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ABSTRACT 

COMPUTATIONAL STUDIES ON COMPLEX REACTION MECHANISMS 

by 

Alicia C. Voukides 

University of New Hampshire, September, 2009 

Molecular modeling with density functional and higher level methods was used to 

study mechanisms for the reactions of carbonyl compounds with ozone, the Doering-

Moore-Skatteb0l Rearrangement, bis-lactam cyclizations, and thermal rearrangements of 

ortho-ethynyltoluene. Ozonation of both formaldehyde and acetone can proceed by one 

of two slow pathways: stepwise addition across the carbonyl group or hydrogen atom 

abstraction. The Doering-Moore-Skatteb0l Rearrangement proceeds as a triangular 

lithium-halogen carbenoid, opening stereospecifically to an allene, with lithium-halogen 

dissociation occurring after the transition state. Bis-lactam cyclization is rapid, 

reversible, and fhermodynamically controlled. The experimentally observed major 

product is confirmed by computations as thermodynamically most stable. Thermal 

rearrangements of o-ethynyltoluene proceed through competitive [1,2] and [1,5] H-shifts. 

Chrysene is formed as a minor product by dimerization of a novel intermediate, ortho-

xylallene. 

xii 



CHAPTER I 

REACTIONS OF OZONE WITH CARBONYL COMPOUNDS AND BIMOLECULAR 
OZONE DECOMPOSITION 

Introduction 

Ozone + Aldehydes. Although the reaction of aldehydes with ozone has been studied for 

more than 100 years, it has remained poorly understood. Assorted theoretical and 

experimental studies have come to seemingly contradictory conclusions, indicative of a 

multifaceted scheme rather than a single pathway. 

Harries and Langheld published the first study of an aldehyde-ozone reaction in 

1903, suggesting that the reaction of octanal and ozone proceeds through a 5-membered 

1 ^ 

ring, now called a tetroxolane. " 

Scheme 1-1. Reaction of octanal and ozone as drawn in 1910 depicting the formation of a tetroxolane.3 

CH3(CH2)6CHO + 0 3 = CH3(CH2)6CH O 

o-o-o 

Since this first report, many experiments and theoretical studies offered evidence not only 

for tetroxolanes, but also peracids and hydrotrioxides as intermediates. " Brmer, for 

example, ozonized benzaldehyde in the 1930s, focusing on ozone as a catalyst, and 

isolated both benzoic and perbenzoic acid.4'6"10 In 1964, Dick and Hanna also recovered 

perbenzoic acid in high yield in the ozonation of benzaldehyde.15 In perhaps the most 

significant early study, White and Bailey proposed in 1965 what they termed a "1,3-

dipolar insertion" for the reaction of benzaldehyde with ozone, a concerted mechanism 

1 



whereby ozone inserts into the C-H bond. This process leads directly to a 

hydrotrioxide, which they suggest can decompose in several ways to an assortment of 

species, including benzoic acid and singlet oxygen. 

Scheme 1-2. The concerted nucleophilic addition of ozone to benzaldehyde proposed by White and 
Bailey.17 

r y *u. "1,3-dipolar 

'=0 ^ ~ " > Q^cf b 

/ \ 

White and Bailey's 1,3-dipolar insertion remained the accepted mechanism for 

the reaction of ozone with aldehydes, as many groups continued to find corroborating 

evidence. Soon after its publication, Erickson et al. observed deuterium isotope effects 

consistent with White and Bailey's ionic mechanism. They also considered the 

possibility of a 5-membered tetroxolane, but suggested that it was a minor intermediate 

that rearranged to the same hydrotrioxide. In 1974, Murray and coworkers observed the 

-OOOH resonance of this same hydrotrioxide at 13.1 ppm by 2H NMR.20'21 

Further evidence for a tetroxolane intermediate was reported in 1975 when 

1 O 

Klopman and Joiner reported that O-labeled isobutyraldehyde undergoes a label 

9^ 94 

exchange when treated with ozone at -80 °C. ' They proposed the reversible formation 

of a tetroxolane by a 1,3-dipolar addition of ozone across the carbonyl, followed by a 

cycloreversion. They did not consider any oxidation processes. 

