the and their imity to each other. An
acetoxy group is usually considered to be more sterically demanding than a hydrogen atom.
Is this always the case? How can one quantify the steric effect of an atom or a group?
Several empirical measures of size and steric hindrance have been derived. These
include van der Waals radii and volumes.®” Bragg-Slater radii,** A-values,” n-values,”
P-values.” molecular refractivity and Taft's E5.”
A rough measure of the size of a group is the atomic radius of its central atom. Van

der Waals radii are determined by crystallography, and are defined to be the typical

ey

internuclear distances between nearest
phases. Bragg-Slater radii were introduced by Bragg and later extended by Slater. They
suggested that regardless of the bond type (i.e., ionic, covalent or intermediate), good

fi di be obtained by adding constant atomic radii. Figures

2.29 and 2.30 display plots of AE_, for syn addition of CpX and ethene, versus van der

‘Waals and Bragg-Slater radius of X°, respectively. Both pl that there i
between syn AE,, and the radius of X°, for X°'s that belong to the same periodic group. In
both cases AE_, also increases from right to left across a period. These correlations suggest

that the size of X° must have some signi! in ining facial
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Figure 2.29 syn AE_, (kJ-mol™) versus van der Waals radius of X° (pm) for the reaction of
CpX and ethene.
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Figure 2.30 syn AE,, (kJ'mol") versus Bragg-Slater radius of X° (pm) for the reaction of

CpX and ethene.
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One interpretation of these trends is that as the radius of an atom increases from
period two through five of the periodic table, there is an increased amount of steric hindrance
between the atom and the incoming dienophile. This results in a greater amount of angular
deformation as X tries to get out of the way, which results in higher AESY . and
consequently, higher AE_ . Ingoing from right to left of a period, the number of hydrogens
attached to X° increases. This increases steric hindrance between the dienophile and X, thus
increasing angular deformation, AEJY_ and AE,,. This is consistent with the periodic
arrangement in Figures 2.29 and 2.30. A weakness in this argument is that neither the
conformation of X for a periodic group. nor the length of the X°-H bond, is constant. For
example, CpSeH and CpTeH both prefer the eclipsed conformation for syn addition to
ethene, so these two dienes should behave like the halogen-substituted CpX. The
arrangement of the points, especially for the plot of AE_, versus Bragg-Slater radius, is too
good for such a variable effect. The major weakness in this analysis is that CpH does not fit
this model. Both the van der Waals and the Bragg-Slater radius of hydrogen is predicted to
be smaller than all other X°. Based on the small atomic radius of hydrogen, and its lack of
substituents or lone pairs. every reaction of CpX should yield the product of anti addition.

The other empirical measures of steric hindrance take into account the full size of the
X. Van der Waals volumes include the effective volume of the central atom and its

attachments. P-values are defined to be AG® for the rotational barrier of monosubstituted

ethanes, relative to ethane itself. A-val defined to be the ithm of the

constant (ie., AG®) for the axialleq ial i ion of
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cyclohexanes. They have also been defined for 1 i 3,3-dis n-
Values are based on the equilibrium pictured in Figure 2.31. AG" is determined for this
equilibrium for various values of # and substituents X. For a given X, AG” is linearly

on the number of n. The n-value of X is defined to be the value

of n obtained by interpolation which gives AG™ = 0. Taft’s Es is a linear free energy
relationship, based on the acidic hydrolysis of aliphatic esters of the type XCOOR. Its
defining equation is E = log(ky/k,), where the reference system is the acidic hydrolysis of

CH;COOR. Molar ivity is directly i o izability and is in units of

volume.

Figures 2.32 through 2.36 present plots of syn AE_, for the reaction of CpX and
ethene, versus A-value, Taft's Eg, molar refractivity, van der Waals volume and n-value,
respectively. P-values are available only for the four halogens. A-values do not correlate
with syn AE__ . This is not surprising, given that Cl, Br, and I have similar A-values. A-
values are a measure of the steric interaction between an axial substituent with the two axial
hydrogens on the cyclohexane ring (Figure 2.37). Thus, although Br and I are arguably

~bigger”™ than Cl, their longer bonds allow them to move away from the axial hydrogens.
5 (GHD

S
-X — <X
s

Figure 2.31 Equilibrium used to define n-values.
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Figure 2.32 AE,_ versus A-value of X (both in kJ-mol™), for syn addition of CpX and
ethene.
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ethene.
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Howy X

Figure 2.37 A-values measure the steric interaction between X in the axial position and the
two syn axial hydrogens on the cyclohexane ring.

Taft’s E; also fails to give a good correlation with syn AE,_ (r* =0.38). Taft’s Eg
fails more for CpH, CpCH=CH, and CpCF;; ignoring these CpX's leads to an improved
correlation (* = 0.65). Molar refractivity also gives a rough correlation with AE_ (@=
0.45). however there is no CpX that can be singled out as being worse than the rest. There
is a fairly good correlation between van der Waals volume and AE,, for all CpX, with the
exception of CpH and CpNO, (* = 0.57 and 0.81 for the inclusion and exclusion of these
dienes. respectively). Finally, n-values give the best correlation with syn AE, (' =0.77 and
0.93 for the inclusion and exclusion of CpC=N and CpNO,, respectively).

Thus. while A-values, molar refractivity and Taft's E values correlate poorly with
syn AE__,. van der Waals volume and n-values do correlate. There are CpX's for which

facial selectivity does not correlate with these parameters. Most notably, the effect of

is consi imated by all measures of the size and steric hindrance.
CpNO, and CpC=N have lower syn AE_, than would be predicted based on their van der
Waals volumes and n-values. Unlike the other X for which van der Waals volumes and n-

values are known, NO, and C=N contain more than one non-hydrogen atom (exception is the

van der Waals fCH=CH,). These probably imating the steric
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hindrance due to the nitrogen of CpC=N and the oxygens of CpNO,. The underestimation
of syn AE,, for CpF by its van der Waals volume is not as easily accounted for. Regardless
of the few anomalies, these properties are all measures of steric hindrance, and therefore the
correlations obtained indicate that steric interactions play a role in govering the facial

selectivity in the Diels-Alder reactions of CpX's.

There are clearly two main disadvantages in using empirical data for this
investigation of steric hindrance. The amount of data available is limited, and these data sets
are sometimes difficult to transfer to our system of study. Ideally, the best measure of size
and steric hindrance would be one which can be defined for our system, and for all X studied.

There are a couple of ways to measure the size of an atom or group using quantum
mechanical ab initio methods. An atomic radius can be derived using Bader analysis.**

where the “boundaries™ of an atom can be found using the density p and its gradient with

respect to spacial coordinates, Vp. An atomic vol be derived by i ing the space
enclosed by the boundary of the atom. Similarly, the radius of a functional group or its
volume can also be derived.

An alternative method for defining size was introduced by Robb, Haines and
Csizmadia.” Unlike other measures of size that are defined with respect to a nuclear centre,
they define a measure of the space occupied by an electron pair. Ideally, we would like to
determine the space occupied by bond pairs and lone pairs. The CMO’s obtained from an
SCF calculation do not resemble the Lewis model of the molecule, which we need in order
to define these electron pairs. However, CMO’s are invariant to unitary transformation, and
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thus can be converted to localized molecular orbitals (LMO’s), which recapture the Lewis
model. Robb er al. refer to two localization methods in their paper: Edmiston-Ruedenberg
(ER) localization™ and Boys localization.”™

ER ization involves the minimization of the sum of the exchange integrals,

which arise due to the antisymmetry of the wavefunction. Thus, the resulting LMO’s come

as close as possible to interacting with each other only through their Coulombic repulsion.

On the other hand, Boys™ ization involves the minimization of the sum of the spherical
quadratic moments for each LMO with the origin at the centroid of charge of the LMO. The
centroid of charge is defined to be the expectation value of » for LMO a, (¥, | 7|¥,). A

of this minimization is a maximization of the sum of the distances between the

centroids of charge of the molecule.
Robb er al. stated a strong preference for the ER localization method because it is the
more theoretically rigorous method; ER localization uses an energy criterion for

2 . As well. ER ization is more likely to give the better Lewis picture of a

molecule; Boys™ localization often yields LMO's with small “tails.” However, ER

integral ion of #* matrix elements, where 7 is the number

of basis functions. On the other hand, the Boys® requires the ion of
only 3n* elements. making it more computationally practical and more popular. We used the
Boys" localization method for this reason, and because this method yields the centroids of

charge that we required.



Once LMO's are determined, the size of LMO a is defined to be the expectation
fi id of charge, R,. It can be easily shown

value of P, atthe

that this it i ing the ion value of 7 at the origin (denoted 0). then

subtracting R,. Thus,

S, = (‘l“lrzl\l‘.)k' = (vrie,) - R,

where S, is the size of LMO a. The evaluation of ("’.i'zl‘l’.,), yields a symmetrical 3x3

matrix with six uniq) which s the togive the th

.y, and (2,
X T \XAX) ¥ ~\XAY) 2] ~\XAZ) i Ny Y v
@h-(X0) GH-0X) 60X | L] 0 G2/ o
(o-(X) 0)-0X (X o o &

These three are i to the i ofan | set of vectors

that define an ellipsoidal representation of the LMO. The size of LMO @, S,, is defined to

be the sum of these three components:

5= @ o/ 6
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Csi; ia™ that the size of a group be defined as the summation of the sizes
of all of the electron pairs of that group. This is probably an unreliable measure because the
arrangement in space of the group is not taken into account. For example, an n-butyl, an
iso-butyl and a r-butyl group would have approximately the same size using this definition,
but each group would obviously be sterically different.

The electron pair which best represents the size of X is the Cs-X bond pair. Table
2.20 lists the values of the size of the Cs-X® bond, Scy, evaluated for all GS CpX studied.
Figure 2.38 displays a plot of syn AE,,, versus Scx for the reaction of CpX and ethene. Scy
exhibits the same periodic relationship with syn AE_, as was observed with van der Waals
and Bragg-Slater radii (Figures 2.29 and 2.30). Scx correlates excellently with Bragg-Slater
radius for all X except H (Figure 2.39; not including CpH, r* = 0.98, slope = 1.01).

The distinct difference between the empirical atomic radii and Sy is the value for H.
Scx predicts that the C,-H bond is larger than the C,-F, C;-OH, C;-NH,, C,-NO,, C;-C=Nand
C,-C=CH bonds. CpX substituted with these X yield primarily syn addition products. The
C,-CH=CH, and C,-CF; are also smaller than the C;-H bond, but CpCH=CH, and CpCF,
yield primarily anti addition products. All of the other CpX's studied have bigger Cs-X
bonds than CpH, and except for CpCl, all yield primarily anti addition products. Thus, in the
Diels-Alder reaction of CpX, the dienophile usually prefers to approach the face of CpX
bearing the smaller C -X" bond. Eighteen out of twenty-one CpX's studied conform with this

conclusion for the reaction of CpX with ethene, ethyne and maleimide.
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Table 2.20 Values of Sy, Rex and Z derived for GS CpX.

X Sex Rex B
H 0.73 073 1.01
BH, 0388 0.64 136
CH, 075 075 1.00
NH, 063 082 078
OH 053 0386 062
F 043 091 048
SiH, 104 0.68 153
PH, 1.00 078 128
SH 094 088 1.08
a 0388 098 0.90
GeH, 117 073 1.60
AsH, 117 0381 143
SeH L12 091 12
Br 1.08 1.02 1.05
SnH, 138 0.72 193
SbH, 138 079 173
TeH 135 0.90 149
I 134 1.03 130
CH=CH, 070 0.74 095
C=CH 065 0.75 086
C=N 0.64 077 083
CF, 0.62 075 083
NO, 0.56 0.86 0.65
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Figure 2.38 AE,_, (Kimol") versus Scx (¢A%, for syn addition of CpX and ethene. The
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This strongly supports the argument that steric hind: is ible for facial ivity
in these reactions. Preferential anti addition of CpCH=CH, and CpCF; is probably due to
the additional steric hindrance of the atoms attached to X° for these dienes. Only the
preferential syn addition of these dienophiles to CpCl cannot be rationalized in this fashion,
as well as the preferential syn addition of TAD to CpCH; and CpSH. These dienes give
facial selectivities which are marginal, thus are more susceptible to minor effects. It is not
too surprising that bonds between carbon and F, OH, NH,, NO,, C=N, C=CH, CH=CH, and
CF; are smaller than a C-H bond. All of these X are more electronegative than carbon.
Thus, electron density in these bonds should be held “tighter” than for bonds between carbon
and X which have similar or lower electronegativities than carbon. A “tighter” bond should
be less sterically demanding than a “looser” bond. This is consistent with the relationship

between facial selectivity and electronegativity (Figure 2.14).

Sy sati: ily explains facial ivity in the Diels-Alder reaction of most CpX.
However, the question remains of why syn AE,_, increases from right to left across a period.
It was argued earlier that an increased number of hydrogens on X° could lead to an increase
in steric hindrance, and consequently, an increase in AE, . The counter-argument was that
neither the variability in the conformation of X, nor the variability in the X-H bond length
supported this theory.

The similarity of the A-values for chlorine, bromine and iodine discussed earlier
reinforced the fact that steric hindrance depends on not only the size of a substituent, but also
on its proximity to other parts of the molecule. The position of the centroid of charge is a

115



measure of the polarization of the C;-X° bond. It is thus related to the position of the centre
of the bulk of the electron density in the C,-X® bond. R is defined to be the distance
between C; and the centroid of charge of the C;-X® bond. Although the length of the C,-X®
bond increases as the atomic number of X° increases for a given group, R remains
approximately constant for the group (Table 2.20). As well, Ry increases as the atomic
number of X° increases for a given period. Steric hindrance of X should increase as Sy
increases, but decrease as Ry increases. Therefore, it is intuitive that a steric factor which

incorporates both Sy and Rcy should have the form:

where = is the steric factor defined for the Cs-X° bond in the GS. Table 2.20 lists values
of Zc for all of the dienes studied. Figure 2.40, 2.41 and 2.42 provide plots of syn AE,,
versus ¢y for the reaction of CpX with ethene, for the reactions of CpX with ethyne and
maleimide, and for the reaction of CpX with TAD. In all cases, syn AE_, correlates very
well with Z¢: = 0.90, 0.91, 0.93, 0.90, 0.95 for the reaction of CpX with ethene, ethyne,
maleimide, TAD (for halo CpX) and TAD (for non-halo CpX), respectively.

For reactions not involving TAD, all dienes that prefer syn addition have a smaller

value of Z¢y than CpH (i.e.. for X = NH,, OH, F, Cl, C=CH, C=N and NO,). Unlike all

other f steric hi Zcx predicts that the C;-Cl bond is “smaller” than the C;-

H bond, in with both i I and facial
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The correlation is good, regardless of the fact that whatever is attached to X° is only
indirectly included in the evaluation of =. However, this is not the case for CpCH=CH,
and CpCF;. Both C,-C bonds are predicted to be smaller than the C;-H bond, however the

reaction of CpCH=CH, and CpCF; with ethene yields over 95% anti addition in both cases.

Non-hydrogen atoms attached to X° may exert additional steric hi in , but
not all; = predicts facial selectivity well for CpNO,, CpC=CH and CpC=N. The value of
= for CpCH; is also smaller than the value for CpH, but barely so. This is consistent with
the fact that addition to CpCH is not very stereoselective. Nevertheless, within a small
margin of error. Z¢y correctly predicts all available experimental facial selectivities for the
reaction of CpX with non-TAD dienophiles.

Once again, the reaction of CpX with TAD gives some unique results. As was the
case for plot of AE,, versus AES and AE,, for syn addition to TAD, the halo and non-
halo CpX yield separate, but good correlations between AE, , and Zy. The halo CpX have

AE,,"s which are about 25 kJ-mol" higher than those for the non-halo CpX. As was done

in Figure 2.28. CpNH. and the gauche of CpOH are included in the plot
of = versus syn AE,_, (Figure 2.42). Unlike the lowest energy rotamers, these conformers
of CpNH, and CpOH behave exactly like the halo CpX. This provides even stronger support

for the exi of an iti steric il ion i ing the closed-shell repulsion

between the lone pairs on the halogens and the n-bonds of C=CH and C=N with the lone
pairs on the nitrogens of TAD. Zc does not predict the calculated preferred syn addition for
the reaction of CpSH with TAD. Like CpCH, the value of Zcy for CpSH is only slightly
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higher than that of CpH. The reaction of CpSH with TAD is not very stereoselective, thus
is more susceptible to minor effects.

In conclusion, the good correlation between =y and syn AE,_, suggests that, with
some minor exceptions, that =, accounts for facial selectivity in the Diels-Alder reaction of
CpX. For the reaction of CpX with TAD, an additional steric interaction exists between the
lone pairs on a halogen or the x-bond of C=CH and C=N and the lone pairs on the nitrogens
of TAD. Thus, facial selectivity in the Diels-Alder reaction of CpX can be fully explained
using steric arguments. The main question remaining is why does the defined steric factor

Zx work so well?
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2.8 What is = Measuring?

The correlations between syn AE,_, and A®ry, AESY, , n-values. Scy and Zcy all

suggest that steric hi is playing a dominant role it ining facial ivity in the
Diels-Alder reaction of CpX. Ifthis is the case, then what parts of CpX and/or the dienophile
are “bumping” into each other?

Intuitively, the interaction should be between X and the dienophile. There is no

question that diene deformation requires the presence of the dienophile. But does this imply

that the ex of di ion i ined by this is ion? Zcy i of Sex
and Rex. What converts the periodic trend observed in the plot of syn AE,, versus Scx to the
linear correlation in the plot of syn AE,, versus Zcx (Figures 2.38 and 2.40) is division by

Rey. Rex changes by less than 0.1 A for X° belonging to adjacent groups in the periodic table.

According to Figure 2.38, this small di leads to a signi: energy
between the groups. The distance between any point on the dienophile in the TS and the
centroid of charge of the C,-X° bond in the diene is more than 2 A. A shift of less than 0.1
A in the position of the centroid of charge cannot have such a significant effect. Moreover,
the variation in the incipient bond length has a similar magnitude. Therefore, while diene
deformation requires an interaction between CpX and the dienophile in order to occur, it is
unlikely that the interaction between the two addends results in facially different diene
deformations.

An alternative explanation is based on VSEPR theory.” For the Lewis model of a
molecular species, the bond angles about a central atom are determined by a minimization of
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the Coulombic repulsion between the valence electron pairs about the central atom. In the
case of CpX's. the geometry about C; is based on the balance of interaction between the C,-

C;.C.Cy. C;-H, and C,-X° bond-pair electrons. When the dienophile approaches the diene.

there is asigni amount of redistribution of the el density about both reactants, i.e.,

hybridization. The equilibrium g y of both addends must necessarily deform to
accommodate the new interactions and electron density redistribution. Consequently. the
balance in the equilibrium geometry about C; is disrupted. As C; is forced away from the
plane of the diene due to the rehybridization of C, and C,, the steric interaction between the
C,-C; and C,-C; bonds and the Cs-Y bond (Figure 2.18) increases. The extent of this

would be directly i to the size for the C-Y bond, and would be related

to the distribution of electron density in this bond. The higher the concentration of electron
density close to Cs, the more sterically demanding the C,-Y bond. Thus, the energetic cost
of diene deformation would be directly related to Sy, and inversely related to Rex. This
explains why S correlates so well with facial selectivity.

