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Abstract

The first portion of this research focuses on some of the intramolecular chemistry
of oxy- and dioxycarbenes. Carbenes belonging to this group are known to fragment to
radicals, both in gas and in solution phases. The computational work presented here
identifies the homolysis from the singlet ground state as a viable pathway for this
fragmentation. The study then concentrates on the mechanism for the homolysis of these
singlet carbenes and the possibility that this apparently-simple fragmentation could
involve a transition state. In accordance with models, such as Valence Bond
Configuration Mixing (VBCM), transition states involving changes in bonding are said to
result from destabilization due to the change from one stable ground state electronic
configuration to another. The results indicated that the homolysis has an unusual
conformational dependence that cannot be explained by a first approximation of the
VBCM model, and is in fact attributable to a mismatch in the electronic structures of the
states involved.

The second portion of this work focuses on expanding the chemistry of
dioxycarbenes with thiocarbonyl compounds. To this end the reaction of
dimethoxycarbene with carbon disulfide (CS,) is examined both experimentally and
computationally. The reaction gave a surprisingly complicated product, which suggested
the participation of zwitterionic, dipolar and neutral intermediates. The neutral

thiocarbonyl intermediates are apparently quite reactive and undergo subsequent

i



nucleophilic attacks by dimethoxycarbene. Initial results for the reaction of
diphenoxycarbene with carbon disulfide showed diphenyl thionocarbonate as the only
CSz-derived product, emphasizing the influence that exchangeable carbene substituents
have on the chemistry of the zwitterionic intermediates.

Dihydroxycarbene was used to model the interactions of dioxycarbenes with CS,.
The theoretical results indicate that dioxycarbenes do not undergo concerted
cycloadditions to a carbon-sulfur double bond, but instead prefer nucleophilic attack at
carbon to form zwitterionic intermediates, or electrophilic attack at sulfur to form ylides
with an unexpected twisted geometry. Direct nucleophilic attack at carbon has also been
observed computationally by previous workers for the reaction of dihydroxycarbene with
carbon dioxide. These results emphasize the differences between cumulated systems and
simple carbonyl systems studied in the past. Both the zwitterionic and ylide
intermediates have available reaction pathways to thionocarboxylic acid (HOCSOH) and
carbon monosulfide, however it was not possible to distinguish a preferred route from

these results.
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Chapter 1
Introduction

Carbon atoms prefer a tetravalent electronic structure in which four pairs of
electrons are shared with the atoms covalently bonded to them. However, a number of
di- or trivalent carbon-centered species are also well known and they exist as four distinct
types: (1) carbocations, (2) carbanions, (3) free radicals, and (4) carbenes (Figure 1).!
Although some stable, low-valent carbon species are known, they are usually short-lived
species, known as reactive intermediates, formed in the course of chemical reactions.
Carbenes are particularly interesting as they can take on characteristics of the three other
carbon-centred reactive intermediates, making them extremely versatile. It is this
versatility that explains the intense ‘interest they have generated in a wide range of
chemistry sub-disciplines, including the synthetic, physical organic and theoretical
fields.>* This chapter gives an overview of the basic principles and models used to
understand carbenic behaviour, especially that of nucleophilic carbenes with an emphasis

on the chemistry of oxy and dioxycarbenes.

[¢]
R\g,R R‘.é’R R\C:)'R Re C,R
| -~
R R R
carbocation carbanion free radical carbene

Figure 1. Low-valent carbon species.




1.1. Electronic Structure of Carbenes

Carbenes are among the few simple molecules (O, is another) that have more than
one accessible low-energy electronic state.’ They are neutral species in which a divalent
carbon possesses a total of four valence electrons, of which two are bonding and two are
non-bonding. Four valence atomic orbitals, the 2s and the three 2p-orbitals, contribute to
bonding in carbenes. This combination allows for a low energy singlet or triplet
electronic configuration. One could consider an extreme linear geometry of the parent
carbene, methylene, corresponding to sp hybridization at the carbon, with two degenerate

unhybridized p-orbitals each occupied by a single electron (Figure 2).

Un
Hag—H

Figure 2. Hypothetical linear triplet carbene.

Electron spin resonance measurements made on triplet methylene show that it is
actually a bent molecule with an angle of 136°.5® This result suggests that methylene is
approximately sp’-hybridized, with two non-degenerate, non-bonding orbitals: an in-
plane sp*-orbital (o), and an unhybridized p-orbital (Figure 3). In fact singlet methylene
has a H-C-H angle of 102° and carbenes can generally be thought of as being sp® roughly
hybridized (Figure 3).>° The distribution of the two non-bonding electrons in the non-
bonding molecular orbitals, and hence the mliltiplicity of the ground state, is determined
by the relative orbital energies and the electron-electron repulsion. If the difference in

energy between the nonbonding orbitals is greater than the energy required to bring the



electrons together in a single orbital, then the carbene vs)ill have two electrons paired in an
sp” type orbital. This hybridization is in keeping with the Pauli exclusion principle and
gives a ground state singlet. On the other hand, if the energy difference between the
nonbonding orbitals is less than the energy required to pair the electrons in the same
orbital, then the two nonbonding electrons will occupy two different orbitals. According
to Hund’s rule these electrons should be unpaired in order to achieve the minimum

energy, resulting in a ground state triplet.

;'CQG E
0 4 4!
c | 17
T So

Figure 3. The sp’ hybridization and geometry of triplet and singlet methylene.

Methylene is a ground state triplet for which experimental and theoretical
estimates of the singlet-triplet energy gap (AHg) now converge at 9 + 1 kcal mol™.3°
Many alkyl-substituted carbenes have small AH, gaps with singlet dimethylcarbene
(MezC:) only 1.4 to 1.6 kcal mol”’ more stable than the triplet.'*!! The factors that
influence the spacing between the singlet and triplet states can be analyzed in terms of

electronic and steric effects.?

The most influential electronic effect is the interaction of the carbenic p-orbital
with p- or m-orbitals of the substituent(s). Fleming has classified substituents that interact

with a 7 system into three classes: X (n-electron donors such as -NRy, -OR, -SR, -F, -Cl,




-Br and 1), Z (n-electron acceptors such as -COR, -SOR, -SO2R, -NO and -NO,), and C

(conjugating groups such as vinyl, alkynyl or aryl groups).”

@ ® ©

Figure 4. MO diagrams of the interaction of the nonbonded orbitals of a carbene with (a)
an X substituent, (b) a Z substituent, and (c) a C substituent.

Figure 4(a) shows how a n-electron donor of type X interacts with the carbene p-
orbital to raise its energy. This increases the separation between the carbene o- and p-
orbitals resulting in a ground state singlet. For example in fluorocarbene (HCF) the
singlet has been calculated to be 14.7 kcal mol” lower in energy than the triplet.'* The
addition of a second fluoro group to give difluorocarbene (CF,) increases the singlet
triplet gap to -56.6 kcal mol™."® In the case of dimethoxycarbene' (1) the singlet has been
calculated to lie 76.3 kcal mol” below the triplet.® A valence bond analysis of these

types of carbenes indicates that the singlet ground state is stabilized by donation from the

X type substituent to the carbene p-orbital as illustrated for dimethoxycarbene (1) in

' The generic nomenclature, e.g. dialkoxycarbene, is used throughout this thesis rather than the more
specific nomenclature, e.g. dioxacarbene, which requires locant numbers for positions of the atoms.
Warkentin, J. In Advances in Carbene Chemistry; Brinker, U. H., Ed.; JAI Press Inc.: London, 1998; Vol.
2, pp 245-295.




Figure 5. This elecf}on donation results in considerable double bond character in the
carbene donor bond. For dihydroxycarbene (2) it has been calculated that breaking this
double bond character by rotating the C-O bond costs ~13 kcal mol™.!” A second, less
important effect, is also active here. Inductive withdrawal by these electronegative
substituents through the ¢ framework stabilizes the nonbonding electrons that occupy the
carbene c-orbital.’® Since this orbital is doubly occupied in the singlet, but only singly
occupied in the triplet, this effect is thought to stabilize the singlet relative to the triplet
state.
o 2040,

~, O\ P
s T HaC” ~C” “CHz <> HiC” SC” “CHj
G X

(0]

Figure 5. Stablization of singlet dimethoxycarbene (1) by back donation from oxygen.

Z and C substituents, on the other hand, have low lying w*-orbitals which either
lower the energy of the carbene p-orbital or leave it relatively unaffected as demonstrated
in Figure 4(b and c). A triplet ground state is therefore expected for these carbenes.
Simple aryl and vinyl derivatives of methylene do indeed have triplet ground states, as do
carbenes with directly attached electron withdrawing substituents such as -CN, C(O)Ph,
and -C(O)OR.%1%%0

The magnitude of the singlet-triplet gap is also sensitive to the bond angle at the
carbene carbon and vice versa. At a bond angle of 180°, methylene has two degenerate
p-orbitals on the carbene carbon. Decreasing this bond angle from 180° increases the s

character of one of the orbitals creating a c-orbital, thereby removing the degeneracy.




Calculations show that smaller bond angles favour singlet ground states. Continuing to.‘
decrease the bond angle eventually separates the o- and p-orbital energies enough to give
a singlet ground state.”*”? However, it is not always clear how much stabilization can be
expected from forcing small carbene bond anglés. For example, calculations on
cyclobutylidene (3) suggest that the singlet is 5.9 kcal mol™ more stable than the triplet
state, as compared to dimethylcarbene in which the difference is 1.4 to 1.6 kcal mol™.'%%
The 5.9 kcal mol™ of stablization is less than expected, which is thought to be due to the
loss of hyperconjugative stabilization from the adjacent C-H bonds at small carbene

centre angles.

s

3

1.2. Singlet vs. Triplet Carbene Reactivity

The state in which a carbene is produced depends on the method of generation.?*
Singlets are normally formed in thermal reactions and photochemical reactions without
triplet sensitizers while triplet carbenes are formed from photochemical reactions in the
presence of a sensitizer. If a carbene is produced in an excited electronic state it will
normally undergo fast decay to its ground state.> As a result, carbenes will react from
their excited state only if they are trapped very quickly.

Generally, carbene reactivity is determined by the spin-state and they react by
spin-state-specific mechanisms.”® Triplet carbenes normally behave as free radicals, and

participate in stepwise reactions involving biradicals or radical pairs. For singlet



carbenes concerted reactions are possible and stereochemistry is often conserved. The
reactions of carbenes with olefins have been well studied and they illustrate the
differences between singlet and triplet reactivity.

Skell and Woodworth proposed that the spin-state of a carbene can be determined
from the stereochemistry of cyclopropane formation.>?™?® The addition of a singlet
carbene to an olefin generally proceeds in a single step so that the geometry of the alkene
is preserved in the cyclopropane (Figure 6(a)).?’ However, concerted cycloadditions are
not possible for triplet carbenes due to spin conservation requirements, and isomerization

can occur in the diradical intermediate depending on the rate of spin inversion (Figure

6(b)).”

AP £
@ e = . NV,
R B D B D B D

Figure 6. Typical mechanisms for the addition of carbenes to olefins: (a) concerted
mechanism for singlet carbenes; (b) stepwise mechanism for triplet carbenes with loss of
stereochemistry.

Singlet carbenes also insert into C-H bonds with retention of configuration and a
single step process is likely (Figure 7(a)).* Triplet carbenes, on the other hand, are

thought to react by a hydrogen abstraction mechanism similar to that of free radicals

(Figure 7(b)).>!
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Figure 7. Typical mechanisms for the insertion of carbenes into C-H bonds: (a) concerted
mechanism for singlet carbenes; (b) stepwise mechanism for triplet carbenes.

Of course adherence to these mechanistic types to distinguish between singlet and
triplet carbenes can be complicated by a number of factors. For example, the small S-T
gaps of arylcarbenes can result in misleading results.® Section 1.5.2 will also show that
there is no requirement for singlet carbenes to react by a concerted mechanism and there

are circumstances where triplet carbenes react with retention of stereochemistry.3%3

1.3. Electrophilic vs. Nucleophilic Reactivity of Singlet Carbenes

Carbenes lack a complete valence octet, and completing the valence shell is an
important driving force in carbene chemistry. Skell** and Doering® carried out early
reactivity measurements in which two alkenes were allowed to react with an insufficiency
of dibromocarbene® (CBr,) and dichlorocarbene®® (CCly). CBr, and CCl, were found to
be electrophilic, reacting most rapidly with simple, alkyl substituted alkenes. Since this

early work the selection of available carbenes has grown considerably and the “philicity”



of carbenes now extends from the conventional electrophiles to ambiphiles and
nucleophiles.
Work by Moss has been instrumental in developing an understanding of the

%37 He has developed a selectivity index, mcxy, in which the

philicity of carbenes.
olefinic selectivity of carbenes is quantified with a free energy relationship. The relative
rates of addition of a given carbene (CXY) to a standard series of electron rich alkenes
are plotted against the same measurements for CCl, (by definition mcxy = 1.00 for CCl,)
to give mcxy as the slope of a log-log correlation. Multiple linear regression analysis of
the dependence of mcxy(obsd) on or* and o; afforded the substituent parameter

correlation, eq. 1, which allows for the determination of mcxy for unknown carbenes or

carbenes which are unreactive with the chosen set of alkenes.
Mexy = -1 .102x.y0'n+ + 0.53vayc| -0.31 (1)

Although there are no absolute “borders” between the mcxy values of electrophilic,
ambiphilic and nucleophilic carbenes, it is useful to examine some of these values. The
border between electrophilicity and ambiphilicity appears to be experimentally located at
mcxy = 1.5, while carbenes with mcxy > 2.2 are nucleophilic. For example, the
electrophile, chloro(methyl)carbene (MeCCl) has an experimental mcxy value of 0.58,
while the ambiphile, fluoro(methoxy)carbene (MeOCF) has a value of 1.85. The
nucleophilic carbenes, dimethoxycarbene (1) and - methoxy(dimethylamino)carbene

(MeOCNMe;) (4), have calculated mcxy values of 2.22 and 2.91 respectively.
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Frontier molecular orbital (FMO) theory'® can be used to account for Moss’s

3% The addition of a singlet carbene to an alkene involves

selectivity index.
simultaneous interactions of the virtual carbenic p-orbital (Lowest Unoccupied Molecular
Orbital) with the filled alkene n-orbital (Highest Occupied Molecular Orbital) (Figure

8(a)) and of the filled carbenic c-orbital (HOMO) with the virtual w*-orbital (LUMO) of

the alkene (Figure 8(b)).
9 9 (HOMO) Q@ (LUMO)
6 0" 8 0 ™

(a) (b)

Figure 8. HOMO-LUMO interactions for cycloadditions of singlet carbenes to alkenes.

The dominant orbital interaction can be determined by examining the differential
HOMO/LUMO energies. The orbital energies are usually calculated for carbenes and are
known from spectroscopy for alkenes.>’*® For electrophilic carbenes such as CCl, the
dominant interaction is LUMchy-HOMOalkenc (Figure 9(a)), while for nucleophilic
carbenes such as dimethoxycarbene (1) the dominant interaction is LUMO,ikene-
HOMOcxy (Figure 9(b)). It was also found that for ambiphilic carbenes the differential
HOMO and LUMO energies are comparable (Figure 9(c)). Therefore substitution of
electron-donating or electron-withdrawing substituents on the alkene should convert

Figure 9(c) to Figure 9(a) or (b) respectively.
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It is interesting to analyze the consequences of this model for nucleophilic
carbenes such as dimethoxycarbene (1). A glance at Figure 4(a) indicates that X
substituents, such as methoxy groups, actually result in a higher energy virtual p-orbital
rather than a higher energy c-orbital, lowering the preferred LUMOcxy-HOMO,ene
interaction. The electron donating groups help to complete the carbenic centre’s octet.
The combined result is that nucleophilic carbenes do not react with simple alkenes.*® In
order for a nucleophilic carbene such as 1 to react with an alkene, the alkene’s n* LUMO

must in fact be lowered in energy by adding electron withdrawing substituents.

CXY alkene CXy  alkene CXY alkene
— p— Y p — — ¥
— T
E P —._ .1%_// b2
| g T g W
()

(@) (b) (c)

Figure 9. Relative FMO energies and dominant interactions for the reaction of an alkene
with: (a) an electrophilic carbene; (b) a nucleophilic carbene; and (c) an ambiphilic
carbene.

These trends also appear to be reflected in the calculated tilt angle, a, for the
carbene CXY plane with respect to the original ethylene plane at the addition transition
state (Figure 10).*® For a pure electrophilic approach a would be 0°, while o would be
90° for a pure nucleopililic approach. The theoretical results using the STO-3G basis set

indicated that o increased smoothly from 36° for CCl, to 58° for C(OH),, suggesting that
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o increases with increasing HOMOcxy-LUMO,jxene interaction. Naively, o may be taken
as an indicator of carbene philicity: for electrophiles o < 45°, whereas for nucleophiles a

> 50°.

a W
H... &':-: H
H H

Figure 10. Transition state geometry for cycloadditions of singlet carbenes to alkenes.

1.4. Generation of Oxy- and Dioxycarbenes

A wide variety of techniques have been developed for the generation of oxy- and
dioxycarbenes. Each method has advantages depending on whether the resultant carbene
is to be used for synthetic, spectroscopic or kinetic applications. A number of these

techniques have recently been reviewed.*

1.4.1. a-Elimination

Dialkoxy-p-chlorophenoxymethanes (5) have been investigated by Scheeren as
possible dioxycarbene sources when tr;:ated with strong base’  Formation of
dioxycarbenes in this system is complicated by a number of competing pathways that
yield the apparent carbene products, tetraalkoxyethylenes (6) (Scheme 1). Due to the

alternative pathways, the formation of a carbene intermediate is ambiguous in these
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systems and o-elimination is not a suitable technique for mechanistic studies where the

identity of the reactive intermediate must be clearly established.

Scheme 1
HC ©
(OR)X :
©3C(OR)pX — > —>  (R0O)2C=C(OR)
BS S . 6
-X .
HC(OR)o2X :C(OR)zm i» (RO)2C=C(OR)>
5 KC) 6
_Xe\‘ B./" o o
@ HC(OR)2 B: _
HC(OR) ——» (RO)2C=C(OR)»
6

X = p-chlorophenoxy

In a similar reaction, cyclic and acyclic dioxycarbenes have been generated by the
treatment of dialkoxymethyl fluoroborate with base as shown in equation 2 for a cyclic

system.42

—_— O/\O 4]
Thermal a-elimination of acetic acid from methylacetate derivatives has also been
used to generate a handful of oxy- and dioxycarbenes (Scheme 2).** The elimination was
suggested to proceed through a five-membered ring transition state (Scheme 2). Dueto

the high temperatures involved, the carbenes generated in this manner follow possible

rearrangement and fragmentation pathways (See Section 1.5.1.1).
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Scheme 2
R ¥ R\"/R‘
Q Hi R A 'H'“"I—'R1 +
—_—
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Y o)
CH
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Hoffmann has shown that trimethylorthoformate (7) can be used to generate
dimethoxycarbene (1) when heated (~150 °C) with arylisocyanates (8) (Scheme 3).%
The mechanism involves a stepwise o-elimination (Scheme 3). While this approach has
been useful for the studying the reaction of dimethoxycarbene (1) with arylisocyanates
(8) the presence of these isocyanates limits this method’s utility in other synthetic or

mechanistic applications.

Scheme 3
H3CO o
H3CO->—H A H3CO>_ 0
HsCO —>  @)}H 9j === (H4CO),CHN" “OCH
3
7 HaCO ArN)\OCHg /'\r
+
(ion pair)
AINCO
H3CO 0
T+

H3CO ArHN™ “OCHj
1
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1.4.2. Fragmentation of p-Tosylhydrazone Salts

The salts of p-tosylhydrazones (9) decompose thermally and photochemically to
diazo-compounds (Scheme 4).* Under protic conditions the diazo-compounds (10)
generated by this route decompose by a cationoid mechanism, however under aprotic

conditions a carbenoid mechanism prevails.

Scheme 4
Na® NaSOo—C7H7
1 HoR (CIC) 1 2 2 Aorh + N2 R
—  c— ° - e v —
R N-S—CH; _N&Be R N=S-CsH; _4orhv — )
=N 0 =N 0o R
R R

g
=N=N
R

10
A variety of oxy- and dioxycarbenes have been generated by this method.*>*® However,
the high temperatures (~160 to 310 °C) required usually result in homolytic
fragmentation (See Section 1.5.1.1) of the carbene and this has limited use of p-

tosylhydrazone salts as a synthetic source of oxy- and dioxycarbenes.

1.4.3. Photolysis and Thermolysis of Oxalic and Pyruvic Acid

The parent dioxycarbene, dihydroxycarbene (2) has been suggested as an
intermediate in the gas phase photolysis*® and thermolysis™ of oxalic acid (Scheme 5)
while hydroxy(methyl)carbene has also been generated by the photolysis’! and pyrolysis

of pyruvic acid*.
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Scheme 5
H\ /’H\\ :‘: 'H
QA L hora AL °
H H —_— > s * COp
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1.4.4. Photochemical Fragmentation of Cyclic Ketones

Cyclic ketones can be photochemically converted to cyclic oxycarbenes by ring
expansion.”* It is now generally accepted that the reaction proceeds by a stepwise
mechanism with a-cleavage to a biradical followed by rebonding on oxygen (Scheme 6).
Despite the stepwise mechanism, it is interesting to note that retention of stereochemistry
is observed when the cyclic ketone possesses a stereogenic centre.”® A wide variety of
cyclic oxycarbenes have been generated in this manner and the reaction does have some

synthetic utility.>>>

Scheme 6

n=1o0r2

1.4.5. Cycloreversion
Cycloreversion or cycloelimination is the cleavage of a carbocycle or heterocycle

into two or more independent fragments.*® Cycloreversion may also be defined as the
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reverse of cycloaddition and as such is subject to the same selection rules.’’
Cycloreversion from a ring having an even number of members (atoms) generally leads
to fragments that have an even number of former ring atoms. These even fragments have
saturated valences and are therefore of relatively low energy. However, cycloreversion
from rings with odd numbers of ring atoms must yield odd fragments with unsaturated
valences and high energy. Cycloreversions may be thermally or photochemically
initiated and do not require the presence of other reagents. For these reasons,
cycloreversion forms the basis of a number of important procedures for the generation of
carbenes.

In 1964 Hoffmann and Lemal both independently developed the thermolysis of
1,2,3,4-tetrachloro-7,7-dialkoxy-5-phenylnorbornadienes (11) as a route to
dialkoxycarbenes.”®” This carbene precursor could be easily synthesized by the Diels-
Alder addition of the tetrachlorocyclopentadienone ketal (12) to phenylacetylene
(Scheme 7). Unfortunately the synthesis of tetrachlorocyclopentadienone ketals (12) is
not general and only a limited number of symmetric carbenes can be generated by this
route.’%® Scheme 7(a) illustrates the fragmentation of 11 to give the dialkoxycarbene
which is driven by the formation of the aromatic tetrachlorobiphenyl (13). There is also
an additional competing pathway (Scheme 7(b)) and it is necessary to remove the

byproducts from both pathways in order to isolate the carbenic products.
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Scheme 7
cl
Cl
@_ RO_OR .,
Cl Ph
Cl RO.__OR Cl
cl OR pPh—C=C—H CIZ&C' ~115°C 13
D —— .
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cl Ph Cl Ph
cl + CO.R

RCI

While 11 proved to be the most useful of the norbornadiene carbene precursors, a
variety of other derivatives have been examined including the parent 7,7-
dialkoxynorbornadienes (14).7%6'% Ft is interesting to note that attempts to generate
methoxycarbene (H;COCH) (15) from the appropriate nombomadiene precursor, 16,
have been unsuccessful.®* It has been suggested that two alkoxy groups are required to

stabilize the heterolytic component of the fragmentation pathway which leads to a singlet

RO; ;OR cho; ;H

14 16

carbene.%

Quadricyclane derivatives (17) have also been used as sources of dioxycarbenes.