Scheme 1-3. Isobutyraldehyde undergoes label exchange in the presence of ozone, as shown by Klopman 
18 Q ° 3 _ | 1 8 0 - 0 

ptane 

80° 

and Joiner.23,24 

H «7 ^To-° I 
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As White and Bailey had proposed, aldehyde-ozone reactions were commonly 

accepted as ionic mechanisms, with radical species produced in successive fragmentation 

steps. In a review in 1982, Martinez supported a cycloaddition mechanism across the 

carbonyl double bond, analogous to alkene ozonolysis.25 In 1986, Pryor and coworkers 

ozonized pivaldehyde to obtain a hydrotrioxide, reporting an activation energy of 8.6 

kcal/mol.26 The field remained nearly dormant until 2007, when Yang and coworkers 

studied reactions of acetaldehyde with ozone by computation.27 They considered both 

acyl and alpha hydrogen atom abstraction using DFT and higher level methods. These 

authors predicted that acyl hydrogen atom abstraction of acetaldehyde is endothermic by 

13.0 kcal/mol and has an activation energy of 18.8 kcal/mol, but alpha hydrogen atom 

abstraction is endothermic by 18.2 kcal/mol with a barrier of 35.4 kcal/mol. In 2009, 

Plesnicar et al. also studied the ozonation of benzaldehyde experimentally and by 

computation. They supported White and Bailey's 1,3-dipolar addition mechanism, but 

their conclusion is erroneous since the wavefunction for this concerted process is unstable 

relative to becoming open shell. They declared the hydrotrioxide, not the tetroxolane, as 

the key intermediate, but claimed that it decomposed too quickly for detection by NMR. 

Ozone + Ketones. Reactions of ozone with ketones have not been as extensively studied 

as those with aldehydes. Most are kinetic rather than mechanistic studies and focus on 

the enol rather than the ketone. The only known experimental evidence of a reaction 

with ozone and a ketone is the M.S. thesis research of Kaleen M. Konrad (2006). DFT 

and CBS-QB3 calculations predicted a stepwise mechanism with a modest barrier for the 

i o 

reaction of ozone with acetone. Experimental studies with several O-labeled ketones, 
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including 4-/-butyl-cyclohexanone, acetophenone, and benzophenone showed label 

exchange when treated with ozone. The tetroxolane was emphasized as the intermediate 

responsible for the loss of the O label, just as Klopman concluded in 1975. ' 

Aqueous Ozone Decomposition. The chemistry of ozone in water is complex and 

highly dependent on pH. As a powerful oxidant, ozone is widely used for water 

purification. Aqueous ozone chemistry is often attributed to the hydroxy radical, as 

proposed by Hoigne,30'31 but there remains some uncertainty about how this species may 

be produced in solution. The ability of ozone to purify water must depend on its 

concentration, which, in turn, is affected by ozone decomposition. It has long been 

known that solutions of ozone decompose, likely to oxygen and hydrogen peroxide, but 

this mechanism has been poorly understood. Studies on aqueous ozone emphasize pH 

dependence and most concur that decomposition is a chain process initiated by hydroxide 

ions, though the order of the reaction has been widely disputed. Many groups also assert 

that the reaction order varies with pH. A litany of radical and ion intermediates have 

been proposed, including HO,30"33 HOO,3 2 3 4 HOO"34, HOOO,33' 35 H04",35 H05",35 

H204, ' J ' 02*7 and 03«V° Several reviews of aqueous ozone chemistry attempt to sort 

through the various proposed models.38"44 

Rothmund and Burgstaller studied the kinetics of aqueous ozone decomposition in 

1913, and were first to conclude that decomposition is slow in acidic solutions and rapid 

in basic solutions.45 In 1935, Weiss proposed the now widely accepted two-step chain 

• • • 34 

mitation 
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0 3 + HO--> H02" + 0 2 (1) 

0 3 + H02" -> 03«" + H02* (2) 

Stumm provided the first kinetic model of ozone decomposition in water in 1954, 

stressing its dependence on hydroxide.46 For a pH range of 7.6-10.4, he reported 

decomposition is first order in ozone and 0.75 order in hydroxide. Kilpatrick and 

coworkers (1956) reported that decomposition is 3/2 order in O3 at low pH, but deviates 

significantly at high pH.47 In 1971, Hewes and Davidson reported a second order 

reaction at low pH, which becomes first order at pH 8.48 They also suggest the rate of 

decomposition becomes increasingly pH-sensitive as the solution is made more alkaline, 

further evidence of hydroxide dependence. Gurol and Singer (1982) found ozone 

decomposition to be second order in ozone and lA order in hydroxide above pH 4.49 

Gordon et al. proposed a mixed rate law, with a first and a second order term for ozone, 

suggesting that at high pH and in the presence of radical scavengers, the second order 

term disappears.50 They later supported this assertion by numerical simulations.51 

rCh = *, [03 ][OH~] + k2 [03 f [OH- ] (3) 