The question that remains is why there is an increase in the steric interaction between
the C,-C; and C,-C, bonds and the C-Y bond. This could be related to the shortening of the

C,-Y bond in the transformation of the diene to its TS geometry. This indicates an increase

ofel density in this bond, i insteric hi the Cy-Y
bond and the C,-C, and C,-C, bonds. However, it is not clear why the C,-Y is shorter and the
Cs-Z bond is longer in the TS than the corresponding bond lengths in both CpX and the Diels-

Alder product.



It is possible that Zcx is not ing steric hi = well with

group electronegativity (Figure 2.43; =0.87). Electronegativity is related to atomic size and
to the polarization of a bond. The steric arguments just presented used both the size and bond
polarity components of = to rationalize why it works so well in determining facial
selectivity. Thus, whether or not = is measuring steric hindrance, it should still correlate

with el ivity. There is the il

that = is ing an i ive effect that
has not yet been determined. If so, it would be difficult to distinguish between the two effects.

The ivity of an atom i on its position on the periodic table, as

well as the oxidation state of the atom and what it is attached to. While the Pauling
electronegativity scale is useful, it is static. It is hypothesized that Z can be used as a
dynamic measure of electronegativity. While =, is a measure of the electronegativity of X
attached to a carbon atom, Eyy can be defined to measure electronegativity of X when it is
attached to atom Y. Thus, electronegativity of an atom could be determined regardless of its
chemical environment. Zcy itself should remain constant for X attached to any sp’ carbon

centre.
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3. Facial Selectivity of Protonated and Deprotonated
5-Substituted-1,3-Cyclop di

3.1 Computational Method

‘We have concluded that facial selectivity in the Diels-Alder reaction of CpX can be

rationalized on the basis of steric hi If th it ic factor that
plays a minor role in controlling facial selectivity, then this factor should be accentuated if
CpXisionized. Moreover. it is possible to design experiments where CpX or similar dienes
are protonated or deprotonated, using acidic or basic media. Therefore, a study of the Diels-

Alder reaction of and CpX was The and

deprotonated species will be referred to as CpX™ and CpX-, respectively, while the
corresponding parent diene will be referred to as CpX°. CpX denotes all S-substituted-1,3-
cyclopentadienes.

The Diels-Alder reaction of CpX and ethene was studied for the following neutral,

protonated and deprotonated X:

X = H NH, OH PH, SH
NH o PH" s
a NH; OH,” PH; SH,”

Itis well known that diffuse functions are necessary to describe properly negative ions using
ab initio HF methods.® In order to have a fully comparable set of data, all GS CpX

structures, ethene, and synand anti TS's were determined at 6-31++G(d)//6-31++G(d),” using
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the methodology outlined in Section2.2.2. Listed below are the I

BY
of X for the dienes:

NH, gauche OH  staggered PH, gauche SH  staggered
NH;"  staggered OH,” gauche PH;" staggered SH,” gauche
NH staggered PH staggered

Unexpectedly, a TS for the anti addition of CpOH," and ethene does not exist at this

level of theory. All attempts to optimize this structure led to the breaking of the C,-O bond.

To verify this, the anri TS was optimized while keeping the C,-O bond fixed. A series of SCF

and gradient calculations were performed on this TS for a range of C,-O bond lengths. No

energy minimum was found, and the gradient for the C,-O bond remained negative for all

evaluated points. A negative parameter gradient indicates that the parameter value must

increase in order to reach an energy minimum. While it would have been interesting to

continue the optimization to see what sort of TS or complex is formed, it would have had no

value for this study. At least we have shown that water can be as good a leaving group

asitis
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3.2 Activation Energy and its Components

In Section 2.6 we showed that an examination of the components of AE, . ie.,
AES.. AES, and AE,, allowed us to identify the possible factors which could
significantly affect facial selectivity. Table 3.2 lists A, AES, AE;;{ . and AE, for
neutral and ionic CpX, as well as their conformations of X at the TS, and facial selectivities
evaluated at 273.15K.

A comparison between AE,, evaluated at 6-31G(d)//6-31G(d) and at 6-31++G(d)//6-
31++G(d) for the same reactions (Tables 2.5 and 3.2) demonstrates that the addition of diffuse

functions increased AE, . and increased the proportion of syn addition. Nevertheless, the

changein A, i ic; Figure 3.1l llent I ionship between AE, ,
evaluated using the two basis sets (r* = 0.99, slope = 0.93). The increase in the predicted
proportion of syn addition with an increase in the number of basis functions is a noteworthy
phenomenon. Table 3.1 demonstrates this trend for the reaction for CpCl with ethene. While
this is a general trend for all CpX, the only dramatic change in facial selectivity occurs for
CpCl and CpC=N.

Table 3.1 A comparison of facial selectivity and level of theory for the reaction of CpCl
and ethene. Calculated % syn is evaluated at 273.15K.

Level of theory AE, (syn) AE,,, (anti) calc. Yesyn
STO-3G//STO-3G 151.2 1438 37
3-21G/3-21G 125.7 1184 39
3-21G(d)/13-21G(d) 1224 1217 425
6-31G(d)//6-31G(d) 163.5 165.6 725
6-31++G(d)//6-31++G(d) 170.4 175.0 88.3
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‘Table 3.2 Energ

(kJ-mol™") for the Diels-A

f CpX and ethene, evaluated at 6-31++G(d)/6-31++G(d).

syn anti

X conform. ~ AE,, A, AE4, OE, [conform.AE,, AESAE, AE,, |%snt
H 1736 983 476 276

NH saggered 1610 929 412 270 |staggered 180.6 976 498 333 1000
NH, | gauche 1703 980 447 276 |gauche 1786 1007 458 322| 97.5
NH,' |staggered 1703 1089 498 117 [staggered 1534 992 428 13| 01
o 1389 806 381 203 1821 1024 468 328 100.0
OH gauche 1623 978 396 248 |staggered 1737 995 441 300 994
OH," | gauche 1629 1065 494 7.0

F 1502 867 398 238 1726 982 443 30.1| 1000
PH staggered 1927 1170 446 310 |staggered 1877 984 572 322 102
PH, [staggered 1938 1190 469 278 |staggered 1798 973 494 31| 02
PH, |staggered 1933 1260 516 157 |staggered 1568 989 455 125| 00
s 1736 1061 410 265 1861 989 536 336| 996
SH gauche 1827 1135 443 248 |staggered 1795 995 477 322| 194
SH, |staggered 1787 1197 481 110 |staggered 1488 941 447 100| 00
c 1704 1037 411 256 1750 973 461 316| 883

* cvaluated at 273.15K
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For syn addition, the value of AE_, for all CpX's. except CpSH,", is less than a
kJ-mol” different from the corresponding value for CpX°, while AE_, for the corresponding
CpX' is lower in energy. For anti addition. AE_, increases for CpX~ with respect to the
parent CpX’, while AE_, decreases to a greater extent for the corresponding CpX . This is
consistent with the energies of reaction, AE, .. . for the isodesmic process pictured in

Figure 3.2 (Table3.3). i ti ive reliable ies at the HF level. A negative

value of AE_ . indicates a stabilization of the Diels-Alder TS by the charged species.
with respect to the TS involving the corresponding CpX°. The opposite is true for positive

AE, D i bilizes the syn TS and il iTS.P ion has

tsodesmic”

little effect on the syn TS, while it has a strong stabilizing effect on the anri TS. The net
effect is that protonation increases the preference for anti addition, while deprotonation
increases the preference for syn addition.

Table 3.4 lists the ranges of AE,, for syn and anti addition for all CpX, and for
CpX~. CpX° and CpX' separately. The range of anti AE,,, values for all CpX is
proportionately high with respect to the range of AE_, for syn addition. However, a
comparison of the relative range of AE, , for each type of CpX is closer to the proportions
observed in Table 2.11. Once again, there exists a factor that affects AE_, for syn addition

much more than for anti addition.
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x

H

Figure 3.2 Isodesmic reaction used 1q] illustrate the effect of ionization on the subnhly ofthe

Diels-Alder TS, where X - denotes the

or

Table33 AE, (kJ-mol"') for the reaction pictured in Figure 3.2, evaluated at
6-31++G(d)//6-31++G(d).
X AE e imic (Y7) AL, o tesmc (anti)
NH" -93 2
NH; 0 252
o <233 8.4
OH, 07
PH" -1 79
PH, 04 23
S 9.1 6.6
SH," -3.9 30.7

Table 3.4 Ranges of A, (kJ-mol") for the reaction of CpX and ethene, evaluated at
6-31++G(d)//6-31++G(d).

reaction range syn AE_,  range anti AE, (anti range/syn range)*100%
CpX + ethene 549 389 709
CpX~ + ethene 53.8 71 132
CpX°® + ethene 43.6 72 16.5
CpX~ + ethene 30.4 8 26.3
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It was demonstrated in Section 2.6 that the component of AE_, that had the most
significant effect on facial selectivity for neutral CpX was syn AE:,’. (Figures2.251t02.27).
Figure 3.3 contains the plot of AE,, versus AEJY_for the reactions studied in this section.
There is a good correlation between AE, , and Afm for syn addition (¢ = 0.85, slope =
1.12), regardless of the charge on CpX. AE,,‘,'{,, for anti addition is almost constant for all
CpX. In this regard, the ionic CpX's and the neutral CpX have the same characteristics.

However, the CpX's can be grouped in a different way. When syn additions to CpX®

and to CpX~ are i the ion is better (©* = 0.95, slope = 1.33).
Moreover. there is an excellent correlation for syn and anti addition of CpX- (r* = 0.98. slope

= 1.33). Amazingly. these two linear regressions, as well as the corresponding linear

regression in Figure 2.25 have the same slope, to three signi figures. Thi: that
this regrouping has a physical significance. One interpretation is that there exists a factor
that affects the syn and the anri face of CpX - equally, with a net effect of reducing AE, , with
respect to the value that would be predicted based on Affm alone for these dienes.

This conjecture is supported by the plot of AE,, versus AE,, (Figure 3.4). Itis
evident that for syn and anti addition of CpX", AE,,, is almost constant, but about 10 kJ-mol”
lower in energy than the corresponding values for CpX° and CpX~. This is consistent with
a phenomenon that affects both faces of the diene. The plot of AE,, versus AESL,

provides no other facially selective trend.
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The method of evaluation of AEZY_, Ae:_‘h/‘k and AE,, employed does not take into
account the effect of charge transfer between the diene and the dienophile in the TS. A
significant charge transfer between the two addends might skew all three components of
AE__,. Aroughmeasure of charge transfer would be to sum the Mulliken net atomic charges
on the dienophile in the TS (Table 3.5). The charge on the dienophile is usually within £0.1
for TS’s involving CpX" and CpX®, while it is greater than -0.2 for all of the TS structures
for the reaction of CpX and ethene. While the correlations between AE,  and AES are
100 good to be coincidental, the partitioning scheme for AE, , may be less reliable for ionic
species. To determine what factors govern facial selectivity for ionic CpX, other properties

of the dienes and their TS’s will have to be studied.

Table 3.5 Sums of the Mulliken net atomic charges resident on the dienophile in the TS.

X charge (syn) o L
H -0.08

NH -0.32 -0.25
NH, -0.14 -0.09
NH;" -0.01 0.07
o -0.20 -022
OH -0.02 -0.06
OH," -0.02

F -0.04 -0.05
PH -0.22 -0.23
PH, -0.05 -0.06
PH;" -0.01 0.09
S -0.18 -0.19
SH -0.06 -0.05
SH,” 0.03 0.13
Cl -0.07 -0.02




3.3 Geometry and Electronic Structure
In most respects, the geometry and electronic structure of the protonated and

deprotonated CpX and their Diels-Alder TS’s with ethene are very similar to those of the

parent diene. , N0 new ic or i has been found that
correlates with facial selectivity.

Tables 3.6 and 3.7 contain bond lengths and angles for the dienes studied in this
section. In the gas phase, a charged molecule is expected to delocalize its charge as much as
possible over the molecule. Accordingly, the Cs-X® bond length decreases considerably for
CpO" and CpNH', and increases considerably for all of the CpX s, with respect to the length
of the C-X® bond in the corresponding CpX°. However, there is no evidence of any
delocalization of electron density to any other bond in the diene. In fact, in most cases the
opposite is true. The C,-C,, C;-C,, C,-C;, C,-C; and the C,-H, bonds are usually longer for
CpX and are usually shorter for CpX™ than are the same bond lengths in the corresponding
CpX°. This suggests that the electron density in CpX is polarized towards the negatively
charged substituent, while the electron density in CpX~ is polarized away from the positively
charged substituent. All angles involving C, as a central point or as a terminus change
significantly for charged species, with respect to the same angles in the corresponding CpX°.

The observed differences are consistent with VSEPR theory.

137



Table 3.6 Bond lengths (A) for CpX.* evaluated at 6-31++G(d)/6-31++G(d).

X GGy &L, [ CoH; CeX
GG, €Ly

H 1.4760 13320 1.5064 1.0889 1.0889

NH- 1.4827 1.3343 1.5303 L1012 1.4331

NH, 1.4824 13291 15188 1.0896 1.4547
1.3289 15121

1.4861 13273 15102 1.0833 1.5197

o 1.4829 1.3333 1.5364 1.1289 1.3255

OH 1.4861 1.3280 1.5157 1.0861 1.4015

OH," 1.4955 1.3264 1.5023 1.0782 1.5575
13262 1.5016

F 1.4881 1.3263 1.5095 1.0856 1.3739

PH" 14722 1.3387 1.4988 1.0910 1.9316

PH, 1.4728 1.3330 1.5034 1.0893 1.8774
1.3329 1.5071

PH,” 14731 13322 15132 1.0868 1.8218

s 1.4764 1.3350 1.5055 1.0912 1.8445

SH 1.4795 1.3299 1.5082 1.0870 1.8281

SH,” 1.4829 1.3288 15064 1.0840 1.8642
13285 15115

ca 1.4827 1.3276 1.5066 1.0822 1.8010

* For structures with Cs symmetry, one value is tabulated for a pair of equivalent parameters,
whereas two values are given for structures with C, symmetry.
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Table 3.7 Angles (degrees) for CpX, evaluated at 6-31++G(d)//6-31++G(d).

X C-CxC; CrCiC; Cy-CseC; C-CoH; C-CeX HpCeX
CrC-C;. CrC;C, CoCeH,  CCoX

H 109.15 10960 10251 11190 11190 106385

NH 10865 11160 9950 10512 11915 10727

NH, 109.09 10983 10187 10853 11795  107.10
109.17  110.00 10834 11268

NH;" 10960 10847 10378  113.09 11049 10598

o 10882 11140 9940 10200 11869 11335

OH 10922 10957 10229  109.19 11543 10521

OH," 10966 10755 10534 11659 11077  100.94
10969  107.57 11578 107.07

F 10932 10895  103.17 11051 11312 10649

PH’ 10857 11056 10171 11048 11610  102.18

PH, 10905 10979 10237 11133 11562 10561
109.18  109.60 11093 11110

PH;’ 109.74 10861 10329 11409 10831 10845

s 10863 11068  101.37 10855 11516  107.71

SH 10922 10944 10267 11050 11483  103.69

SH,’ 109.75 10821  104.18 11478 11246  103.75
109.76  108.07 11416  107.53

cl 10933 10902 10320 11141 11290 10522
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The differences in geometry between the charged and neutral GS species are
maintained in their TS’s. This is evident in the small ranges of bond length changes between
the GS addends and their TS's (Table 3.8). As was the case in Section 2.5, the only

variation in

icdi occurs in th les about Cg. Table 3.9 lists the

in thi: ion. Figure 3.5 presents a plot

values of A,y d for the
of AE,_, versus A@;. There s fair correlation between AE,_, and A@q,, for syn addition
for all CpX (7 = 0.76). The correlation is improved when CpX s, CpX°'s and CpX s are

considered separately (r* = 1.00, 0.86 and 0.85, respectively). This suggests that syn diene

isani factor in ining facial ivity for charged CpX. There

is another factor which decreases AE,, for syn addition of CpX" and anti addition of CpX",

and increases AE,, for anti addition of CpX". This latter factor is probably electronic in
nature.

If an electronic factor were to involve a flow of electron density to or from the ionic

inthe TS, then the ic charg X°in the TS should be considerably different

from the corresponding value in the GS. However, this is not the case. Table 3.10 lists the
Mulliken net atomic charges on X° for CpX in the GS, and in the syn and anti TS for the
reaction with ethene. Except for syn addition of ethene to CpSH;,", there is a negligible
difference between the charge on CpX in the GS and in the corresponding two TS’s. Keeping

in mind the limitations of the Mulliken ition of atomic charge (Section 2.4), this is

modest evidence against the notion that the or neutral

is involved in electron donation in the TS.



Table 3.8 Maximum and minimum geometry changes in transforming the GS reactants
to their TS structures for the reaction of neutral, protonated and deprotonated
CpX and ethene, evaluated at 6-31++G(d)//6-31++G(d). Angle changes are
measured in degrees, bond length changes in A.

syn TS -GS anti TS - GS

parameter An. Arae A4 Ania Aran aa
C,-C; -0.0972 -0.0805 0.0167 | -0.0889 -0.0801  0.0088
C,-C,, C;-C, 0.0580  0.0631 0.0051 | 0.0499 0.0630 0.0131
C,-C.C,-Cs -0.0114  0.0163 0.0277 | -0.0066 0.0170  0.0236
Cy-H -0.0074  0.0063  0.0137 | -0.0274  0.0028  0.0302
C-X -0.0381 -0.0039  0.0342 | -0.0083  0.0461  0.0544
Ce-C, 0.0602 0.0666 0.0064 | 0.0629 0.0756 0.0127
C,-C,-C;, C,-C;-C, -0.25 0.05 030 -0.46 0.13 0.59
Cs-C,-C,. C-C,-C; -5.43 -3.04 240 -3.20 -2.01 L19
€60, 405 271 134 439 319 1.20
C-Cs-H,. C,-C-Hg -7.69 -1.05 664 -3.52 6.39 991

-0.28 10.26 1053 -6.83 4.04 10.87
X-CoH, 493 3.96 889 | -1.88 291 4.78
C-Cy-H,,, C-C-He, -L78  -139 039 | -1.91 -1.46 0.44
CLC A AT 312 080 232| 222 -183 0.39
H,,-C-Hy,. H,,-C5-H,, -3.32 0.40 372 -2.21 -1.40 0.81
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Table 3.9 AO,,, evaluated for the reaction of neutral and ionic CpX with ethene.
evaluated at 6-31++G(d)//6-31++G(d).