It is thought that the fragmentation probably proceeds through norbornadienone ketal

intermediates (Scheme 8).°66"5
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Scheme 8

RO._ _OR RO_ _OR ;
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R'=CO,CH3 or H

In addition, Hoffmann has used 7,7-dimethoxycycloheptatriene (18) to generate

dimethoxycarbene (1) at high tempetatures (Scheme 9).%’

Scheme 9

'OCHg Q/ 350 °C @ (OCH3
[—— OCH3 PR + .
OCHj OCHg

OCH3

1
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Hexamethoxycyclopropane is also a thermal source of dimethoxycarbene (1) (eq.

2).%  However, the high temperature required has prevented its use in synthetic

applications.
H3CO_ ,OCHg 200 °C HsCO  OCHs3
H3C OCHz ——> H3CO\“/OCH3 * O OCHs @
HaCO OCHj 1

It has been suggested that tetramethoxyoxirane (19), could be formed in the
ozonolysis of tetramethoxyethylene (20), and fragment to dimethoxycarbene (1) at 100

°C (Scheme 10). However, there is very little evidence for formation of 1 from 19 or

even for 19 itself %70
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Scheme 10

H3CO 0O
H3CO
HsCO  OCHs
H3CO OCH3z o
8 [o1, HyCO~/ \~OCHy S +
HsCO  OCHgz HsCO  OCH3 H3CO OCH3
o +
20 19 H3CO OCHs

1

In 1982 Moss made a significant advance with the introduction of
methoxy(phenyl)diazirine (21) as a photochemical and thermal source of
methoxy(phenyl)carbene (22) (eq. 3).”""

Xﬁ >3 (3)

HiCO' N HaGO

21 22
The general sequence for the synthesis of 21 is illustrated in Scheme 11 where R! is
phenyl and R? is methyl. In 1988 the methoxy(methyl)carbene (23) precursor,
methoxy(methyl)diazirine (24), was produced by a simple modification of this procedure
with R' equal to methyl.” This synthesis has been shown to be quite versatile and a

number of alkyl(methoxy)diazirines have been generated.”

Scheme 11
@ _ 0 1
NH2 X~ Naox RX“ NaOR? R! hl
—_— —_—
R” “NHo X N DMF R20" 'N
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In 1987 Moss produced the methoxy(phenoxy)carbene precusor, 25, by this
procedure.”  Since this initial success with dioxycarbene synthesis, Moss has also
undertaken work to generalize the reaction by producing dimethoxydiazirine'® (26),

trifluoroethoxy(methoxy)diazirine™ (27), and bis-trifluoroethoxydiazirine’® (28).

Hacxﬁ Haooxﬁ HsCO. N HsCO_ N CF3CH,0, N
HzcO™ N PhO” 'N HaCO" N CF3CH.0 N CF3CH,0" 'N
24 25 26 27 28

The diazirine methodology has allowed for significant advances in the direct
observation of oxy and dioxycarbenes, providing the means for careful examination of
their kinetics with laser flash photolysis (LFP) methods. Diazirines also remain the only
photochemical source of dioxycarbenes. However, they do have a couple of drawbacks.
Diazirines have short lifetimes, with half-lives ranging from only 5 to 60 minutes in
pentane at 25 °C.3%"7 They are also hazardous materials that can be explosive in their
pure form. Due to these difficulties, diazirines have limited applications as synthetic

reagents.

In 1981, Békhazi and Warkentin introduced 2-methoxy-2,5,5-trimethyl-A3-1,3 4-
oxadiazoline (29) as a thermal (~80 °C) source of methoxy(methyl)carbene (23) and
dimethylcarbene (MeZC:).78 The oxadiazoline undergoes cycloreversion to a carbonyl
ylide which can then fragment by path (a) or (b) to yield the carbenes (Scheme 12). In
subsequent papers, these carbenes, as well as a number of other derivatives, were

explored using oxadiazoline precursors of this type.”
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Scheme 12
0
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2,2-Dialkoxy-A’-1,3,4-oxadiazolines 30 were introduced by Warkentin’s group in
1992 as readily accessible, shelf-stable liquids that serve as convenient thermal sources
(~100 to 110 °C) of dialkoxycarbenes.®® Unlike the monoalkoxy analogues, these
oxadiazolines undergo cycloreversion and fragmentation of the ylide to yield
dialkoxycarbenes almost exclusively. Their introduction has considerably increased the

range of dialkoxycarbenes that can be generated (Scheme 13).

Scheme 13
ROXOR RO_ OR . 0
N0 —A, No — RO_OR + + N
) slow ;« o HaC™ "CHg
i
30

Two general approaches are available for the production of these
oxadiazolines.”®®% In the first approach, oxidation of (alkylcarbonyl)hydrazones (31,
R' = alkyl) or (alkoxycarbonyl)hydrazones (32, R! = alkoxy) of acetone by lead
tetraacetate (LTA)83, iodobenzene diacetate®, or by electrochemical means® can yield

oxadiazolines, as pure compounds (Scheme 14).




23

Scheme 14
Pb(OAc)4
0 or R1. OR?
RHLNHN:( POy X

R20H, 0 °C ‘l'\l—-f\
31 (R' = CHy) (or -e, MeOH)
32 (R' = OCHyg)

The second method is an extremely versatile approach to 2,2-dialkoxy—A3-1,3,4-
oxadiazolines (30) from 2-acetoxy-2-alkoxy-5,5-dimethyl-A®-1,3 4-oxadiazolines (33).
This method allows for the introduction of alkoxy groups into the carbene that would
have been oxidized by the first method.®* Treatment of 33 with an alcohol or phenol in
CHCl; containing acetic acid results in acetoxy exchange to give dialkoxyoxadiazolines

30 (Scheme 15).

Scheme 15

Pb(OAc)4
or

R'O. OA 0. OR?2

R, poage O gy RO
R'0” “NHN HOA N O

CHxClo N—# ¢ N

CHoClo
30

Oxadiazolines have many advantages over other thermal sources of oxycarbenes
for synthetic applications. They are shelf stable for extended periods and a wide variety
of symmetric and asymmetric carbenes can be generated at reasonable temperatures. For
the dialkoxyoxadiazolines (30) in particular, the byproducts of thermolysis (N, and

acetone) do not interfere with the isolation of the carbene derived products.
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1.4.6. Neutralization-Reionization Mass Spectrometry
Neutralization-Reionization Mass Spectrometry (NRMS) has been used to study a
number of carbenes in the gas phase. The technique involves ionization of a carbene
precursor, which then undergoes fragmentation to a radical cation corresponding to the
carbene of interest.  This radical cation is neutralized by electron capture to give the
carbene. For example, various dioxycarbenes have been generated by NRMS using an

oxadiazoline as the precursor (Scheme 16).8%

Scheme 16
H3CO, ,OR H3CO. OR
- -acetone  HaCO. _OR +e H3CO__ _OR
NXO €, 3§0 —_— ' el —_— v

\& - N2 //(

R = CHg, CHzCHg, CH2CF3 or GH(CHa)o

By the same technique dihydroxycarbene (2) has been generated using fumaric acid® or
oxalic acid” as the precursor, as well as hydroxy(methyl)carbene (CH3COH) from
pyruvic acid®, hydroxycarbene from methanol®>® or methyl glyoxylate® and

ethoxycarbene from ethyl glyoxylate.”

1.5. Chemistry of Oxy- and Dioxycarbenes

In this section, emphasis is placed on the chemistry of oxy- and dioxycarbenes,
which is the focus of this thesis. Where it is instructive, the chemistry of other carbenes

is included.
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1.5.1. Intramolecular Reactio;ls
1.5.1.1.  Fragmentations to Radicals

Oxy and dioxycarbenes can undergo fragmentation to radicals either
photochemically or thermally. Homolysis of cyclic oxycarbenes, generated by the
photolysis of cycloalkanones, to acyl alkyl biradicals has been suggested®**® and

established®’ (Scheme 6, Section 1.44). Ring opening of cyclic oxy*®*%1%

and
dioxycarbenes®” has also been proposed in a number of cases where the carbenes were
generated by the pyrolysis of tosylhydrazone salts 9 at temperatures ranging from 190 to

210 °C (Scheme 17 and Scheme 18).

Scheme 17
0 .0 0
R
55 (5 (-
n=1,2o0r3
Scheme 18
Ry o) R1 e} bond Ry 0 -c Ry H
I >: —_— j/ .\':0 —_— .\=0 -_02> I
R2 0 R2 . rotation R2 . R2 H

The fragmentation of cyclic dioxycarbenes (Scheme 18) is related to the well known
Corey-Winter alkene synthesis.'®"'®? In this case the carbene, which is usually generated
by refluxing a cyclic thionocarbonate 34 in trimethyl phosphite (~112 °C), undergoes

cycloreversion with retention of stereochemistry at the C-C bond (Scheme 19).'%
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Scheme 19
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The lower temperature required for the Corey-Winter reaction is a likely reason for the
retention of stereochemistry in these reactions, as opposed to the loss of stereochemistry
that occurs when cyclic dioxycarbenes are generated by the tosylhydrazone route.*’
Theoretical calculations by Sauers have identified a transition state for this concerted
cycloreversion.!®  The Corey-Winter synthesis has also been modified, replacing
trimethyl phosphite with a diazaphospholidine, allowing for the generation of olefins at
room temperature.103

Acyclic oxy and dioxycarbenes also appear to decompose to radical pairs when
generated thermally by the tosylhydrazone route at 158 and 175 °C in solution (Scheme
20).454

Scheme 20

O H _a
He"Og —2> GHor + co + oM

A
H5Cg/o\‘C.’O\CgH5 —> CHO- * CO + *CoHs

A number of authors have suggested that dioxycarbenes fragment thermally to
yield alkyl and oxycarbonyl radicals (eq. 4). Lemal et al. proposed that

dimethoxycarbene, generated by the vapour phase pyrolysis of norbornadienone ketals at
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200 °C, fragments to methyl and methoxycarbonyl radicals.®*S' Vibrationally excited
dimethoxycarbene®’ 1) and 2,2 2-trifluoroethoxy(methoxy)carbene®®
(CH;COCOCH,CF3) (35), generated by neutralization-reionization mass spectrometry
from oxadiazoline precursors, are also believed to fragment to radicals. Hoffmann et al.
performed labelling studies to show that the esters derived from the gas phase pyrolysis
of 7-methoxy-7-allyloxy-bicyclo[2.2.1]heptadiene and 7,7-diallyloxy-
bicyclo[2.2.1]heptadiene at 250 °C come from a radical mechanism, likely through the

allyloxy substituted carbenes.5?

g A ~ ’O L] 2
ROcOp2 —A> OO0 + R )

Recent carbene and radical trapping studies by Venneri and Warkentin provided strong
evidence for the thermal fragmentation of allyloxy(methoxy)carbenes (36) to radicals in
solution at 110 °C to give products of apparent [1,2]- and [2,3]-sigmatropic

rearrangements 37 (Scheme 21).!%

Scheme 21

Benzene MeO
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37
(X=Ph,Y=H) or
(X=H,Y=Ph)

The Warkentin group has also shown that benzyloxy(methoxy)carbene

(MeOCOCH,Ph) (38) and benzyloxy(4-substituted benzyloxy)carbenes
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(PhCH,OCOCH,Ar) (39) fragment to radicals.!?'% They were able to estimate that the
rate constant for fragmentation of 38 to methoxycarbonyl (MeOCO) and benzy! radicals
(PhCH,) was < 107 s at 100 °C.}% I addition, by using an oxadiazoline to generate 39,
they found that the homolytic fragmentation favoured formation of the benzyl radical
with an electron-withdrawing group in the para position.

Surprisingly, there has been very little theoretical consideration given to the
mechanism for homolysis of oxy- and dioxycarbenes. Computational work on the
photochemical rearrangement of cyclic carbonyl compounds to oxycarbenes indirectly
explored a triplet mechanism for the homolysis of oxycarbenes.'®®'® The triplet (T;)
state (n-n*) of the oxycarbene would be reached either photochemically or thermally by
intersystem crossing, followed by B-scission to give the biradical. Borden et al. studied
the homolysis of the w-conformer of dihydroxycarbene (2) from its singlet ground state
(So) and found the H and COOH radicals to be 48 kcal mol” (CISD/STO-3G) above the
carbene (43 kcal mol™ at the CISD/DZP level).""® These authors also found an additional
barrier of ~3 kcal mol™ corresponding to a transition state for fragmentation to the
radicals, but they were not able to conclude from their results if such a barrier was real.
They suggested that the fragmentation should be similar to the homolysis of
formaldehyde to the same radicals, which was previously reported to occur without a

' The same view was expressed by Saito et al. when they suggested

transition state.'!
homolysis as a pathway for dihydroxycarbene (2).'"? They pointed out that for simple

scission reactions, the threshold energies can be nearly equal to the heats of reaction.
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1.5.1.2.  Concerted [1,2]-Migrations

[1,2]-Hydrogen shifts and, to a lesser extent, [1,2]-carbon migrations are the most
common carbenic rearrangements.”* For simple carbenes the mechanism is generally
thought to involve migration of a group with its pair of electrons to a formally vacant
carbenic p-orbital. Therefore this process is favoured if the orbitals involved in the
transition state are coplanar, as demonstrated in Figure 11 for a hydride shift. Like [1,2]-
migrations of carbocations, this is an allowed 2-electron transition state, and as a result,
the activation energy can be very low. For example the rate constant for the [1,2]-
hydrogen shift of dimethylcarbene has been estimated to be greater than 10° s at
ambient temperatures.”*!®> The qualitative ranking of migratory aptitudes, H > aryl >

alkyl for carbocations, also holds for carbenes.!'

Figure 11. Preferred geometry for the [1,2)-hydrogen migration of a generalized singlet
carbene.

Electron-donating substituents on the carbene centre raise the activation energy
and slow down the rearrangement. High level Moller-Plesset ab initio calculations
predict activation energy barriers for the [1,2]-H shifts of carbenes Me-C-X), of 0.5,
11.5, 19, and 27 kcal mol™ for X = H, Cl, F and OMe (trans-Me-C-OMe), respectively.”
Better electron donors decrease the electrophilicify of the carbenic p-orbital (the
migration terminus), raising the activation energy of the [1,2]-H shift, and slowing down

the rearrangement. Experimental results support these theoretical expectations and the
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order of effectiveness of thé spectator substituents in slowing [1,2]-H or [1,2]-C
migrations is MeO >> F > Cl. For example, in the carbene system 40 the rate constant
for the [1,2]-C shift (eq. 5) decreases from 9.0 x 10°s™ to 3 x 10° 5™ on changing X from
Cl to MeOQ. 1116

A/x — er )

40

The picture is very different for migration of a group from an electron donor to
the carbenic centre. Concerted, solution-phase [1,2]-rearrangements of dialkoxycarbenes
have not been observed. The barriers for [ 1,2]-alkyl shifts are quite high and the rate of
dimerization of the carbene is usually faster then the rate of migration. As a result of
interest in the gas phase chemistry of formic acid, reports of ab initio studies of the [1,2]-
hydrogen migration of formic acid to dihydroxycarbene (2) have appeared in the
literature.'%""71"9 1t was found that hydrogen migrates in the plane of the carbenic lone
pair (Figure 12). This in-plane migration is analogous to a [1,2]-shift in a carbanion and

would be destabilized by the antiaromatic nature of a four-electron transition state,''?

0 oge]
H /o\ /2)\ H H /O\{/Qi H Y
DN T
2

Figure 12. TS geometry for the [1,2]-hydrogen migration of dihydroxycarbene.
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Borden et al. calculated the barrier for the [1,2]-H shift from s-dihydroxycarbene
to formic acid to be 52.6 kcal mol™ at the CISD/DZP level of theory.' 10 They were able
to predict that the barrier should be reduced to 40 kcal mol™ if they moved to a higher
basis set. Redington et al. reduced this barrier to 38.0 kcal mol™ for w-dihydroxycarbene
at the MP4(SDTQ)/6-31G**//6-31G** level.'”® The barrier was calculated by Francisco
to be only 33.0 kcal mol™ at the PMP4/6-31 14+G**//UMP2/6-311G** level with zero
point energy corrections.'’® Goddard et al. reported the barrier for the transformation
from formic acid to dihydroxycarbene (2).!"” Their value of 79.8 kcal mol™! calculated at
the DZ+P CCSDT-1//DZ+P CCSD level is in agreement with the work by the Borden,
Redington and Francisc§ groups.

There have been a couple of theoretical investigations of [1,2]-alkyl
rearrangements for oxycarbenes.'”™?' The reaction coordinate for the [1,2]-allyl
migration of allyloxycarbene 41 has been analyzed by Iwamura et al. (eq. 6).'
Although they made no attempt to optimize a transition state, the barrier for the migration

was estimated at 42.5 kcal mol™ at the MINDO/3 level of theory.

1,2 ati H 0
J f1,2}- mlgr ion )
=

Francisco found that the [1,2]-trifluoromethyl migration of
trifluoromethoxy(hydroxy)carbene (HOCOCFs) (42) to trifluoroacetic acid had a barrier
of 60.2 keal mol™ at the PMP4/6-31G*//UHF/6-31G* level of theory.'® It is important

to note that unlike the [1,2]-H migrations which proceed in the plane of the carbenic lone
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HOLIT-119 g [1,2]-trifluoromethyl migration was

pair according to all the calculations,
57.6° out-of-plane. From very low vapour phase (VLVP) pyrolysis experiments, 2,2,2-
trifluoroethoxymethoxycarbene (35), generated from its oxadiazoline precursor, was

found to isomerize completely via a [1,2]-trifluoroethyl shift into methyl-3,3-

trifluoropropanoate with no apparent methyl shift (eq. 7).

_0._0
LN LA ¢ "
" CF3
35

These results suggested a transition state model (Figure 13) similar to the out-of-plane
[1,2]-H migrations of alkyl substituted carbenes where the migrating hydrogen is
suggested to rearrange with a pair of electrons.”* The negative charge buildup in the

trifluoroethyl migrating group is stabilized by the electronegative trifluoroethyl group.

Figure 13 . Transition state model for the [1,2]-alkyl migration of dioxycarbenes.

1.5.1.3. Concerted [2,3]-Sigmatropic Rearrangements
The first [2,3]-sigmatropic rearrangement of a heterocarbene was discovered by
Baldwin and Walker in 1972.'" They found that the allylthio(methylthio)carbenes (43a)

generated by the tosylhydrazone route at 65 °C, rearranged almost quantitatively into the
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dithioester (44a). This procedure was later expanded by Nakai and Mikami, who found a
high degree of stereoselectivity (~100%) favouring the trans geometry of the newly

formed double bond as shown in equation 8 for 43b and 43¢.'*>'%*

H3CS\C,S R Hsos\ /,S
- , G ®
7 oL

43 44

a(R =H), b (R =CHjs), ¢ (R = Si(CH3)3)

The high trans selectivity was explained in terms of a “folded envelope” transition state
in which Figure 14(a) is favoured over Figure 14(b), since the R group should prefer the

pseudoequatorial orientation, resulting in the trans product.

(a) (b)

Figure 14. “Folded envelope” transition states for the [2,3]-sigmatropic rearrangement
of dithiocarbenes showing: (a) the preferred pseudoequatorial conformer and (b) the
disfavoured pseudoaxial conformer.

High stereoselectivities, as well as good chiral transmission (96-100%), have also
been observed for allyloxy(dimethylamino)carbenes in refluxing toluene (111 °C) (eq.

9)."  These results strongly favour the concerted mechanism. However, poorer

124,126

stereoselectivities and chiral transmission'”® have been observed at higher
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temperatures (160 °C). A competing dissociation-recombination mechanism has been

suggested to explain the poor chiral transfer.'?®

HaC)oN. ..
(H3C)2N\C,O *R (H3C)o \C,O

P Az

One computational study has appeared, in which the reaction coordinate for the
[2,3]-sigmatropic rearrangement of allyloxycarbene (41) was analyzed at the MINDO/3
level of theory (eq. 10).'%! Although a transition state was not optimized, the barrier to
rearrangement was estimated to be 31.5 kcal mol™. This barrier can be compared to that
for the corresponding [1,2]-allyl migration, which was estimated to be 42.5 kcal mol™ at
the same level of theory (Section 1.5.1.2). This result is consistent with orbital symmetry
rules which suggest that the [2,3]-sigmatropic rearrangement should be allowed while the
[1,2]-migration should be forbidden.’”'° The [2,3]-sigmatropic transition state was also
found to be early, which is reasonable for an exothermic reaction requiring a relatively

small activation energy.'?"%’

H O . . H_ -0

NS 2,3]-sigmatropic

X0 [2.3}-sigmatropic (10)
L../ rearrangement P

41




35

1.5.2. Intermolecular Reactions
1.5.2.1.  Dimerization

Dimerization is a common reaction of nucleophilic carbenes that was reported by
Lemal in 1964 for coupling of dimethoxycarbene (1) to give tetramethoxyethylene (20)

eq. 11).>° Itis often observed with other reactions as a competing process.
q peting p

H3CO OCHj3 HsCO  OCH3
Yoo+ - (11)
H3CO OCHj HsCO  OCHg
i 1 28

1.5.2.2.  Reactions with O-H Bonds
Nucleophilic carbenes do not generally insert into C-H bonds in the normal
sense.'”® Insertion into O-H bonds on the other hand, is a characteristic reaction of

26 The insertion of singlet carbenes into C-H bonds is usually

nucleophilic carbenes.
thought of as a sihgle step process, as discussed in Section 1.2. For insertion into polar
O-H bonds three mechanisms are normally considered: (a) electrophilic attack by the
carbene on the oxygen atom, followed by proton transfer (ylide mechanism), (b)
protonation of the carbene to give an ion pair which collapses to an ether (carbocation
mechanism), and (c) concerted O-H insertion (Scheme 22). While the concerted process

for O-H insertion cannot be excluded a priori, it has not received definitive experimental

support.
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Scheme 22

Laser flash photolysis has been used extensively to study the reaction of oxy- and
dioxycarbenes with alcohols. Dimethoxycarbene (1), generated by the diazirine route,
has been directly observed (Apax = 255 nm) in a 3-methylpentane matrix and in a pentane
solution.'® The reactivity of 1 covered four orders of magnitude with the rate constant for
carbene decay in IM ROH/MeCN at 20 °C ranging from 3.2 x 10* s for ethanol to 6.7 x
10* s' for HFIP (1,1,1,3,3,3-hexafluoro-2-propanol).'”®  The Brensted catalysis
coefficient, o, was found to be -0.66 for this series of alcohols suggesting a substantial
degree of proton transfer in the transition state. Photolysis of dimethoxydiazirine (26) in
methanol afforded the product of trapping by the alcohol in 90% yield. The reaction was
first order in the range of concentrations, 0.08 < [MeOH] < 1.54 with k = 6.4 x 10°
Mgl 130 Trapping of 1 with MeOD instead of MeOH revealed a large kinetic isotope
effect (KIE), ku/kp = 3.3 £ 0.5."* More acidic quenchers, ACOH (k= 2.91 x 10° M''s™)
and AcOD (k = 2.84 x 10° M's™"), had no significant KIE, where k approaches the

130

diffusion controlled limit. Similarly, no significant KIE was observed for
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methoxy(methyl)carbene (23) trapping with oligomeric MeOH (k=53x10° M'ls") and
MeOD (k=48 x 10° M''s"),3°

The sizable primary KIE observed in the dimethoxycarbene/MeOH(D) reaction is
consistent with a carbene protonation mechanism, Scheme 22(b), or a concerted O-H
insertion mechanism, Scheme 22(c).”*® In a linear transition state the magnitude of the
primary KIE is largest for the most symmetrical TS and decreases as the TS more closely
resembles the product or reactant states.?®  Therefore, the diffusion controlled
dimethoxycarbene/AcOH(D) or methoxy(methyl)carbene/MeOH(D) reactions may each
traverse a very reactant-like (or non-linear) transition state.