Sotelo et al. (1987) suggest a slightly different mixed rate law, which is valid in both 

acidic and basic solutions 

r0i=kA[03] + kB[OH-f2[03f
2 (4) 

In 2001, von Sonntag et al. found nearly 100% yield of singlet oxygen in many aqueous 

ozone reactions, suggesting that it forms by O-atom transfer.37 In 2005, Kuosa, Haario, 

and Kallas obtained a reaction order of 1.12 with respect to ozone and 0.51 with respect 

to hydroxide. In a 2006 review, Fabian discussed several reactive intermediates in 

5 



aqueous ozone decomposition, stressing HO* as the chain carrier at low pH and the 

ozonide anion 03*" at higher pH.38 

One of the clearest experimental studies was reported only recently. In 2008, 

Ershov and Morozov showed that aqueous ozone decomposes at pH 4-8 by a bimolecular 

reaction according to the equation O3 + O3 -> 3O2 with a rate order of 1.9 ± 0.2 and an 

activation energy of 18.2 ± 2 kcal/mol.54 They also maintain that decomposition is 

catalyzed by hydroxide ions. Most recently, Lovato and coworkers compiled a "well 

accepted 18-step mechanism" for the decomposition of ozone in water.55 This 

"mechanism" is not intended to represent the sequential steps of ozone decomposition, 

but rather summarize the major processes of aqueous ozone chemistry. As with the 

previous reports, they suggest that decomposition is initiated by the reaction of ozone 

with hydroxide anion to give a hydroperoxy anion and molecular oxygen. The seventeen 

steps that follow encompass the many steps proposed in earlier kinetic models. This 

series of proton, electron, and oxygen transfers ultimately results in the production of 

hydrogen peroxide and molecular oxygen. 

While each of these steps may be occurring in solution, the complexity of the 

mechanism seems to contradict Ershov and Morozov's recent results,54 which suggest a 

bimolecular reaction with a modest barrier. Instead, multiple mechanisms seem plausible 

for ozone decomposition: one initiated by hydroxide ions and a self-decomposition in the 

absence of hydroxide. 

6 



Results and Discussion 

Formaldehyde + Ozone. Though appealing because of its simplicity, White and 

Bailey's concerted mechanism17 is inconsistent with many experimental results. 

Stepwise pathways can lead to a variety of intermediates. In the present study, the 

ozonation of aldehydes is modeled by the reaction of formaldehyde with ozone. 

Evidence for the existence of hydrotrioxides and tetroxolanes as intermediates suggests 

two major pathways in the reaction of formaldehyde with ozone (Scheme 1-4). First, 

ozone may abstract one of the two acyl hydrogens to produce an acyl radical and a 

hydrotrioxy radical, which can recombine to yield a hydrotrioxide (1). Second, ozone 

can add to the carbonyl carbon to give a diradical, a singlet by necessity, that can close to 

a tetroxolane (2). These two pathways are connected by an intramolecular hydrogen 

abstraction that could occur after addition to form hydrotrioxide 1. 

Scheme 1-4. The two likely reaction pathways in the ozonation of formaldehyde. 

abstraction w ,P , • • . O H 
1 *~ If n H recombination , // \ 
| H-C. . 0 ' U - 0 ' H • H-C^ p 

o-o 
.O ^ ^ ^ ^ 

1_,_// ,. H-abstraction ^^^^ 1 
n Uv + U 3 \ 

H 
H/.d

0
 p . closure , H, , 0 - ? 2 

addition ^ ^O'O yf S 0"0 

The reaction of ozone with formaldehyde was modeled with M05-2X107 density 

functional theory, followed by single point CCSD(T) calculations (Scheme 1-5). 

Formaldehyde and ozone first come together in a pre-reaction van der waals complex (3), 

predictably just slightly lower in energy than the two separated species. The geometry of 

this complex is favorable for both abstraction and addition. Relative CCSD(T) energetics 

and DFT geometries for the abstraction pathway are given in Figure 1-1. 
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Scheme 1-5. UM05-2X/6-311+G(d,p) [UCCSD(T)//UM0S-2X| energetics for the two pathways in the 
oxidation of formaldehyde by ozone. 

0.0 kcal/mol 
[0.0 kcal/mol] 

TS1 
1.9 [16.2] 

post-reaction 
complex 

-10.3 [3.7] 

pre-reaction 
complex 

-2.9 [-2.2] 

TS2 

11.3 [19.1] 

0.3 [13.6] 

- TS7 

5.2 [25.6] 

H 0 - ° 

-8.7 [9.8] 

5 

H,. / O - O ' 

H O - O -

6T 
-11.7 [9.1] 

// 
H - C . 