X 281 (53m) Ay, (anti)
H 16.65

NH 18.60 1491
NH, 18.26 14.95
NH;" 2151 13.47
o 7.12 21.59
OH 13.74 16.10
OH," 17.06

F 10.66 1758
PH 3426 5.88
PH, 2534 16.09
PH;’ 3821 7.46
s 25.82 .14
SH 19.33 1121
SH,” 20.40 1933
cl 20.41 1421
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Figure 3.5 AE,  (kJ'mol") versus A®q,, (degrees) for syn (circle) and anti (triangle)
addition of CpX~ (unfilled), CpX° (filled) and CpX "~ (pluses), and CpH (square)
with ethene. Linear regressions are for all syn additions (solid) and for the syn
additions of CpX", CpX° and CpX-~ (dotted) separately.
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Table 3.10 Mulikan net atomic charge on X° in CpX and in the syn and anti TS’s for the
reaction of CpX and ethene, evaluated at 6-31++G(d)/6-31++G(d).

atomic charge on X°

X GS syn TS anti TS
H 0.19 02 022

NH -0.93 -0.89 -0.84
NH, -0.77 -0.74 -0.73
NH;" -0.92 -0.96 -0.96
o -0.84 -0.83 -0.83
OH -0.61 -0.72 -0.62
OH," -0.70 -0.74 -0.74
F -0.37 -0.39 -0.40
PH -0.73 -0.70 -0.76
PH, 0.23 0.13 0.17

PH;” 0.7 0.63 0.62

s -0.89 -0.92 -0.94
SH -0.08 -0.09 -0.17
SH,™ 043 0.01 0.32

Cl -0.10 -0.14 -0.16




The anti effect, which decreases AE_, for anti addition of CpX™ and increases AE,
for anti addition of CpX", could be a dipolar effect. The dipole moment of the anri TS would
be directed towards the dienophile for CpX", whereas the dipole moment would be in the
opposite direction for CpX~ (Figure 3.6). The normal-electron-demand Diels-Alder reaction
should involve a flow of electron density from the diene to the dienophile, so a dipole
moment directed towards the dienophile should have a stabilizing effect. A dipole moment

in the opposite direction would have a ilizing effect. An i igation of this

phenomenon is hampered by the fact that the dipole moment of a charged species because
it cannot be computed uniquely. The dipole moment of a charged species depends on the
choice of the origin of the coordinate system. Further work is required to determine more
clearly the nature of this effect, and the nature of the syn effect.

As a final note, the MO's for the protonated and deprotonated CpX's and their syn
and anti addition TS's for their reaction with ethene are similar to the MO’s for the neutral

CpX and their TS’s.

Figure3.6 ized direction of the dipol of the anti addition TS of CpX " and
CpX" with ethene.

145



3.4 Steric Hindrance

The correlations between AE, , and AE;Y, and between AE,, and A®r, for the
reaction of protonated and deprotonated CpX suggest that the steric hindrance of X is an
important factor in determining facial selectivity for these reactions. The steric factor Zcx
couid not be evaluated at 6-31++G(d)//6-31++G(d) because Boys localization failed to

converge for all CpX at this level of theory. Instead, 6-31G(d)//6-31++G(d) localized orbitals

were obtained, from which Ry, Sy and ¢y were ined (Table 3.11). A
with Table 2.20 shows that the difference between Zc evaluated at 6-31G(d)//6-31G(d) and
at 6-31G(d)//6-31++G(d) is negligible; differences occur at the fourth significant figure.
Scx does not change systematically with charge. Rey is shorter for CpX™ and longer
for CpX", with respect to the corresponding value for CpX°. This is consistent with the
differences in the C;-X° bond length between the three species. Conversely, the value of S
is larger for CpX" and smaller for CpX", with respect to the corresponding value for CpX°.
Figure 3.7 presents the plot of syn AE,, versus Scy for the reaction of the CpX with ethene.
Values of syn AE,_, are separated by an almost constant amount of energy for the
three groups of dienes (' =0.97. 0.95 and 0.95, slope = 58.6, 49.0 and 47.1, for CpX", CpX°
and CpX. respectively). The good correlations for a group indicates that steric hindrance in
the syn TS is one factor controlling facial selectivity. The CpX’s have higher AE, s than
would be predicted on the basis of steric hindrance alone. On the other hand, the CpX™'s

have lower AE,,,’s than would be predicted on the basis of steric hindrance alone.
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Table 3.11 S¢y (eA%), Rey (A), and ¢ (eA), evaluated at 6-31G(d)//6-31++G(d).

X Sex Rex Zx

H 0.7348 0.7250 1.0134
NH 0.6870 0.7305 0.9405
NH, 0.6325 0.8150 0.7761
NH;" 0.6324 0.9386 0.6737
o 0.5321 0.7521 0.7075
OH 0.5298 0.8615 0.6150
OH. 0.5425 1.0870 0.4991
F 0.4369 0.9119 0.4791
PH" 1.1187 0.7100 1.5755
PH, 1.0009 0.7803 1.2827
PH;" 0.9275 0.8409 1.1029
S 1.0017 0.7890 1.2695
SH 0.9400 0.8754 1.0737
SH;" 0.9449 1.0032 0.9419
Cl 0.8770 0.9762 0.8983
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Figure 3.7 SynAE, , (kJ-mol") versus Z.y (eA?) for syn addition of ethene to CpX™ (0),
CpX° (@) and CpX- (plus in circle), and CpH ().
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The destabilization effect of CpX~ and the stabilization effect of CpX on the syn TS

could be due to TS anti: icity and ici pectively. While this rationale would

explain the observed trends in syn AE,_,, no evidence of these effects has been found, and

further investigation into this effect is required.

In i facial ivity in the Diels-Alder reaction of and
deprotonated CpX is controlled by up to three factors. As was the case for neutral CpX, steric
hindrance between the C;-X° bond and the diene resulted in variable amounts of angular
deformation about C; leading to the syn TS. This resulted in a larger variation for syn
AE;Y,. and consequently for syn AE, . than for the corresponding anti values. There are
probably two separate electronic factors. One factor leads to a destabilization of the anti TS
for CpX " and a stabilization of the anti TS by CpX'. The other factor has a reverse effect in
the syn TS. The nature of these factors has not been clearly determined, although two
hypotheses have been proposed. Unlike the Diels-Alder reactions involving conventional
dienes, it is probable that polar and protic solvents will have a significant effect on reaction

rates and facial selectivities for the Diels-Alder reactions involving ionic dienes.

In spite of the shortcomings in the theories we have proposed to explain the changes

in facial ivity upon ion and ion of CpX, what is qualitatively
indisputable is that large changes in facial selectivity are predicted. This might have
considerable importance in organic synthesis as the change from a neutral to a strongly acidic

or basic medium might effectively reverse the facial selectivity of a reaction.
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4. Stereoselectivity in the Diels-Alder Reaction of 1,3-Butadiene
and 3-Substituted Cyclopropene

4.1 Computational Method

A study of the Diels-Alder reaction of 1,3 iene (Bdiene) with 3.

cyclopropenes (CprX) was designed to accomplish two objectives. The first aim was to

focus on facial ivity with a pl ic di ile (Figure 4.1). CprX is the

simplest i cyclic di ile. Additi the debate in the literature over the

mechanism for endo versus exo stereoselectivity with CprH (Section 1.4) prompted a study

404142

ofthis Although have been many i ™and

fendo versus exo ivity for the Diels-A ion of CprH, there
do not appear to be any studies of facial selectivity involving CprX. Thus, the study of
stereoselectivity of these reactions could yield new information that could be used in the
planning of syntheses involving CprX.

GS CprX and cisoid-Bdiene, and TS for ende i, endo-syn, exo-anti and

exo-syn additions were determined at 6-31++G(d)//6-31++G(d) using MUNGAUSS.
following the procedures outlined in Section 2.2.2. Although rrans-Bdiene (C,-Cs-C¢-C,
torsion = 180.0°) is lower in energy than cisoid-Bdiene (C;-C,-C,-C, torsion = 39.4°), the
cisoid-Bdiene is the lowest energy conformer of Bdiene that has the potential of reacting in
a Diels-Alder reaction (cis-Bdiene with the C,-C,-C,-C, torsion = 0.0° is a first-order
saddlepoint). The following is the list of C;-substituents (X) employed in this study along
with the conformations of X (Figure 2.2) for the lowest energy rotamers of CprX:
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Figure 4.1 The four modes of addition for the reaction of CprX and Bdiene.
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X= H BH, eclipsed
CH, staggered NH, gauche OH  gauche F
SiH, staggered PH, staggered SH  gauche a

The 6-31++G* basis set was chosen for two reasons. First, diffuse functions could
be necessary to describe properly the hypothesized interaction between H; of CprH and
Bdiene in the endo-anti TS that was suggested by Jursic*’ and Dannenberg’s group.
Additionally. post-HF energies for these structures were desired, and 6-31++G* would have
been the minimum acceptable HF basis upon which to perform CI. However, even the
lowest level CI which is size-consistent, QCISD(T), was too computationally expensive for
this study. Nevertheless. Dannenberg’s group showed that while HF wavefunctions
overestimate AE_, for the reaction of Bdiene and CprH, the endo/exo difference, AAE_,.
derived at HF was comparable with higher level calculations and, more importantly, with

experiment.
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4.2 Activation Energy and its Components

Stereoselectivity for a mode of addition (#) of the four possible modes of addition for
the reaction of CprX and Bdiene is defined as:
-AE_(0/RT

x 100%
o “AEANRT

Table 4.1 lists predicted product distribution, evaluated at 273.15K, for endo-syn and endo-
anti addition of CprX and Bdiene, and Table 4.2 lists the same for exo-syn and exo-anti
addition. Listed are the corresponding values of AE,,,, AL, AES, and AE,, for each
mode of addition, and the corresponding conformation of X for each TS structure.
Endo-anti is in most cases predicted to be the preferred mode of addition, while exo-
anti addition is predicted to yield the second most abundant product. The exceptions are the
reactions of CprOH and CprF with Bdiene, for which it is predicted that exo-anri addition
is barely preferred over endo-anti addition. Moreover, the reaction of CprF and Bdiene is
predicted to yield a significant amount of exo-syn addition. Syn addition is always predicted
to be less favourable than ani addition, especially endo-syn addition, which is predicted to
vield no measurable amount of product. Table 4.3 lists the values for relative energies to the
corresponding values for endo-anti addition (i.e., AAE,_ () = AE,_ (i) - AE_ (endo-anti).

and so forth).
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Table 4.1 Energy data (kJ-mol"') and percent (i) (273.15K) for endo additions of CprX and

Bdiene.

X conform. AE_, AES  AEM. AE, % (i)
H 136.8 74.7 50.2 11.9 96.5
endo-anti
BH, staggered 134.9 725 53.0 9.4 99.1
CH, staggered 137.6 75.0 498 129 942
NH, staggered 143.0 786 49.1 153 69.0
OH staggered 1488 813 52.0 15.5 478
F 154.6 852 55.9 136 325
SiH; staggered 128.4 708 49.7 79 993
PH, staggered 133.6 734 513 89 983
SH gauche 137.8 765 513 100 920
cl 143.9 80.9 53.5 9.5 723
endo-syn
BH, eclipsed 165.1 68.1 79.7 173 0.0
CH, staggered 175.0 829 68.0 24.1 0.0
NH, gauche 173.7 82.0 70.0 216 0.0
OH gauche 1733 878 66.7 18.7 0.0
F 173.7 86.6 2.8 143 0.0
SiH; staggered 167.4 754 71.0 21.0 0.0
PH, staggered 168.1 796 68.6 200 0.0
SH gauche 1715 81.0 738 16.7 0.0
cl 174.0 83.0 792 1.7 0.0
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Table 4.2 Energy data (kJ'mol"') and percent (i) (273.15K) for exo additions of CprX and

iene.
X |conform.  AE_  AE®  AE®_ AE,  %@)
H ] 1443 72.0 53.4 18.8 3.5

exo-anti
BH, eclipsed 145.5 7.7 56.4 174 09
CH, staggered 1439 716 52.6 19.6 58
NH, staggered  145.1 732 52,0 20.0 27.7
OH gauche 148.8 754 559 175 48.1
E 1535 782 59.1 163 520
SiH; staggered  139.8 69.7 532 169 0.7
PH, staggered  142.8 711 547 169 1.7
SH gauche 1433 725 55.0 15.8 79
Cl 146.1 753 57.1 13.8 27.6
exo-syn

BH, eclipsed 158.9 714 66.5 21.0 0.0
CH; staggered  164.8 72.8 66.0 26.0 0.0
NH, gauche 150.0 715 65.4 13.1 33
OH staggered  154.4 743 67.8 123 4.1
E 156.3 777 69.9 87 155
SiH; staggered  159.1 70.7 65.9 2s 00
PH, saggered  156.5 725 66.6 174 0.0
SH staggered  156.7 728 70.6 134 0.0
Cl 159.3 75.4 76.0 8.0 0.1
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Table 4.3 Energies (kJ-mol”) relative to the corresponding value for endo-anti addition.

X [ AAE,, AAEZT AAEZ, AAE,
exo - endo
H l 7.5 -2.6 32 6.9
(endo-syn) - (endo-anti)
BH, 30.1 -4.4 26.7 78
CH; 374 8.0 183 1.2
NH, 306 34 209 6.3
OH 244 6.5 147 32
F 19.1 14 169 08
SiH; 389 45 213 13.1
PH, 345 6.2 173 11
SH 338 45 25 68
Cl 30.0 2.0 25.8 22
(exo-anti) - (endo-anti)
BH, 10.6 -0.8 35 8.0
CH; 63 -33 29 6.7
NH, 21 ~5.5 29 47
OH 0.0 -59 39 20
3 -L1 -7.0 32 27
SiH; 113 -12 35 9.0
PH, 9.2 =22 34 8.0
SH 56 -4.0 37 58
Cl 22 -5.6 36 4.2
(exo-syn) — (endo-anti)
BH, 24.0 =1 135 1.6
CH; 272 -21 162 13.1
NH, 6.9 72 163 =22
OH 5.6 -70 15.7 -32
F 17 -75 14.0 -49
SiH; 307 -0.2 16.2 14.7
PH, 229 -0.9 153 85
SH 19.0 -3.8 19.3 34
Cl 154 -5.6 225 =18
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Figures 4.2 through 4.4 display plots of AE,,, versus AESY . AESY, and AE,,.
respectively, for endo-syn and endo-anti addition of CprX to Bdiene, and Figures 4.5a, 4.6
and 4.5b display the same for exo-syn and exo-anti addition. The energy scales for the axes
of all of these graphs are the same. These plots accentuate the difference in AE_, forsynand
anti addition. While for most cases AE_, is lowest for endo-anti addition, the range of
values of AE,, for this mode of addition is significantly greater than the ranges of AE,, for
the other three modes of addition (26.2 kJ-mol™' for endo-anti addition, versus 9.9, 13.7 and
14.8 kJ-mol" for endo-syn, exo-anti and exo-syn additions, respectively).

As was the case for the Diels-Alder reaction of CpX, the best correlations are
between AE, , and AESY . For endo-anii addition, the correlation is excellent (r* = 0.96,
slope = 1.67), and for exo-ani addition, the correlation is good (r* = 0.89, slope = 1.39).

endo-syn addition gives a rough correlation (* = 0.77. slope = 0.52), and exo-syn addition

gives no i The near ions and the good linear dependance
between AE, , and AE2/ for endo-anti and exo-anti additions indicate that AESY is an

diene

factor in ini ivity in these reactions.

There is no correlation between AE,, and AE,, for these reactions (Figure 4.4 and
4.5b). AE,, islowest for endo-anti addition for most CprX. The exceptions are the CprX's
which bear electronegative X. i.e., for X =NH,, OH, Fand CI. For these dienophiles, AE,_
is lowest for exo-syn addition. Also related to electronegativity isthe trend in AAE, (Table

4.3). AAE,, is lower for CprX's which bear an electronegative X.
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Figure 4.2 AE, versus AE4 (kJ-mol™) for endo-syn (@) and endo-anti (A) addition of
CprX and Bdiene, and endo addition (M) of CprH and Bdiene.
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Figure 4.3 AE,  versus AE:;,,/, (kJ-mol™) for endo-syn (@) and endo-anti (A) additicn of

CprX and Bdiene, and endo addition (M) of CprH and Bdiene.
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Figure 4.5 AE,, versus(a) AESY and (b) AE,,, (kJ'mol™) for exo-syn (@) and exo-anti (&)
addition of CprX and Bdiene, and exo addition (M) of CprH and Bdiene.
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Figure 4.6 AE,  versus AEZ, (kJ-mol") for exo-syn (@) and exo-anti (A) addition of
CprX and Bdiene, and exo addition (M) of CprH and Bdiene.
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There is also no correlation between AE,,, and AE, for these reactions (Figures
4.3 and 4.5a). However. a survey of the relative energy data in Table 4.3 reveals that AE:{*
is the primary factor that leads to the relatively high AE,, for the two syn additions.
AE],is between 13.5 and 26.7 kJ-mol* greater for endo-syn and exo-syn additions than it
is for endo-anti addition. Except for CprOH, AEZ/,, is highest for endo-syn addition. The
values of AAES/_ and AAE,, are all smaller in magnitude. Only a few values of AAE,,
for exo-syn addition come close to the magnitude of the corresponding value for AAE, -
Therefore, for the reaction of CprX and Bdiene, syn/anti facial selectivity is primarily
determined by the amount of energy required (o transform the dienophile from its GS
geometry to its TS structure.

All three components of AE,, for exo-syn addition are usually less than the
corresponding value for endo-syn addition. The exceptions are AE,,, for CprX bearing BH,.
SiH, or PH, (the most electropositive X), and AEZ/, for CprBH,. For the most part, exo-syn
addition is preferred to endo-syn addition due to the lower energy required to deform both
addends, and the lower energy required to place them in their TS structures.

AE;_:{. is always lower for exo-anti addition than for endo-anti addition, while

AE;,{W is always lower for endo-anti addition than for exo-anti addition (Table 4.3).

Interestingly. AEY, is lower for iaddition thaniitis for endo-anti addition, while AE,,
is lower by a similar amount energy for endo-anti addition. Thus, the differences in AESY_
and AEJ,, for endo-anti and exo-anti additions nearly cancel for all CprX except CprF.

Thus. AAE,, is close to the value of AAE,, for the anti additions. Therefore, the difference

nt
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in the energy of interaction between the two addends in their TS structures is the primary
JSactor which determines the relative AE o Of endo-anti versus exo-anti addition in the
reaction of CprX and Bdiene.

The energies, AE,_ ..., for the isodesmic reations pictured in Figure 4.7 provide
information about the effect of X, relative to H, on the TS's. A negative valueof AE_, ..
indicates that X stabilizes the TS with respect to the corresponding addition of CprH, while
a positive value indicates that X destabilizes the TS. Table 4.4 lists values of AE_ . for
the four modes of addition.

X is more destabilizing than H for all syn additions. This is consistent with the

relatively high valmofAE:{‘h b: d earlier for dditi For end. iaddition,

the TS is signi ilized by ive X, and stabilized by electropositive X.

This effect is more moderate for exo-anti addition. This is consistent with an electronic
effect. The electronegativity of X has been cited several times so far as the basis of a number
of trends inenergy. The only good correlation found so far in this study has been between AE,,_,
and AEJ, for endo-anti and exo-anti addition. Is there a connection between this

correlation and the electronegativity of X?



Figure 4.7 Isodesmic reactions defined for endo and exo addition of CprX and Bdiene.

Table 4.4 A,

omse (KJ-mol™") foOF the isodesmic reactions defined in Figure 4.7

AE,

‘isodesmic
X endo-anti endo-syn exo-anti exo-syn
BH, -1.8 283 13 14.6
CH; 08 382 -04 205
NH, 6.3 369 0.8 57
OH 12.1 36.5 46 10.1
1 17.8 369 93 12.0
SiH; -8.3 306 4.5 148
PH, -3.1 314 =15 122
SH 1.0 348 -0.9 125
Cl T2 372 1.8 15.1
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4.3 The Destabilization of the endo-syn and exo-syn Transition States

In Section 2.5. it that facial ivity in the Diels-Alds ion of CpX
could be explained by focussing on the ranges in geometric differences between the diene
in its GS and in its corresponding syn and anti TS’s. Tables 4.5 (endo-anti and endo-syn
additions) and 4.6 (exo-anti and exo-syn additions) list the ranges in geometric differences
between GS CprX and its four possible TS’s. Ranges in the incipient bond lengths and
geometries of the Bdiene portion of the TS are also listed.