The reactions of alkyoxy(halo)carbenes with alcohols provide important
information about O-H insertion. The reaction of the “invisible” chloro(methoxy)carbene
(CICOMe) with methanol, monitored by time resolved photoacoustic calorimetry, was
found to have a bimolecular rate constant (k) of 6.8 x 10* Mlg! B3
Fluoro(methoxy)carbene (FCOMe) was found to be surprisingly unreactive with alcohols
and methanol did not quench the carbene at 1 M in acetonitrile.'? Only HFIP (k=9 x
10’ s) and AcOH (k=20x10sYhat1M quenched fluoro(methoxy)carbene
competitively with its dimerization and other decay pathways. A substantial KIE (ku/kp
= 1.95) was also obtained for trapping by AcOH(D). The sequence of carbene
stabilization energies, (MeO),C: > F(MeO)C: > Cl(MeO)C:, is not reflected by the
reaction rates with O-H bonds.?® The most stable carbene, dimethoxycarbene 1 is in fact
the most reactive. These results suggest a carbocation mechanism, (Scheme 22(b)),

instead of the concerted O-H insertion (Scheme 22(c)).
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An interesting variation on the reaction of carbenes with O-H groups occurs when
dimethoxycarbene (1) is trapped by enols to give overall C-H insertion.'®® The reaction
is shown in Scheme 23 for 2,4-pentanedione (45), and is thought to involve initial proton
abstraction by 1 from the enol tautomer (46), followed by collapse of the resulting ion

pair.

Scheme 23
HG H3CO
o o o __, N T
= H OCH3
H3CO
H H OCHg

1.5.2.3.  Reactions with Multiple Bonds
1.5.2.3.1. Alkenes

As discussed in Section 1.3, nucleophilic carbenes do not generally react with
simple olefins, and the presence of electrophilic substituents on the alkene is usually
required.***” Due to the development of diazirines as photochemical sources of oxy’!'74
and dioxycarbenes'®” (Section 1.4.5), Moss has been able to obtain absolute rate
constants for reactions of a number of alkenes with oxy and dioxycarbenes (Table 1).'6!3
For a traditional ambiphilic carbene (MeOCClI), the absolute rate constant increases for

trapping by both electron-rich and electron-poor alkenes. For nucleophilic carbenes, such
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as dimethoxycarbene (1), the rate constant increases for the reaction with electron-poor

alkenes.

Table 1. Absolute rate constants (25 °C) for carbene-alkene additions.

Rate Constants (M™'s™)

MeO-C-Cl MeO-C-Ph MeO-C-Me (MeO),C
Me,C=CMe, 4.2 x10° - - <10°?
Me,C=CH, 1.8x 10° 4.0 x 10* 4.8 x 10° -
H,C=CHCN 1.8 x 10* 1.7 x 10° 1.5 x 10° ~10°
H,C=CCICN 5.6 x 10° 3.4 x 107 49 x 107 5.0 x 10°

* (Me)O;C (1) was not quenched by 2.7 M Me;C=CMe; in pentane.

The reactions of dioxycarbenes with alkenes have been extensively studied due to
the availability of a number of a very good dioxycarbene precursors including 1,2,3,4-
tetrachloro-7,7-dialkoxy-5-phenylnorbornadienes® (11), dioxydiazirines'®" 6 and 2,2-
dioxy-A3-1,3,4-oxadiazolines83, as discussed in Section 1.4.5.

Although dioxycarbenes appear to undergo concerted additions to alkenes in a
number of cases, dipolar intermediates have often been postulated for reactions with
highly electron-deficient alkenes. Hoffmann has studied the addition of
dimethoxycarbene (1) to diethyl maleate (47) and diethyl fumarate (48) (Scheme 24).'*
The cyclopropane products were not observed in these reactions and the final product in
each case was rationalized in terms of a thermaily unstable cyclopropane intermediate
which is in equilbrium with the dipolar in-termediate, 49. Proton migration in the dipolar

intermediate results in the final product (50).



Scheme 24

EJ/48 u
/ H3CO@. OCH3 H3CO.__OCHjz
H3CO_OCH3  comeeeeee, » E o —_— ELE

(E\ } 50

HaCO.__OCHjg
E

E =C0sCH2CH3
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Dipolar intermediates also seem likely in the reaction of dimethoxycarbene (1)

with the strain and substituent-activated olefin, 51 (Scheme 25).%¢ The carbene derived

products were rationalized in terms of an addition to form the diastereomeric dipolar

adducts, 52a and 52b. 52a and 52b subsequently undergo ring expansions, methyl

transfers, and methoxy transfers to give the products. A product (19%) resulting from

initial attack at the carbonyl group was also recovered.
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Scheme 25
cl
+ HaCO_OCHz
COsCH3 **
1
51 1
H3CO HsCO H3CO
@ OCH;3 ¥ \® ocHg [ j:OCHs
cl
c’ o° c”  OCHs o
methoxy
52b methy! 52a \ transfer
/ transfer’/ \
HACO C(OCHg)3
HaCO OCHg 0 HaCO OCH3 c=0
cl OCHg COsCHz .
CO,CH3 ¢’ OCH, cl 1 CHzOH
139 (13.5%)
(1.3%) Ho0 | -CH{0H
C(OCHg)3
COCHg COCHg
cl
o COLCHg (9.7%)
(11.4%)

These results can be contrasted with Moss’s research on cis- and trans-3-
deuteriostyrene'*’ (53a and b) and Hoffmann’s studies with ethyl cinnamate'® (54) and
1,1-diphenylethylene'* (55) (Scheme 26). In the Moss and Hoffimann examples, the
products of cycloaddition, cyclopropanes, are the final products. In addition, the
reactions of 1 with 53a,b and 54 indicate that the stereochemistry of the alkenes is
conserved in the products, suggesting a concerted mechanism with no intervening dipolar

intermediates. Unfortunately, these results do not provide an answer to the question of
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whether or not the dipolar intermediates postulated above are the primary products of the

carbene addition reactions, or simply fragmentations of initially formed cyclopropanes.

Scheme 26
Ph Ph
—
™\
H3CO.__OCH3 53p D Ph g5 H3CO___OCHjs
< HCO _OCH3 — Ph__,..%
Ph” D o PH
1
Ph D Ph\_
\—/ \
COxCoHs5
53a 54

Ph/KD Ph K

N-Phenylmaleimide 56 also undergoes cyclopropanation reactions with
dimethoxycarbene™ (1), while methoxy(trimethylsilylethoxy)carbene'*® (57) affords a
surprisingly rearranged product through a mechanism apparently involving dipolar

intermediates (Scheme 27).

Scheme 27
0
H3CO H3CO
) N—Ph
(H3C)3SiHaCH.CO o)
57 taors— 0 Q o0
HsC
+ . ﬂ . 30 N~Ph
0 " (HgC)Si
H3(o30 o) o)
[ N—Pn (‘,))\E‘:N—Ph
—_—
o)
SiCHz)3 Oe

56
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Nucleophilic aromatic substitution by dialkoxycarbenes has been observed with
2 A-dinitrofluorobenzene (58) and hexafluorobenzene as shown in Scheme 28 for 58.13°
The reaction can be explained in terms of a nucleophilic aromatic substitution through an
intermediate (59), that resembles the classical Meisenheimer intermediate, followed by

fast [1,2]-F migration.

Scheme 28

HgCO H3CO H3CO. 0O
HsC
H300 H3CO N02 NO2 0 NO2
—_—
H3CO
NOo

58 59

Dimethoxycarbene (1) also performs an overall nucleophilic substitution on
perchloro-olefins.'"*®  The mechanism is thought to involve an interesting series of
reactions that likely starts with a Michael type addition with loss of chloride ion,
followed by a substitution reaction. An example of this reactivity is shown for

hexachlorocyclopentadiene (60) in Scheme 29.

Scheme 29
Cl

cl
Cl Ci
H300 , + CICHg
° Ci
H3CO Cl Cl cl

H3C0 ®"0CH3 <) HsCO™ ™0
60
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The presence of activating substituents is not the only way to increase the
reactivity of an alkene toward dioxycarbenes. Activation can also be provided by the
introduction of strain. For example, bicyclopropylidene reacts with a number of

dialkoxycarbenes to afford acetals of dispiro[2.0.2.1]heptan-7-one (eq; 12).1%6

R = CHg (71%)

H3CO R =t-Bu (37%)
HSCO> : —_— ’ R = CHyCH,Si(CHg)3 (91%) (12)
RO ) RO R = CHaCHoCl (72%)
R = CHyCHoBr (56%)

Dioxycarbenes such as dimethoxycarbene (1) also cyclopropanate the
electrophilic double bonds of buckminsterfullerene (Cso) to give a methanofullerene
adduct (eq. 13).141-143 Cyclopropanation only occurs across [6,6] ring junctures since
there is higher double bond character at the [6,6] junctures compared to the [5,6] ring

junctures.'*?
HsCO H3CO.__OCHj3
Yoo+t oy —= 74 (13)
H3CO ’IX'I,‘ x“;

Another interesting example of regioselectivity occurs in the low yield reactions
of dimethoxycarbene (1) and chloro(methoxy)carbene (61) with 6,6-dimethylfulvene (eq.
14).14 Electrophilic carbenes react exclusively at the endocyclic & bonds while the more
nucleophilic 1 and 61 react with the exocyclic double bond due to the larger LUMO

coefficient in this position.
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HsCO. X
H3CO
Yoo @:( . (14)
X
1 (X=OCHa) X = OCHg3 (8%)
61 (X=Cl) X=ClI (35%)

1,4-Additions can also compete with the 1,2-cycloadditions, as observed by

Hoffmann for tetraphenylcyclopentadienone (62) and tropone (63) (Scheme 30).!4

Scheme 30

QCO OCH3 Ph

-CO OCHg
——
OCHj4

\ e

Attempts to trap methoxy(phenoxy)carbene”’ (64) and methoxy(phenyl)carbene”’

63

(22) with tetramethylethylene did not result in the expected cyclopropanation products.

The olefins that were generated instead may have resulted from an “ene” reaction (eq.

15).

H

. X
CHy HsCO.
X OCHs — (15)

64 (X = PhO)
20 (X = Ph)
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1.5.2.3.2. Alkynes

Dioxycarbenes appear to react readily with alkynes bearing one or more electron-
withdrawing substituents. In 1974 Hoffmann studied the reaction of dimethyl
acetylenedicarboxyla’ge (DMAD) (65) With dimethoxycarbene (1)."*> These reactions
generally involve dipolar intermediates and often result in 1:2, carbene to trap, products.
The reaction of 1 with excess DMAD afforded the dihydrofuran derivative (66) in 37%
yield (Scheme 31). The proposed mechanism involves a dipolar intermediate (67) (which
can also be written as a vinyl carbene), produced by nucleophilic carbene attack at the sp
carbon, which adds across the carbonyl group of a second molecule of DMAD (Scheme

31).

Scheme 31

H3CO_ LOCH3
H3CO@ OCH
H3CO\"/OCH3 3 3 H3CO_ __OCH3 - o
1 — No —_— \
+ E E ) =
— E E E /O E
E——E H3C
65 67 66
(E =COxCHg)

Hoffmann found that dimethoxycarbene (1) undergoes a similar reaction with
phenyl acetylene (68) to give the acetal (69), except in this case the dipole is captured by
deprotonation of a second equivalent of phenyl acetylene (68), followed by collapse of
the ion pair (Scheme 32). The hydrolysis product (70) of the acetal (69) was isolated in
50% yield. Similar reactivity with DMAD and phenyl acetylene (68) has been observed

by Warkentin for other dioxycarbenes."*®!'47 Warkentin has also taken advantage of
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this chemistry by using tethered alkynes, including some without activating groups.'#-15!

The reactions benefited from the increase in the rate expected for intramolecular

reactions.'**!3!

Scheme 32

H3CO__OCH3 H3CO0.@_0CH3 H3CO._ __OCH3 68 H3CO.@_OCH3
R G § e o=

+ H A H
Ph—=—=—H Ph Ph Ph
68 1
Ph Ph
0 F Hyco
H <2 Heo
H H
Ph Ph
70 69

1.5.2.3.3. C=XBonds

A number of groups have taken advantage of the nucleophilic character of
dioxycarbenes by exploring their chemistry with carbonyl compounds. Hoffmann has
used 1,2,3,4-tetrachloro-7,7-dimethoxyoxy-5-phenylnorbornadiene (Section 1.4.5) as a
source of dimethoxycarbene (1) to study a number of these reactions. Dimethoxycarbene
(1) reacts with benzoyl chloride by a mechanism suggested to involve nucleophilic attack
at the carbonyl carbon, giving a tetrahedral intermediate (71). This intermediate (71)
could lose a chloride ion which then demethylates the counter ion to give the observed

pyruvate (72) (Scheme 33).'*
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Scheme 33
o o0
chovocna \
Pk OcH Pn/u\/OCH3 Ph OCHa
+ —_— #\/ 3 — OCH3 72
OCH3 +
Ph)LCJ n Cle CH4Cl

Trapping of 1 with biacetyl resulted in two isomeric products that were 2:1

12 The diastereomeric products can be rationalized in terms of a

carbene to trap adducts.
nucleophilic attack by dimethoxycarbene (1) to yield a tetrahedral intermediate (73)

which adds to a second molecule of biacetyl across the carbonyl bond (Scheme 34).

Scheme 34"
H3C o
o HaCO, oo CHg
]

Hi00._OCH; o0 Hao/u\n/CHa ol CHs oty

) HsC CHs o . °
G )HrCHS H3CO HsCc O o
3

0 3 HaCO_ O, CHg

[]
H3CO CHg CHg

More recently, Pole and Warkentin have used anhydrides as traps for
dimethoxycarbene (1) and 2,2,2-trifluoroethoxy(methoxy)carbene (35) (Scheme 35).%
They observed the apparent C-O insertion product, and favoured the mechanism
presented in (Scheme 35). No products from attack by 1 at the olefinic bond were
detected. For asymmetric anhydrides the carbenes attacked the most electrophilic

carbonyl carbon, overriding steric effects.
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Scheme 35

CX OCHa

OCH3
H300 OR‘ j::o oa‘

1 (R‘ =CHg)
35 (R' = CHCF3)

Pole and Warkentin have also obtained some important results from the reaction
of 1 with fluorenone (Scheme 36).'> It was shown that the initial product of the reaction
is the oxirane (74), which was the first evidence for an oxirane intermediate in the
addition of a dialkoxycarbene ta a carbonyl group. Isotopic labelling studies were
employed to show that the final product (75) resulted from a [1,2]-methoxy migration

pathway such as the one presented in Scheme 36, instead of an inter- or intramolecular

methyl transfer.
Scheme 36
Inter- or intramolecular
HaCO._.OCH3 methyl transfer
7 ; H3CO o)
+ H3CO OCHz

HsC / XK .
7 _——. ' HCO o O O
O' O 74 \ H3CO o / ’s
Qﬁg e

Cyclic unsaturated perchloroketones are also attacked by dimethoxycarbene at the

carbonyl carbon atom and can undergo a number of transformations through apparent
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dipolar i;ltermediates, including ring expansion as shown in Scheme 37 for the reaction of
1 with hexachlorobicyclo[3.2.0]-6,3-diene-2-one (76).'*° This was the first example of

an overall C-C bond insertion for an alkyloxy- or dialkyloxycarbene.

Scheme 37
HaCO J HaCO OCHg
HCO cl HsC cl o cl ¢l
0, , ¢ cl cl cl
HsCO ci
Ch ¢ Y Cra g a @ °

76
The reaction of 1 with tetrachloro-1,4-benzoquinone does not result in ring expansion. '*
Instead, a pair of the ylide intermediates (77) appear to participate in intermolecular
methyl transfers to give the final product (78) in 82% yield (Scheme 38). The ylide (77)
probably results from ring opening of the oxirane (79), however direct formation of 4]

by attack of 1 at the carbonyl oxygen was not ruled out.

Scheme 38
Haco OCH3 °CH3
H300 HscO
H co@ ox ch
cl
cl
79 77 78
o)

Recent work by Venneri and Warkentin has shown that cyclopropanones, a
cyclopropenone, cyclobutanones, a cyclobutane-1,3-dione, and a cyclobutene-1,2-dione

all react with dimethoxycarbene (1) to afford acetals of the next larger ring size by formal
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insertion of the carbene into a C-C bond alpha to the cérbonyl group. The reaction is

shown for cyclobutanone in Scheme 39.'%*

Scheme 39
H3CO °
Hco2( o
o)
P é — ﬂ T HsCO
H3CO
1 H3CO
HaCO~ 2

B-Propiolactone also gives a ring expanded product with overall C-O insertion

(eq. 16)."*

0o O
H3CO HaCO
>: + —_— (16)
HaCO © HyCO
1
With the electron deficient conjugated imines a different reaction pathway is
observed. For example with 80 and 81, dimethoxycarbene (1) undergoes formal [1 + 4]

cycloadditions (Scheme 40).!2
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Scheme 40
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Similarly, 1,2,4,5-tetrazines react with dioxycarbenes to give isopyrazoles (82) by a

formal [4 + 1] cycloaddition followed by loss of N (Scheme 41).'%

Scheme 41
1 o
R n‘ RO OR RO. OR
RO_ _OR N/’kN eN N Na_ g1
~ + | 1 — 1 1 N~ \ /
bl N\\rN N\\rN ’ /I N=N
R = CHg or CH,CHg R! R! 82

It is interesting to note that despite the apparent importance of dipolar
intermediates in the reactions of nucleophilic carbenes with carbonyl compounds, the

available theoretical evidence suggests a concerted cycloaddition by the carbene at the

carbonyl group (Figure 15).°51%°
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Figure 15. Transition state geometry for cycloadditions of nucleophilic carbenes to
alkenes.

Only a handful of examples have been studied. Pole examined the cycloaddition of
dihydroxycarbene (2) to the carbonyl group of maleic anhydride (83) and maleimide (84)
at the HF/3-21G level of theory.'” In both cases the nucleophilic attack was found to be
an asynchronous, but concerted, cycloaddition in which the C-C bond was formed
slightly ahead of the C-O bond. Similar results were obtained by Leén'*® and by Ahmed
et al.'® for the reaction of hydroxycarbene (HCOH) with formaldehyde (H,C=0) at the
HF/3-21G and MP2/6-31G(d) levels of theory respectively, although the C-O bond was
formed slightly ahead of the C-C bond at the lower level of theory. Pliego and Almeida
have also examined the cycloaddition of dichlorocarbene (CL.C:) to formaldehyde using
large basis sets and high level methods to include electron correlation (CASSCF(2,2),

MP2, MP4(SDQ), CCSD(T))."” Their results mirror Leén’s'*® high level results for

O O
[:éo QH

O o

83 84

hydroxycarbene.



54

1.5.2.3.4. Heterocumulenes

Nucleophilic carbenes react with heterocumulenes by a number of different
pathways depending on the nature of both the carbene and the substrate. However the
initial step is invariably nucleophilic addition of the carbene to the sp-hybridized carbon
to produce a dipolar zwitterionic intermediate. In fact Bock and Redington have shown,
computationally, that the zwitterion (85) corresponding to nucleophilic attack by
dihydroxycarbene (2) on carbon dioxide represents a stable intermediate (Scheme 42).'¢°
They were also able to locate a planar transition state (86) for the fragmentation of this
zwitterion (85) to dihydroxycarbene (2) and carbon dioxide. The transition state (86) was
only 11.0 keal mol™ higher in energy than the zwitterion and only 0.7 keal mol! above
the free carbene (2) and carbon dioxide at the MP2/6-31G*(5d)//HF/6-31G level.
Structure 86 repr‘e.sents a rather unique transition state when compared to the
computational results presented above (Section 1.5.2.3.3) for concerted cycloaddition at
carbonyl double bonds.**'*® However, no attempt was made by these authors to find a
transition state or intermediate corresponding to the concerted cycloaddition at one of the

carbonyl bonds.

Scheme 42
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Experimentally, the zwitterionic intermediates have been found to be so stable
that in some cases they constitute the final product. For example unsaturated
diaminocarbenes'® (87) (eq. 17), as well as saturated imidazol-2-ylidenes!%*16* (88) (eq.
18) were reported to react with carbon disulfide to yield stable dithioquaternary salts

which, in turn, were proven to be good nucleophiles.

R R
N S=C=S NS
(<)E Yo ——  (nep—(lo (17)
N N S
. o
87
n=0or1
R R
RN S=C=S R _N S
| Y2 —— @—o (18)
R N " N S
R R
88

Imidazol-2-ylidenes (88) also yield the analogous 1,3-dipoles when trapped by phenyl

isothiocyanate (89) (eq. 19).'>'%°

R R
Ph
R f‘i \N=C:S R f\j
)[ >z H ° (19)
r7 N rR” N N=Ph
R R
88 89

Dioxycarbenes are known to react with a variety of heterocumulenes by apparent
initial nucleophilic attack at the carbonyl carbon. Using 7,7-dimethoxynorbornadienes as

the carbene precursor, Hoffmann and coworkers have trapped dimethoxycarbene (1) with
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aryl isocyanates (90) and aryl isothiocyanates (91) to give 5,5-dim§thoxyhydantoins (92)
and 5,5-dimethoxydithiohydantoins (93) respectively (Scheme 43).'% Reassuringly,
trapping of 1, generated from its oxadiazoline precursor, with phenyl isocyanate 94 also
gives the 5,5-dimethoxyhydantoin (92).® The reaction is suggested to 6ccm in a
stepwise manner with 1 performing a nucleophilic attack on the (thio)carbonyl carbon to
yield the zwitterions, 95 or 96, followed by addition of a second molecule of aryl
iso(thio)cyanate to give the product, 92 or 93."" In competition experiments Hoffmann
reported that p-tolyl isocyanate reacted eleven times faster than phenyl isothiocyanate.'S’
This is a surprising result in light of studies which suggest that thiocarbonyl groups are
much more reactive to nucleophiles than carbonyl groups.'® The high reactivity of
thiocarbonyl groups is generally attributed to the inherent instability of the C=S n-bond,

which is due to the poor overlap of the C-2p and S-3p-orbitals.'®

Scheme 43
. X
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a, b TN Y P OO
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It is instructive here to consider the reaction of methoxy(dimethylamino)carbene
(97) with aryl isocyanates (90) and phenyl isothiocyanates (89).!7 Trapping of 97 by
aryl isocyanates (90) gave the expected cycloadducts, resulting from trapping by two
equivalents of 90. However trapping of 97 by pheny! isothiocyanates (89) gave slightly

different results depending on the reaction conditions (Scheme 44). The reaction did
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yield the expected dithiohydantoins (98) resulting from trapping of the carbene (97) by
- two equivalents of phenyl isothiocyanate (89). However two additional products were
observed. These products resulted from trapping by ome equivalent of 97. Both
additional products can be explained by subsequent rearrangements of the zwitterionic
intermediate (99). The product, 100, results from an inter- or intramolecular methyl
transfer from oxygen to sulfur. It appears that 101 results from the formation of an

episulfide from 99, followed by ring opening in the opposite direction and methoxy

migration.
Scheme 44
)
OCHg
Ph~py
)—N N(CHag)2
Ph § Pn
N=C=y 98
(H3C)2N(_ OCHg3
* g7 HaCQ S o) SCH3
+ —_— @) (‘@ ———
Ph, (HsC)oN  NPh (HsC)2N  NPh
N=C=S$ 99 100
89 l
S OCH3
HsC —
NPh HsC NPh
(HaC)oN (HaC)N
101

The extraordinary chemistry of methoxy(dimethylamino)carbene (97) with the
isothiocyanate, 89, is an exception to the rule. For a variety of carbenes (Figure 16)
trapping with aryl isothiocyanateé (91), in the absence of additional traps, leads to the

normal 1:2 products,'6%!63171-174




58

Ph Oahs
S N N
O O O j: >
N N N HO(CH2)2
CHj Ph CoHg

Figure 16. Aminocarbenes that give 1:2 adduct with isothiocyanates.