, 0 , „H 
•O O 

-7.9 [5.3] 

1 

u / / 0 " H A p 
o—o 

-79.8 I-61.2] 

TS3 
6.9 [24.3] 

TS4 
10.4 [23.0] 

H,, / 0 ~ ° * 

H O-O-

6S 
-11.5 |9.2] 

// 
H - C . 

-16.5 [-3.9] 

3o, 

•O-H 

OH 

—- TS5 — 
-64.2 [-45.3] 

H—C. 

w 

-105.5 [-90.0] 

H,. / u - 0 

/ Vo 
-6.1 [11.6] 

TS6 
9.7 [24.5] 

Following hydrogen abstraction (TS1), the acyl and hydrotrioxy radicals settle 

into a second van der waals complex (4), which favorably undergoes radical 

recombination to yield the hydrotrioxide (1). In a higher energy step, the fragile 

hydrotrioxy radical can fragment to give triplet oxygen and the hydroxy radical. 

Recombination is energetically much more favorable, being exothermic by 61.2 kcal/mol. 

The hydrotrioxide can also rearrange to formic acid and singlet molecular oxygen by 

TS5. Though DFT calculations suggest an abstraction barrier of just 1.9 kcal/mol, the 

correlated CCSD(T) method predicts a more substantial barrier of 16.2 kcal/mol, more 

consistent with the recent report by Yang and coworkers27 and with experimental kinetic 

data. Braslavsky and Heicklen (1976) reported a rate constant of 2.1 x 10"24 cm3 
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molecule"1 s"1 for the reaction of formaldehyde and ozone,56 much too small to correspond 

to a barrier of 1.9 kcal/mol. Therefore the energy profile for this reaction is better 

described by CCSD(T) methods than DFT. The large discrepancy between 

methodologies is most likely due to spin contamination in the DFT calculations. 

TSl t 
A. •* 

16.2 

0.0 
kcal/mol 

5.3 . t f Q ^ H 

3.7 
-2.2 

V 

TS5 

f""N» 

-61.2 
OH 

\ \ \ 
V 

-90.0 
- \ 
1o, 

Figure 1-1. UCCSD(T)//UM05-2X energetics and UM05-2X/6-311+G(d,p) geometries for the abstraction 
pathway in the ozonation of formaldehyde. 

Relative CCSD(T) energetics and DFT geometries for the addition pathway are 

given in Figure 1-2. Addition across the carbonyl double bond is predicted to be slow 

and stepwise. Ozone first adds to the carbonyl carbon by TS2 and the resulting diradical 

(5) closes by TS4 form a tetroxolane (2). Diradical 5 can also undergo an intramolecular 

hydrogen abstraction through TS3 to form hydrotrioxide 1, serving as the connection 

between the addition and abstraction pathways. Closure to the tetroxolane through TS4, 

however, is more favorable since the barrier is slightly lower. The tetroxolane can 

fragment across the 02-03 bond by TS6, yielding a new singlet diradical (6S). Spin 

inversion yields a triplet diradical (6T), which can lose triplet oxygen through TS7 to 
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form a carbonyl oxide, thus linking this pathway to Criegee chemistry. In contrast to the 

abstraction energy profile, where the overall trend is markedly downhill in energy, the 

addition profile is relatively horizontal, showing no substantial change in total energy 

after the addition transition state. This suggests that the tetroxolane could also serve as 

an intermediate in the formation of ozone from carbonyl oxides and molecular oxygen. 
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Vs. 
TS4 TS6 

1> 
^ X 19.1 
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24.3 
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/ \ 
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TS7 

0.0 
kcal/mol 

11.6 

HKi 
\L—J/' 
9.2 "Tl 

ft C 
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13.6 

v° 
II ^ 

-61.2 .O H 
H-< b 

\ / 
o-o J 1 

Figure 1-2. UCCSD(T)//UM05-2X energetics and UM05-2X/6-311+G(d,p) geometries for the addition 
pathway in the ozonation of formaldehyde. 
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Acetone + Ozone. The reaction of ozone with acetone can proceed by a similar addition 

or abstraction pathway and was modeled by CCSD(T)//DFT methods (Scheme 1-6). The 

pre-reaction van der waals complex (7) is similar to the ozone-formaldehyde complex, 

also having a favorable geometry for both addition and hydrogen abstraction. 