It is evident that the angular changes about C; vary over a wider range of values for
endo-syn addition. followed by exo-syn addition. Unlike CpX. there is a significant opening
of the H;-C;-X angle in the transformation to these TS’s. Analogous to the original
definition of A®y,, in Section 2.5, A@;,,, can be redefined for the reaction of CprX and

Bdiene:

A8 = 180¢, ., *+ 188 ¢, + 8O, ¢, i) *+ 18O c,.p] + 18Oy, p)

Table 4.7 contains values of A@y,,, for the four modes of addition. A®,,, is usually highest
for endo-syn addition, followed by exo-syn addition. However, some values of A®q,, for
the other two modes of addition are almost as high as the two syn values. In the case of
CprOH. A©, is highest for endo-anti addition. There isno correlation between A®r,and AE_
or AE;"{J‘ for any mode of addition. Facial selectivity cannot be determined solely based
on the changes in the angles about C; in the transformation of CprX to its TS structure,
although these angular changes are greater in most cases for the syn additions.
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Table 4.5 Maximum and minimum changes in geometry between endo-anti and endo-syn
TS structures and the corresponding value in CprX, and minimum and maximum
values of other TS parameters. Bond lengths are in A, angles are in degrees.

endo-anti TS - GS

endo-syn TS - GS

Ana Baax AA

Bea Brae AA

C~Cy 00565  0.0625 0.0060 | 00555 00711 00156
G, CC; 00245 00004 00249 [ -0.0473  0.0088  0.0561
C,-H,.C:-H, 200010 00007 00017 | 00000 0.0020  0.0020
Cy-H, 00027 00072 00045 | 00018 00150 0.0132
X -0.0189 00039 00228 | -0.0078  0.0287  0.0365
C-CCs.CC,Cy | 264 043 221 235 059 1.76
GG, 273 333 0.60 234 4.69 235
C-CyH;C+CiH; | 343 151 191 319 0.63 3.82
GG X GO X 377 1.04 481 224 882 11.06
H;-C-X -0.19 5.80 599 -12.65 3.76 16.41
endo-anti TS endo-syn TS
min max A min max A
C-C,. C+C; 22184 22702 00518 | 22184 22895 0.0711
C=C;.C=C, 13674 1.3734 0.0060 1.3669 1.3739 0.0070
CsCy 14034 14108 00074 [ 14001 14139 00138

C:CsC.. CoCiCy

12228  122.49 0.21

12244 12276 0.32
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Table 4.6 Maximum and minimum changes in geometry between exo-anti and exo-syn
TS structures and the corresponding value in CprX, and minimum and maximum
values of other TS parameters. Bond lengths are in A, angles are in degrees.

exo-anti TS - GS

exo-syn TS - GS

A Ape AA A A, AA
C=C, 0.0552 0.0654 00102 | 0.0522 0.0619  0.0097
C,-C;. C-C; -0.0129 0.0065  0.0194 | -0.0044 0.0110 0.0154
C\-H,.C;-H, -0.0004 0.0012  0.0016 [ -0.0011 0.0007  0.0018
C;-H; 0.0018 0.0032  0.0014 [ 0.0018 0.0071 0.0053
Cy-X -0.0093 0.0061 0.0154 | -0.0006 0.0117 0.0123
Ci-C+Ci C-C.C; -1.62 -1.21 0.41 -1.64 047 117
C\-C5Cs 242 3.10 0.68 211 262 0.51
C,-C;-H, C-C;-H, -1.70 0.04 1.67 -1.59 -0.60 1.00
C,-C;-X C-C;-X 033 3.93 3.59 -3.66 497 8.63
H;-C;-X -3.95 0.32 4.27 -5.65 3.70 9.35

exo-anti TS exo-syn TS

min max A min max A
GGGl 22305 22686 00381 | 22293 22809  0.0516
C=C,.C=C, 1.3675 1.3713 0.0038 1.3687 13729 0.0042
Cs-Cy 1.4036 1.4096  0.0060 1.4036 14085  0.0049
C,-Cy-C,. C,-Ce-C, 122.46 122.53 0.07 122.36 122.77 0.42




Table 4.7 A©,,, (degrees) evaluated for the reaction of CprX and Bdiene.

AOrm
X endo-anti endo-syn exo-anti exo-syn
H 7.0 5.1
BH, 49 316 4.4 9.5
CH; 72 14.0 4.0 103
NH, 8.1 129 38 11
OH 174 108 47 108
F 9.2 106 5.1 40
SiH; 59 249 42 175
PH, 6.0 176 35 85
SH 6.3 15.8 102 9.1
cl 8.6 17.7 3.6 112
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For these TS’s, the range of bond lengths changes may also contribute to facial
selectivity. Every range involving bond lengths in Tables 4.5 and 4.6 is widest for endo-syn

addition. The ranges of changes in th i Iso greater for endo-syn

addition. Thus, more geometric change is required to form the endo-syn TS than to form the
other three TS’s. This translates to the higher AE,, , for this mode of addition. Many of the
geometric ranges are also high for exo-syn addition. While there is no very strong evidence
to support any explanation, it is hypothesized that for the syn additions steric hindrance
between X and the diene leads to the observed differences in facial selectivity. Given the

higher AE,, for endo-syn and exo-syn additions, steric hindrance should translate to more

o y costly di i ions. If this conj is correct, then the effects of
steric hindrance must be delocalized in CprX in the syn TS’s.

Exo-syn addition is disfavoured for most reactions of CprX and Bdiene. However.
due to the low AE,, for the reactions of CprNH,, CprOH, CprF and CprCl (Table 4.2), a
detectable amount of exo-syn product is predicted to form in each case. A favourable
hydrogen-bonding interaction is possible between the electronegative X's and the hydrogen
atoms on C, and C, of Bdiene. However, all bond orders between X and the atoms in Bdiene
are less than 0.01, and most are negative (i.e.. repulsive). In fact, an electropositive X tends
1o have less unfavourable, albeit weak, bond orders with the atoms of Bdiene than does an
electronegative X in the exo-syn TS. It is uncertain whether Mayer’s bond orders are
providing a good qualitative picture in this case. Ifthey are, then the nature of the significant

lowering of AE,, for CprX bearing electronegative X for exo-syn addition is uncertain.
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4.4 Endo-anti versus 1 S lectivity

Whatever factor controls endo/exo stereoselectivity in the Diels-Alder reaction of

CprH should also be the factor i do-anti i ivity in

the reaction of CprX and Bdiene. It was shown in Section 4.2 that the difference in AE,,
between these two modes of addition is the primary factor which determines this
stercoselectivity. This is consistent with the proposed hypotheses involving SOI's between
CprH and the diene (Section 1.3). Figures 4.8 and 4.9 display MO 26 (HOMO), MO 25 and
MO 23 for the endo and exo TS's, respectively, for the reaction of CprH and Bdiene. There

is asignil ibution of the hydrogen in the 7;-MO of Bdiene in the HOMO

of the endo-anti TS. A similar orbital mixing is not present in the exo-anti TS. This is the
7-MO/H; orbital mixing that Dannenberg and his group*? and Jursic*' hypothesized was the
factor that decided the endo/exo stereoselectivity of the reaction of CprH and Bdiene.

Assuming that the primary orbital i ion is similar for endo and ddition, and

that the only energetically significant SOI between the diene and the dienophile is the ns-

MO/H; orbital mixing in the endc i TS, then an imation for the energy of this

is Ad4E_( i) - (endc i))(Table 4.3). AAE,_ is smaller for

electronegative X, and larger for electropositive X.
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(a)

(b) [ ] (c)

Figure 4.8 Plotted MO’s for the endo addition TS for the reaction of CprH and Bdiene.
(a) MO 26: @ (HOMO). (b) MO 25: ¢” and (c) MO 23: 4.
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(b) .
.
© .
®

Figure 4.9 Plotted MO's for the exo addition TS for the reaction of CprH and Bdiene.
(a) MO 26: @’ (HOMO). (b) MO 25: a” and (c) MO 23: d'.
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The n5-MO/H,; orbital mixing should be more favourable for more positively charged
H;. A more reliable measure of charge on H; than Mulliken atomic charge is the C;-H; bond
length.  The longer the C;-H; bond is, the less electron density is in the bond, hence H;
should be more positively charged. Figure 4.10 dislays a plot of AAE,, versus C;-H, bond
length in the GS CprX. There is a rough correlation between the two quantities (Figure 4.10;

r =0.78). Thus. as H; becomes more positive, the z-MO/H; interaction becomes more

. This is consistent with the SOI is. Thus, endo/exo stereoselectivity in
the Diels-Alder reaction of CprH and Bdiene is largely due (o a favourable interaction
benveen the w-MO of Bdiene and the methylene hydrogen of CprH that faces the diene.
CprX's which bear an electronegative X destabilize this SOI. while an electropositive X will

enhance this SOI.
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Figure 4.10 AAE, (kJ'mol") versus C;-H; bond length (A) in GS CprX.

175

1.090



4.5 Reactivity of 3-Substituted-1,2-Cycloprop

This section probes the properties of CprX. The geometry of CprX's is highly
dependent on the electronegativity of X. It was shown in Section 2.8 that =, correlates well
with electronegativity (Figure 2.43). If = is to be used as a measure of electronegativity,
then it should be transferable from system to system. Table 4.8 lists values of S, Rey and
Zcx evaluated for CprX at 6-31G(d)//6-3 1++G(d) (see Section 3.4 for justification), and =
evaluated for CpX (evaluated at 6-31G(d)//6-31G(d)). Figure 4.11 displays a plot of Zcx
evaluated for CpX versus =y evaluated for CprX. There is a good correlation between the
two evaluated Z¢'s (* = 0.90, slope = 1.12). Thus, Zc evaluated for CpX is transferable,

and will be used in the study of CprX and its Diels-Alder reaction with Bdiene.

Table 4.8 Values of Sy, Rex and =y evaluated for CprX, and =y evaluated for CpX.

X Se(CPX)  Ro(CpX)  Zo(CpX) 2 (CpX)
H 0.66 0.75 0.88 1.01
BH. 0.90 0.65 1.40 136
CH; 0.68 0.77 0.88 1.00
NH, 0.59 0.83 0.72 0.78
OH 0.50 0.87 0.58 0.62
F 0.42 093 0.46 048
SiH; 0.86 0.73 1.18 1.53
PH, 0.87 0.81 1.08 1.28
SH 087 0.90 0.96 1.08
Cl 0.85 1.02 0.83 0.90
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ox (CPX)

0.5 1.0 15
Ec (CprX)

Figure 4.11 =, evaluated at 6-31G(d)//6-31G(d) for CpX versus Zcy evaluated at
6-31G(d)//6-31++G(d) for CprX.
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= correlates well with the bonds and angles of CprX. Figure 4.12 displays a plot
of C,=C, bond length and the average of the C,-C; and C,-C; bond lengths, versus Zy.
Figure 4.13 displays a plot of the C;-H; bond length and the average of the C,-H, and C,-H,
bond lengths, versus Zcy. There is a rough correlation in all cases (r* = 0.83, 0.74, 0.64 and
0.51. respectively, for the bond lengths as listed). In general, the C,-C;, C,-C; and C;-H;
bond lengths increase as =y increases, while the C,=C,, C,-H, and C,-H, bond lengths

decrease as = increases. Figures 4.14 and 4.15 display plots of the angles of CprX versus

Z¢x. For the plots of the C,-C;-C, angle, the average of the C,=C,-C, and C,=C,-C; angles,
the average of the C,-C;-H; and C,-C;-H; angles, the average of the C,-C;-X and C,-C;-X

angles. and the X-C;-H, angles, versus S, £ = 0.80. 0.80, 0.71, 0.71, 0.07 and 0.72,

pecti . The only l with which Z does not correlate is the average
of the C,-C;-X and C,-C;-X angles. Nevertheless. the rough correlations between =, and
most of the geometry of CprX indicates that X has a large impact on the total geometry of

CprX.
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Eex
Figure 4.12 (a) The average of the C,-C; and the C,-C; bond lengths (@) and (b) the C,=C,
bond length (M) of CprX (A) versus Sy
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Figure 4.13 (a) The C;-H, bond length (@) and (b) the average of the C,-H, and the C,-H,
bond lengths (W) of CprX (A) versus Zc.
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=cx

Figure 4.14 (a) The C,-C;-C, angle, (b) the average of the C,-C,-C; and C,-C,-C; angles, and
(c) the average of the C,-C;-H; and C,-C;-H; angles of CprX (degrees), versus Zc.
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Figure 4.15 (a) The average of the C,-C;-X and C,-C;-X angles, and (b) the H,-C;-X angle
of CprX (degrees), versus .
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In terms of reactivity, the C,=C, bond is the most important geometric parameter.
As E¢y decreases, i.e., as X increases in electronegativity, the C,=C, bond length increases,

and thus the electron density in this bond Forthe I-el d d Diels-

Alder reaction, the better dienophile is hypothesized to be the more electron deficient one.
Therefore, the lengthening of the C,=C; bond (for electronegative X) hypothetically should
stabilize the normal-electron-demand Diels-Alder reaction. This is not the case. The

AE,

sodesmic

forthei; it i i din Figure 4.7 for endo-anti and exo-
anti addition indicated that electronegative X's destabilize these TS’s.

Further support for th ilization of the TS by an ive X is the rough

correlation between incipient bond length versus = for all four modes of addition of CprX
and Bdiene (Figure 4.16: r* = 0.88, 0.87, 0.71 and 0.81 for endo-anti, endo-syn, exo-anti and
exo-syn additions, respectively). The incipient bond length increases as =y increases, and
the C,=C, bond length decreases. A longer incipient bond indicates an earlier, and thus more
favourable, TS. On this basis, electronegative X destabilize the TS for all four modes of
addition in a systematic way.

Alternatively, this reaction may proceed through the inverse-electron-demand

hanism. Figure 4.17 displaysa plot of HOMO and LUMO energies of CprX, versus Zcx.

There is a rough correlation between the HOMO energy of CprX and Zc (©* = 0.75). As

electronegativity increases. the HOMO energy decreases, thus an electronegative X would

" demand Diels-Alder TS. This s consi ith the observed
trends in geometry.

183



I8

9

o
L

incipient bond length

04 08 12 1.6

Figure 4.16 Incipient bond length (A) versus Zc for endo-anti (A, solid line), endo-syn (®,
long-dashed line), exo-anti (4., dotted line) and exo-syn (O, short-dashed line)
additions of CprX with Bdiene. and endo (W) and exo () addition of CprH and
Bdiene.
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Figure 4.17 (a) ;-HOMO and (b) 7, *-LUMO of CprX (Hartrees), versus Zcy.
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If reaction of CprX and Bdiene involves the inverse-electron-demand Diels-Alder
route, which is based on an MO argument, then the corresponding MO which depicts a
mixing between the 7;-HOMO of the dienophile and the z;*-LUMO of the diene must exist
in the TS. This MO was not found. Figures 4.8 and 4.9 (Section 4.4) display MO's which
are very similar to the ones displayed in Figures 2.3 to 2.13 in Section 2.4. These MO's are
of the m,/x,*, sz bonding and x/x antibonding MO types which belong to the TS’s for
the reactions of CpX and ethene, ethyne, maleimide and TAD. Like the TS's involving

TAD. the ,/x,* MO's for endo and exo addition exhibit si

the cyclopropene ring.

In the TS for endo addition of CprH and Bdiene, there are five other MO's which
have significant mixing between the diene and the dienophile. These are low-lying MO’s:
MO 18, MO 17, MO 15, MO 13 and MO 11 (HOMO is MO 26). They involve a mixing
between the 6-MO’s of Bdiene and either the n,-MO or the 6-MO’s of CprH. As was
concluded in Section 2.4, there are too many MO’s which depict an interaction between the

diene and the di ile that could be i in ining the observed trends. Asa

predictive tool, one MO cannot be studied in isolation from the other MO’s. Thus, rhe
nature of the inverse-electron-demand behavior of CprX cannot be accounted for by the
MO's.

The trend in incipient d i i AE,, and AEZ

for end iand i additi wlier TS (i.e., longer incipient bond length) would
result in less geometric change in the diene, and therefore less A};‘za . Figure 4.19 displays
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aplotof AE_ , versus = for endo-anti and exo-anti additions. The correlation is better for
endo-anti addition than for exo-anti addition (r* = 0.94 and 0.73, respectively), as was the
caseintheplotof AE_, versu:AE,‘.'({_ (Figures 4.2 and 4.5a). A decrease in = corresponds
to an increase in AE,, and a decrease in incipient bond length. A rationale for why there
exists a correlation between AE,  and A7 has been provided.

=, measures a substituent effect in the GS. The correlations with incipient bond
length and AE_, imply that this property measured in the GS can predict stereoselectivity
in these reactions. AE_, for the isodesmic reaction pictured in Figure 4.18 is an
energetic quantification of the substituent effect on CprX. Table 4.9 lists AE, . forthe
reaction in Figure 4.18. For all CprX except CprSiH;, X has a stabilizing effect relative to
H. Figure 4.20 presents a plot of AE_, for the four modes of addition of CprX and Bdiene,
versus AE,_ ... forthe reaction in Figure 4.18. There isan good correlation between AE_,
for endo-anti addition and for exo-anti addition (r* =0.97 and 0.89, and slope

and AEund:lmc

= -0.44 and -0.20. respectively), but no correlation for endo-syn and exo-syn additions.

H H H X

+ CHX ————» + CH,

W

Figure 4.18 The isodesmic process defined to quantify energetically the substituent effect
on CprX.
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Figured.19 AE,  (kI-mol”) versus Zc for endo-anti (@) and exo-anti (©) addition of CprX
and Bdiene, and endo (W) and exo (3) addition of CprH and Bdiene.
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Figure 4.20 AE_ for the endo-anti (A). endo-syn (@), exo-anti (&) and exo-syn (0)

additions of CprX and Bdiene, and the endo (M) and exo (OJ) additions of CprH
and Bdiene. versus AE, . (kJ-mol™) for the reaction pictured in Figure 4.16.

Table4.9 AE,_ ,  (kJ-mol™) for the reaction pictured in Figure 4.16.

X AE_ ... |x aE_,  |x AE_ .. .
H 0

BH, -15.1 | OoH -4a14 | PH, -63
CH, -108 | F -508 || SH -17.6
NH, -28.0 | siH, 7 Ja -32.0
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Given the correlation between incipient bond and =y, A, would be expected
to correlate similarly with AE_ for all four modes of addition if AE, , was determined by
the same combination of factors for every mode of addition. AE__, for endo-anti addition
is mostdependenton AE_, . _(steeperslope). This is because the substituent affects both
the primary orbital interaction between the diene and the dienophile, and the SOI between
the methylene hydrogen of CprX and the n;-MO of Bdiene. On the other hand. the
substituent affects only the primary orbital interaction between the addends for exo-anti
addition, thus there is a lesser dependence on AE,,. . (smaller slope). The same
dependence should exist for endo-syn and exo-syn additions. Steric hindrance between X
and the diene raises AE,,, . but not uniformly for all X. The steric effect of X increases from
left to right in Figure 4.20. Thus, AE,, for CprSiH, is raised more due to steric hindrance
than it is for CprF. Thus, what would have been a dependence similar to that of exo-anti
addition between AE, and AE, . _ is flattened by steric hindrance for endo-syn and exo-
syn additions. This is further evidence of the electronic nature of endo/exo stereoselectivity

and the steric nature of syn/anti facial selectivity in the reaction of CprX and Bdiene.