The aminothiocarbene (102) yields both the 1:1 and 1:2 adducts with aryl
isothiocyanates (91) (Scheme 45).'”* This carbene (102) also gave the salts of the 1:1

adducts in the presence of di-p-tolylcarbodiimide (103) when it was generated from

thiazolium halide precursors (Scheme 45).'%

Scheme 45
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A slightly different reaction path is observed for trapping of oxythiocarbenes
(104) by phenyl isocyanate (94) (Scheme 46). In each case the major products are a pair
of diastereomeric 2:2 adducts (105) formed along with the diastereomeric 1:2 adduct
(106)."  The products result from initial nucleophilic addition to form a dipolar

intermediate (107) followed by intramolecular ring closure to give 108. It was suggested
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that the differences between the behaviour of the dipolar intermediates 107 and fheir

dioxy analogues, for instance, may be attributed to the lower stability of the former.

Scheme 46
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This [1+4] cycloaddition pathway is also active for the reaction of a variety of dithio-,

dioxy- and amino(oxy)carbenes with vinyl isocyanates (Scheme 47).'7617°

Scheme 47
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Hoffmann has found that dimethoxycarbene (1) undergoes a series of reactions in

the presence of diphenylketene to give a 1:2 adduct (Scheme 48).'» Recently, even a
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1,2-biskétene (109) has been successfully used to trap dimethoxycarbene (1), generated

by the oxadiazoline method (Scheme 49).'%°

Scheme 48
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1.6. Objective

The proceeding chapter represents a brief review of the chemistry of oxy- and
dioxycarbenes. It is clear that these reactive intermediates have generated intense interest
in many chemical fields, challenging synthetic and theoretical chemists alike. The
research described in the coming chapter will focus on two aspects of carbene reactivity.
The first project was designed to examine the unexpected observation in our group that
the [1,2] and [2,3]-sigmatropic rearrangements of allyloxymethoxycarbenes 36 proceed

by a stepwise homolytic fragmentation/recoupling mechanism (Section 1.5.1.1).' This
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primarily theoretical/computational project \examined four possible rearrangement
mechanisms and the study resulted in a detailed analysis of the homolysis of an
oxycarbene from its singlet ground state. The objective of this work was to determine if
an apparent transition state in this homolysis could be real, and if so, to define the factors
that result in this unusual barrier. The second objective of this work was to expand the
intermolecular chemistry of dioxycarbenes with thiocarbonyl compounds (Section
1.5.2.3.4). As a starting point, the chemistry of dioxycarbenes with carbon disulfide was

explored both experimentally and computationally.




Chapter 2

Results and Discussion

This chapter is divided into two major sections. The first section comprises a
computational study of the homolysis of oxycarbenes. It begins by describing an
investigation designed to explain the unexpected observation by Venneri and Warkentin
that the formal [1,2] and [2,3]-sigmatropic rearrangements of allyloxy(methoxy)carbenes
(36) involve a stepwise homolytic fragmentation/recoupling mechanism, instead of the

195 This study then focuses on the underlying

expected concerted rearrangements.
physical nature of the fragmentation mechanism for oxycarbenes and the possibility that
this simple homolysis actually involves a transition state. Analysis of some simple
properties, including the atomic charges and. the dipole moments provides important
information about the nature of this fragmentation. In the second section of this chapter

the reactions of dioxycarbenes with carbon disulfide are described and a theoretical

investigation of this unique chemistry is presented.

62
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2.1. Homolytic Fragmentations of Oxycarbenes

2.1.1. Homolysis of Allyloxyhydroxycarbene. A Density Functional and 4b Initio
Study
Venneri and Warkentin recently reported that allyloxy(methoxy)oxadiazolines
(110) undergo thermolysis in solution (110 °C, sealed tube) to esters (37) (SECTION

1.5.1.1) (eq. 20).)

X
o = Mw*w At
W 7{_ Y
1102, | 37a,b
a=(X=Ph,Y=H);b=(X=H,Y=Ph)
The oxadiazolines (110) afforded dioxycarbene intermediates (36), trappable by -BuOH,
but the esters arose from radicals, trappable by TEMPO, by a mechanism of either type ¢
or d of Scheme 50. That result was surprising in view of the known cases of concerted
[2,3]-sigmatropic rearrangements of analogous (bisheteroatom)carbenes.'? 24181 These
thermal fragmentations are reminiscent of the radical mechanism accepted for the [1,2]-
Wittig rearrangement of deprotonated ethers.'® In the case of an allyl ether, the
concerted [2,3]-Wittig rearrangement is favoured,!8!-183.18¢ Wittig rearrangements have
been the subject of a number of theoretical investigations but such studies are

complicated by the uncertain role of the counterion.'#>1%3
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Four mechanisms (Scheme 50) for the formation of the esters (eq. 20) were
investigated with the GAUSSIAN94, Revision E.2, system of programsw“, using
allyloxy(hydroxy)carbene (AHC) (111) as a model for methoxy(allyloxy)carbenes
(36)."” Electron correlation was included with the Becke's 3-parameter hybrid method
using the Lee-Yang-Parr correlation functional (B3LYP) density functional theory (DFT)
method and the Mgller-Plesset method with the correlation energy truncated at the second
order (MP2). MP2 calculations were run with the frozen core approximation. Zero point
energies were corrected using a scaling factor of 0.98 and 0.97 for the B3LYP and MP2

%6197 The triplet calculations were unrestricted and the

methods, respectively.
dissociation energies were calculated by optimizing the radicals individually as
unrestricted doublets. All other calculations were restricted. For AHC, the HOCO
dihedral angle (0;) and the OCOC dihedral angle (82) were defined (Scheme 50).

Calculations on the conformers of AHC agree with those by Risinen et al. for DHC in

that the (180°, 180°) or trans,trans-conformer has the lowest energy at higher levels of
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theory (Table 2)."" Energies are therefore expressed relative to the fully optimized
trans,trans-AHC (179.8°, 179.4° (B3LYP) and 179.6°, 178.5° (MP2)) and the text refers
to AEr + ZPE at the B3LYP/6-31+G(d) or MP2(FC)/6-31+G(d) level unless stated
otherwise (Table 3).  Single point calculations, using the larger B3LYP/6-
311++G(3df2p) basis set on the B3LYP/6-31+G(d) stationary points, had only minor
effects on AEt (Table 3). Some key results for singlet AHC are summarized in Figure
17, starting from the lowest energy conformation (trans,trans)  of
allyloxy(hydroxy)carbene and ending with the lowest energy conformation of the acid
(cis-112). For convenience, the allyl substituent is drawn in the OCOC plane, although
the lowest energy conformers have twisted COCC and OCCC dihedral angles. Minor
differences imposed by the other stable HOCO (8,;) conformers are presented in Table 3
and discussed below. Structural data for the fully optimized stationary points appear in

Appendix I



66

Table 2. Relative energiesa’b (AEr) (kcal mol™) of constrained® S, and T, AHC
conformers.

B3LYP/6-31+G(d) MP2(FC)/6-31+G(d)
0, 92 Sp Tlvd So 'Tlvd
0 0 11.65 84.03 12.89 ‘ 87.02
0 90 19.50 71.47 20.91 75.49
0 180 0.54 75.61 0.86 77.81
90 (270) 0 20.62 72.59 22.32 76.79
90 90 40.99 66.52 44.80 70.05
270 90 38.52 64.46 41.96 68.08
90 (270) 180 17.19 68.11 18.25 72.34
180 0 247 74.64 245 78.13
180 90 17.56 64.70 18.87 69.42
180 180 0 72.02 0 75.53

* Total energy of (180°, 180°) conformer is -306.401085 hartrees. ® Minor errors may be
expected here due to the conformational mobility of the allyl group. ° 0, and 6, frozen;
other parameters optimized. ¢ Tyy: vertical T, surface.

For trans,trans-AHC, the lowest energy transition state for the concerted (1,2}
migration (TS1(a)) (Figure 18) (Scheme 50a) was 41.90 and 43.90 kcal mol”* above this
conformer at the BSLYP and MP2 levels respectively (Table 3, Figure 17). However, the
lowest energy transition state, (TS1(b)) (Figure 18), for the [1,2]-migration of cis,trans-
AHC, was located at 40.76 (B3LYP) and 42.46 kcal mol (MP2) (Table 3). The
cis,trans-AHC conformer is certainly accessible, lying only 0.10 (B3LYP) and 0.51 kcal
mol”! (MP2) above the trans,trans conformer while the rotational barrier (TS2) for
conversion of trans,trans-AHC to cis,trans-AHC is 15.59 (B3LYP) and 16.81 kcal mol™
(MP2) (Table 3). As might be expected, the transition state barriers calculated here for
the [1,2]-migrations of trans,trans- and cis,trans-AHC are lower than the 60.2 kcal mol™

(PMP4/6-31G*//UHF/6-31G*)  barrier for the [1,2]-CF;  migration of
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trifluoromethoxy(hydroxy)carbene (42), although a direct comparison cannot be made."”
These activation energies are also high compared to the barrier for the [1,2]-hydrogen
migration of dihydroxycarbene (2) which has been calculated to be as low as 33 keal mol”
! at the PMP4/6-311++G**/[UMP2/6-311G** + ZPE level 10117119198 p0 [1,2]-ally]
migration was found to occur out-of-plane (51.7°(B3LYP) and 53.8°(MP2) for TS1(a);
46.8° (B3LYP) and 52.5° (MP2) for TS1(b)) like the CF; migration in
trifluoromethoxy(hydroxy)carbene (42) (57.6°) and unlike the [1,2]-H migrations of

dihydroxycarbene (2) which proceed in-plane.!®!!7119.198

Table 3. Energies, relative to trans,trans-AHC, in kcal mol™ for the important stationary

points.

B3LYP/X? B3LYP/Z// MP2(FCYX?

B3LYP/X?

Isomer AET AET+ ZPE AEr AEr AET +ZPE
trans,cis-AHC 2.45 2.39 2.73 2.45 245
cis,trans-AHC 0.53 0.10 0.74 0.86 0.51
TS1(a) 43.98 41.90 43.55 45.84 43.90
TS1(b) 42.78 40.76 42.53 44.62 42.46
TS2 17.29 15.59 16.61 18.39 16.81
TS3(a) -21.99 20.89 21.20 25.61 24.76
TS3(b) 22.89 20.89 21.75 26.03 24.92
TS4 15.14 14.30 14.71 16.59 15.70
Trans-112 -49.07 -48.98 -50.50 -53.07 -53.04
cis-112 -55.20 -54.89 -55.62 -59.78 -59.51
Trans-113 + 114 18.55 13.80 16.48 29.81 25.27
cis-113 + 114 20.50 15.45 18.44 31.71 27.00

X and Z represent the 6-31+G(d) and 6-31 1++G(3df,2p) basis sets respectively. For w-
AHC in hartrees; AEr = -306.401088, AEt + ZPE = -306.308228 at the B3LYP/X level,
AEr = -305.471333, AEr + ZPE = -307.378281 at the MP2(FC)/X level and AE, = -
306.507716 at the BALYP/X//B3LYP/Z level.
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Figure 17. Schematic representation of the reaction coordinate (kcal mol™) for the

rearrangements of AHC at the: (A) B3LYP/6-31+G(d) + ZPE level, (B) MP2(FC)/6-
31+G(d) + ZPE level.
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Figure 18. TS geometries for the [1,2]-migration at the B3LYP/6-31+G(d) level with
bond lengths (A). MP2(FC)/6-31+G(d) bond lengths (A) in brackets.

The different geometries for the transition states of [1,2]-migrations of alkyl
substituted carbenes’ and oxycarbenes are due to the nucleophilicity of the oxy- and
dioxycarbenes and the double bond character of the C-O migration centres.''° However,
there appears to be no explanation in the literature for the difference in calculated
transition state geometries or the difference in the transition state barriers between
hydrogen and alkyl migrating groups of oxy and dioxycarbenes. Although it is not
strictly correct to apply a frontier molecular orbital (FMO) analysis to intramolecular
reactions,'® applying this theory to the [1,2]-migrations of oxycarbenes does provide
some useful insights. Consider the FMO model for the well known inversion of
stereochemistry observed for Sy2 reactions (Figure 19)."*2% The important FMO
interaction is between the HOMO of the nucleophile and the LUMO of the electrophile.
When a nucleophile approaches opposite to the leaving group, the orbital interaction is

bonding (Figure 19(a)), but when the approach is adjacent to the leaving group the orbital
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interaction has both bonding and anti-bonding components (Figure 19(b)). Clearly, attack
opposite to the leaving group is favoured. The FMO analysis for the [1,2]-migrations of
a nucleophilic carbene should follow a similar model. The important HOMO/LUMO
interaction should be between the carbene centred HOMO and the LUMO of the O-H/O-
R bond (Figure 19(c-d)). For the O-H and O-R cases, the HOMO/LUMO interaction
will be both bonding and anti-bonding. However, for the [1,2]-H migration the orbital
overlap between the carbene HOMO and the very symmetrical bonding portion of the
LUMO centred on hydrogen should be large (Figure 19(c)). Hence, the overall
interaction should be bonding. The situation is different for a [1,2]-alkyl migration
(Figure 19(d)). The preferred attack for nucleophilic substitutions, opposite to the
leaving group (in this case oxygen), is not available. In addition, the bonding interaction
for the front side attack will be less than that for the [1,2]-H migration. This is clear since
the O-R LUMO has three nodes while the O-H LUMO has only two nodes and a good
portion of the LUMO is on the wrong side of the alkyl group and is not available for
overlap with the carbene HOMO. This poor bonding interaction results in a high energy
transition state. In order to stabilize the transition state, the migrating group must move
out-of-plane to take advantage of a favourable bonding interaction between the carbene
centred LUMO and the HOMO of the O-R bond (Figure 19(e)). A similar FMO model

has been used to explain the stability of certain carbene conformers in the past.2!
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Figure 19. FMO model of the [1,2]-migrations and the Sy2 analogy.

The transition states reported here (TS3(a)) and TS3(b)) (Figure 20) for the [2,3]-

sigmatropic rearrangement (Scheme 50b), resemble the Rautenstrauch model for the

[2,3]-Wittig rearrangement in that C5 is out of the plane of the 5-membered transition

state.'8>1881% TG3(3) and TS3(b) are also early, which could indicate the presence of an

intermediate on the reaction coordinates, however none was found with an intrinsic

reaction coordinate calculation at the RB3LYP/6-31+G(d) level for the trans,trans-AHC
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.reaction coordinate. These early transition states are consistent with the results of
Iwamura et al. for allyloxycarbene (41) (Section 1.5.1.3), and are reasonable for
exothermic reactions requiring relatively small activation energies, in accordance with
the Hammond postulate.'*""!?’

TS3(a) for the rearrangement of tranms,trans-AHC was found to lie 20.89
(B3LYP) and 24.76 kcal mol™ (MP2) above the ground state while TS3(b) for the
migration in cis,trans-AHC was found to lie 20.89 (B3LYP) and 24.92 kcal mol” (MP2)
above trans,trans-AHC. Coincidentally the B3LYP values for AE + ZPE of TS3(a) and
TS3(b) are identical, while TS3(a) is slightly lower in energy at the MP2 level of theory.
Therefore, the [2,3]-sigmatropic rearrangement has a barrier roughly half that of the
[1,2]-allyl migration (Table 3, Figure 17). This is consistent with the antiaromatic nature
of a partially in-plane four-electron transition state of the [1,2]-migration, as compared to
the allowed six-electron transition state of the [2,3]-sigmatropic rearangement.'1%12!
Clearly, the [23]-sigmatropic migration, which is known for other

122124181 should be highly favoured over the [1,2]-migration.

(bisheteroatom)carbenes,
Thus the observed experimental product ratios!® (eq. 20) cannot be explained in terms of

a competition between these two rearrangements.
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(1.251) g
A

Figure 20. TS geometries for the [2,3]-sigmatropic shift at the B3BLYP/6-31+G(d) level
with bond lengths (A). MP2(FC)/6-31+G(d) bond lengths (A) in parentheses.

Homolysis of dioxycarbenes to give radicals by means of a B-scission from T
(Scheme 50c) requires that this state be well populated. The expe;imental results'®
indicate that most of the apparent rearrangement products (112) come from a bradical path,
requiring a small So-T; gap if the radicals came from the triplet carbene. The potential
energy surfaces were initially mapped out at the HF/3-21G level with the (0°, 180°), (90°,
180°), (180°, 180°) and (270°, 180°) starting geometries, from which, with 6, frozen, 6,
was rotated through to 0° in 10° steps as the geometry was optimized at every point for
the So surface. The vertical triplet surfaces (T;,) were calculated at the So geometries.
Qualitatively, the HF/3-21G results mirror those for dihydroxycarbene (2) in that minima
on the Sp surface represent maxima on the triplet surface and vice versa.!”'%2% At this
level of theory, the 6; = 90° and the 0; = 270° Sy and T, surfaces enter overlapping
regions which move apart at the higher levels until the 8, = 90° and the 0, = 270°
surfaces have So-T)y gaps of -25.53 and -25.94 kcal mol™ respectively (B3LYP) (Table 2,
Figure 21), and -25.25 and -26.12 kcal mol™ respectively (MP2) (Table 2), in excellent

agreement with previous results for dihydroxycarbene'"'"* and dimethoxycarbene.'® The
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(90°, 90°) and (270°, 90°) singlet conformers are more or less maxima that lie 40.99 kcal
mol ™ and 38.52 kcal mol™ (B3LYP)(Table 2, Figure 21) respectively and, 44.80 and
41.96 kcal mol™ (MP2)(Table 2) respectively, above the lowest energy singlet conformer.
It seems unreasonable then to suggest that the triplet state could be the radical source. A
similar mechanism for fragmentation from the open shell singlet can also be ruled out
since a singlet state derived from a given electronic configuration possessing two half-
filled orbitals is always of higher energy than the triplet state of the same 6onﬁguration,
due to the exchange correlation which stabilizes the triplet relative to the singlet
state.”?* Moss et al. have calculated that the HOMO — LUMO (¢* - Glpl) excitation
to give the open-shell singlet for cis,trans- and trans,trans-dimethoxycarbene costs 109
and 104 keal mol " respectively at the CIS/INDO/S//6-31G(d) level of theory.!® This
calculated excitation corresponded to an experimentally observed absorption at 255 nm

(112 keal mol ™).
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Figure 21. Energy diagram showing the singlet (So) and vertical triplet (Tyv) curves at
the B3LYP/6-31+G(d) level, with 8; (HOCO dihedral angle) frozen at 0°, 90°, 180° and
270° and rotating about 6, (OCOC dihedral angle).

The possibility of homolysis from the singlet ground state of
allyloxy(hydroxy)carbene can now be considered (Scheme 50, path (d)). It is a simple
matter to calculate the dissociation energy of the carbene to radicals by calculating each
of the radicals individually.?®® Large differences were observed for the B3SLYP and MP2
results. The radicals (trans-113 + 114) were found to be 68.69 kcal mol™ (73.75 keal
mol”! without ZPE) above the lowest energy conformer of the carboxylic acid (cis-113) at
the B3LYP level and 84.78 kcal mol” (89.59 kcal mol™ without ZPE) at the MP2 level
(Table 3, Figure 17). The B3LYP results are in better agreement with the experimentally

derived®®%’ AHC¢ of 75 + 1 kcal mol”, consistent with previous workers who have found

that DFT gives more reliable heats of formation for a variety of radicals than MP2
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205 The sum of the energies of the radicals, rans-113 + 114, was found to lie

calculations.
11.41 kcal mol™ above cis,trans-AHC using DFT and 22.82 kcal mol™ above cis,trans-
AHC using MP2 (Table 3, Figure 17). The fully optimized trans,cis-AHC conformer lies
2.39 kcal mol™ above the trans,trans-AHC conformer, while the barrier for rotation to
trans,cis-AHC through TS4 (182.5°, 92.0° and 182.0°, 92.3°) is 14.30 and 15.70 keal
mol™ at the DFT and MP2 levels respectively (Table 3, Figure 17). It can be seen from
Table 3 that the [2,3]-sigmatropic rearrangement (TS3(a) and TS3(b)) has an activation
energy that is either higher than or about equal to that of the homolysis. At 110 °C (the
temperature for the thermolysis presented in eq. 20) radical formation from the singlet
trans,cis-conformer (Scheme 50, path (d)) should be the dominant pathway due to
entropic effects which would favour the dissociation pathway over the highly ordered
[2,3]-sigmatropic rearrangement. This expectation is in keeping with the known
temperature effects on Wittig rearrangements.'#2%%2% The observed regiochemistry (eq.
20) may arise from solvent cage effects similar to those used to explain the high retention
of stereochemistry also found for [1,2]-Wittig rearrangements.'%?

It was pointed out in Section 1.5.1.1 of the introduction that Borden found a
transition state in the homolysis of w-dihydroxycarbene (2).!"° However, due to the level
of approximation it was not possible to conclude if such a barrier was real. Homolysis of
s- or u-dihydroxycarbene (2) was not examined. Of course, if there is a transition state in
the homolysis of oxycarbenes, this could change the interpretation of the
allyloxy(hydroxy)carbene (111) results presented above. Furthermore, fragmentations of

simple molecules do not normally have transition states, or in other words simple radicals
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do not normally have barriers to coupling. This suggested the importance of further
study, which could lead to a better understanding of the mechanism of homolysis of OXy-

and dioxycarbenes from their singlet ground state.