5. Conclusions and Future Work
A rationale based on steric hindrance has been proposed to explain facial selectivity
in the Diels-Alder reaction of CpX. Itis possible that an electronic effect may contribute to

facial selectivity in these reactions. However, orbital mixing arguments and TS

hyperconjugation have been shown to have an insigni effect on facial ivity. Such

arguments are frequently used in the literature to explain the stereoselectivity of numerous

reactions and to account for the i of | les (e.g., the Cieplak
effect used to explain facial ivity of ilic additions to * and
used to explain th ic effect”).

the methodologies developed in this thesis could be employed to determine the relative
importance of such effects in other systems.
Stereoselectivity in the Diels-Alder reaction of CprX and Bdiene was studied. It was

that a il ion between the methylene hydrogen of CprH and

Bdiene in the endo TS led to the experimentally observed preference for endo addition of
CprH. As well, it was proposed that steric hindrance between X and the diene resulted in the

higher AE, , for endo-syn and exo-syn additions.
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The study of the reaction of CprX and Bdiene followed our work with CpX.

Therefore, it was initially h; ized that the ivity for this reaction could be

largely by steric Figure 5.1 displays the TS’s for the reaction of CpH
and ethene, ethyne, maleimide (endo and exo) and TAD (endo and exo), and the endo and
exo TS’s for the reaction of CprH and Bdiene. The geometries of the TS’s are remarkably
alike. For all of the TS’s, the angle of approach of the dienophile is similar. For endo
addition. the plane of the dienophile is directed away from the plane of the diene, but for exo
addition. the diene and the dienophile lie in “parallel planes.” In the TS for the reaction of
CpH and ethene, the orientation of the planes containing the endo and exo hydrogen atoms
in the dienophile is similar to the endo and exo orientations of the planes of the larger
dienophiles. It is hypothesized that most Diels-Alder TS have endo and exo geometries
similar to those in Figure 5.1. If this is the case, then several conjectures can be made.

First. the ori ion of the di d the di ile in the endo TS's for the reactions

of CpH with maleimide and TAD does not appear to be able to facilitate well the SOO
suggested by Woodword and Hoffman.” A survey of the MO’s for these TS's (Figures 2.9
to 2.13) indicates that SOI's exist in both the endo and the exo TS’s. The differences
between endo and exo additions are more pronounced for the reaction with TAD, and could
be the basis of some to the minor secondary effects observed for this reaction (Section 2).
The relative importance of SOO or SOI's in determining the stereoselectivity of Diels-Alder

reactions is uncertain.
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Figure 5.1 TS's for the reactions of CpH with (a) ethene, (b) ethyne. (c) maleimide (endo and
ex0) and (d) TAD (endo and exo). and (e) for the reaction of CprH and Bdiene
(endo and exo).
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A Diels-Alder TS can be separated into two sides: the endo-side and the exo-side
(Figure 5.2). The part of the dienophile that resides in the exo-side of the TS is closer to the
diene. and in the case of CpX, is closer to the syn face C,-substituent. Thus, the more
sterically hindering part of the dienophile would prefer to reside in the endo side of the TS.

The reaction of CprH and Bdiene may be unique. Unlike the other endo TS's which
have the bulk of the dienophile directed away from the diene, the methylene hydrogen of
CprH is directed towards the diene in the endo addition TS of CprH and Bdiene. Ironically,
the orientation of CprH in the endo TS may be more likely to lead to a significant SOI than
the endo orientation of maleimide or TAD. It is predicted that the reaction of CpH and CprH
should produce a higher proportion of endo addition product due to both the favourable SOI
and an increase in steric hindrance in the exo TS.

More work is required to quantify the relative importance of SOI's and steric

in ining endolexo ivity in the Diels-Alder reaction. and thus

confirm or invalidate the hypotheses presented in this thesis.

endo-side
exo-side

Figure 5.2 Definition of the endo side and the exo side of a Diels-Alder TS.
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Z was defined in Section 2.7 as a measure of steric hindrance, and then it was used
as a measure of electronegativity in Section 4.5. S, can be thought of as a more general
substituent factor, that may measure any number of effects that X has on the molecule to
which itis attached. It was hypothesized in Section 2.8 that a more general factor =, would
be a useful measure of electronegativity for any group X attached to atom Y. This factor

could have more applications beyond i

Th ition of

many possible localized
sets of MO’s. It may be possible to evaluate Z at X or at the bond critical point (i.e., where
Vp =0 along a bond). As well, it may be possible to define a general measure of the steric

hindrance, =, for a whole molecular structure. One proposed definition was:

5,S,

'«
R.«a

R >

where A4 and B are the set of non-core LMO’s. For several systems, Z,, was consistently

M

inversely i to steric hil A ion into this and into

other definitions of Zy and Z,, would likely be very interesting.
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Table A.1 Total energies (Hartrees) for CpX.

6-31G(d)//6-31G(d) 6-31++G(d)//6-31++G(d)
X (conform.) B X (conform.) Erni
H -192.791723 | H -192.798325
BH, (gav) -218.041547 | NH™ (stag) 247167359
CH, (stag) -231.826583 | NH, (gau) -247.819509
NH,(gau) -247.809306 | NH," (stag) -248.185244
OH (stag) 267.636724 | O -267.034071
F -291.634395 | OH (stag) -267.647484
SiH, (stag) -482.872605 | OH," (gau) -267.957226
PH, (gau) -534.084601 | F -291.647726
SH (stag) -590.298721 | PH- (stag) -533.496364
e} -651.689894 | PH, (gau) -534.091653
GeH, (stag) -2267.374437|| PH;" (stag) -534.436324
AsH, (stag) -2425.516566 || S° -589.741690
SeH (stag) -2590.471889 | SH (stag) -590.305541
Br -2762.354209 | SH;™ (gau) -590.614451
SnH (stag) -6212.428784] C1 -651.696189
SbH, (stag) -6502.212655
TeH (gau) -6799.790430
1 -7105.257602
CH=CH, (ecli) -269.669213
C=CH -268.458787
C=N 284521535
CF, (stag) -528.415855
NO, (stag) -396.257794
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Table A.2 Total energies (Hartrees) for the syn addition TS for the reaction of CpX and
ethene, evaluated at 6-31G(d)//6-31G(d).

X (conform.) Erea (TS) Ero (TS diene)  E,, (TS dphile)
H -270.760244 -192.754024 -78.013407
BH, (stag) -296.003977 -217.998830 -78.011869
CH, (stag) -309.791434 -231.785479 -78.014185
NH(gau) -325.779164 247.771665 -78.014494
OH (gau) -345.609648 -267.599090 -78.016450
F -369.613297 -291.601755 -78.016300
SiH, (stag) -560.828758 -482.823983 -78.012548
PH, (stag) -612.045350 -534.038918 -78.013670
SH (gau) -668.263484 -590.255138 -78.014649
c -729.659357 -651.649975 -78.015853
GeH; (stag) -2345.330235 -2267.325576 -78.012866
AsH, (stag) -2503.475282 -2425.469298 -78.013348
SeH (ecli) -2668.434702 -2590.426603 -78.014141
Br -2840.320548 2762311592 -78.015669
SnH, (stag) -6290.380542 6212376517 -78.012174
SbH, (stag) -6580.166670 -6502.161849 -78.012623
TeH (ecli) -6877.750588 -6799.743599 -78.013520
1 -7183.219653 7105211721 -78.015206
CH=CH, (ecli) -347.634287 -269.628049 -78.014131
C=CH -346.428776 -268.420028 -78.014889
C=N -362.491979 -284.482401 -78.014416
CF; (stag) -606.377994 -528.370370 -78.014680
NO, (stag) -474.231080 -396.219929 -78.014889
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Table A.3 Total energies (Hartrees) for the anti addition TS for the reaction of CpX and
ethene, evaluated at 6-31G(d)//6-31G(d).

X (conform.) Eroe (TS) Erya (TS diene)  Eqyy (TS dphile)
BH, (gau) -296.009037 -218.005452 -78.012006
CH; (stag) -309.792755 -231.788529 -78.013271
NH(gau) -325.776433 -247.770979 -78.014067
OH (stag) -345.605648 267.598881 -78.014682
F -369.603671 291596719 -78.014598
SiH; (stag) -560.838928 -482.835521 -78.011693
PH, (stag) 612051707 534047985 -78.012669
SH (stag) -668.265440 -590.260885 -78.013274
al -729.658519 -651.652932 -78.013809
GeH, (stag) -2345.340926 -2267.337575 78011514
AsH, (stag) -2503.484216 -2425.480871 -78.012217
SeH (gau) -2668.438574 -2590.434304 -78.012842
Br -2840.323019 2762317922 -78.013353
SnH, (stag) -6290.395156 -6212.392008 -78.010842
SbH, (stag) -6580.180191 6502177179 -78.011548
TeH (gau) -6877.758351 -6799.754489 -78.012422
1 -7183.226517 -7105.221986 -78.012934
CH=CH, (ecli) -347.636974 -269.631887 -78.013462
C=CH -346.425905 -268.419549 -78.013730
c=N -362.490061 -284.482561 -78.014010
CF; (stag) -606.381293 -528.377012 -78.013249
NO, (stag) -474.225411 -396.218392 -78.014197
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Table A.4 Total energies (Hartrees) for the TS’s for the reaction of CpX and ethyne,
evaluated at 6-31G(d)//6-31G(d).

X (conform.) | Eppo (TS) Erog (TS diene) __ E,, (TS dphile)
H I -269.541072 -192.753537 -76.793447
sy
CH; (stag) -308.572855 -231.785321 -76.794360
NH, (gau) -324.562559 -247.772322 -76.794459
OH (stag) -344.395118 -267.601995 -76.794186
E -368.391138 -291.600933 -76.796348
SiH; (ecli) -559.612426 -482.824050 -76.792685
PH, (gau) -610.827988 -534.039334 -76.793577
SH (ecli) -667.045539 -590.255957 -76.794627
(e} -728.438200 -651.649591 -76.796122
Br -2839.099632 -2762.311426 -76.796004
I -7181.999715 -7105.211887 -76.795527
C=CH -345.207678 -268.419733 -76.795021
C=N -361.271660 -284.482176 -76.794885
anti
CH; (stag) -308.573697 -231.787883 -76.793401
NH, (gau) -324.557926 -247.770792 -76.794546
OH (stag) -344.387477 -267.598975 -76.795432
F -368.385815 -291.596909 -76.795345
SiH; (stag) -559.619251 -482.834526 -76.791628
PH, (stag) -610.832205 -534.047075 -76.792712
SH (stag) -667.046657 -590.260320 -76.793556
Cl -728.439953 -651.652627 -76.794269
Br -2839.104362 -2762.317529 -76.793719
I -7182.007588 -7105.221476 -76.793194
C=CH -345.206921 -268.419116 -76.794065
C=N -361.271121 -284.482114 -76.794471
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Table A.S Total energies (Hartrees) for the endo addition TS’s for fCpX and
maleimide, evaluated at 6-31G(d)//6-31G(d).

X (conform.) [ Epey (TS) Eroy (TS diene)  Ep,, (TS dphile)
H ] -550.149923 -192.755944 -357.386963
S
CH; (stag) -589.180758 -231.787146 -357.387859
NH, (stag) -605.169121 -247.770570 -357.389777
OH (gau) -624.999144 -267.600714 -357.390137
E -649.000714 -291.603281 -357.389849
SiH; (stag) -840.217042 -482.825405 -357.385688
PH, (stag) -891.433268 -534.040048 -357.386606
SH (gau) -947.650818 -590.256425 -357.387782
Cl -1009.045563 -651.651145 -357.388934
Br -3119.706443 -2762.312722 -357.388635
I -7462.604422 -7105.212749 -357.388078
C=CH -625.817004 -268.421604 -357.388393
C=N -641.876480 -284.483435 -357.387734
anti
CH; (stag) -589.182560 -231.790258 -357.387073
NH, (gau) -605.165110 -247.772558 -357.387833
OH (stag) -624.992561 -267.600450 -357.388769
F -648.989664 -291.597866 -357.388682
SiH; (stag) -840.227983 -482.837225 -357.384880
PH, (stag) -891.439765 -534.049176 -357.385829
SH (stag) -947.652492 -590.261906 -357.386672
Cl -1009.043731 -651.653639 -357.387435
Br -3119.707106 -2762.318305 -357.386738
I -7462.610616 -7105.222135 -357.386138
-625.813433 -268.421415 -357.387630
-641.873947 -284.484114 -357.387767




Table A.6 Total gil for the endo addition TS's for the ion of CpX and
TAD, evaluated at 6-31G(d)//6-31G(d).

X (conform.) | Eppq (TS) Er. (TSdienc)  Eq (TS dphile)
H | -582.111259 -192.758789 -389.344334
sn
CH; (stag) -621.145366 -231.792501 -389.345230
NH, (gau) -637.134063 -247.778911 -389.345567
OH (stag) -656.964592 -267.607913 -389.345735

-680.953443 -291.604918 -389.346348
SiH; (stag) -872.183033 -482.831681 -389.344263
PH, (gau) -923.397802 -534.047105 -389.344990
SH (stag) -979.613836 -590.263407 -389.345517
Cl -1041.000461 -651.654661 -389.346264
Br -3151.661539 -2762.316651 -389.346156
I -7494.562171 -7105.217740 -389.345907
C=CH -657.773142 -268.424927 -389.345590
C=N -673.831760 -284.486467 -389.345772

anti

CH; (stag) -621.144619 -231.793270 -389.344321
NH, (gau) -637.126199 -247.775393 -389.344930
OH (stag) -656.951852 -267.602781 -389.345503
E -680.949116 -291.599989 -389.345492
SiH; (stag) -872.189467 -482.839551 -389.343013
PH, (gau) -923.400554 -534.050666 -389.343567
SH (stag) -979.613015 -590.264144 -389.344170
Cl -1041.002860 -651.655313 -389.344630
Br -3151.666039 -2762.319459 -389.344064
I -7494.569216 -7105.222924 -389.343612
C=CH -657.774396 -268.424228 -389.344665
C=N -673.832950 -284.486246 -389.345057
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Table A.7 Total energies (Hartrees) for the exo addition TS's for the reaction of CpX and
maleimide, evaluated at 6-31G(d)//6-31G(d).

X (conform.) Erou (TS) Eroui (diene) Erou (dphile)
H -550.145268 -192.756140 -357.385151
syn
F -648.990675 -291.601854 -357.384591
Cl -1009.028930 -651.647324 -357.381768
Br -3119.676320 -2762.300210 -357.381762
anti
F -648.982218 -291.597933 -357.385696
Cl -1009.037255 -651.653815 -357.384818
Br -3119.689886 -2762.311284 -357.384898

Table A.8 Total energies (Hartrees) for the exo addition TS’s for the reaction of CpX and
TAD, evaluated at 6-31G(d)//6-31G(d).

X (conform.) Erou (TS) Ero (diene) E o (dphile)
H -582.093404 -192.754405 -389.342719
syn
F -680.938031 -291.599148 -389.343654
Cl -1040.976380 -651.644789 -389.343239
Br -3151.625624 -2762.297339 -389.342943
anti
F -680.925914 -291.595061 -389.343280
Cl -1040.980832 -651.650366 -389.342531
Br -3151.635334 -2762.307353 -389.342094




Table A.9 Total energies (Hartrees) for the TS’s for the reaction of CpX and ethene,
evaluated at 6-31++G(d)//6-31++G(d).

X (conform.) T Ea(1S)  E (TSdiene)  E, (TS dphile)
H | 270.768122 ~192.760879 78017772
on
NH (stag) 325.141927 247.131991 78020202
NH, (gau) -325.790540 -247.782180 -78.018861
NH’ (stag) -326.156275 -248.143770 -78.016948
o -345.017062 -267.003378 -78.021403
OH (stag) -345.621586 267.610218 -78.020811
OH," (gau) -345.931079 267.916661 -78.017094
F -369.626413 -291.614700 -78.020759
PH (stag) -611.458881 -533.451764 -78.018918
PH, (gau) -612.053758 -534.046326 -78.018037
PH,’" (stag) -612.398600 -534.388330 -78.016238
s -667.711483 -589.701286 -78.020287
SH (stag) -668.271862 -590.262306 -78.019012
SH," (gau) -668.582275 -590.568875 -78.017581
cl -729.667203 -651.656694 -78.020264
anti
NH (stag) -325.134458 247.130192 -78.016935
NH, (gau) -325.787370 247.781161 -78.018471
NH;" (stag) -326.162716 -248.147448 -78.019590
o -345.000629 -266.995052 -78.018064
OH (stag) -345.617234 -267.609586 -78.019088

OH;”

F -369.617876 -291.610328 -78.019021
PH' (stag) -611.460765 -533.458896 -78.014134
PH, (gau) -612.059064 -534.054608 -78.017080
PH,’ (stag) 612412512 -534.398669 -78.018586
s -667.706723 -589.704005 -78.015499
SH (stag) -668.273094 -590.267640 -78.017722
SH," (gau) -668.593685 -590.578610 -78.018894
cl -729.665454 -651.659136 -78.018337
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Table A.10 Total energies (Hartrees) for GS dienophiles.

dienophile 6-31G(d)//6-31G(d) 6-31++G(d)//6-31++G(d)
ot oal

ethene -78.031719 -78.035902

ethyne -76.817826

maleimide -357.407644

TAD -389.355711

Table A.11 Total energies (Hartrees), for the products of the given reactions,evaluated

at 6-31G(d)//6-31G(d).
Reaction Eroes (sy7 product) E ot (@nti product)
CpH + cthene 270861856
CpF + ethene -369.719306 -369.713792
CpCl + ethene -729.767706 -729.764417
CpBr + ethene -2840.429355 -2840.426353
Cpl + ethene -7183.328669 -7183.326931
CpH + maleimide -550.240625
CpCl + maleimide -1009.143806 -1009.139660
CpH + TAD -582.196728
CpCl + TAD -1041.093259 -1041.091965

Table A.12 Total energies (Hartrees) for CprX, evaluated at 6-31++G(d)//6-31++G(d).

X Er

H “115.82649
BH, (ecli) -141.079177
CH, (stag) -154.864463
NH,(gau) -170.855863
OH (stag) -190.687648
F -214.694330
SiH, (stag) -405.902267
PH, (stag) -457.120699
SH (gau) -513.338964
cl -574.737199
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Table A.13 Total energies (Hartrees) for the endo addition TS’s for the reaction of CprX
and Bdiene, evaluated at 6-31++G(d)//6-31++G(d).

X (conform.) Eryal (TS) Erye (diene) Eryu (dphile)
H -270.695774 -154.892933 -115.807375
syn
BH, (stg) -295.937681 -154.895420 -141.048839
CH; (stag) -309.719186 -154.889787 -154.838561
NH(stag) -325.711083 -154.890123 -170.829201
OH (stag) -345.543023 -154.887916 -190.662237
F -369.549536 -154.888399 -214.666599
SiH, (stag) -560.759890 -154.892664 -405.875229
PH, (stag) 611.978034 -154.891067 -457.094578
SH (gau) -668.195000 -154.890516 -513.310851
cl -729.592305 -154.889759 -574.707021
anti
BH (ecli) -295.949155 -154.893746 -141.059001
CH; (stag) -309.733428 -154.892820 -154.845513
NH(gau) -325.722749 -154.891421 -170.837157
OH (gau) -345.552325 -154.890389 -190.667829
F -369.556811 -154.888929 -214.673046
SiH; (stag) -560.774718 -154.894388 -405.883330
PH, (stag) -611.991164 -154.893414 -457.101148
SH (gau) -668.207858 -154.892215 -513.319437
c -729.603744 -154.890539 -574.716835
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Table A.14 Total energies (Hartrees) for the exo addition TS’s for the reaction of CprX
and Bdiene, evaluated at 6-31++G(d)//6-31++G(d).

X (conform.) Erow (TS) Eqr, (diene) Erou (dphile)
H -270.692912 -154.893938 -115.806142
syn
BH, (ecli) -295.940014 -154.894159 -141.053866
CH; (stag) -309.723065 -154.893636 -154.839332
NH,(stag) -325.720113 -154.894153 -170.830937
OH (gau) -345.550202 -154.893060 -190.661831
F -369.556169 -154.891770 -214.667714
SiH; (stag) -560.763035 -154.894453 -405.877168
PH, (stag) -611.982460 -154.893767 -457.095327
SH (gau) -668.200634 -154.893646 -513.312079
Cl -729.597878 -154.892661 -574.708263
anti
BH, (ecli) -295.945110 -154.894066 -141.057683
CH; (stag) -309.731020 -154.894084 -154.844411
NH,(gau) -325.721960 -154.893503 -170.836065
OH (stag) -345.552329 -154.892646 -190.666339
F -369.557217 -154.891591 -214.671824
SiH; (stag) -560.770407 -154.894834 -405.882016
PH, (stag) -611.987669 -154.894270 -457.099849
SH (stag) -668.205738 -154.893742 -513.318017
Cl -729.602911 -154.892687 -574.715462
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Table A.15 Bond lengths (A) for CpX, evaluated at 6-31G(d)/6-31G(d).

X (conform.) €55 C:C e Cy-Hy eeX
CrC. CAC;
H 1.4764 1.3285 1.5064 1.0890 1.0890
BH, (gau) 1.4606 1.3355 1.4940 1.0856 1.5869
1.3380 1.5100
CH (stag) 14771 13277 1.5101 1.0911 1.5346
NH,(gau) 1.4826 1.3256 15118 1.0897 1.4558
1.3259 1.5187
OH (stag) 1.4862 13248 1.5158 1.0864 1.4014
F 1.4877 13235 1.5093 1.0865 1.3694
SiH, (stag) 1.4647 13345 1.4995 1.0891 1.9084
PH; (gau) 1.4729 1.3296 15072 1.0891 1.8776
13297 1.5031
SH (stag) 14797 1.3267 1.5078 1.0867 1.8300
cl 1.4828 13247 1.5062 1.0822 1.8027
GeH, (stag) 1.4648 13351 1.4956 1.0867 1.9922
AsH (stag) 1.4687 1.3326 1.4982 1.0831 2.0052
SeH (stag) 1.4781 1.3279 1.5030 1.0851 1.9784
Br 1.4815 1.3257 1.5022 1.0797 1.9755
SnH, (stag) 1.4576 13403 1.4872 1.0848 22134
SbH, (stag) 1.4620 13372 1.4909 1.0825 22158
TeH (gau) 1.4708 13310 1.4959 1.0817 2.1987
13312 1.5001
1 1.4780 1.3276 1.4992 1.0794 22004
CH=CH, (ecli) | 14772 13276 1.5138 1.0894 1.5099
C=CH 1.4776 13258 1.5150 1.0904 14732
C=N 1.4776 13254 1.5150 1.0885 1.4743
CF, (stag) 1.4780 1.3261 15107 1.0882 1.5105
NO, (stag) 1.4839 13241 1.5087 1.0866 1.4936
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Table A.16 Ang

les (degrees) for CpX, evaluated at 6-31G(d)//6-31G(d).

X (conform) | C-CC; CyC,-C; C-CeC, C-CoHy C-CoX HCeX
CrCrCs CrCelly C CeH; CeCeX
H 109.1726  109.5942 1024664 111.9416 111.9416 106.7240
BH, (gau) 108.8869 110.0627 1022650 115.1715 112.7409 113.1625
109.4677  109.0760 113.9355  97.7673
CH; (stag) 109.0419 110.0683 101.7794 1093628 113.8116 108.4994
NH,(gau) 109.1689 110.0238 101.8127 108.4799 1125412 107.0842
109.1127 109.8380 108.6322  117.9449
OH (stag) 109.2344 109.6225 1021893 109.2081 1153949 1053419
F 1093073 109.0333 103.0244 110.0675 1134214 106.8462
SiH, (stag) 109.1073 109.5810 1024696 1133515 109.9432 107.7166
PH, (gau) 1092116 109.5725 1023460 111.0626 1109252 105.6434
109.0831 109.7719 1115021 115.4857
SH (stag) 1092479 109.4200 102.6571 1107112 1146513 103.6543
c 1093423 109.0232 103.1733 111.5658 112.7822 105.1783
GeH, (stag) | 109.0615 109.4991 1027447 1141400 109.6427 106.4899
AsH,(stag) | 109.0788 109.5480 102.6835 113.8351 109.1520 108.0098
SeH (stag) 1092271 1092657 103.0129 112.0566 113.6790 102.7086
Br 109.3381 108.8808 103.5076 1130740 111.8094 103.8394
SnH, (stag) | 109.0302 1092505 1032410 1162222 1069303 106.6573
SbH, (stag) | 109.0585 109.3162 103.1114 115.6586 107.6070 106.7476
TeH (gau) 109.1123 1093733 103.0930 1141814 1122233 1052674
1092833 109.1292 113.6857 108.4552
1 109.3347 1088309 103.6515 113.9585 111.3566 102.8253
CH=CH, (ecli) [ 109.1407 1100114 101.6957 110.0088 112.9763 108.9966
C=CH 109.3704 109.5405 102.1380 1092206 114.0308 108.0112
c=N 109.5465 109.1408 102.5851 1103636 113.1299 107.2744
CF; (stag) 109.4106 1092254 102.6844 1104419 113.7500 105.8597
NO, (stag) 109.6567 1083291 103.8154 111.0387 113.9289 103.3090
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Table A.17 Bond lengths (A) for CpX, evaluated at 6-31++G(d)//6-31++G(d).

X (conform.) G C-C, Ci-Cy Cy-Hy CX
C;-C, C,-C,

H 1.4760 13320 1.5064 1.0889 1.0889

NH' (stag) 1.4827 1.3343 1.5303 11012 1.4331

NH, (gau) 1.4824 1.3291 15188 1.0896 1.4547
1.3289 15121

NH, " (stag) 1.4861 1.3273 15102 1.0833 15197

o 1.4829 13333 1.5364 1.1289 1.3255

OH (stag) 1.4861 1.3280 1.5157 1.0861 1.4015

OH," (gau) 1.4955 1.3264 1.5023 1.0782 1.5575
1.3262 1.5016

F 1.4881 1.3263 1.5095 1.0856 1.3739

PH’ (stag) 1.4722 1.3387 1.4988 1.0910 19316

PH; (gau) 1.4728 1.3330 1.5034 1.0893 1.8774
13329 1.5071

PH;" (stag) 14731 13322 15132 1.0868 1.8218

s 1.4764 1.3350 1.5055 1.0912 1.8445

SH (stag) 1.4795 1.3299 1.5082 1.0870 1.8281

SH," (gau) 1.4829 1.3288 1.5064 1.0840 1.8642
1.3285 15115

cl 1.4827 1.3276 1.5066 1.0822 1.8010
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Table A.18 Angles (degrees) for CpX, evaluated at 6-31++G(d)//6-31++G(d).

X (conform.) | C,-C,-C; C,-C,-Cs C,-C-C, C-Cy-H; C,-Co-X  HyCi-X
C,-C;-C,  C;-C,-Cy C,-CH;  C,-Co-X

H 109.1489 109.5973 102.5076 111.8965 111.8965 106.8523

NH (stag) 108.6463 111.5965 99.5015 105.1214 119.1462 107.2668

NH, (gau) 109.0876 109.8266 101.8671 108.5289 117.9540 107.1004
109.1660  109.9964 108.3408 112.6815

NH;" (stag) 109.6020 108.4709 103.7838 113.0919 110.4926 105.9819

o 108.8247 111.3992 99.3961  101.9951 118.6863 1133458

OH (stag) 1092247 109.5726 102.2889 109.1926 115.4258 1052125

OH;’ (gau) 109.6630 107.5532 105.3414 116.5890 110.7733 100.9429
109.6860 107.5735 115.7837 107.0683

B 109.3161 108.9522 103.1695 110.5091 113.1166 106.4903

PH (stag) 108.5688 110.5580 101.7082 110.4765 116.0983 102.1750

PH, (gau) 109.0491 109.7915 102.3706 111.3269 115.6242 105.6062
109.1774  109.6001 110.9265 111.1038

PH," (stag) 109.7422 108.6117 103.2868 114.0906 108.3122 108.4517

S 108.6340 110.6771 101.3734 108.5524 115.1572 107.7124

SH (stag) 109.2222  109.4389 102.6667 110.4955 114.8299 103.6861

SH," (gau) 109.7504 1082110 104.1784 114.7772 1124628 103.7480
109.7567  108.0695 114.1564 107.5307

Cl 1093251 109.0204 103.2009 111.4053 112.9011 105.2234
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Table A.19 Bond lengths (A) for the syn TS structure for the reaction of CpX and ethene,
evaluated at 6-31G(d)//6-31G(d).

X(conform) | C+C; C-C; C-C; CeHy CeX C-C, CeC,
CiC, GG CiC,
H 13919 1.3894 15060 10915 1.0805 21935 13824
BH, (stag) 13887 13920 15092 1.1035 15716 21917  1.3850
CH, (stag) 13908 1.3901 15099 1.0940 15235 22104 1.3802
NH(gau) 13935 1.3880 15176 1.0911 14423 22095 1.3800
13873 15078 22103
OH (gau) 13967 13852 15125 10934 13936 22064 13772
1.3847  1.5036 22131
F 13982 1.3841 15029 1.0876 13622 22081 13779
SiH, (stag) 13874 13926 15109 10974 1.8950 22054 13826
PH, (stag) 13893 13911 15098 1.0903 18677 22125 13809
SH (gau) 13927 13893 15098 1.0873 18215 21958 13802
13877 1.5063 22273
cl 13956 13866 15040 1.0838 1.7881 22170 13781
GeH; (stag) | 13881 13926 1.5085 1.0945 1.9722 22053 1.3822
AsH, (stag) 13891 13918 15074 10884 1.9843 22101 13813
SeH (ecli) 13923 13893 15062 10854 1.9667 22079 13812
Br 13953 1.3874 15026 1.0820 1.9566 22174 13784
SnH, (stag) | 1.3872 1.3936 15079 1.0943 2.1865 22049 1.3827
SbH, (stag) | 1.3880 13931 1.5068 1.0894 2.1906 22091 1.3819
TeH (ecli) 13911 13907 15060 10865 2.1758 22076 13817
I 13941 13886 15032 1.0821 2.1771 22181 13788
CH=CH, (ecli) | 1.3908 1.3893 15131 1.0920 1.5031 22099 1.3805
C=CH 13922 1.3878 15125 1.0919 14677 22060 13804
CsN 13924 13873 15113 1.0900 14691 22101 13810
CF, (stag) 13915 13896 15071 1.0906 15111 22212 13801
NO, (stag) 13949 13872 15012 1.0880  1.4840 22099 13812
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Table A.20 Angles (degrees) for the diene portion of the syn TS structure for the reaction

of CpX and ethene. evaluated at 6-31G(d)//6-31G(d).
X (conform) | C,-C+C; C+C,-C; C-CoC, Ci-CoH, C-CoX HoCeX
CoCrC, CrCCs CCH, CCX
H 1089615 1063701 99.2598 108.3266 115.9877 108.3884
BH, (stag) 1089112 106.8809 98.7604 1056451 1209201 103.4121
CH; (stag) 1089018 1062921 98.7138 104.0745 120.7363 106.3875
NH(gau) 109.0151 1058365 98.8806 104.9080 1230252 1059224
109.0463 1062118 104.5771  117.6637
OH (gau) 109.0115 1055187  99.4967 1062549 119.4803 109.2646
109.1389  105.7943 106.0225 115.1133
F 109.1967 1049927 1003456 1084227 1164248 106.4201
SiH, (stag) 108.9348 1064855 98.6215 104.4797 1220636 102.9341
PH, (stag) 108.9660 1059846 98.8444 1052088 1194035 1072110
SH (gau) 109.0448 1052673 99.4515 1062820 120.8393 106.0879
109.1437  105.4979 1058205 117.1300
ca 109.2310 1044465 1002828 107.2862 1185867 104.0815
GeH, (stag) | 108.9278 106.3158  98.8492 105.0411 121.6648 102.6765
AsH,(stag) | 1089512 105.9206 99.0407 105.8890 119.4179 105.8900
SeH (ecli) 109.0977 1052770 99.6331 106.8219 119.0438 1045526
Br 1092519 1042012 1004771 107.8624 1187654 102.5444
SnH, (stag) | 1089011 1064029 98.8108 105.1748 121.4560 102.9606
SbH, (stag) | 108.9313 106.0275  99.0181 105.8216 120.3217 104.1402
TeH (eci) 109.0831 1053224 995981 106.7533 119.8552 103.0108
1 1092596 104.1740 1004245 107.5965 1195670 1013599
CH=CH, (ecli) | 1089674 106.1796 98.5855 104.6018 120.1223 106.9537
C=CH 109.1231 1057087  99.0698 105.5795 119.1213 1069738
c=N 1092593 1051880 99.5427 106.8989 118.0055 106.6112
CF, (stag) 109209 104.8644 99.8149 104.9202 1216174 101.9450
NO, (stag) 109.4143  104.0238 1010205 108.5491 117.8224 1027683
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Table A.21 Dienophile angles and angles of approach (degrees) for the syn TS for the
reaction of CpX and ethene, evaluated at 6-31G(d)//6-31G(d).

X (conform.) CC-C, CeC-C;  CrCeH,,  GCrCeHew  HeCoH,,
CiCoC,  CoCC;  CoCrH,  CoCrHy  HyCrHy
H 100.6303 89.9456  119.7248 1201623 114.6903
BH, (stag) 99.3833 904850  119.8354  120.1109  114.1864
CH; (stag) 98.7219 92.1351 1202615 120.0402  114.4897
NH.(gau) 99.5516 91.6218 1204283  120.1600  114.1837
99.5821 914762  120.5085  120.0879
OH (gau) 101.5319 903117 1194558 1203415 1155723
101.1847 902057  119.6268  120.2501
F 102.0664 89.8690  119.6292 1203090 1155434
SiH; (stag) 98.1542 92.1940  119.8425 1200574 1143612
PH, (stag) 98.5299 925663  119.5565  120.1831  114.8548
SH (gau) 99.5866 927054 1196811 1200157 1152191
99.3467 91.4609  119.8654 1203571
a 100.0032 922418  119.8597  120.1782 1152823
GeH, (stag) 98.2390 922313 1199202 1200399  114.4056
AsH, (stag) 98.4398 925787  119.6830  120.1471 1146661
SeH (ecli) 99.3071 92.1920 1200594  120.1234  114.6369
Br 99.6534 926645 1199083 1201317 1152224
SnH, (stag) 97.9756 923599  119.8942  120.0306  114.2019
SbH, (stag) 98.0184 927437 1197738  120.1097  114.3703
TeH (ecli) 98.8127 925164 1202207  120.0591  114.3333
1 99.0659 93.1367 1199641  120.1009  115.0383
CH=CH, (ecli) 98.8727 922041 1203093  120.0464 1144357
C=CH 100.0661 913764 1196155  120.1879 1152437
C=N 1003242 913839 1196163  120.1756  115.1009
CF, (stag) 98.1750 932822 1200826  119.9475 1149389
NO, (stag) 100.5673 91.4906 1200677 120.0798  114.9613
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Table A.22 Bond lengths (A) for the anti TS structure for the reaction of CpX and ethene,

evaluated at 6-31G(d)//6-31G(d).
X(conform) | C-C; €-C; GCC CeHy CeX CC CoC,
GC. GG C,C,
BH, (gau) 13809 13991 15009 1.0811 15910 21743 1.3852
14031 15112 21767
CH, (stag) 13931 13875 15142 10813 15410 21931 13829
NH,(gau) 13999 13824 15261 10792 14619 2.1989 13816
13828 1518 2.1965
OH (stag) 14044 13801 15231 1.0764 1.4064 22005 13807
F 14026 13778 15159 1.0765 13783 22063 13813
SiH, (stag) 13830 13992 15018 10834 19144 21762 13859
PH, (stag) 13865 13935 1.5061 1.0783 1.8883 2.1868 13844
SH (stag) 13951 13860 15110 10777 18426 2.1953 1.3838
a 13964 13823 15093 1.0726 18228 22038 13835
GeH, (stag) | 13827 13994 14985 10811 19958 2.1771 1.3865
AsH, (stag) 13850 13960 1.5004 10768 20102 21834 13856
SeH (gau) 13897 13885 1.5038 1.0743 19963 2.1988  1.3850
13906  1.5055 2.1883
Br 13939 13846 15041 10711 19997 22023 13849
SnH, (stag) | 13795 1.4043 14928 10805 22124 21699 13878
SbH, (stag) | 1.3815 14011 14947 10773 22170 2.1766 13869
TeH (gau) 13868 1392 14981 1.0747 22105 2.1987 1.3859
1.3946 1.5014 2.1808
1 13908 13878 15002 10711 22267 21996 13860
CH=CH,(ecli) | 13926 13883 15160 10802 15150 21926 1.3826
C=CH 13934 1.3853 15183 1.0800 14799 22002 1.3820
C=N 13938 1.3853  1.5169 1.0790 14822 22021 13817
CF, (stag) 13929 13868 15127 10795 15212 2.1927 13836
NO, (stag) 13998 1.3804 15124 1.0778  1.5081 22067 13825
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Table A.23 Angles (degrees) for the diene portion of the anti TS structure for the reaction
of CpX and ethene, evaluated at 6-31G(d)//6-31G(d).
X (conform.) | C-C+C; CyCC; Cr-CoC, C-CeH, C-CeX HACoX
€0 L, GG CeCeH,  CoCeX
BH, (gau) 108.6643 1069836  98.5166 1150237 113.9074 111.3862
108.8554 106.2533 114.1094  102.6345
CH; (stag) 108.8445 1069774 982232 1131502 1123149 107.6330
NH,(gau) 108.8642 106.8953 98.0910 113.1790 1154586 106.3310
109.0825  106.9959 1134355 110.4388
OH (stag) 109.0788 1067375  98.4377 114.2993 112.7682 104.6147
F 1092355 1065861 99.2969 1155844 1102127 1059167
SiH, (stag) 108.7415 1065847 98.8924 114.4403 1113195 1064778
PH, (stag) 108.8575 1068101 988124 114.6106 109.8325 108.7811
SH (stag) 109.0471 106.8085 99.1096 114.4324 113.6022 1022761
a 1092314 1068138  99.6820 1159547 110.8929 103.6911
GeH, (stag) | 108.7421 1066286 99.1793 115.0069 110.9558 1058158
AsH,(stag) | 1088135 1067413 992080 1155046 1092962 107.7054
SeH (gau) 108.9660 107.0138  99.4140 1158800 112.3858 1053599
109.0718  106.7163 1154171 108.3803
Br 1092389 106.7985 100.1170 1168558 110.4661 1022803
SnH, (stag) | 108.6637 106.5995 99.4788 1157384 109.4596 106.7516
SbH, (stag) | 108.7361 1067011  99.5027 116.0748 108.9616 106.9403
TeH (gau) 1089451 107.0062 99.6922 1163036 112.1674 104.4823
108.9893  106.6519 1159082 108.3231
1 1092120 1068251 1003371 117.1818 110.4530 101.4437
CH=CH, (ecli) | 1089150 106.8407 982537 113.7812 1112716 1082905
C=CH 1091350 106.7221 98.5663 113.7796 111.5343 107.5779
c=N 1092619 106.3855 99.0504 114.7826 110.6096 106.9380
CF; (stag) 109.1272 1065586 99.0620 1141742 112.9917 103.8796
NO, (stag) 1094316 _106.1465  100.0691 _116.0163 111.3021 102.4892




Table A.24 Dienophile angles and angles of approach (degrees) for the anti TS for the

reaction of CpX and ethene, evaluated at 6-31G(d)//6-31G(d).