2.1.2. Hydroxycarbene as a Model for the Homolysis of Oxy- and Dioxycarbenes

In this study the dissociation of hydroxycarbene (HCOH) was used as a model for
the dissociation of the more complex oxy and dioxycarbenes, which appear to undergo
homolysis from a singlet ground state (Section 1.5.1.1)2"°  Scheme 51 shows the
dissociation of the stable cis and trans isomers. Since the homolysis of formaldehyde
(H,CO) yields the same radicals, it was included in this work as a test for the methods
used. The systems were modeled using Complete Active Space aﬂd Multireference
Configuration Interaction methods. The potential energy surfaces were analyzed and the
theory of atoms in molecules (AIM)*"' was used in the discussion of the electronic

structure of the systems (Appendix II).
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Calculations of the wave functions and optimizations for HCOH and its isomers
were carried out using the General Atomic and Molecular Electronic Structure System of
programs (GAMESS, version 6 MAY 1998).2" Dunning's correlation-consistent,
polarized-valence, double-zeta (cc-pVDZ) basis set was found to be éppropriate for the
study.?® Geometries were optimized using the quasi-Newton-Raphson search with the
quadratic approximation algorithm at the Complete Active Space Self-Consistent-Field
(CASSCF) level of theory using several choices of active space. It was determined that
in order to describe the dissociation processes correctly, the active space should include
at least 8 electrons and 8 active in-plane orbitals to give an 8,8 active space (CAS(8,8)).
This active space was augmented with the two lowest energy out-of-plane n-orbitals to
give a 10,10 active space (CAS(10,10)) which was also utilized in the study. The
modelling of the homolysis of cis and trans-HCOH at the CAS(10,10) level, using only
the O-H bond length as a constraint, indicated that the dissociation proceeded in plane.
Frequency calculations at the CAS(10,10) level indicated only one imaginary frequency
for the transition states. As a consequence, both active spaces were employed to study
the dissociation from the ground state (S), using the symmetry plane and the dissociating
bond distance as constraints for the optimizations. The first singlet excited state (S;) was
calculated for the vertical excitation at the state-averaged CASSCF level of theory with
averaging of the Sy and S, states using the CAS(10,10) ground state (S1) geometries. In
- these calculations, equal weights were given to each of the states.

Single-point Multireference Configuration Interaction (MRCI) calculations were

performed using the 8,8 active space (MRCI(8,8)) at the corresponding CASSCF
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optimized geometries. These MRCI(8,8) calculations included all single and double
excitations from the CASSCF active space and provided the wave functions for the
analysis of the electron density of the HCOH isomers. Calculations of the atomic
properties, defined by the theory of atoms in molecules, were performed using the

214 The formyl radical was also examined. The ground

AIMPAC system of programs.
state wave function of this doublet was calculated at the SD-Cl/cc-pVDZ level of theory,
including all possible excitations from core and valence orbitals in the CI expansion,
using the GAUSSIAN94, Revision E.2, system of programs.'® This wave function was
used to integrate the spin densities over the atomic basins in the radical 2!°

Figure 22 shows the potential energy curves for the dissociation of cis- and trans-
HCOH at the CAS(8,8) and the CAS(10,10) levels. In order to evaluate the performance
of these levels of theory, the analogous H,CO dissociation is also included. In addition,
Table 4 displays the energies for the equilibrium geometries, the approximate barrier
heights, and the dissociation energies. A number of important points should be noted
from these results. As expected, all three isomers dissociate to the same limit. At the

equilibrium geometry the trans isomer is the lowest energy conformer of HCOH, in

agreement with conclusions of previous workers.!”!08111,216-220
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Table 4. Energies for important points on the dissociation curves for each isomer in kcal
mol™ at all levels. All energies are given relative to the radicals for dissociation of cis-
HCOH at 7.0 A whose total energy (hartrees) is given in parentheses for each active
space.

Level Isomer Eq. Geom. T.S.Bamier Rxy=7.0A

CAS(10,10)/cc-pVDZ cis-HCOH -22.37 5.09 (-113.894618)
trans-HCOH -27.26 14.92 0.00
H,CO -84.97 No T.S. 0.00

CAS(8,8)/cc-pVDZ cis-HCOH -35.74 3.24 (-113.822002)
trans-HCOH -40.52 11.25 0.00
H,CO -85.04 No T.S. 0.00

MRCIS8)cc-pVDZ//  cissHCOH 4479  NoTS.  (-113.900490)
CAS(8,8)/cc-pVDZ trans-HCOH -49.37 6.03 0.00
H,CO -85.91 No T.S. 0.00

For both CAS levels of theory, the calculated dissociation energies of formaldehyde are
in good agreement with the experimental value of 87.1 kcal mol™, calculated from the
heats of formation of the radicals and formaldehyde.?®*” Previous SD-CI calculations
using a DZ basis set with polarization functions gave a dissociation energy of 88.5 kcal
mol™, which was lowered to 80.2 kcal mol” after an experimental zero point vibrational
energy (ZPE) correction was added.!”’ A more recent study, in which the radicals were
calculated as doublets at the MP4(SDTQ)/6-311G**//MP2/6-31G* level, with a ZPE
correction of 8.7 kcal mol” and annihilation of spin contamination, found that the
radicals were 80.1 kcal mol™ above formaldehyde.?'” Note that the dissociation energies
in Table 4 were not corrected for the ZPE. The CAS(10,10) results are in better

agreement with the energy difference of 54.2 + 2 kcal mol™ found between HCOH and
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formaldehyde by cyclotron double resonance spectroscopy.??! The CAS(10,10) value for
the HCOH and formaldehyde energy difference is also in good agreement with previous
theoretical work,'%!111:216220222 o histent with other theoretical calculations,'!! H,CO
does not have a transition state for the homolysis at either level of theory. However, for
both active spaces the cis- and trans-HCOH homolysis curves do have maxima, with the

one for trans-HCOH being the most pronounced.
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Figure 22. Potential energy curves for the homolysis of cis-HCOH, trans-HCOH and
H,CO: (a) at the CAS(8,8) level of theory; (b) at the CAS(10,10) level of theory.

One of the main objectives of this work was to determine if there is a transition
state for the homolysis of oxy- and dioxycarbenes, and to understand the underlying
physical nature of this process. Since both active spaces show similar dissociation
curves, the (8,8) active space was selected to include dynamic electron correlation by

means of MRCI calculations, which would not be possible with the larger 10,10 active
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space due to computational limitations. F igure 23 shows the MRCI(8,8) ;Sotential energy
curves for cis-HCOH, trans-HCOH and H,CO as a function of the reaction coordinate.
The energy of the carbenes relative to both formaldehyde and the radicals is less than that
from the CAS results. Most remarkably, the maximum in the trans-HCOH potential
energy surface remains, whereas it disappears for the cis-HCOH surface. Borden et al.
have reported that the dissociation of singlet carbenes might involve a transition state.!"
However, their observation resulted from use of single-determinant wave functions, and
they were unable to exclude the possibility that such behaviour was due to an inadequacy

in the method of calculation used.
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Figure 23. Potential energy curves for the homolysis of ¢is-HCOH, trans-HCOH and
H>CO at the MRCI(8,8) level of theory.
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If there is a transition state for the homolysis of zrans-hydroxycarbene the
question arises as to what the source of this additional barrier could be. A valence-bond
configuration mixing (VBCM) analysis of this system could be helpful here.”?* In this
model, the valence-bond electronic states of the reactants and products are defined and
their energies are plotted against the reaction coordinate to give a state correlation
diagram. Here the reactant and product configurations will be defined as the carbene (%)
and radical (n'o-‘) configurations respectively (Figure 24). The equilbrium geometry of
the carbene electronic configuration is shown in the lower left-hand corner of the state
correlation diagram. If the O-H bond Is stretched without changing the electronic
configuration, the energy will rise and the carbene configuration can be followed until the
dissociated geometry is reached in the upper right-hand corner. This would result in a
formyl radical in which the unpaired electron is centered on oxygen. However, a simple
Lewis structure analysis of the formyl radical indicates that the spin density should be
highly localized on the carbon atom. At the SD-Cl/cc-pVDZ level of theory, the
populations are 0.5545, 6.2731 and 0.1724 a-electrons for C, O and H, respectively.
These values are obtained by integration of the spin density over the atomic basins.
Previous workers have shown that the spin density is spread over the entire
molecule,”>??® but the integrated values above also indicate that this is a carbon centred
radical. This result is in agreement with the potential energy curves in Figure 22 and
Figure 23 which show that the reverse reaction, the approach of the H atom to the HCO
radical, would give formaldehyde as the preferred product. Therefore, the product radical

configuration is best represented by the valence bond structure in the lower right-hand
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comner of the state correlation diagram. If this configuration is followed back along the
reaction coordinate a so called high energy “3-electron” O-H bond results. Of course,
this does not actually happen. Instead, starting from the ground state carbene equilibrium
configuration, the homolysis proceeds by following this electronic configuration until it
meets the descending radical configuration. At this point on the reaction coordinate, the
two configurations mix (interact) and the intended crossing does not occur. In other
words, the two states do not cross and there is an avoided crossing on the potential energy
surface, allowing the system to stay on a ground state surface, first defined by the carbene

n® configuration and then by the product radical n'c’ configuration.

H. _.O.
H{~20% " . . L
C”H radical n1o? configuration “H
Avoided
Crossing
K
*H
H_ O carbene n2 configuration
“H

O-H Bond Length

Figure 24. State correlation diagram for the valence-bond configuration mixing analysis
of the homolysis of hydroxycarbene.

It is also useful to consider the interaction between the carbene n’ configuration

and the radcal n'c’' configuration. The VBCM model can help provide some information
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as to how the ground state moves from the carbene electronic configuration (n?) to the
radical (n'c") configuration. It is clear, especially upon examination of the reactant and
product configuration on the left-hand side of the state correlation diagram (Figure 24)
that the product electron configuration (n's’) is simply an n—>c* excitation from the
reactant configuration (n?). This suggests that the homolysis involves a single electron
transfer (SET) from the carbenic lone pair to * of the O-H bond (Scheme 52) which
would occur when the two electronic configurations begin to mix in the region of the
avoided crossing. This picture suggests that as the O-H bond is stretched and the energy
of * decreases, there is a SET from the high energy carbenic lone pair (n?) into this
orbital. Taking this idea to its limit, it could be suggested that the hydrogen actually
leaves with an electron from the carbenic lone pair, instead of from its own O-H bond,

which becomes a lone pair on oxygen instead.

Scheme 52
HS_ 0y
~C OG\H
° Ho /,O.-
H. .0 - ¢
Ho QIO\.H

The advantage of VBCM theory is that it clearly states what causes a transition
state.”* A transition state is formed because reactants have to open their valence shells,
stretch or break bonds, and thus climb up an energy hill until they meet a descending

electronic state onto which they can cross. However, the analysis of cis-hydroxycarbene,



87

which was predicted not to have a tfansition state at the MRCI level of theory, would
give the same state correlation diagram, predicting a transition state for homolysis from
this conformer as well. This system also represents a failure of one of the rules of the
VBCM model which suggests that stabilization of any key configuration with respect to
the reactant configuration is likely to lead to a stabilization of the transition state and a
corresponding rate enhancement.”” Remember that for the hydroxycarbene system the
trans conformer has a transition state. Destabilizing the carbene configuration in the
form of the higher energy cis conformer should increase the transition state barrier (or at
least increase the barrier to radical coupling), but instead the transition state disappears
(Figure 23). Therefore, while this VBCM analysis does provide important insight into
the formation of a transition state it cannot adequately explain the results obtained for
both conformers.

In order to investigate further the nature of the transition state observed for #rans-
HCOH, state-averaged CAS(10,10) calculations involving the Sy and the vertical S, state
were carried out for the dissociation of both cis- and trans-HCOH. Note that this work
was not an attempt to study the first excited singlet state of hydroxycarbene, whose
geometry is thought to be gauche.?'® The analysis of the vertical S state is included only
to analyze its effect on the ground state in the vicinity of the avoided crossing of states of
the same symmetry. Figure 25 shows the avoided crossing in the region of the transition
state. On the carbene side of the potential energy curve, the excited state involves an

important contribution of an excitation from the lone pair of the carbon atom to the ¢*

orbital of the breaking O-H bond (n—c*) to give a n'c’ configuration. Beyond the
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avoided crossing of states, this configuration becomes the main contribution
corresponding to the ground state of the radicals. In effect, this suggests that the
hydrogen atom leaves with an electron from the carbene lone pair (n®) and not from the
O-H sigma bond, a point that will be made clearer from the analysis of the electronic
properties in the following sections. This result can be contrasted with some previous
studies which have predicted that S, for hydroxycarbene, methoxymethylcarbene (23)
and dimethoxycarbene 1 would comprise an important contribution of the n'x!
configuration resulting from an excitation from the carbon lone pair to *.'%7218 while
the n'n' configuration may be important, these results for hydroxycarbene,
methoxymethylcarbene 23 and dimethoxycarbene 1 could be a consequence of the use of
single reference correlated wave functions in those studies. On the other hand, the results
presented here represent state-averaged calculations designed to study the homolysis, not
S; at the equilbrium hydroxycarbene geometry. As was the case for the pure-state CAS
calculations, there is a maximum in the potential energy curves of both HCOH
conformers, but it is expected that at the MRCI level the one for the cis conformer will
disappear.  Due to computational limitations, the MRCI(10,10) state-averaged
calculations could not be performed. Although both conformers have maxima, some
qualitative conclusions can be drawn. As can be seen from Figure 25, the avoided
crossing of states should occur first for the dissociation of the cis conformer. This is in
part due to the steeper increase in the energy of ihe ground state for this conformer in
comparison to zrans-HCOH. As a result, the trans conformer maintains its carbene-like

configuration (n?) further along the reaction coordinate.
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Figure 25. The S, and S, potential energy surfaces of cis- and trans-HCOH at the state-
averaged CAS(10,10) level.

The changes in the electronic structure of HCOH can be analyzed in terms of the
properties of the atoms defined by the theory of atoms in molecules, as well as in terms of
the local properties of the electron density (p(r)) (Appendix II). The following analysis
for each HCOH conformer was performed using MRCI(8,8) wave functions for a number
of Ro.y values. The atomic charges (qq) are displayed in Figure 26, including those for
the homolysis of the C-H bond of formaldehyde for comparison. In the case of the
leaving hydrogen atom the final charge corresponds to the free atom. The evolution of
the atomic charges during the homolysis of the HCOH conformers indicates that early in
the dissociation the leaving hydrogen atom withdraws electron density from oxygen.

However, it is carbon that loses electron density to hydrogen and oxygen in the region of
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the avc;ided crossing of states due to the transition from the n” to the n'c’ configuration.
As a result, the net change in the atomic charge of oxygen is small as the carbene is
transformed to radicals. These results are consistent with the formation of a carbon
centred radical as indicated by the SD-Cl/cc-pVDZ spin density results presented above.
The decreasing positive charge on the forming H radical of both hydroxycarbene
conformers is also in agreement with experimental results by Merkley and Warkentin.'"
Using benzyloxy(4-substituted benzyloxy)carbenes (PhCH,0COCH,Ar) (39) they were
able to show that homolytic fragmentation favoured formation of the benzyl radical with
an electron withdrawing group in the para position (Section 1.5.1.1). A Hammett plot of
the data gave a good correlation with & ~ substituent constants (r=0.994, p@wy, 110 °c) =
0.7) suggesting that the fragmentation involves charge separation in the sense that

electron density increases on the group that is becoming a benzyl radical.
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Ry-y? (A)

Figure 26. MRCI(8,8) atomic charges for: (2) ¢is-HCOH; (b) trans-HCOH ; (c) H,CO.

It is also ﬁseﬁll to compare the relative values of the atomic charges in the
conformers. In the trans conformer, the atoms retain more carbene character as they
approach the avoided crossing of states, and there is a build-up of the atomic charge on
oxygen that occurs further along the reaction coordinate relative to cis-HCOH. This
indicates that the carbon atom is less able to donate electron density to oxygen in the
trans system when the carbene begins to dissociate. This behaviour can be contrasted
with the observed trends for the atomic charges in formaldehyde where there is no similar
dramatic change in the values during dissociation (Figure 26(c)). It is necessary to stress
the relationship between this behaviour of the atomic charges of the three isomers to that
of the corresponding potential energy surfaces. Dissociation of formaldehyde does not

involve a transition state and the atomic charges display a monotonic behaviour. Due to
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the persistence of its n” electronic state, trans-HCOH is the carbene conformer that shows
the greatest changes in the atomic charges and is the only isomer that has a transition
state for homolysis.

The local properties of the electron density (p(r)) provide information
complementary to the atomic properties (Appendix II). The behaviour of the local
properties of the electron density is well illustrated by the electron density itself,
evaluated at the bond critical points, and by the Laplacian of the electron density (V*p(r))
in several regions of a molecule. Figure 27 displays the values of p(r) at each of the
three bond critical points for each conformer. As expected, the electron density at the O-
H bond critical point decreases to approximately zero at long distances. This behaviour is
consistent with the breaking of the O-H bond. It is also interesting that, whereas at the H-
C bond critical point p(r) remains almost unchanged, the value at the C-O bond critical
point increases with the formation of the radicals due to an increase in the double bond
character. This is in contrast to formaldehyde in which the electron density at the C-O

bond critical point changes by only 0.013 atomic units.
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Figure 27. Electron density for the three bond critical points in cis-HCOH (solid
symbols) and trans-HCOH (open symbols) versus the reaction coordinate using the
MRCI(8,8) wave functions. '

The Laplacian of the electron density also provides important information about
the changes in the electronic structure of the conformers of HCOH during dissociation.
These changes can be followed by the local charge concentrations indicated by the
existence and location of local minima exhibited by this property. Figure 28 shows
contours of V2p(r) for some selected molecular geometries in each case. At short O-H
bond distances there are regions of negative values of the Vp(r) that correspond to two
electron pairs; one each for the carbon and oxygen atoms. The occurrence of only one
critical point corresponding to a minimum in the Laplacian of the electron density in the
non-bonded region of the oxygen atom deserves some attention. In methanol for
example, two critical points are found above and below the C-O-H plane.”"*® However,

in hydroxycarbene one of these oxygen lone pairs donates electron density to the virtual
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p-orbital of the carbon atom to form a partial & bond, resulting in the observation of only

one oxygen lone pair in the H-C-O-H plane.

Figure 28. Contours of the Laplacian of the electron density, with superimposed
interatomic surfaces, for some selected molecular geometries from the MRCI(8,8) wave
functions. Dashed and solid lines correspond to positive and negative values of V2p(r),
respectively.

Figure 29 shows how the value of V?p(r) at the carbon lone pair critical point
becomes less negative during dissociation. The most important changes take place for O-

H separations in the vicinity of the avoided crossing of the two lowest singlet electronic
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states. This trend can bé attributed to the transition from the carbene to the formyl radical
and supports the contention that it is the carbon atom that donates an electron to
hydrogen. It was also found that the oxygen lone pair that develops with the homolysis
of the O-H bond begins to appear immediately following the avoided crossing for trans-
HCOH. However, the lone pair does not start to develop for the cis conformer until the
H-O bond length has reached ~ 2.7 A. This suggests that the cis conformer undergoes a

smoother change to radicals as compared with trans-HCOH.

cis—HCOH

v2p (r)

-0~ trans—HCOH

Ro-y? (A)

Figure 29. Laplacian of the electron density at the critical point corresponding to the
carbon lone pair as it becomes a radical centre for both HCOH isomers, calculated using
the MRCI(8,8) wave functions.

To this point, the examination of the electronic properties has indicated that the
avoided crossing involves a substantial reordering of the electronic structure of both

HCOH conformers, suggesting that a transition state might be expected. However, there
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has been no indication why only one conformer has such a transition state. Careful
analysis of the dipole moment in terms of its charge transfer and polarization
contributions seems to provide an explanation for the differences observed in the
potential energy curves of these conformers. Examination of Figure 30 and Figure 31
indicates that the main differences between the dipole moments of cis- and trans-HCOH
occur on the carbene side of the potential energy curve. At these short distances, I, and
Me are nearly anti-parallel for trans-HCOH and almost cancel each other out. As the
magnitude of the polarization contribution || is slightly greater than that of the charge
transfer |uc|, the former determines the direction of p. This greater polarization of the
charge distribution can be associated with the lone pairs on the carbon and oxygen atoms.
In the case of cis-HCOH, the ratio |u,)/|utc] is similar to the one for the frans conformer.
However in this case the vectors are oriented in a different manner, with a less effective
cancellation between contributions, resulting in a greater dipole moment for cis-HCOH

whose direction clearly differs from that of the trans conformer. Thisis a consequence of

the relative positions of the lone pairs for each conformer. On the other hand, after the

avoided crossing of states, i and pu, are oriented in an anti-parallel manner in both cases,
with the dominant contribution coming from the charge transfer. This greater
contribution of p. to  is in part due to the increase of the charge transfer from carbon to
oxygen, as indicated by the atomic charges in Figure 26. The dominance of the charge
transfer component of p in the fonn};l radical is similar to what has been previously

reported for carbonyl compounds.”?®
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Figure 30. Magnitude and angle, relative to the C-O bond, of the dipole moment for cis-
HCOH, trans-HCOH, and H,CO. A positive angle corresponds to a clockwise rotation

about the z-axis.
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Figure 31. Dipole moment (i) (solid arrows), its corresponding charge transfer (L)
(dotted arrows), and polarization (1p) (dashed arrows) components for some selected
geometries of trans-HCOH in the top row and cis-HCOH in the bottom row. Arrows
point in the direction of the negative end of the dipole. Magnitudes are shown in atomic
units.

It is apparent from Figure 30 and Figure 31 that the trans conformer has to
undergo greater changes in its dipole moment during dissociation. After the avoided
crossing of states, both isomers have very similar dipole moments and proceed to the
same limit. Before the avoided crossing of states the magnitude of the dipole moment
decreases for both conformers. In the case of trans-HCOH, || is greater than that of the

radical and initially moves away from the final value of the formyl radical. On the other
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hand, cis-HCOH starts with a |u| smaller than that of the radical and approaches the final
value earlier during the homolysis. Hence, the electronic structures of the crossing
electronic states do not properly match for trans-HCOH and the isomer is forced to
undergo greater adjustments in its charge distribution during the avoided cros;sing. This
is in contrast to the dipole moment of formaldehyde, which decreases smoothly to the
common dissociation limit of all three isomers. The energetic cost of these adjustments
in the electronic structure, as well as the greater buildup in charge concentrations
demonstrated above, result in the occurrence of a transition state for trans-HCOH.

Figure 32 and Figure 33 show the evolution of the internal coordinates as a
function of the reaction coordinate at the CAS(8,8) level. Similar behaviour was found
for the 10,10 active space. As can be seen, the most important changes take place in the
vicinity of the avoided crossing. In the case of trans-HCOH, these changes occur later
and in a narrower interval around the transition state. This is in keeping with a delayed
avoided crossing for the frans with respect to the cis conformer. The decreasing C-O
bond distance presented in Figure 10 indicates increasing double bond character, and
parallels the increasing electron density at the C-O bond critical point previously
discussed (Figure 27). It is interesting to note that the H-C bond distances and the H-C-O
bond angles reflect the behaviour observed for the dipole moments (Figure 30), in the
sense that the geometry of the cis-HCOH carbene approaches that of the radical in the
region of the avoided crossing. On the other hand the trans conformer does not display
this convergent behaviour as a consequence of the differences in the electronic structure

of the two states involved in the avoided crossing.
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Figure 33. Relevant bond angles in the dissociation of cis- and trans-HCOH and of
H>CO, versus the reaction coordinate at the CAS(8,8) level of theory.