X (conform.) CCC CiCC CrCiBy CrCH, HuCoH

CCeC,  CoCC,  CeCrHn  CoCrHp  HarCrHa
BH, (gau) 99.7701 912653 1195164 1199811  114.5312

1000324 911325  119.6707 1200189  114.6105
CH (stag) 1002993  90.3486  119.7714  120.1186  114.6607
NH,(gau) 1011606 89.5112 1197940 1202119  114.7731

1008878  89.8163 1198767  120.1586  114.7925
OH (stag) 101.7387 889135  119.8734 1202366  114.8900
F 1023929 87.5512  119.8655 1202593  114.8743
SiH, (stag) 995871 911626  119.5849 1199966  114.5016
PH, (stag) 1002802  90.0852  119.6907 1200767  114.6262
SH (stag) 1005304  $9.0947 1197739 1201392  114.6918
a 101.4671 87.3817  119.8016  120.1993  114.7983
GeH; (stag) 99.5084  90.8639  119.543¢  119.9947  114.5044
AsH, (stag) 1000597  90.0819  119.6002 1200613  114.6127
SeH (gau) 1004186  88.5647 1196789  120.1599  114.6850

1007414 889428  119.6798  120.0887  114.6922
Br 1012443 87.0936 1197233 120.1875  114.7829
SnH; (stag) 99.0932  91.0836  119.4494 1199414  114.4587
SbH, (stag) 995757 903767 1195129 1200034  114.5640
TeH (gau) 99.8631 886649  119.6639  120.1558  114.6648

1004157 92779 1195835 1200398  114.6437
1 100.8307  87.1656  119.6701  120.1637  114.7519
CH=CH,(ecli) | 1005622 902064  119.7812  120.1359  114.6923
C=CH 100.7873  89.4408  119.7950  120.1734  114.7207
C=N 1013025 889201  119.8086  120.1983 1147783
CF,; (stag) 1009551  $9.1383  119.7669  120.1307  114.6826
NO, (stag) 1019079 87.4708  119.8324  120.2470 _ 114.8257
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Table A.25 Bond lengths (A) for the TS structures for the reaction of CpX and ethene,
evaluated at 6-31++G(d)//6-31++G(d).

X CC: CCl 66 €55 GX o6 6%
CcC; _C:C. c.C;

H 13928 13926 1.5067__1.0806 10917 _2.1892 13865

syn

NH- 13965 13927 15421 11018 14069 2.1850 13857

NH, 13945 13910 15178  1.0910 14423 22069 13839
13905 1.5085 22048

NH," 13943 13901 15039 10855 1.5047 22306 13841

o 13978 13913 15440 L1215 13131 21760 13843

OH 13977 13884 1.5130 10923 13952 22019 1.3813
13877 1.5043 22091

OH," 13983 13895 14964 10805 15252 22297 13844
13890  1.4937 22297

F 13993 13871 1.5031 10867 13666 22070 13813

PH 13917 13978 15151 10973 18935 2.1823 13877

PH, 13901 13943 15103 10907 18670 22081 13847

PH;" 13908 13915 15131 1.0924 18179 22244 13852

s 13934 13962 15147 1.0941 18182 2.1835 13855

SH 13937 13922 15104 1.0876 18204 2.1916 13840
13906 15072 22218

SHy" 13943 13900 1.5065 10843 18527 22336 1.3833

cl 13964 13895 1.5046 1.0840 17870 22132 1.3817

anti

NH- 13999 13878 1.5473 1.0848 14285 2.1829 1.3912

NH, 14014 13848 1.5266 10790 14616 2.1968 1.3856
13853 1.5188 2.1909

NH;~ 14043 13847 15122 10758 15389 22119 1.3840

14015 1.3832 1.5597 11015 13257 21952 1.3890
1.4052 13826 1.5235 1.0759 14074 21970 1.3846
1.4035 1.3804 1.5159 1.0757 1.3842 22038 1.3853
1.3845 14006 1.5027 1.0820 19345 21725  1.3967
1.3875 1.3959 1.5068 1.0785 1.8888 2.1827 1.3883
1.3930 1.3946 1.5118 1.0805 1.8412 2.1974 1.3855
1.3875 1.3945 1.5108 1.0783 1.8528 2.1846 1.3942
13960 1.3885 1.5117 10779 1.8411 2.1923 1.3876
1.3964 1.3892 15049 1.0745 19103 22080 1.3868
1.3973 1.3846 1.5101 10725 18215 22013 1.3869




Table A.26 Angles (degrees) for the diene portion for the TS structures for the reaction

of CpX and ethene, evaluated at 6-31++G(d)//6-31++G(d).

X GG, €0 GO, Clply, CokrX HCX
CiC:C; CCC; CCH, CCoX

H 1089227 1063977 992706 1083778 1159359 _108.3908

syn

NH- 108.6921 108.2007  95.8446 101.0637 124.0723 106.6392

NH, 108.9587 105.8314 989153 105.0280 122.7412 1059176
109.0284  106.1579 104.6476 1177795

NH;" 109.4557 103.5928 1009646 109.0042 116.5070 104.6806

o 1087720 1083620 959130 1009477 121.0770 113.1015

OH 1089813 105.4704  99.5423 106.4853 119.1922 109.1716
109.1058  105.7480 106.1603  115.1475

OH," 109.6248 102.1194 1025028 112.9220 1162702 100.7273
109.6471  102.2470 112.9449 111.9081

F 109.1775 104.8384 1004621 108.6537 1163637 106.0373

PH- 1085505 1075183  97.6628 102.7882 124.6995 100.4921

PH, 1089229 1060115 988548 1052547 119.3758 107.1835

PH, 109.5291 104.1070 100.1693 107.7071 118.5683 103.5229

s 108.5564 107.2397  97.7574 103.0140 1219128 106.4809

SH 109.0064 1053191  99.4391 1063475 120.6185 106.0954
109.0938  105.5366 1059133 1172326

SHy” 109.5852 103.0217 101.0750 110.1503 115.1242 1052645

cl 109.1907 1044754 1002777 _107.3549 118.5103 _i04.1281

anti

NH 1086956 1084194 954378 110.1723 117.1258 106.4991

NH, 1088206 107.0073  98.1140 113.1121 115.5246 106.1615
109.0548  107.0737 1133558 110.6941

NH;" 1093146 106.0381 100.2045 117.2449 1084715 104.8605

o 1089511 1083881  95.0065 1083881 114.7235 112.4675

OH 109.0594 106.8335  98.4925 1142901 112.9227 1043110

F 1092401 1066312  99.4552 115.8189 110.2383 105.2894

PH 1084716 107.5868 982173 1127042 1163322 1012144

PH, 1088197 1068478 987970 114.4853 110.1318 108.5138

P 1092796 106.0032 99.8625 116.7684 108.1987 106.5747

§ 1086135 107.9504 97.8427 1123264 113.9920 106.4528

SH 109.0125 1068560  99.0946 114.3084 113.7863 102.1851

SHy” 109.4652 106.0628 1009929 119.0609 105.6320 105.1569

cl 109.1988  106.8699  99.6639 115.8581 111.0713 103.5807
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Table A.27 Dienophile angles and angles of approach (degrees) for the TS’s for the
reaction of CpX and ethene, evaluated at 6-31++G(d)//6-3 1++G(d).

X C-CC, CCC, GCCH, CrCoH, H.C-H,
CCC,  CCC,  CeCrHy  CoCrH, HyCrH,

H | 100.5606 90.0216 120.1148 119.6721 114.7689

syn

NH- 99.2978 91.3628 120.0669 120.0005 115.4093
NH, 99.3742 91.7979 120.0982 120.4438 114.2300
99.5732 91.6313 120.0378 120.4592 114.5474

NH;" 99.7916 92.8182 120.2310 120.6544 113.3557
o 101.3685 89.2459 120.3453 118.6138 116.9391
OH 101.3892 90.5283 120.2762 119.3977 115.6954
101.1342 90.3426 120.2328 119.5442 115.8373

OH," 100.7905 92.7003 120.2965 120.7774 113.2191
100.6666 92.7091 120.2245 120.9353 113.2351

F 101.8043 90.2598 120.2663 119.6068 115.6046
PH 97.8216 92.2555 119.9535 119.6258 115.4752
PH, 98.4531 92.6534 120.1381 119.5067 114.9168
PH;” 98.9892 93.0330 120.0573 120.4885 113.4444
S 98.7894 91.9823 120.1873 118.8258 116.4785
SH 99.5213 92.7396 119.9753 119.6625 115.2357
99.3234 91.5355 120.3081 119.8612 114.7985

SH," 99.8202 93.3427 1202432 119.9597 114.1621
Cl 99.9076 92.3473 120.1499 119.7870 115.3669

anti

NH" 99.4150 91.3199 119.9577 119.8017 114.7135
NH, 101.0181 89.4201 120.1869 119.7699 114.8409
100.8497 89.7899 120.1180 119.8221 114.8492

102.9086 87.1387 120.2705 119.7610 115.1270

99.9034 90.8563 120.0307 119.9027 114.8724

101.6371 88.7924 120.1969 119.8338 114.9591

102.3202 87.3363 120.2392 119.8128 114.9467

98.0597 91.7575 119.8265 119.5135 114.3261

100.2142 90.1676 120.0463 119.6308 114.6986

101.7246 88.4654 120.1547 119.6556 115.0151

98.5605 90.7533 119.9307 119.6379 114.5016

1004124 89.1890 120.1164 119.7214 114.7594

103.0607 85.8019 120.2336 119.6475 115.1377

101.3499 87.4557 120.1904 119.7506 114.8702
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Table A.28 Bond lengths (A) for the TS structures for the reaction of CpX and ethyne,

evaluated at 6-31G(d)//6-31G(d).

X GG G G:C; Gl ©X GG GG
GG, Cic, (W

H 13929 1.3878  1.5071 1.0918 1.0782 2.1874 1.2256

syn

CH, 13919 1.3884 LSI11  1.0938 15230 2.1996 1.2244

NH, 13947 13861 15195 1.0910 14399 2.1911 1.2249
13851 15084 22087

OH 13962 1.3843 15127 1.0879 13833 22012 1.2257

F 13990 1.3826 1.5040 1.0878 13566 2.1975 1.2220

SiH, 13889 13903 15123 1.0942 1.9030 2.1899 1.2270

PH, 13912 13885 1.5087 10916 18686 22055 12257
13888 15114 2.1794

SH 13942 13862 1.5081 1.0871 1.8226 2.1925 1.2246

a 13960 1.3853 1.5046 1.0837 17838 22000 12222

Br 13958 13860 1.5032 1.0820 19523 2.1995 1.2223

1 13945 13873 15039 10822 2.1723  2.1982  1.2229

anti

CH, 13942 13859 1.5156 10788 1.5412 2.1858 1.2258

NH, 1.4017 13803 15285 1.0767 14614 2.1869 12247
13804 15195 2.1916

OH 14065 13775 1.5253 10740 14062 2.1906 12238

F 14049 13749 15180 10740 13794 2.1958 12241

SiH; 1.3837 13983 1.5027 1.0813 19145 21709 1.2278

PH, 13873 13923 15073 1.0761 1.8892 2.1780 1.2268

SH 13961 13844 15123 10755 18423 2.1851 1.2261

a 13977 13802 15109 10705 18246 2.1917 12256

Br 13951 13825 1.5057 10691 20023 2.1899 12265

1 13919 13860 1.5017 1.0692 22298 2.1872  1.2272




Table A.29 Angles (degrees) for the diene portion of the TS structures for the reaction

of CpX and ethyne. evaluated at 6-31G(d)//6-31G(d).

x CrCrCy GGG CrCiC, GGl CiCeX HOX
CrCrCy GGGy CeCsHy  CCeX

H 108.8218 106.5562 98.7839 108.2191 116.0738 108.8156

syn

CH; 108.7516 106.5557 982102  104.1169 120.8674 106.5285

NH, 108.8464 1061777 98.3845  104.9819 123.0134 1062225
108.9270  106.5880 104.8066 117.6140

OH 109.0025 106.0359 98.8382 1062110 119.6332 105.1151

F 109.0467 105.1507 99.8313  107.9385 1171478 106.3021

SiH, 108.7381 107.0597 97.9707 1055279 119.5367 107.2299

PH, 108.8955 106.5739 98.4418 1059627 121.9882 105.6058
1087333 106.5321 1052919  118.0502

SH 108.9247 1059376 98.9865 106.5138 118.6633 106.4474

a 109.0622 104.7737 99.7431  107.1444 118.9595 104.0822

Br 109.0759 104.5715 99.9213  107.7942 119.0385 102.6541

[ 109.0767 104.5069 99.8384  107.6770 119.6145 1017325

anti

CH, 108.7074 107.1306 97.7481 1132377 1122341 108.0177

NH, 1087523 107.0333 97.6218 1133734 1152673 106.7307
1089523 107.1923 113.5794  110.2890

OH 1089661 1069216 97.9714 1145516 1125157 105.0173

F 109.1237 1067626 98.8426 1159720 109.8377 1062371

SiH, 108.5837 106.7567 98.3930 1143519 1115213 106.7242

PH, 108.7054 106.9807 98.2984  114.6223 109.9137 109.0528

SH 1089100 1069921 98.6225 1145538 1135396 102.6248

cl 109.1038  107.0172 99.1937 1162356 110.6853 103.9746

Br 109.1109 107.0085 99.6167  117.1597 1102689 102.5155

1 109.0758 107.0440 99.8284 _ 117.4371 _110.3677_101.5933




Table A.30 Dienophile angle and angles of approach (degrees) for the TS’s for the

reaction of CpX and ethyne, evaluated at 6-31G(d)//6-31G(d).

X CC,-C, C:C:C, C-CeH,

CCis; EC G Co-C-H,
H 99.2532 89.1449 154.1741

syn

CH; 97.4729 91.1503 154.6407
NH, 98.5387 90.5810 154.4451

98.1186 90.1651 155.0578
OH 98.9462 89.8678 154.6575
F 100.0363 89.5596 155.7241
SiH, 98.0918 90.0826 153.8272
PH, 97.9140 89.9022 154.4600

98.6331 90.5309 154.0815
SH 98.9425 90.0382 154.8381
cl 98.6581 91.1959 155.5930
Br 98.4282 91.4843 155.5271
1 98.1026 91.7336 155.2679

anti

CH, 98.8148 89.6797 154.1649
NH, 99.4798 89.0407 154.6473

99.2971 89.0046 154.9329
OH 100.0239 88.2568 155.2832
F 100.6883 86.8887 155.2514
SiH, 98.4236 90.2818 153.2495
PH, 98.9908 89.3034 153.8241
SH 99.0391 88.3694 154.2939
cl 99.8818 86.6648 154.6998
Br 99.7208 86.3305 154.4314
[ 99.4100 86.3410 154.1686
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Table A.31 Bond lengths (A) for the TS structures for the reaction of CpX and maleimide,
evaluated at 6-31G(d)//6-31G(d).

X CC: C& ©€ CH, CX €& GG
C,-C, C.-Cy C,-C,

H 13913 1.3905 15066 1.0904 10804 2.1969 13874

syn

CH, 13906 13908 1.5116 1.0929 15244 22141 1.3850

NH, 13938  1.3877 15109 1.0958 1.4465 22130 13813

OH 13966 13860 15150 1.0917 13907 22048 13817
13854 1.5059 22133

F 13980 1.3850 15048 1.0865 13598 22075 13824

SiH; 13869 13939 15116 1.0966 19024 22070 13876

PH, 13886 13924 1.5111 1.0895 1.8730 22126 13856

SH 13921 13907 15118 1.0866 1.8215 2.1927 13852
13888 1.5080 22286

cl 13948 1.3880 1.5060 1.0834 17839 22134  1.3832

Br 13944 1.3889 15046 1.0817 19524 22133 13836

1 13930 13902 15051 10819  2.1739 22135 13842

anti

CH, 13928 1.3888 1.5144 1.0812 1.5417 2.1961 13878

NH, 13995 13834 1.5269 1.0793 1.4583 22025 1.3864
13839 1.5189 22013

OH 14043 13813 15245 10765 14013 22041 13851

F 14032 13787 15176 10767 13723 22113 13852

SiH, 13822 1.4008 15013 1.0834 19200 2.1756 13914

PH, 1.3859  1.3949 15064 1.0785 1.8929 2.1865  1.3897

SH 13941 1.3880 1.5112 10782 1.8386 2.1962 1.3888

a 13961 13839 15111 1.0734 18109 22049 13878

Br 13933 1.3865 1.5060 1.0720 1.9848 22024 1.3893

I 13897 1.3901 15019 1.0722 22095  2.1982  1.3905
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Table A.32 Angles (degrees) for the diene portion of the TS structures for the reaction
of CpX and maleimide, evaluated at 6-31G(d)//6-31G(d).

X CH0iC; GGG CACAC CrGelly, CiOEX HCeX
CrCC: . CiCeCs CACH,  CiCX

H 109.0149 106.6122  99.3604 1082971 116.0828 108.1707

syn

CH; 108.9556 106.5502 98.7302 103.8299 120.9983 106.2034

NH, 108.9910 1062780 989510 104.5519 117.7169 111.5434

OH 109.0887 1057623  99.4757 106.2887 119.2456 109.6653
109.1909  106.0559 105.9784  114.9626

F 109.2559 105.2040 100.3605 108.4832 116.2239 106.6933

SiH; 108.9580 106.7854 98.6309 104.1749 122.5824 1022382

PH, 108.9946 1062404 98.8194 104.9010 119.8293 106.8579

SH 109.1021 105.5271  99.3932 106.0528 1209742 106.0592
109.1554  105.8012 105.5339  117.4920

Cl 109.2636 1047119 100.1959 107.0945 118.6961 104.2636

Br 109.2714 104.5106 100.3575 107.5875 118.9669 102.7108

1 109.2678 104.5343 100.2718 107.2268 119.9302 101.3647

anti

CH; 108.8823 107.1899  98.3408 113.2618 1122037 107.5300

NH, 108.9402 107.0628  98.1923 113.1899 115.5228 106.3014
109.1262  107.1780 113.3875  110.3406

OH 109.1346 1069230  98.5003 1142097 112.8019 104.6604

F 1092786 106.6882  99.3265 1155775 110.0026 106.2628

SiH; 108.7603 106.8143  99.0043 114.5635 111.3958 106.0231

PH, 108.8735 107.0136  98.8495 114.6092 109.9692 108.5206

SH 109.0696 1069568  99.1657 1143544 113.6570 102.2667

Cl 109.2393 1069487 99.5897 115.7057 110.9507 104.1480

Br 109.2296 106.9357 99.9589 1164922 110.6239 102.8660

[ 109.1855  106.9763 100.1314 116.7131 110.7633  102.0267
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Table A.33 Dienophile angle and angles of approach (degrees) for the TS’s for the
reaction of CpX and maleimide, evaluated at 6-31G(d)//6-31G(d).