Homolytic fragmentations of simple molecules generally proceed without a
transition state. The homolysis of oxy and dioxycarbenes seems to be an exception to
this statement. The comparisons made for the changes in the molecular geometry of the
conformers of HCOH during dissociation, along with the behaviour of the electronic

structures, provide an explanation as to why there is a transition state for the trans and
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not for the cis conformer. It appears that the necessary changes in electron configuration
for the conversion of the carbenes to radicals involve a substantial reorganization of the
electron density as described, for example, by its Laplacian and by the analysis of the
atomic charges. The analysis of the dipole moment summarizes the changes taking place
in the electron density during the homolysis and emphasizes the differences in the
electronic structure of the reactant carbene and radical product configurations. In the
case of trans-HCOH the dipole moments are very different just before and after the
avoided crossing of states, resulting in electronic and geometric adjustments, which raise
the energy of the homolysis and lead to a transition state. The effect of these electronic
and geometric differences is summarized in Figure 34 which shows the correlation
diagram for the electronic configurations involved in the homolysis of cis- and trans-
HCOH. The blown-up portion of this figure shows the cross section of the avoided
crossing representing a secondary reaction co-ordinate for the homolysis, not described
by the O-H bond length. The electronic configurations can be thought of as two valleys.
Due to the differences in the electronic structures of these configurations in #rans-HCOH,
and the resulting differences in the geometries (Figure 32 and Figure 33) these valleys are
offset from each other. This results in poorer mixing of the reactant and product
configurations and leads to an additional barrier for the homolysis of trans-HCOH. The
transition state observed here for trans-HCOH, and probably for w-dihydroxycarbene,
studied by Borden,'"® appears to be caused by a mismatch in the electronic structures of

the states involved, rather than by an inadequacy of the level of calculation used.
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Figure 34. Electronic configuration correlation diagram showing a cross section of the
avoided crossing.

Some mention should be made of the possible generality of this reaction. It is
clear that homolysis of oxy and dioxycarbenes has been observed a number of times,
usually under what would be considered harsh conditions. However, low temperature
homolysis of oxycarbenes may also be possible. Consider the fragmentation of a singlet
carbene to a carbonyl and an alkyl radical (Figure 35). The valence shell of a carbene
carbon has six electrons (a sextet) instead of the preferred octet. The product carbonyl
radical, like any carbon centered radical, has seven electrons (a septet) in its valence

shell.
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Figure 35. The change in the carbene centre’s valence shell from a sextet to a septet
upon fragmentation to radicals.

As a result of this difference in the valence shells of carbenes and radicals, a carbene
should receive more stabilization from a X type electron donor such as oxygen than the
radical (Figure 35). Therefore, replacing an oxygen substituent by hydrogen or an alkyl
group should destabilize the carbene relative to the radicals, resulting in a lower
dissociation energy. In Section 2.1.1 the homolysis of allyloxyhydroxycarbene (111) was
shown to have a dissociation energy of 18.55 kcal mol™ at the B3LYP/6-31+G(d) level
without ZPE (Table 3) (Scheme 53(a)). Replacing the hydroxy group with hydrogen

results in a dissociation energy of only 2.36 kcal mol™ for allyloxycarbene (41) (Scheme

33(b))-

Scheme 53
0.0 020 + AN AE7 = 18.55 kcal/mol
(@ HGTS > HTTC N (B3LYP/6-31+G(d))
111
b H_ ..O Ho .0 AEr = 2.36 kcal/mol
® Y — ¢ 7 I (B3LYP/6-31+G(d))
41

Calculation of the heat of formation for the isodesmic reaction represented by

Scheme 54(a) indicates that a phenyl group stabilizes an allyl radical (114) by about 7.00
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kcal mol™. Combining this result with the dissociation energy‘ for allyloxycarbene (41)
results in an estimated dissociation energy of -4.64 kcal mol” for cinnamyloxycarbene
(115) (Scheme 54(b)). In other words for this system the fragmentation is about
thermoneutral or possibly even exothermic. Interestingly, this would suggest that the cis
carbene should not exist since there would be no barrier to homolysis. In any case, it is

clear that these fragmentations may be facile reactions for a variety of carbenes.

Scheme 54

AE7 =-5.05 keal/mol

h T
(a) IR Y — B + AP (B3LYP/6-31+G(d))
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AEq = -2,69 kcal/mol
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(b) HiprOn T — H 20 v AR (B3LYP/6-31+G(d))
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2.2. Reaction of Dioxycarbenes with Carbon Disulfide

2.2.1. Experimental Study of the Reaction of Dioxycarbenes with Carbon Disulfide
The results presented in Chapter 1, Section 1.5.2.3.3 highlight the intense interest
that has been generated by the reaction of dioxycarbenes with carbonyl compounds.
Initial studies using thiocarbonyl compounds have also been undertaken (Section
1.5.2.3.4). Itis clear from this work that nucleophilic carbenes tend to react by stepwise
mechanisms involving ionic intermediates. A number of examples were also presented in
which carbon disulfide (CSz) was shown to be an effective trap for diaminocarbenes'®’

162-164

(87) and imidazol-2-ylidenes (88). The zwitterionic dithioquaternary salts produced
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by nucleophilic attack of the carbenes on carbon disulfide often constituted the final
product and were themselves found to be good nucleophiles. These results indicate that
carbon disulfide should be a good trap for dimethoxycarbene (1).

Dimethoxyoxadiazoline (116) (0.1 M) was thermolyzed at 110 °C for 24 hours in
the presence of a 20 fold excess of carbon disulfide. The reactions were carried out in
sealed thermolysis tubes with benzene solvent. Analysis by GCMS indicated one major
product resulting from reaction of 1 and carbon disulfide. Careful purification by
centrifugal chromatography, using triethylamine as co-elutant, led to the isolation of the
primary product in the crude reaction mixture. This product was identified as 117 by 'H
NMR, *C NMR, gradient HMBC, and MS.

Two other products resulting from trapping of 1 with carbon disulfide were also
observed in the GCMS. The first, a very minor product with a parent ion of m/z 236 has
proven to be quite elusive and remains unidentified. The second, has been identified
from the GCMS to be dimethyl thionocarbonate.

With this information a mechanism for the formation of 117 was proposed
(Scheme 55). The mechanism suggests initial nucleophilic attack by dimethoxycarbene 1
at the CS, carbon to yield a zwitterion (118) or dithio-a-lactone (1 19) intermediate. The
equilbrium likely lies far on the zwitterion side, as attested by the stable dithioquaternary
salts isolated from the reactions of cyclodiaminocarbenes with CS,.'5%'6%1%  With a
build-up of the zwitterionic intermediate, intermolecular methyl transfers weuld become
possible. Intermolecular methyl transfer is more likely then intramolecular methyl

transfer since the five membered transition state required for intramolecular methyl
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transfer is unfavourable according to Baldwin’s rules.*®®*! Methyl transfer is followed
by a second attack by 1 on the dimethyl dithiooxalate (120) and [1,2]-thiomethyl
migration of 121. Attack by an additional dimethoxycarbene (1) at the thiocarbonyl
group of 122 will give the thiirane, 123. The final product (117) could result from sulfur
atom transfer from 123 to an additional dimethoxycarbene (1) equivalent. A variety of
carbenes are known to effect desulfurization of thiiranes. 3?3 Although,
dimethoxycarbene (1) is known to do this reaction, electrophilic carbenes are known to
be more efficient.”®? Although sulfur atom abstraction by 1 does explain the dimethyl
thionocarbonate observed in the GCMS it is just as likely that the thiirane 123 loses
elemental sulfur. This is an efficient process for thiiranes with radical stabilizing
groups.”* The 35% yield of 117 was calculated to take into account three equivalents of

carbene (1).
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In order to differentiate between inter- and intramolecular methyl transfers for the

zwitterion (118), a trapping experiment was carried out using trideuteriated

dimethoxyoxadiazoline* (124). Since three dimethoxycarbene (1) units are incorporated

into the final product (117), only D9-product would be expected if the reaction proceeds

with intramolecular methyl transfer. However, if the intermolecular methyl transfer

* The trideuteriated dimethoxyoxadiazoline (124) is easl

2-methoxyoxadiazoline with trideuteriated methanol and was supplied by David L. Pole.

y accessible by the acetoxy-exchange of 2-acetoxy-
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mechanism is in operation, D6, D9 and D12-products would be expected in a ratio of
1:2:1 respectively, ignoring kinetic isotope effects. Unfortunately it has never been
possible to observe the parent ion (m/z = 266) in the GCMS analysis of the labeled or
unlabeled system. For this reason it is necessary to use the m/z = 192 peak which
corresponds to loss of a C(OCHj3), group that is not involved in the methyl transfers. Ina
deuteriated sample this ion should show a D3:D6:D9 ratio equivalent to the D6:D9:D12
ratio of 1:2:1 for the intermolecular reaction. The GCMS analysis indicated one peak
containing the D3, D6 and D9 isomers. By integrating over different portions of this
peak in was possible to identify the three labeled products, indicating that each had
slightly different retention times. The different retention times indicate that D3, D6, and
D9 isomers are formed during the thermolysis, and not from isomerization of a single D9
molecular ion. By integrating over this peak and comparing the relative intensities of the
daughter ions the GCMS analysis showed that the D3:D6:D9 product ratios were

1:1.8:0.8 indicating that methy] transfer was in fact intermolecular.

HaCO. OCDj

o
N

124

234 (125) was also thermolyzed in the

2,2—Diphenoxy—A3 -1,3,4-oxadiazoline
presence of CS,. Diphenyl thionocarbonate (126) was the only CS; derived product
observed (Scheme 56). It could be formed by initial attack by the nucleophilic
diphenoxycarbene (127) at the CS; carbon to yield a zwitterion (128). Since this

zwitterion (128) has no substituents that can be easily exchanged by nucleophilic
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substitution, it has littly else to do but collapse to its dithio-o-lactone isomer (129).
Eventually this dithio-o-lactone (129) could lose CS to give the diphenyl thionocarbonate
126. This result supports the suggestion that there could be a buildup of the zwitterionic

intermediate in the first step of the formation of 117.

Scheme 56
PhO_ ,GPh PhO__OPh
N0 + s=c=s __4 M+ st
'N.7L Benzene S
_A- N2 126 (11%)
125 l cetone T
P“O\.{?:: PhO.@,OPh PhO_OPh
("= Lo ™ 4O
S S S
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2.2.2. Theoretical Study of the Reactions of Dioxycarbenes with Carbon Disulfude

Theoretical work done in support of these experimental results provided some
important insights. The dihydroxycarbene/CS; system was used as a model for the
dimethoxycarbene (1) and diphenoxycarbene (127) systems described above. The focus
of this research was to examine the behaviour of dihydroxycarbene 2 with CS, and to
determine if the mechanism proposed in Scheme 56 for the formation of the
thionocarbonate (126) was reasonable.

Three mechanisms (Scheme 57) for the formation of the diphenyl thionocarbonate

(126) (Scheme 56) were investigated, allowing for the study of a number of interesting
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aspécts of the general reactivity of dioxycarbenes with carbon disulfide. This study

employed the GAUSSIAN94, Revision E.2, system of programs,'™*

using
dihydroxycarbene (DHC) (2) as a model for dimethoxycarbene (1) and diphenoxycarbene
(127). Rasénen ez al. have found that for dihydroxycarbene (2) the w-conformer is the
lowest energy conformer at high levels of theory'” and this study was confined to the
reactivity of this conformer. Electron correlation was included with the Maller-Plesset
method with the correlation energy truncated at the second order (MP2). MP2
calculations were run with the frozen core approximation and zero point energies were
corrected using a scaling factor of 0.97."°%'97 All calculations were restricted and no
symmetry constraints were imposed. The energies are given relative to the sum of the
fully optimized free w-dihydroxycarbene (2) and carbon disulfide reactants. The text

refers to the AEr + ZPE level unless stated otherwise (Table 5). Structural data for the

fully optimized stationary points appear in Appendix L.
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Scheme 57
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Scheme 57(a) and (b) differ only in the initial attack on carbon disulfide. Path (a)
involves initial nucleophilic attack by dihydroxycarbene (2) at the sp carbon to giQe the
zwitterionic intermediate (130) followed by ring closure to the 3,3-dihydroxy dithio-a-
lactone 131. This dithio-a--lactone may subsequently lose carbon monosulfide to give
thionocarbonic acid (132). Attack at the CS, carbon was investigated by optimizing the
zwitterion (130), which was found to be planar, and stretching the C-C bond. In this way
a planar transition state (TS5) was located for nucleophilic attack of w-DHC at the sp
carbon of CS,. Note, however that this transition state does not have Cav symmetry. The
O-C-C and S-C-C angles differ by 8.0° and 2.9° respectively. It appears that TSS is a
rather loose transition state and bends to take advantage of a sulfur/hydrogen interaction.

Attempts to obtain a transition state of higher symmetry were unsuccessful. The barrier
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for the nucleophilic attack was 4.97 kcal mol™ at the MP2 level of theory while the
zwitterion (130) itself was found to lie 26.36 kcal mol™ below the sum of the reactants,
dihydroxycarbene + CS, (Table 5). A similar reaction path was studied by Bock and
Redington for the decomposition of oxalic acid (Section 1.5.2.3.4).1¢ They located a
zwitterion (85) corresponding to 130 for the reaction of dihydroxycarbene (2) with
carbon dioxide which was 10.2 kcal mol™ more stable than the free dihydroxycarbene
and CO, at the MP2/6-31G*(5d)//HF/6-31G level of theory. Although a direct
comparison cannot be made, the CS; analogue, 130, appears to be considerably more
stable than 85. They also located a planar transition state (86) for the fragmentation of
zwitterion 85 to dihydroxycarbene 2 and carbon dioxide which corresponded to TSS5.
This transition state (86) was only 11.0 kcal mol™ higher in energy than the zwitterion
and 0.7 kcal mol' above the free carbene 2 and carbon dioxide at the

MP2/6-31G*(5d)//HF/6-31G level of theory.

TS5 TS6

Figure 36. Geometries for the zwitterion 130, the transition state TS5 for nucleophilic
attack at the CS, carbon by 2, and the ntransition state TS6 for rotation about the
zwitterionic C-C bond. C-C bond lengths (A) are included.
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Table 5. Energies, relative to free w-dihydroxycarbene (2) + carbon disulfide, in kcal
mol™ for the stationary points at the MP2(FC)/6-31+G(d) level.

Isomer AEt AET + ZPE
Zwitterion (130) -22.10 -26.36
TS5 10.38 497
Dithio-a-lactone (131) -8.29 -12.57
TS6 -8.06 -11.60
TS8 30.42 24.59
Thiocarbonyl ylide (133) 24.09 18.94
TS9 24.10 18.77
TS10 30.53 25.00
(HO):CS (132) + CS 10.38 4.43

* For free w-DHC (2) + CS, in hartrees; AE; = -1022.450324, AEt + ZPE =
~1022.401993.

The transition states discussed above for the reaction of the heterocumulenes, CS,
and CO,, with dihydroxycarbene 2 are quite different than those located in the past for
nucleophilic carbene attack on non-cumulated carbonyl compounds.”®*'* In the few
examples that have been studied, nucleophilic addition of carbenes to carbonyl
compounds has been found to occur through a concerted cycloaddition (Section
1.5.2.3.3). These results suggest a second mode of attack on CS,, represented by Scheme
57, path (b), which was also considered. This pathway involves the possible concerted
attack of 2 on one of the C=S double bonds of CS, to form the dithio-a-lactone (131).
For this analysis a new approach was required. Using mixed internal and Cartesian

23 the dithio-o-lactone (131) was optimized with a “dummy atom™*° (X)

coordinates
fixed 0.5 A below the midpoint of the thiirane C2-S1 bonds as in Figure 37. The dithio-

a-lactone (131) was found to be 12.57 kcal mol™” more stable than the free carbene 2)

and CS,. The X-C3 distance was then increased while optimizing all dithio-a-lactone
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parameters. A transition state for concerted attack of dihydroxycarbene on a C=S double
bond could not be located. Instead, the dithio-a-lactone (131) structure opened to a

twisted zwitterionic structure which rotated about the C-C bond to give the planar

zwitterion (130).
IO .’O\
H X3H
2/ 3\ 1
7 &9
X

Figure 37. Representation of the dithio-o-lactone (131) showing the position of the
dummy atom (X) for the study of cycloaddition represented in path (b), Scheme 57.

Analysis of the C-C bond rotational barrier for the zwitterionic intermediate (130)
led to the location of a transition state (TS6) for C-C bond rotation that was 14.76 kcal
mol™ above the energy of the planar zwitterionic geometry (130). Thus, the twisted
zwitterion transition state (TS6) was only 0.97 kcal mol™ higher in energy than the
dithio-a-lactone (131). Unfortunately, it was not possible to locate a transition state
(TS7) for the ring opening of the dithio-a-lactone to the twisted zwitterions. However,

the barrier for this process is undoubtedly very small.

It seems that the planar zwitterion (130) represents an energy well for the free
carbene (2) and CS,, resulting in a planar transition state (TSS) for attack at carbon.
Alihough direct nucleophilic attack at the sp carbon, path (a), Scheme 57, is preferred
over the concerted cycloaddition (Scheme 57, path (b)) the dithio-a-lactone (131) is

accessible by C-C bond rotation of the zwitterion (130) and ring closure. Once 131 is
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formed, it could potentfally lose carbon monosulfide by a concerted cycloreversion or a
stepwise mechanism. To investigate this cycloreversion, the dithio-o-lactone (131) was
optimized using mixed internal and Cartesian coordinates®> with a “durnmy atom”? (X)
fixed 0.5 A below the midpoint of the thiirane C3-S1 bonds as shown in Figure 38. In
this case a transition state (TS8) was located for a concerted cycloreversion of the dithio-
a-lactone (131) with a barrier of 37.57 kcal mol' above 131. The final products,
thionocarbonic acid (132) and CS have a total energy of 4.43 kcal mol” above the

reactants, dihydroxycarbene (2) and CS,.

Figure 38. Representation of the dithio-o-lactone (131) showing the position of the
dummy atom (X) used to study the loss of carbon monosulfide, path (b), Scheme 57.

131

Figure 39. Geometries for the a-dithiolactone (131) and the loss of CS (TS8) with
important bond lengths (A).
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Path (c), Scheme 57, represents an alternative pathway to thionocarbonic acid
(132) involving electrophilic attack of the dihydroxycarbene (2) at the sulfur of carbon
disulfide. In this initial study electron correlation was included using the MP2 method,
which has been found to be sufficient for the location of carbonyl ylides in the past.!3"36
However, these ylides can have significant diradical character’>”%72° and higher levels
of electron correlation may be required to obtain accurate energies.'’ It was possible to
locate an apparent intermediate 133 on this reaction path, resulting from electrophilic
attack of 2 on sulfur, although it lies 18.94 kcal mol™ above the reactants. However,
examination of the transition state (TS9) energies for the formation of this ylide indicates
that it represents a minimum on the enthalpy surface only, and that with the inclusion of
the ZPE 133 has no barrier to fragmentation back to reactants, 2 and CS,. Of course
these are gas phase results and in solution structure 133 may be stabilized enough to be a
real intermediate. It is interesting to note the SCSC backbone of this “intermediate” does
not represent a plane of symmetry and has a dihedral angle of 5.9°. Lowering the
geometric cutoffs did not result in a planar structure. In fact, imposing symmetry resulted
in a structure which was higher in energy than the twisted thiocarbony! ylide (133). This
thiocarbonyl ylide (133) is also very different than other carbonyl or thiocarbonyl ylides
located in the past which prefer planar geometries.’®?7?3%8240241 1, this case the OCO
plane is virtually perpendicular to the SCS plane. Furthermore, the former carbene
carbon is sp® hybridized. It was not possible to locate any structure corresponding to the
more traditional planar carbonyl or thiocarbonyl ylides. Planar ylides are normally

stabilized by electron withdrawing groups at one end and electron donating groups at the
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other, a form of stabilization referred to as push-pull stabilization.””” In the absence of

electron withdrawing groups, electron donating groups offer very little stabilization to

236,237

ylides and may even destabilize them.'"’ The ylide (133) located here is also a

member of a relatively new class of cumulated ylides.?*

Figure 40. Geometries for the ylide 133 and the related transition states, TS9 and TS10,
with important bond lengths (A) and angles.

Stretching the C=S bond allowed for the location of the fragmentation transition
state (TS10), which was 6.06 kcal mol™! above the thiocarbonyl ylide 133 but 25.00 kcal

mol™ above the w-hydroxycarbene (2) and CS,.
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Figure 41. Schematic representation of the reaction coordinate (kcal mol™) for the
reaction of dihydroxycarbene (2) with CS; at the MP2(FC)/6-31+G(d) + ZPE level.

Clearly an important element mediating the chemistry of nucleophilic carbenes
with carbon disulfide, in the absence of other traps, is the presence of exchangable groups
on the carbene. These groups provide the zwitterionic intermediates with a path to
neutral products. It is also apparent that the thiocarbonyl intermediates formed in the
reaction of CS, with dimethoxycarbene (1) are very susceptible to additional nucleophilic
attacks by dimethoxycarbene, leading to some very interesting chemistry. The theoretical
results strongly suggest a planar attack for the formation of the zwitterionic intermediate.

This intermediate also represents a rather stable structure, which is highly favoured over
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the dithio-a-lactone, in agreement with previous experimental results that show that
dithioquaternary salts formed in the reaction of cycloaminocarbenes with CS; can be
isolated.'®'%1%*  Of the two mechanisms considered here for the formation of the O,0-
thiocarbonates and CS, it is not clear if path (a) or (c), Scheme 57, would be brefen*ed.
The results of trapping dimethoxycarbene with CS; indicate that there is a buildup of the
zwitterionic intermediate 118 (Scheme 55). Given that restriction, both path (a) and (c),

Scheme 57, have equal energy requirements from the zwitterion.




Chapter 3

Summary and Conclusions

The goal of the first half of this research was to provide computational support for
the unexpected observation of a homolytic fragmentation mechanism for the
rearrangement of allyloxymethoxycarbenes. The work presented here provides strong
support for a homolysis mechanism from the singlet ground state and led to a unique
study in which the Theory of Atoms in Molecules was used to isolate the factors
influencing the homolysis. This research presented an opportunity to explore the nature
of transition states themselves and provided important insights into the homolysis
mechanism. The dioxycarbene trapping studies performed with CS, hint at the rich
chemistry possible with thiocarbonyl compounds, while the theoretical work performed
in support of these results also indicates the rather unique nature of the dioxycarbene/CS;

interactions.

3.1. Homolytic Fragmentations of Oxycarbenes

3.1.1. Homolysis of Allyloxyhydroxycarbene. A Density Functional and Ab Initio
Study
In this study four mechanisms for the formation of esters from
allyloxymethoxycarbenes (36) were investigated computationally (Section 2.1.1, Scheme

50). The concerted [1,2]-migration was shown to have a relatively high activation energy

121
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(Table 3) due to the antiaromatic component (Figure 19) of the transition state (Figure 18,
TS2). The [2,3]-sigmatropic rearrangement was also modelled and Rautenstrauch type
transition states (Figure 20, TS3) were located. Owing to the aromatic character of the
transition state a very low activation energy was observed, about half that of the [1,2]-
allyl migration. Consistent with the experimental results, which implicated radicals in the
formation of esters, the theoretical results suggest that the experimentally observed
product ratios cannot be explained in terms of competing concerted [1,2])-migrations and
[2,3]-sigmatropic rearrangements. In agreement with previous workers the singlet-triplet
gap for allyloxyhydroxycarbene was also found to be prohibitively large (Table 2). This
result indicated that the triplet state could not be populated in competition with the [2,3]-
sigmatopic rearrangement or even the [1,2]-migration and a B-scission to radicals from
the triplet state was ruled out. However the dissociation energy for the formation of the
hydroxycarbonyl and allyl radicals from allyloxyhydroxycarbene was found to be very
low, on the same order or possibly even lower in energy than the concerted [2,3]-
sigmatropic rearrangement (Table 3).

Given the known entropic effect on [2,3]-Wittig rearrangements of allyl
substituted ethers,'#2%2% jt seems likely that the homolysis from the singlet ground state

should dominate the thermochemistry of allyl substituted dioxycarbenes.

3.1.2. Hydroxycarbene as a Model for the Homolysis of Oxy and Dioxycarbene
The homolysis of oxycarbenes was studied in detail using hydroxycarbene as a

model for oxycarbenes (Section 2.1.2). Using high level complete active space and
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multireference configuration interaction methods a transition state was located for the
fragmentation of trans-hydroxycarbene (Table 4), in agreement with Borden’s CISD
results''® for w-dihydroxycarbene. The transition state for the homolysis of these
oxycarbenes could be rationalized by a valence-bond configuration mixing model which
suggested the existence of an avoided crossing for this fragmentation (Figure 24).
However this first order analysis could not explain the absence of a transition state for the
homolysis cis-HCOH. State-averaged CAS calculations provided support for the
prediction of an avoided crossing in the homolysis of zrans- and cis-HCOH between a
carbene n’ electronic configuration and a radical n'c' electronic configuration. Analysis
of the dipole moments at each step along the reaction coordinate (Figure 30) for cis-
HCOH indicated a good match in the electronic structures of the carbene and radical
configurations in the region of the avoided crossing. This match allows for efficient
mixing of the electronic configurations. For the homolysis of #rans-HCOH the evolution
of the dipole moment over the reaction coordinate indicates a mismatch in the electronic
structure of the carbene and radical configurations in the region of the avoided crossing.
This mismatch of the electronic configurations was traced to the differences in the dipole
moments of the cis and trans-HCOH conformers at their equilibrium geometries. These
differences in the carbene and radical electronic configurations of trans-HCOH impose
the requirement for major electronic and geometric adjustments in the region of the
avoided crossing (Figure 34). The poor mixing of the electronic configurations results in
a delay as the ground state moves from one configuration to the next and explains the

buildup of the atomic charges along the reaction coordinate. The buildup of atomic
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charges, combined with the necessary adjustments in the geometric and electronic
structure raise the energy of the system, resulting in a transition state for trans-HCOH.
Theoretical results were also presented which suggest that oxycarbenes with the
proper substitutent groups could fragment at much lower temperatures than has been
observed in the past for dioxycarbenes. In fact initial experiments by the Warkentin
group indicate that cinnamyloxyphenylcarbene, generated by the diazirine method,

** However, attempts to study the rate of this

fragments to radicals at room temperature.
homolysis using laser flash photolysis techniques were unsuccessful, in that no radicals
were detected on the LFP time scale. Replacing the phenyl group by a methyl substituent
may increase the fragmentation rate constant. Furthermore, Moss has been able to
observe separate absorptions for cis and trans-methoxymethylcarbene.” This raises the
interesting possibility of observing unique rate constants for the different conformations.
The detailed analysis of these simple oxycarbene systems presented here may also
offer some insight into the more complex, stepwise Wittig rearrangements of
deprotonated ethers. Recently, computaticnal work has appeared in which avoided
crossings, similar to those discussed here for oxycarbenes, have been observed in the

87 These studies have been greatly complicated by the

homolysis of deprotonated ethers.
counter ions. Research on the Wittig rearrangement may benefit from an analysis similar
to the one conducted here and from comparison to the simple hydroxycarbene system

presented in this work. The hydroxycarbene results also suggest the power of applying

the theory of atoms in molecules (AIM) in conjuction with models such as the VBCM
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model to complicated chemical transformations. A number of studies of reactivity could

benefit from this rigorous approach.

3.2. Reactions of Dioxycarbenes with Carbon Disulfide

3.2.1. Experimental Study of the Reactions of Dioxycarbenes with Carbon

Disulfide

The reaction of dimethoxycarbene (1) with CS, resulted in a complicated series of
reactions, which suggested the participation of zwitterionic and dipolar intermediates.
Using deuterium labeling experiments, it was shown that the initially formed zwitterionic
intermediate (118) underwent intermolecular methyl transfers.  The resulting
thiocarbony! group is apparently quite reactive and undergoes subsequent nucleophilic
attack followed by a [1,2]-thiomethyl rearrangement to recover a thiocarbony! group. A
final dimethoxycarbene addition to the thiocarbonyl group followed by loss of sulfur
from the thiirane ring, gives the final product (117). This is a surprisingly complicated
series of reactions, considering the simplicity of the starting materials. The apparent
reactivity of the thiocarbonyl intermediates, 120 and 122, also suggest that thiocarbonyl

groups deserve further study.

3.2.2. Theoretical Study of the Reactions of Dioxycarbenes with Carbon Disulfide
In this study dihydroxycarbene (2) was used to model the interactions of
dioxycarbenes with carbon disulfide. A transition state (TS5) was located for direct

nucleophilic attack by dihydroxycarbene at the CS, carbon to yield a zwitterionic
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intermediate (130). This result is in agreement with results obtained by Bock and
Redington for the interactions of dihydroxycarbene with CO,.'6° Although the dithio-a-
lactone (131) was accessible by ring closure of 130, no evidence was found for a
concerted cycloaddition of dihydroxycarbene (2) to a CS, double bond. The lack of a
concerted cycloaddition emphasizes the differences between the cumulated thiocarbonyl,
CS; system, and the non-cumulated carbonyl systems studied in the past.*¢1%?

The presence of a dithio-a-lactone on the reaction coordinate may explain the
observation of the thionocarbonate (126) observed in the reaction of
diphenoxyoxadiazoline (125) with CS, (Section 2.2.1). A transition state was located for
the fragmentation of the dithio-a-lactone 131 to thionocarbonic acid (132) and carbon
monosulfide. This transition state (TS8) represented a rather asynchronous but concerted
cycloreversion. Although the barrier for this fragmentation was high, it could be a viable
pathway in the absence of other alternatives as in the case of the reaction of
diphenoxycarbene (127) with carbon disulfide.

An initial investigation of the possibility of ylide formation between 2 and CS;
was also undertaken. A potential thiocarbonyl ylide intermediate was located, resulting
from elecrophilic attack of dihydroxycarbene (2) at a CS, sulfur atom centre. This
thiocarbonyl ylide (133) represented a high energy intermediate on the reaction
coordinate which had a minimal barrier to fragmentation back to the carbene (2) and CS,.
There was also a low barrier from this intermediate (133) to thionocarbonic acid (132)
and carbon monosulfide. It was not possible to distinguish between Paths (a) and (c) of

Scheme 57 for the formation of thionocarbonates.




Chapter 4

Experimental

General Methods. NMR spectra were recorded on a Bruker DXR-500 or AC-200
spectrometer. Chemical shifts for 'H NMR spectra were measured using C¢Hg (6 = 7.15)
or CHCl; (6 = 7.24) as internal references, while '*C NMR spectra were referenced to the
chloroform-d triplet (8 = 77.0) or benzene-ds triplet (128.0). Mass spectra were recorded
on a Hewlett Packard MSD GCMS. FTIR spectra were obtained with a Bio-Rad, FTS-40
instrument. Benzene and THF were distilled from sodium/benzophenone ketyl, carbon
disulfide was distilled from anhydrous calcium chloride, and ﬁexanes were distilled,

removing the first and last fractions.

4.1. Preparation of 2,2-Dioxy-a’-1,3,4-Oxadiazolines

2,2-Dimethoxy-A3-1,3,4-oxadiazoline (116). Compound 116 was prepared by the
oxidation of the (methoxycarbonyl)hydrazone of acetone with lead tetraacetate® or
iodobenzene diacetate in methanol solvent according to previously published methods,

or by the acetoxy exchange method.®*

2-Diphenoxy-A’-1,3,4-oxadiazoline (125). Compound 125 was produced by acetoxy

exchange of 2-acetoxy-2—phenoxy-A3 -1,3,4-oxadiaxoline 134. The

127
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acetoxy(phenoxy)oxadiaxoline 134 was prepared by adding lead tetraacetate (Pb(OAc)y)
(12.69 g, 28.62 mmol, 1.0 M) and methylene chloride (10 mL) to a 100 mL two-neck
flask under nitrogen.- This mixture was stirred and cooled in an ice bath. Using a
dropping funnel (phenoxycarbonyl)hydrazone of acetone (135) (5.0 g, 26.00 mmol, 0.9
M) was added slowly over 20 minutes in methylene chloride (20 mL). During this
addition the solution turned from yellow to brown. The solution was stirred for an
additional 2h during which time the ice bath was allowed to melt. A small amount of
brown precipitate was observed. Water (~10 mL) and CH,Cl, (~10 mL) were added to
the reaction mixture which was then was filtered through a Celite pad. The filtrate was
washed with sodium bicarbonate (5% w/v) until the bubbling stopped and extracted with
CHzCl,. The extract was dried over anhydrous MgSOs, filtered and concentrated. This
produced 4.48 g of a mixture containing 58% of 134 and 42% of an acyclic side product
(PhOCON=NC(CH;),0Ac) 136. 'H NMR of 134 and 136 (200 MHz, CDCl;) &: 1.347
(s, 3H, CCH; (134)), 1.661 (s, 3H, CCH; (134)), 1.710 (s, 6H, C(CH3); (136)), 2.097 (s,
3H, OCOCHj; (134)), 2.017 (s, 3H, OCOCH; (136)), 7.278 (m, HAO (134 and 136)). A
typical procedure for the synthesis of 125 involved charging a 50 mL round bottom flask
with a mixture of 134 (57%) and 136 (43%) (1.05 g which equals 0.60 g, 2.39 mmol, 0.3
M of 134), phenol (0.412 g, 4.378 mmol, 0.5 M), a catalytic amount of trifluoroacetic
acid (0.06 mL, 0.74 mmol) and CH,Cl, (8.5 mL). The solution was stirred for 24 h at
Toom temperature. Aqueous NaOH (10 mL, 10% w/v) was then added to the solution
and left to stir for 3 h. The solution was extracted with CHyCl; and water. The extract

was then filtered, dried (MgSOs) and concentrated to give 125 (51%) as a light yellow oil
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which was pure by 'H NMR. 'H NMR 125 (200 MHz, CDCl;) &: 1.227 (s, 6H,
C(CHs),), 7.224 (m, 10H, OPh); ’C NMR (50.323 MHz, CsDg) 8: 23.6 (C(CHs),), 121.5
(Ar), 122.2 (Ar), 125.0 (A1), 129.1 (Ar), 136.1 (C(CHs)y), 151.7 (C(OPh),); IR (CCl,)
cm™: 3071m, 3047m, 2996m, 2941w, 1939w, 1785s, 1594s, 1492s, 1459m, 1384w,
1370w; MS (EI) m/z: 284 (M", not observed), 215 (11%), 191 (M- OPh, 100%), 135

(37%), 119 (78%), 105 (46%), 77 (Ph, 43%).

(Phenoxycarbonyl)hydrazone of acetone (135). Phenyl hydrazinocarboxylate 137 (5.74
g, 37.7 mmol) and NaSO, (~6 g) was stirred in acetone (150 mL) for 12 h. The crude
reaction mixture was filtered and concentrated to give pure 135 (6.87 g, 35.7 mmol,
95%). 'H NMR (200 MHz, CDCl;) &: 1.903 (s, 3H, CHs), 2.103 (s, 3H, CH;), 7.188 (m,
3H, o- and p-HAr), 7.379 (m, 2H, m-HAr), 7.773 (s, 1H, H-N); MS (ED) m/z: MS (EI)
m/z: 192 (M, 2%), 98 (M-HOPh, 30%), 94 (HOPh, 100%), 66 (22%), 65 (20%), 56

(N=C(CHs),, 13%); MS (CI, NH3) m/z: 210 (M+NH;)", 193 (M+H)".

Phenyl hydrazinocarboxylate (137). Compound 137 was prepared according to
previously published methods.** 'H NMR 137 (200 MHz, CDCls) &: 3.878 (s, 2H,

NHS,), 6.403 (s, 1H, NH), 7.261 (m, SH, ArH).

4.2. Reactions with Carbon Disulfide

Typical procedure for the thermolysis of 2,2-dimethoxy-A3-1,3,4-oxadiazoline (116)

in the presence of carbon disulfide (CS;). A thermolysis tube (50 mL) was charged
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with a solution of CS, (3.811 g, 50.05 mmol, 2.0 M) and 2,2-dimethoxy-A3-1,3,4—
oxydiazoline (0.409 g, 2.55 mmol, 0.1 M) in dry benzene (25mL). Following three
freeze-pump-thaw cycles the thermolysis tube was sealed and placed in a thermolysis
bath at 110 + 0.1 °C for 24h at which point it was cooled and opened. GCMS of the
crude reaction mixture indicated the presence of dimethyl thionocarbonate, the product
117, and a very minor amount of an unknown. GCMS (dimethyl thionocarbonate) (ei)
m/z (rel. intensity): 106 (M", 52), 75 (M*-CH30, 35), 61 (54), 59 (39), 47 (85), 45 (100),
29 (44); GCMS (unknown) (ei) m/z (rel. intensity): 236 (27), 177 (100), 121 (46), 117
(25), 105 (57), 103 (25), 59 (94), 58 (22), 45 (19), 29 (20). Following evaporation of the
solvent, 117, a yellow oil was isolated by centrifugal chromatography using a 1mm silica
gel plate. Solutions of ethyl acetate (0-20%), and hexanes, with 1% triethylamine, were
used as the eluting solvents. 'H NMR 117 (500 MHz, C¢Ds) 5: 2.026 (s, 3H, SCH3),
3.162 (s, 3H, OCH;), 3.384 (s, 6H, thioorthoformate-OCHs), 3.521 (s, 3H, COOCH;),
3.580 (s, 3H, OCHy); °C NMR (125 MHz, C¢Ds) &: 13.5 (SCHj), 51.1(OCHs), 51.6
(thioorthoformate-OCHs), 55.4 (OCHs), 61.3 (OCHj), 125.8 (C(OCH;)x(SCH3)), 167.5
(C=0), 174.2 (C(OCHsa),); Gradient HMBC (500 MHz, C¢Ds) was consistent with these
assignments. IR (Neat) cm™: 2991w, 2905m, 2838w, 1743m (C=C), 1700s (C=0),
1549s, 1494m, 1433m, 1292s, 1274s, 1194s, 1092s, 1068s, 997w, 952w, 854w, 777w;
MS (EI) mv/z: 266 (M", 4%), 251 (M-CH, 9%), 237 (3), 192 (M-C(OCHa),, 2), 177 (4),
161 (M-C(OCHj)s, 8), 121 (C(OCH3),(SCHs), 100), 105 (C(OCHa),, 58), 75 (O=CSCHs,

24), 58 (0=COCHs, 27), 45 (3); MS (CI, NH3) m/z: 267 (M+H).
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Thermolysis of 2-methoxy-2—trideuteromethox&-A"’-1,3,4-oxadiazoline (124) in the
presence of carbon disulfide. A thermolysis tube (20 mL) was charged with a solution
of CS; (0.941 g, 12.4 mmol, 2.0 M) and 2-methoxy—2-trideuteromethoxy-A3-1,3,4-
oxadiazoline (6) (0.108 g, 0.662 mmol, 0.11 M) in dry benzene. Following three freeze-
pump-thaw cycles the thermolysis tube was sealed and placed in a thermolysis bath at
110 % 0.1 °C for 24h at which point it was cooled and opened. Analysis of the crude
reaction mixture by GCMS indicated that the D6, D9 and D12 analoges of 117 were

fornied. GCMS (ei) m/z (abund.) 195 (M, 1798), 198 (M", 3276), 201 (M, 1452).

Thermolysis of 2,2-diphen0xy-A3-1,3,4-oxadiazoline (10) in the presence of carbon
disulfide. A medium walled NMR tube was charged with a solution of CS, (38.07 mg,
0.5 mmol, 1.0 M) and 2,2-diphenoxy-A>-1,3,4-oxadiazoline (10) (14.20 mg, 0.05 mmol,
0.1 M) in 0.5 ml of benzene-D6. Following three freeze-pump-thaw cycles the NMR
tube was sealed and placed in a thermolysis bath at 100 + 0.1 °C for 24h. Diphenyl
thionocarbonate was the only CS;-derived product observed by GCMS analysis and was
identified by comparison to its literature spectrum.2** GCMS (ei) m/z 230 (M), 214,

202, 169, 141, 137, 109, 94, 77, 65, 51, 39.
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Appendix I

Structural Data

L1

01
C2
03
C4
Cs5
Cé
H7
H8
H9

Z-matrix for Table 6, Table 7 and Table 8.

01
C2
03
C4
Cs5
01
C4
C4

H10C5
H11 C6
H12 C6

R1
R2
R3
R4
R5

R6
R7
R8
R9

01 Al
C2 A2
03 A3
C4 A4
C2 A5
C5 A6
C5 A7
C4 A8

R10C5 A9
R11C5 A10C4 D9

Ol D1
C2 D2
O3 D3
03 D4
C6 D5
C6 D6
H9 D7
C4 D8

cis,trans-AHC
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Figure 42. Optimized structures and atom numbering for trans,trans-AHC, trans ,Cis-

AHC, and cis,trans-AHC at the B3LYP/6-31+G(d) level of theory.
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Table 6. Stl:uctural data for trans,trans-AHC, trans,cis-AHC, and cis,trans-AHC with

distances in A and angles in degrees.

Variable:
R1
R2
R3
R4
RS
R6
R7
RS8
RO
R10
R11
Al
A2
A3
A4
A5
A6
A7
A8
A9
Al0
D1
D2
D3
D4
D5
D6
D7
D8
D9

trans trans-AHC trans,cis-AHC cis,trans-AHC
B3LYP/ MP2(FC) B3LYP/ MP2(F C)  B3LYP/ MP2(FCY
6-31+G(d) 6-31+G(d) 6-31+G(d) 6-3 1+G(d) 6-31+G(d) 6-31+G(d)
1.338 1.341 1.352 1.357 1.322 1.326
1.317 1.321 1.306 1.313 1.331 1.338
1.454 1.461 1.490 1.484 1.458 1.463
1.499 1.493 1.496 1.492 1.499 1.493
1.336 1.342 1.337 1.342 1.336 1.342
0.970 0.975 0.970 0.975 0.989 0.991
1.093 1.093 1.091 1.091 1.093 1.092
1.096 1.093 1.092 1.092 1.095 1.093
1.090 1.089 1.088 1.087 1.090 1.089
1.087 1.086 1.087 1.086 1.087 1.086
1.088 1.087 1.089 1.087 1.088 1.087
105.1 104.8 109.8 109.1 107.5 107.1
115.8 114.2 124.1 122.6 116.3 114.7
109.9 109.2 111.6 111.1 110.1 109.4
123.6 122.6 1233 122.3 123.5 122.6
106.6 105.8 106.5 105.7 111.8 110.7
112.1 112.0 111.6 111.5 112.1 112.0
111.3 112.1 112.2 112.7 111.5 112.3
116.0 116.8 116.4 117.1 116.1 116.9
121.6 121.5 121.6 121.5 121.6 121.5
121.8 121.5 121.7 121.6 121.7 121.4
179.4 178.5 -1.9 -14 179. 178.3
2449 251.9 83.9 79.5 246.2 253.5
127.1 122.3 111.6 109.8 124.7 119.7
179.8 179.6 179.2 179.2 -04 -0.5
6.1 2.2 -3.1 -4.3 42 0.0
-117.1 -122.2 -127.1 -128.6 -119.3 -124.5
61.7 57.7 52.3 51.0 59.6 554
178.0 179.0 178.9 179.3 178.1 179.2
-1.9 -1.0 -0.9 -0.6 -1.8 -0.9
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Figure 43. Optimized structures and atom numbering for TS1(a) and TS1(b) at the
B3LYP/6-31+G(d) level of theory.
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Table 7. Structural data for TS1(a) and TS1(b) with distances in A and angles in

degrees.
1,2-migration (TS1a) 1,2-migration (TS1b)
B3LYP/ MP2(FC)/ B3LYP/ MP2(FC)/
6-31+G(d) 6-31+G(d) 6-31+G(d) 6-31+G(d)
Variable:
Rl -1.361 1.361 1.337 1.341
R2 1.270 1.291 1.281 1.303
R3 1.936 1.860 1.945 1.864
R4 1.462 1.475 1.461 1.473
R5 1.346 1.347 1.346 1.347
R6 0.973 0.977 0.991 0.995
R7 1.083 1.085 1.082 1.084
R8 1.088 1.092 1.088 1.092
R9 1.088 1.088 1.087 1.087
R10 1.086 1.086 1.086 1.085
R11 1.088 1.087 1.088 1.087
Al 112.0 111.0 114.7 113.7
A2 77.2 73.8 76.9 74.0
A3 124.6 126.3 123.5 124.8
A4 1224 121.8 122.1 121.4
AS 107.4 106.8 108.4 107.7
A6 1174 116.4 117.6 116.7
A7 114.3 111.6 114.5 111.9
A8 116.8 117.1 117.0 117.3
A9 121.5 121.4 121.5 121.3
Al0 121.6 1214 121.7 121.5
D1 128.3 126.2 133.2 127.5
D2 313.5 312.3 3123 310.3
D3 272.1 2742 269.9 271.8
D4 174.3 176.1 -1.0 0.2
D5 150.7 145.9 149.2 144.1
D6 11.7 13.3 9.7 10.9
D7 192.4 193.5 190.2 190.8
D8 182.9 182.3 183.1 182.4
D9 3.7 3.3 3.6 3.0




150

TS2 TS4

Figure 44. Optimized structures and atom numbering for TS2 and TS4 at the B3LYP/6-
31+G(d) level of theory.