X C-C-C, C-C,-Cy C-Ce-H, CrCe-Cy  CyCo-H,
CCCy CiCCy  CGHH, CoCrC, CoCoH,
H 101.2520 88.8943 1259783 107.9403 1192116
syn
CH, 99.5846  91.0063 1265597  107.9629  118.8657
NH, 101.0879 901191 1256114  108.0378 1203586
OH 102.1234 89.3628 1257118 108.0798 1202483
101.7438 892485 1258536  107.9915  120.4849
F 102.5758 89.0249 1258486  108.0174 1202036
SiH, 99.1969 909324 1260982  107.9151  118.5593
PH, 99.5497 914355 1257658  107.9528  119.1078
SH 1005548 91.6397  125.7943  107.8578  119.5579
100.1197 904164 1261775 1080651  119.1750
c 100.7834 913151 1260216  107.9815  119.6894
Br 100.4418 917264 1260684  107.9692  119.5472
1 99.9093 921399 1261059 107.9563 1193148
anti
CH, 100.8782  89.3972 1260783  107.9413  119.2034
NH, 1016106 886976 1261021  107.9969  119.3495
1013507 889632  126.1584  107.9342  119.3709
OH 1020540 88.1877 1262463  107.9908  119.5440
F 102.8225 869605 1262214  107.9872  119.5328
SiH, 1003967  90.0898 1257554  107.8620  118.8363
PH, 1010340  89.1579 1258673  107.8904  118.9935
SH 101.0487 883877 1260029 1079171  119.1501
c 101.9308 869068 1260806 1079334 1193062
Br 1017012 867352 1259678  107.9078  119.2196
I 101.3203 86.8538 1258870 107.8858  119.1189
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Table A.34 Bond lengths (A) for the TS structures for the reaction of CpX and TAD,

evaluated at 6-31G(d)//6-31G(d).

X CC, CC GC©C CeHy CX G CeGC
GG, € GiC,

H 13929 13916 15031 1.0893 10774 20845 12936

syn

CH, 13937 13903 1.5085 1.0928 1.5221 2.1039  1.2893

NH, 13972 1.3882 1.5210 1.0908 14298 20811 1.2881
13853 1.5063 2.1423

OH 13990 13853 15132 10880 1.3707 2.1116 12880

F 14005 13852 15053 10873 13426 20835 12862

SiH; 13888 13942 15062 10944 19108 20894 12935

PH, 13924 13949 15093 10915 1.8676 2.0520 1.2906
13878 1.5060 2.1387

SH 13952 13890 15082 1.0888 1.8035 2.0981 1.2890

ca 13974 13878 15055 10841 17650 20824 1.2865

Br 13968 13888 15039 10824 19317 20811 1.2870

1 13952 13902  1.5036 1.0825 2.1532  2.0812  1.2880

anti

CH, 13947 1.3899 15102 10782 15408 20871 1.2935

NH, 14017 13844 15236 10765 1.4543 20934 12913
13852 15160 2.0883

OH 14057 1.3827 1.5224 10741 13982 20873 1.289

F 14043 13798 1.5173 10740 13682 20904  1.2900

SiH, 13837 14021 14961 10812 19212 20633 1.2990

PH, 13891 13953 1.5003 10794 1.8880 20772 1.2970
13957 15038 2.0684

SH 13951 13901 15077 10766 18312 20762 12950

a 13965 13859 15100 10722 1.7988 20798 1.2938

Br 13932 13889 1.5050 10711 1.9688 20750 1.2961

[ 13896 1.3929  1.5007 10715 2.1914 _2.0713 12979
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Table A.35 Angles (degrees) for the diene portion of the TS structures for the reaction

of CpX and TAD, evaluated at 6-31G(d)//6-31G(d).

X GGl CiCiCy CiChe: CACHH, CeGX HeGX
C-C;-C,  C;-C.-Cy C,-Cs-Hs; C-CeX

H 108.7430 107.5243  99.0744 108.5302 1153166 109.4592

syn

CH; 108.6945 107.6761  98.4643 104.1959 120.0612 107.8454

NH, 108.8228 107.1365  98.5587 104.5704 122.8456 107.5356
1089194 107.8195 104.7704  116.6980

OH 108.9996 107.1082 989781 105.8744 119.2851 106.2449

E 109.0213 105.9625 99.8284 107.6866 116.6385 107.7192

SiH; 108.6404 108.1228  98.3799 1053498 120.7329 104.6687

PH, 108.7902 107.3418  98.6579 105.3008 123.3353 104.8225
108.7114  107.9390 105.1898 117.8383

SH 1089113 106.8861  99.1067 105.2602 121.1774 103.1254

Ct 108.9763 105.8959  99.6094 106.5242 118.7708 105.6281

Br 1089620 105.8059 99.7189 107.0914 1189113 104.2932

I 108.9340 105.9923  99.6298 106.9798 119.5733 103.1952

anti

CH; 108.6259 108.0446  98.1759 112.4771 1122161 109.0197

NH, 108.7658 107.8239  98.0663 112.6148 1153010 107.9490
108.8786 107.9667 1124972 1102523

OH 108.9413 107.6204  98.3060 113.5763 112.5834 106.3435

F 109.0946 107.4312 989756 115.1240 109.5898 108.1141

SiH; 108.4373 107.6957  98.7194 113.5532 112.0378 106.9778

PH, 108.5884 107.9218  98.7128 113.4381 115.0813 105.4543
108.6163 107.7094 112.8783 111.4931

SH 108.8090 107.7116 989177 113.4773 113.6373 104.1139

Cl 108.9984 107.7117 99.1380 114.8606 110.8538 106.2979

Br 108.9664 107.6903  99.4227 115.5785 110.5692 105.2012

I 108.8904 107.7294  99.5437 115.6494 110.9202 104.3498
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Table A.36 Dienophile angle and angles of approach (degrees) for the TS’s for the

reaction of CpX and TAD, evaluated at 6-31G(d)//6-31G(d).

X CCN, C,C,-N, CrNeCy
C,C.N, C,CN, CeN,-C,

H 98.7193 87.7560 109.5029

syn

CH, 97.4219 89.1898 109.5734
NH, 98.7460 89.4145 109.6318
97.4527 87.6992 109.5825

OH 98.8156 88.0016 109.6322
F 99.7996 88.3926 109.5524
SiH, 97.2874 88.6037 109.5350
PH, 97.2968 90.7812 109.6601
97.6341 86.8504 109.4937

SH 97.5503 89.3493 109.5844
cl 98.5059 89.7336 109.5604
Br 98.2447 89.9977 109.5571
1 97.8839 90.0829 109.5569

anti

CH; 98.3404 88.2496 109.5150
NH, 98.8772 87.6046 109.5580
98.4884 88.0443 109.5326

OH 99.2607 87.3103 109.5603
F 100.1333 86.0058 109.5547
SiH, 98.1600 88.9915 109.4336
PH, 97.9499 88.2323 109.4753
98.4159 88.3608 109.4542

SH 98.4345 87.4852 109.4951
cl 99.3276 86.0932 109.5056
Br 99.1234 86.0695 109.4775
1 98.7931 86.3134 109.4541
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Table A.37 Bond lengths (A) and angles (degrees) for CprX, evaluated at 6-314++G(d)/6-31++G(d).

X |c€, €€, CH CH, CX  CpCeCy C:CeCy CpCrHy C:CiX  X-CiH,
Gy CH, GGG CCH, CrCypX

H o |14974 12777 10680 10826 10826 64.7437 505125 119.8641 119.8641 113.1868

BH, [15350 12638 1.0669 1.0843 1.5490 656906 48.6188 115.5588 1204956 117.9062

CH, [1.4960 12803 1.0689 10851 15194 646652 S50.6695 117.8320 1223574 112.5883

NH, [1.4914 12871 10699 10811 14447 637215 513918 1197971 123.9392 109.9632
14768 10698 64.8867 1197023 120.9747

OH [1.4726 12915 10700 10768 13966 63.9904 520191 1220737 1224572 107.1167

F | 14550 12899 10686 1.0755 13811 63.6875 526251 1252935 1185914 107.6007

SiH, | 15153 12729 10678 1.0875 1.8834 651655 49.6691 1163671 122.6688 114.2031

PH, [1.5031 12744 10678 10833 18518 649182 501637 117.9237 1207403 114.5070

SH | 14856 12784 10678 10793 18198 644285 510019 1204727 1221195 1112819
14838 10679 64.5697 1199198 119.8673

Cl 14607 12853 10679 1.0746 18142 63.8985 522030 1243464 120.1502 107.0695
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'I‘lble A.38 Bond lengths lA! for the endo-syn and endo-anti addition TS's for the reaction of CprX and Bdiene.

C-C, C-C, C\-H, Cy-H, CX C-Cy C,Cy CyC,y
CCy CrH, C-C, CC.

H 1.4808 1.3373 1.0683 1.0870 1.0825 22573 1.3688 1.4089

| endo-syn

BH, 1.4877 13349 1.0689 1.0993 1.5777 22895 1.3669 1.4139

CH, 1.4939 1.3428 1.0703 1.0888 1.5186 2.2560 137110 1.4036

NH, 1.4856 1.3426 1.0699 1.0892 1.4441 22402 1.3701 1.4018

OH 1.4787 13529 10712 1.0801 1.3888 22411 13739 1.4031

F 1.4599 1.3542 1.0700 1.0782 13764 22184 13723 1.4001

SiH, 1.5020 1.3293 1.0687 1.0901 1.8993 22759 1.3679 1.4083

PH, 1.4953 1.3363 1.0691 1.0858 1.8618 22537 1.3700 1.4041

SH 1.4834 13417 1.0695 1.0818 1.8254 22323 1.3705 1.4034
1.4795 1.0694 22523 1.3700

Cl 1.4621 1.3491 1.0695 1.0764 1.8186 2.2263 1.3709 1.4025

endo-anti

BH, 1.5105 1.3209 1.0676 1.0881 1.5529 22670 1.3679 1.4097

CH, 1.4805 1.3401 1.0694 1.0887 1.5185 2.2562 13691 1.4088

NH, 1.4810 1.3491 1.0706 1.0844 1.4410 2.2360 13711 1.4070
1.4672 1.0703 22439 1.3703

OH 1.4720 1.3480 1.0693 1.0840 1.3951 2.2306 13722 1.4056
1.4597 1.0690 22365 13715

F 1.4554 13524 1.0687 1.0782 13726 22184 13734 1.4034

SiH, 1.4922 13315 1.0685 1.0929 1.8804 22702 1.3674 1.4108

PH, 1.4851 13336 1.0683 1.0874 1.8499 2.2603 1.3686 1.4093

SH 1.4742 13394 1.0682 1.0832 1.8125 22426 1.3703 1.4077
14718 1.0685 22534 1.3695

Cl 1.4583 1.3467 1.0682 1.0782 1.7953 22302 13718 1.4053
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T-ble A.39 Angles (degrees) for the endo-syn and endo addi for the reaction of CprX and Bdiene

CyC,-C, C,-Cy-C, C,- 1-Cy X-Cy-H, C 1-Cy-Cs CyCeCy

C-C;-Cy C;-Cy- H, CCrX C-CrCy CoCCy
H 1 63.1566 53.6868 117.6135 120.9003 113.5631 100.9916 122.4032

endo-syn

BH, 63.3441 533118 116.1932 129.3146 105.2558 100.9958 122.6485
CH, 63.2929 534142 115.4936 125.8346 110.2489 104.9479 122.6699
NH, 63.1348 53.7304 116.6477 121.7027 113.7244 103.4477 122.5990
OH 62.7772 54.4456 119.2561 124.8415 106.6848 105.2446 122.5396
F 62.3670 55.2660 122.6702 120.9453 1069805 103.3688 122.4390
SiH, 63.7350 52.5301 114.4088 129.6453 107.2037 102.8620 1227556
PH, 63.4580 53.0840 115.7962 125.4303 110.5017 103.6947 122.6723
SH 629233 53.8520 117.9351 126.4956 108.4011 103.7086  122.6375

63.2247 117.5387 123.5290 103.4437  122.6241
ca 62.5247 54.9505 121.1584 124.5492 1045923 103.3396  122.5593

endo-anti

BH, 64.0716 51.8568 114.0464 1213518 1n72.74 100.6075 122.4562
CH, 63.0913 53.8173 1154518 1232914 113.1970 101.1856 1224324
NH, 63.2911 54.4629 116.9993 124.9344 110.9618 1019515 122.4080

62.2461 117.1529 121.7766 101.5321 122.3862
OH 62.1663 54.7445 118.6472 1213822 1129164 102.4070 122.3621

63.0892 118.7449 118.6838 102.0670 1223481
E 62.3158 55.3684 1223145 119.4809 109.1037 102.5267 1222822
SiH, 63.5015 52.9969 114.5044 123.6937 114.0832 100.3766 1224892
PH, 63.3222 53.3555 115.8964 121.5218 114.9288 100.8097 1224555
SH 62.8653 54.0841 118.2526 122.6838 1122751 101.5262 1224551

63.0506 117.7364 120.2073 101.1783 1223730
Cl 62.5015 54.9970 121.4706 120.7727 108.7198 101.9206 122.3455
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Table A.40 Bond lengths (A) for the exo-syn and exo-anti addition TS's for the reaction of CprX and Bdiene.

X C\-C, C,-C, C-H, CyH, CX C,-C, CCs CeCy
G C-H, C,-C, CeC,

H 14910 13348 1.0680 1.0852 1.0840 2.2598 1.3684 1.4084

exo-syn

BH, 1.5315 13222 1.0676 1.0880 1.5487 22726 13697 1.4076

CH, 14974 1.3403 1.0692 1.0890 15196 22724 13698 1.4073

NH, 1.4878 1.3393 1.0688 1.0881 1.4489 22525 13710 1.4065

OH 14814 1.3460 1.0694 1.0839 1.4037 22434 13716 1.4052
1.4693 1.0690 2.2409 1.3720

E 1.4600 13518 1.0689 1.0775 1.3871 22293 1.3729 1.4036

SiH, 1.5109 13314 1.0681 1.0930 1.8830 2.2809 1.3687 1.4085

PH, 15025 1.3340 1.0682 1.0864 1.8512 22724 1.3699 1.4072

SH 1.4883 1.3380 1.0685 1.0819 1.8220 2.2440 13710 1.4066
1.4867 1.0681 22730 1.3700

Cl 1.4646 1.3467 1.0685 1.0764 1.8259 22383 13716 1.4051

exo-anti

BH, 1.5221 13190 1.0673 1.0868 1.5551 2.2655 1.3682 1.4085

CH, 1.4909 13374 1.0691 1.0871 15192 2.2601 1.3684 1.4086

NH, 1.4910 1.3467 1.0704 1.0830 1.4396 22428 1.3695 1.4078
1.4762 1.0701 22545 1.3690

OH 1.4758 1.3516 1.0701 1.0786 13918 2.2366 1.3703 1.4064

F 14615 1.3506 1.0682 1.0777 13749 22305 13713 1.4049

SiH, 1.5043 1.3293 1.0683 1.0900 1.8853 2.2686 1.3675 1.4096

PH, 1.4958 13314 1.0680 1.0854 1.8543 22623 1.3682 1.4086

SH 14775 1.3438 1.0690 1.0825 1.8170 22501 1.3690 1.4079

Cl 1.4647 13454 1.0677 1.0766 1.8049 22395 13702 1.4036
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Table A.41 Angles (degrees) for the endo-syn and endo-anti addition TS's for the reaction of CprX and Bdiene.

X CCC, CCC; C=CH, -G X X-Cy-H, CC:C;; CeCrC;
€040y CCrH,  CCX CrC G, CpCiC,
H 63.4090 53.1821 118.7954 120.9218 1123323 100.3903 122.4603
endo-syn
BH, 64.4258 51.1485 114.9616 123.1063 114.8391 97.7972 122.5850
CH; 63.4142 531717 116.6254 124.9983 110.0305 98.2734 1227724
NH, 63.2506 53.4987 118.2042 120.2810 113.6655 99.2263 122.3562
OH 62.4009 54.2779 120.9063 121.3243 110.5520 99.3355 122.4001
63.3212 120.6439 118.8687 99.1439 122.4983
F 624214 55.1573 1245590 119.3554 106.6327 98.9780 1225121
SiH, 63.8572 522857 115.4296 127.6437 108.5522 98.0565 122.6683
PH, 63.6435 52.7130 117.1196 122.9384 112.0610 97.8832  122.5449
SH 63.2112 53.4558 119.0847 1247173 109.2265 98.6250 1225337
63.3330 118.7950 121.8269 98.1377 1225262
Cl 62.6285 54.7430 122.7972 122.9652 104.6267 98.6786 122.6023
exo-anti
BH, 64.3232 51.3537 115.0294 121.5003 116.5689 100.5573 1224579
CH, 63.3507 53.2986 116.6958 123.0369 112.2366 100.2579 1224972
NH, 62.4471 53.9836 118.3141 124.5481 110.0263 99.8129 122.5174
63.5693 118.4925 121.4081 99.6296 122.4926
OH 62.7477 54.5046 120.4650 123.1314 107.2899 99.3811 122.4842
F 62.4799 55.0402 123.5916 1192915 107.9194 99.0964 1224578
SiH, 63.7795 524410 115.6988 123.5229 113.0969 100.4380 1225152
PH, 63.5732 52.8568 1171315 121.3800 113.8319 100.1486 1225201
SH 62.9504 54.0993 119.8847 123.7955 107.3330 99.5566 122.5253
Cl 62.6596 54.6807 123.0297 120.4835 107.3226 99.0896 122.5063
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ﬁ-v_o A.42 Elcctronegativity and measures of size. Radii are in pm, A-value, P-value, and E; are in kJ'mol”".
group/atomic(*) | van der | Bragg- | A-valuc | P-value | n-value | _molar [aft’s | van der
electronegativity | Waals | Slater refractivity Eg Waals

radius | radius volume
220* 120 25 00 0.0 1.0 00 120
1.93 85
2.56 170 7 71 85 5.7 -1.24 | 13.67
3.10 155 65 5.0 72 44 <061 | 1054
3.64 152 60 22 63 26 -0.55 8.04
4.00 147 50 06 4.6 54 08 -0.46 620
191 210 10
217 180 100
263 180 100 88 -1.07 | 14.80
3.05 175 100 18 147 8.1 58 <097 | 1224
2.05 219 125
2.26 185 115
247 190 1s
275 185 115 16 159 9.2 87 =116 | 14.60
1.72¢ 217 145
1.82¢ 145
2.01* 206 149
221° 198 140 18 176 99 14.0 -1.40 | 2035
261 98 -2.84
266

C=N 269 07 89 5.5 -0.51

CF, 5.0 -2.40

NO, 3.25 4.6 79 6.7 -1.01
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