Table 8. Structural data for TS2 and TS4 with distances in A and angles in degrees.
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B3LYP/ MP2(FC)/ B3LYP/ MP2(FC)/
6-31+G(d) 6-31+G(d) 6-31+G(d) 6-31+G(d)

Variable:

R1 1.367 1.374 1.333 1.332
R2 1.315 1.317 1.347 1.357
R3 1.448 1.455 1.439 1.445
R4 1.500 1.496 1.499 1.496
RS 1.335 1.340 1.334 1.339
R6 0.973 0.977 0.974 0.979
R7 1.096 1.095 1.101 1.099
R8 1.096 1.094 1.099 1.098
R9 1.091 1.090 1.091 1.090
R10 1.086 1.085 1.086 1.085
R11 1.086 1.085 1.086 1.085
Al 106.3 105.9 106.2 105.9
A2 115.9 114.5 119.1 1152
A3 111.4 110.3 110.1 109.0
A4 126.2 125.2 125.8 124.9
A5 112.8 111.6 106.9 106.3
A6 111.8 112.1 1105 110.8
A7 110.9 1114 1104 110.7
A8 113.6 114.5 113.7 114.5
A9 120.9 120.5 121.0 120.7
Al0 121.9 121.9 1214 121.3
D1 176.4 176.0 272.0 272.3
D2 240.7 244.5 188.0 188.5
D3 4.1 3.1 1.0 1.7
D4 89.0 88.6 182.5 182.0
D5 -116.8 -117.1 -119.1 -118.0
D6 -238.2 -240.0 -238.3 -238.2
D7 -58.4 -60.5 -58.3 -58.2
D8 179.6 179.3 180.1 180.1
D9 -0.5 -0.8 0.2 0.1




1.2. Z-matrix for Table 9.

O1
C2
o3
C4
C5
Cé6
H7
H38
H9

O1
C2
O3
C4
C2
01
C4
C4

H10 C5
H1l C6
H12 Cé6

R1

R2 O1
R3 C2
R4 O3
RR5 C5
R6 C2
R7 G5
R8 C5
R9 C4
R10 C5
R11 C5

Al

A2 Ol
A3 C2
AA4 C4
A5 O3
A6 Cé6
A7 Cé6
A8 H9
A9 C4
Al0 C4

D1
D2
DD3
D4
D5
D6
D7
D8
D9
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Figure 45. Optimized structures and atom numbering for TS3(a) and TS3(b) at the
B3LYP/6-31+G(d) level of theory.
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Table 9. Structural data for TS3(a) and TS3(b).

TS3(a) TS3(b)
B3LYP/ MP2(FC)/ B3LYP/ MP2(FCy/
6-31+G(d) 6-31+G(d) 6-31+G(d) 6-31+G(d)
Variable: '
R1 1.355 1.355 1.342 1.344
R2 1.240 1.251 1.250 1.262
R3 1.905 1.847 1.897 1.837
R4 1412 1.408 1.413 1.410
RRS 2.595 2412 2.565 2.393
R6 0.970 0.975 0.986 0.989
R7 1.086 1.087 1.086 1.087
R8 1.086 1.087 1.085 1.087
R9 1.088 1.087 1.088 1.087
R10 1.087 1.087 1.087 1.087
R11 1.085 1.085 1.084 1.085
Al 112.7 112.0 115.0 114.5
A2 111.1 109.1 111.0 109.3
A3 102.9 102.6 102.9 102.6
AA4 29.3 30.8 29.5 30.9
A5 106.9 106.3 1104 109.9
A6 120.5 120.5 120.4 120.4
A7 119.6 118.9 119.5 118.7
A8 118.8 119.1 118.8 119.1
A9 121.9 1219 122.0 122.0
AlQ 1214 120.7 121.5 120.8
D1 177.3 177.1 1774 177.3
D2 393.1 393.7 393.1 393.8
DD3 -132.9 -132.9 -133.2 -133.0
D4 179.7 179.7 0.2 0.3
D5 -170.2 -168.8 -169.7 -168.6
D6 36.5 40.4 375 413
D7 -166.8 -167.8 -166.6 -167.5
D8 163.3 162.0 162.3 160.9

D9 -25.6 -32.8 -26.2 -33.0




1.3.

01
C2
o3
C4
C5
Cé6
H7
H8
H9

Z-matrix for Table 10.

Ol R1
C2 R2
C2 R3
C4 R4
C5 RS
Ol Ré6
C4 R7
C4 R8

H10C5 R9
HI1C6 R10C5 A9
H12 C6 R11 C5 A10C4D9

Ol Al
03 A2
C2 A3
C4 A4
C2 AS
C5 A6
C5 A7
C4 A8

01 D1
01 D2
C2D3
03 D4
C6 D5
C6 D6
H9 D7
C4 D8

trans-112
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Figure 46. Optimized structures and atom numbering for frans-112 and cis-112 at the

B3LYP/6-31+G(d) level of theory.
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Table 10. Structural data }’or trans-4 and cis-4 with distances in A and angles in degrees.

trans-4 cis-4
B3LYP/ MP2(FC)/ B3LYP/ MP2(FC)/
6-31+G(d) 6-31+G(d) 6-31+G(d) 6-31+G(d)
Variable:
R1 1.365 1.371 1.359 1.364
R2 1.205 1.214 1.212 1.221
R3 1.529 1.522 1.517 1.510
R4 1.504 1.499 1.505 1.500
R5 1.335 1.341 1.335 1.341
R6 0.972 0.976 0.976 0.982
R7 1.099 1.098 1.095 1.095
R8 1.103 1.101 1.102 1.100
R9 1.088 1.088 1.088 1.088
R10 1.087 1.085 1.087 1.085
R11 1.089 1.087 1.089 1.087
Al 119.8 119.8 122.4 2.7
A2 125.1 124.9 126.2 6.1
A3 113.2 112.3 113.3 112.3
A4 124.1 123.3 124.0 123.2
AS 111.1 110.3 107.1 106.4
A6 110.5 110.2 111.9 111.6
A7 110.1 110.6 110.3 110.9
A8 115.7 116.5 115.9 116.6
A9 1214 121.3 1214 121.3
Al0 122.1 121.8 122.0 121.8
D1 178.2 178.0 178.0 178.1
D2 188.8 190.1 198.9 199.0
D3 130.6 1254 132.8 126.9
D4 180.6 180.9 0.6 0.8
D5 7.0 2.8 8.8 42
Dé6 -110.2 -115.0 -109.0 -114.3
D7 69.7 65.2 70.6 65.6
D8 179.1 179.6 178.9 179.4

D9 -1.1 -0.6 -1.1 -0.7
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L4. Z-matrix for Table 11.

01

C2 Ol R1

O3 C2R201 Al
C401R3C2A203D1

trans-5 cis-5

Figure 47. Optimized structures and atom numbering for #rans-113 and cis-113 at the
B3LYP/6-31+G(d) level of theory.

Table 11. Structural data for trans-113 and cis-113 with distances in A and angles in
degrees.

trans-113 cis-113

B3LYP/ MP2(FC)/ B3LYP/ MP2(FC)/

6-314+G(d) 6-31+G(d) 6-31+G(d) 6-31+G(d)
Variable:
R1 1.346 1.352 1.330 1.339
R2 1.186 1.195 1.192 1.200
R3 0.973 0.977 0.985 0.986
Al 126.7 126.8 1304 1304
A2 - 109.0 108.1 110.0 108.9
D1 180.0 180.0 0.0 0.0

1.5. Z-matrix for Table 12.

C1

C2C1Rl1

C3C2R2C1 Al

H4 C1R3 C2A2C3 D1
H5C1R4C2A3C3D2
H6 C2 R5 C1 A4 H5 D3
H7 C3R6 C2 A5 C1 D4
H8 C3 R7C2 A6 Cl1 D5
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Figure 48. Optimized structure and atom numbering for the allyl radical (114) at the

B3LYP/6-31+G(d) level of theory.

Table 12. Structural data for 114 with distances in A and angles in degrees.

Allyl radical 114

B3LYP/6-31+G(d)

MP2(FC)/6-31+G(d)

Variable:
R1

R4
RS
R6
R7
Al

A3
A4
A5
A6
D1
D2
D3
D4
D5

1.389
1.389
1.086
1.088
1.091
1.086
1.088
125.0
121.6

121.1

117.5
121.6
121.1
180.0
0.0
180.0
180.0
0.0

1.381
1.381
1.083
1.085
1.089
1.083
1.085
124.4
121.6
121.0
117.8
121.6
121.0
180.0
0.0
180.0
180.0
0.0




1.6. Z-matrix for Table 13.

Hl
C2
03
C4
Cs
C6
H7
HS8
HY9

H1 R1
C2 R
O3 R3
C4 R4
C5 RS
C4 R6
C4 R7
C6 R8

H10 Cé6 R9

H1l Al

C2 A2 H1 D1
03 A3 C2 D2
C4 A4 O3 D3
C5 A5 C6 D4
C5 A6 C6 D5
C5 A7 C4 D6
C5 A8 C4 D7
HI11C5 R10 C6 A9 C9 D8
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Figure 49. Optimized structure and atom numbering for the allyloxycarbene (41) at the
B3LYP/6-31+G(d) level of theory.

Table 13. Structural data for the allyloxycarbene (41) with distances in A and angles in
degrees a the B3LYP/6-31+G(d) level of theory.

Allyloxycarbene (41)
Variable: Variable: Variable:
R1 1.117 Al 102.1 D1 180.6
R2 1.302 A2 116.9 D2 112.3
R3 1.471 A3 109.6 D3 119.5
R4 1.496 A4 123.8 D4 2.7
RS 1.336 A5 111.9 D5 -122.6
R6 1.093 A6 112.6 D6 177.9
R7 1.095 A7 121.6 D7 -1.6
RS 1.087 A8 121.8 D8 -0.7
R9 1.089 A9 120.4
R10 1.090
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L.7. Z-Matrix for Table 14.

H1
C2 H1 R1
O3 C2 R2 H1 Al

Figure 50. Optimized structure and atom numbering for the formal radical (from
Scheme 53) at the B3LYP/6-31+G(d) level of theory.

Table 14. Structural data for the formyl radical (from Scheme 53) with distances in A
and angles in degrees at the BSLYP/6-31+G(d) level of theory.

MP2(FC)/6-31+G(d)

Variables:
R1 1.126
R2 1.183
Al 123.7

1.8. Z-matrix for Table 15.

Cl

C2C1R1

C3C2R2C1 Al

H4 C1 R3 C2 A2C3 D1
H5C1R4C2A3C3D2
H6 C2 R5 C1 A4 H5 D3
H7 C3R6 C2 A5C1D4
H8 C3 R7 C2 A6 C1D5
H9C3R8C2A7C1D6




160

Figure 51. Optimized structure and atom numbering for propene (from Scheme 54) at
the B3LYP/6-31+G(d) level of theory.

Table 15. Structural data for the propene (from Scheme 54) with distances in A and
angles in degrees a the B3LYP/6-31+G(d) level of theory.

Propene
Variable: Variable: Variable:
R1 1.337 Al 125.3 D1 180.0
R2 1.503 A2 121.7 D2 0.0
R3 1.087 A3 121.7 D3 180.0
R4 1.089 A4 118.8 D4 239.3
R5 1.092 AS 111.1 D5 0.0
R6 1.099 A6 111.5 D6 120.7
R7 1.096 A7 111.1
R8 1.099




I.9.

Ci1
C2
C3
C4
Cs
Cé6
C7
C8
C9
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Z-matrix for Table 16.
(This z-matrix is presented for clarity, but was not used for the optimization)

Cl R1

C2 R2 CI1 Al

C3 R3 C2 A2 C1 DI
C4 R4 C3 A3 C2D2
C5 R5 C4 A4 C3 D3
C6 R6 C5 A5 C4 D4
C7 R7 C6 A6 C5 D5
C8 R8 C7 A7 C6 D6

HI10C1 R9 C2 A8 C3 D7

H11C1 R10C2 A9 C3 D8

H12 C2 R11C3 A10C4 D9

H13 C3 R12C4 A11C5 D10
H14 C5 R13C6 A12C7 Dil
H15 C6 R14C7 A13C8 D12
H16 C7 R15C8 A14C9 D13
H17 C8 R16 C7 A15Cé6 D14
H18 C9 R17C8 A16 C7 D15
H19C1 R18C2 A17C3 D16

Figure 52. Optimized structure and atom numbering for the trans-1-phenylpropene at
the B3LYP/6-31+G(d) level of theory.



Table 16. Structural data for trans-1-phenylpropene with distances in A and anglés in

degrees at the B3LYP/6-31+G(d) level of theory.
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trans-1-Phenylpropene

Variable:
R1
R2
R3
R4
RS
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18

1.502
1.344
1.473
1.409
1.394
1.400
1.397
1.396
1.096
1.099
1.091
1.092
1.086
1.087
1.087
1.087
1.088
1.099

Variable:
Al
A2
A3
A4
AS
A6
A7
A8
A9
Al0
All
Al2
Al3
Al4
AlS5
Aleé
Al7

124.468
127.837
123.543
121.012
120498
119.291
120.089
111.587
111.184
119.827
114.481
119.047
119.959
120.413
120.192
119.532
111.184

Variable:
D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16

180.0
0.0
180.0
0.0
0.0
0.0
0.0
120.7
0.0
180.0
180.0
180.0
180.0
180.0
180.0
-120.7
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1.10. Z-matrix for the Table 17.

(This z-matrix is presented for clarity, but was not used for the optmization)

C1

C2 C1 Rl

C3 C2 R2 C1 Al
C4 C3 R3 C2 A2 C1 D1
C5 C4 R4 C3 A3 C2 D2
C6 C5 R5 C4 A4 C3 D3
C7 C6 R6 C5 A5 C4 D4
C8 C7 R7 C6 A6 C5 D5
C9 C8 R8 C7 A7 C6 D6
HI0Cl1 R9 C2 A8 C3 D7
H11Cl R10C2 A9 C3 D8
H12 C2 R11C3 A10C4 D9
Hi13 C3 R12C4 Al11C5 D10
H14 C5 R13C6 A12C7 DIl
H15C6 R14C7 A13C8 D12
H16 C7 R15C8 Al14C9 D13
H17C8 R16 C7 A15C6 D14
H18 C9 R17C8 A16 C7 DI5

Figure 53. Optimized structure and atom numbering for the cinnamyl radical at the
B3LYP/6-31+G(d) level of theory.
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Table 17. Structural data for the cinnamyl radical with distances in A and angles in
degrees.

A

Cinnamyl Radical

Variable: Variable: Variable:

R1 1.372 Al ’ 124.2 Dl 180.0
R2 1.410 A2 127.3 D2 0.0
R3 1.439 A3 123.7 D3 180.0
R4 1.420 A4 121.0 D4 0.0
RS 1.391 AS 120.7 D5 0.0
R6 1.402 A6 119.3 D6 0.0
R7 1.401 A7 120.2 D7 180.0
R8 1.391 A8 121.5 D8 0.0
R9 1.085 A9 1214 D9 0.0
R10 1.088 Al0 118.4 Di0 180.0
R11 1.089 All 116.0 D11 180.0
R12 1.090 Al2 119.0 D12 180.0
R13 1.086 Al3 119.9 D13 180.0
R14 1.087 Al4 120.4 D14 180.0
R15 1.087 AlS 120.1 D15 180.0
R16 1.087 Al6 119.7

R17 1.088

I.11. Z-matrix for Table 18.

S1

C2 S1 R1

X3 C2 R2 S1 Al

S4 C2 R3 X3 Al S1 DI

Figure 54. Optimized structure and atom numbering for CS; at the MP2(FC)/6-31+G(d)
level of theory.
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Table 18. Structural data for CS, with distances in A and angles in degrees.

MP2(FC)/6-31+G(d)

Variable:
R1
R3
Al
Constant:
R2
Di

1.563
1.563
90.0

1.0
180.0

1.12. Z-matrix for Table 19.

H1

O2 H1 R1

C3 0O2R2 H1 Al

04 C3R3 02 A2H1D1
H5 04 R4 C3 A3 02D2

Figure 55. Optimized structure and atom numbering for w-dihydroxycarbene (2) at the

MP2(FC)/6-31+G(d) level of theory.

Table 19. Structural data for dihydroxycarbene (2) with distances in A and angles in

degrees.
MP2(FC)/6-31+G(d)

Variable:

R1 0.975
R2 1.333
R3 1.333
R4 0.975
Al 106.3
A2 104.6
A3 106.3
D1 180.0
D2 180.0




1.13. Z-matrix for Table 20.

H1

02 H1 R1

C3 02 R2 H1 Al

04 C3 R3 O2 A2 HI1 DI
H5 O4 R4 C3 A3 02 D2
C6 C3 R5 O2 A4 HI D3
S7 C6 R6 C3 A5 02 D4
S8 C6 R7 C3 A6 02 D5
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TS5 TS6

Figure 56. Optimized structures and atom numbering for the zwitterion (130), the
transition state, TS5, and the transition state, TS6, at the MP2(FC)/6-31+G(d) level of

theory.
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Table 20. Structural data for the zwitterion (130), the transition state, TS5, and the

transition state, TS6, with distances in A and angles in degrees.

Zwitterion (130)

TS5

TS6

MP2(FC)/6-31+G(d)

MP2(FC)/6-31+G(d)

MP2(FC)/6-31+G(d)

Variable:
R1
R2
R3
R4
RS
R6
R7
Al
A2
A3
A4
A5
A6
D1
D2
D3
D4
D5

1.029
1.285
1.285
1.029
1.509
1.678
1.678
102.3
118.2
102.3
120.9
113.3
1133
180.0
180.0
0.0
0.0
180.0

0.983
1.314
1.308
0.989
2.258
1.591
1.597
105.9
110.3
104.9
128.9
103.9
101.0
180.0
108.0
0.0
0.0
180.0

0.983
1.303
1.303
0.983
1.464
1.671
1.671
108.8
112.0
108.8
124.0
111.2
111.2
180.0
180.0
0.0
90.0
270.0

I.14. Mixed coordinates for Table 21.

C2 0 xc2 -ysc zc2

S1 0xsl ysc zsl

X 0xx yx zx

C3X R1S1A1C2D1
S4C3R2C2A2S1D2
O5C2R3S1A3X D3
06 C2R4S1 A4 X D4
H7 05R5C2 A5S1 D5
H8 06 R6 C2 A6 S1 D6
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Figure 57. Optimized structures and atom numbering for 119 and TS8 at the
MP2(FC)/6-31+G(d) level of theory.



Table 21. Structural data for 131 and TS8 with distances in A and angles in degrees,

169

lactone

CSloss TS

MP2(FC)/6-31+G(d)

MP2(FC)/6-31+G(d)

Variable:
Ysc
R1
R2
R3
R4
R5
R6
Al
A2
A3
A4
AS
A6
D2
D3
D4
D5
D6
Constant:
D1
Xx
Yx
Zx
Xs
Zs
Xc
Zc

1.019
1.716
1.629
1.349
1.349
0.978
0.978
71.0
138.9
117.9
117.9
109.1
109.1
180.0
-66.3
-293.7
-51.2
51.2

0.0
-0.5
0.0
0.0
0.0
0.0
0.0
0.0

0.849
2.600
1.544
1.362
1.362
0.977
0.977
83.7
119.2
122.0
122.0
106.8
106.8
-180.0
-71.0
-289.0
-15.4
154

0.0
-0.5
0.0
0.0
0.0
0.0
0.0
0.0
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1.15. Z-matrix for Table 22.

S1

C2 S1 Rl

X3 C2 R2 S1 Al

S4 C2 R3 X3 Al S1 D1
C5 S4 R4 C2 A2 X3 D2
06 C5 R5 S4 A3 C2 D3
O7 C5 R6 S4 A4 C2 D4
H8 06 R7 C5 A5 S4 D5
H9 O7 R8 C5 A6 S4 D6

Figure 58. Optimized structures and atom numbering for TS9, 133 and TS10 at the
MP2(FC)/6-31+G(d) level of theory.
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Table 22. Structural data for TS9, 133 and TS10 with distances in A and angles m
degrees.

Ylide (133) TS9 TS10
MP2(FC)/6-31+G(d)  MP2(FC)/6-31+G(d) MP2(FC)/6-31+G(d)

Variable:
R1 1.574 1.574 1.565
R3 1.658 1.651 1.972
R4 1.872 1.894 1.669
R5 1.367 1.364 1.363
R6 1.363 1.360 1.359
R7 0.977 0.977 0.978
RS8 0.978 0.978 0.978
Al 70.3 70.7 63.1
A2 99.1 99.0 97.6
A3 113.3 112.9 122.9
A4 113.4 113.0 121.9
AS 108.2 108.2 107.9
A6 108.4 108.4 108.1
D2 5.9 6.0 10.6
D3 67.1 67.5 77.7
D4 -50.6 -49.8 -63.8
D5 59.3 60.1 30.1
D6 -59.2 -59.9 -35.0
Constant:
R2 1.0 1.0 1.0
D1 180.0 180.0 180.0

1.16. Z-matrix for Table 23.

Hl

O2 HI R1

C3 02 R2 HI1 Al

04 C3 R3 02 A2 HI DI
H5 O4 R4 C3 A3 02 D2
S6 C3 R5 02 A4 H1 D3
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Figure 59. Optimized structure and atom numbering for 132 at the MP2(FC)/6-31+G(d)
level of theory.

Table 23. Structural data for 132 with distances in A and angles in degrees.

MP2(FC)/6-31+G(d)

Variable:

R1 0.9783
R2 1.3409
R3 1.3409
R4 0.9783
R5 1.6365
Al 107.3121
A2 107.1893
A3 107.3105
A4 126.4112
D1 180.0
D2 180.0
D3 0.0

1.17. Z-matrix for Table 24.

Cl
S2 Cl RI

CS

Figure 60. Optimized structure and atom numbering for CS at the MP2(FC)/6-31+G(d)
level of theory.
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Table 24. Structural data for CS with distances in A and angles in degrees.

Variable MP2(FC)/6-31+G(d)
RI 1.543
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Appendix II.

Atoms in Molecules

The theory of atoms in molecules provides a rigorous definition of an atom in a
moleciile and offers the means to obtain its properties.?’! Within this theory, an atom in a
molecule is defined as an open subset in real space that generally contains an atomic
nucleus and whose boundary is a zero-flux surface of electron density gradient. Such a
boundary can be considered as the union of interatomic surfaces that define the
interactions between pairs of atoms in the molecule. For each interatomic surface there is
a pair of gradient paths that go to each of the associated atomic nuclei. These gradient
paths start from a common point on the interatomic surface, which corresponds to a
critical point of the electron density and is called a bond critical point. It is over the
volume defined by the atomic basin that the observables are integrated to yield the
corresponding atomic properties. Examples of such atomic properties are the charge, the
first moment of the electron density and the energy.

The analysis of the dipole moment () of the molecule, in terms of the atomic
charges and atomic first moments, has proven to be useful in understanding the
polarization of a given charge distribution.?''* [f {R.} denotes the set of nuclear
coordinates referred to an arbitrary origin and {M,} the atomic moments of a given
molecule, the dipole moment can be written as B = 2aQuRe + ZoMg = po + tp- In this

expression o and p, are called the charge transfer and polarization contributions,
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respectively. For a neutral molecule, u and its contributors p and Mp are origin
independent. This allows the partition of the dipole moment into contributions readily
interpretable in physical terms. That is, Mo results from the transfer of charge among the
atoms in the molecule and represents the contribution to the dipole moment of a set of
spherical charge densities. On the other hand, Up accounts for the non-sphericity of the
atoms in the molecule, as the atomic moments indicate the direction of polarization of the
electron density in each of the atoms.

The Laplacian of the electron density (Vzp(r)) is also an important property for it
contains information about the electron structure that is not directly available from the
electron density.!'*?’ For example, it has been shown that Vzp(r) displays the shell
structure of free atoms as well as of atoms in a molecule and that negative values of
V2p(r) refer to points in space where the electron density is locally concentrated or
depleted. It has been suggested that the critical points defined by the minima in the
Laplacian of the electron density can be used to identify, for example, a lone pair in a

molecule and also provide a physical basis for the VSEPR model.?*’