Scheme 1-6. UM05-2X/6-311+G(d,p) [UCCSD(T)//UM05-2X] energetics for the oxidation of acetone by 
ozone. 
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Like formaldehyde, ozone can add to acetone in two steps, first adding to the 

carbonyl carbon (TS9), followed by closing of the diradical (8) through TS10 to a 

dimethyl tetroxolane (9). This tetroxolane can also open across the 02-03 bond by TS11 

to form a new singlet diradical (10S). Spin inversion to 10T and cycloreversion can 

produce a carbonyl oxide and either triplet or singlet molecular oxygen through TS12 or 

TS13, respectively. This overall energy profile is also relatively flat, again suggesting 

that ozone may be produced from molecular oxygen and carbonyl oxides. These 
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18, computations support Konrad's earlier conclusion that O label exchange occurs through 

a tetroxolane intermediate.29 

TS10 
TS11 

TS12 
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Figure 1-3. UCCSD(T)//UM05-2X energetics and UM05-2X/6-311+G(d,p) geometries for the addition 
pathway in the ozonation of acetone. 

Hydrogen abstraction proceeds differently since ozone must abstract a methyl 

hydrogen atom, leading to delocalized radical 11 and the hydroperoxy radical, which 

fragments to the hydroxy radical and triplet oxygen. Hydrogen abstraction has a barrier 

of 27.2 kcal/mol and is endothermic by 14.4 kcal/mol. These energetics are consistent 

with those obtained by Yang et al. in the study of acetaldehyde (Ea = 35.4 kcal/mol, 

AER= 18.2 kcal/mol). 27 
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Figure 1-4. UCCSD(T)//UM05-2X energetics and UM05-2X/6-311+G(d,p) geometries for the abstraction 
pathway in the ozonation of acetone. 

Bimolecular Ozone Decomposition. Two ozone molecules may come together in a 

simple bimolecular process to yield three oxygen molecules. This reaction was studied 

by CCSD(T)//B3LYP108 methods (Figure 1-5). 

203 -> 302 

As the two ozones approach, the overall dimeric structure has increasing open-

shell character until the transition state is reached. Past the transition state, the overall 

structure has decreasing open-shell character. At the transition state, S = 0.99, but at the 

reactants and products, S = 0 . During the reaction, a bond forms between the two 

ozones as the two adjacent bonds break, resulting in three oxygen molecules. An 

intrinsic reaction coordinate calculation confirmed this process. To balance the overall 

spin, this reaction must produce two triplet molecular oxygens of opposite spin and one 

singlet oxygen. This was verified by plotting the spin density (Figure 1-6), which shows 

the triplet oxygens on the ends, and singlet oxygen in the middle. Here, red and blue 

represent opposite spin. 
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Figure 1-5. UCCSD(T)//UB3LYP energetics and UB3LYP/6-311+G(d,p) geometries for the bimolecular 
decomposition of ozone. 

Figure 1-6. Spin density at UB3LYP/6-311+G(d,p) showing two triplet oxygens of opposite spin, one red 
and the other blue, and one singlet oxygen resulting from the bimolecular decomposition of ozone. 

A similar transition state was proposed by Nakajima and Lin in 2003, but was 

only characterized by AMI methods. As a result, their calculated barrier of 35.9 

kcal/mol is likely too high and their conclusion that this process is irrelevant is erroneous. 

The solution reported here is attractive in its simplicity and matches almost exactly the 

experimental activation energy reported by Ershov and Morozov.54 These results are also 

excellent agreement with the activation energy for the thermal decomposition of ozone 
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reported by Pshezhetskii et al. in 1959, 18.5 kcal/mol, and by Glissmann and 

Schumacher in 1933, 30 kcal/mol.58 

To evaluate this reaction in an aqueuos environment, energetics were also 

computed at the UB3LYP/6-311+G(d,p) level of theory with PCM109 solvation and water 

as the solvent. A comparison of DFT, CCSD(T)//DFT, and DFT + PCM reaction 

energetics in kcal/mol is presented in Table 1. 

Table 1. Comparison of calculated activation energies and exothermicities at different levels of theory for 
the bimolecular decomposition of ozone. 

Ea 
AER 

UB3LYP/6-311+G(d,p) 
2.7 

-86.0 

UCCSD(T)// 
UB3LYP/6-311+G(d,p) 

18.3 
-77.7 

UB3LYP/6-311+G(d,p) + 
PCM (water) 

5.0 
-82.8 

The overall exothermicity predicted for this reaction at each level of theory is 

incorrect. For comparison, calculation with standard NIST heats of formation gives 

AER = -45.7 kcal/mol. Further calculations, perhaps UCCSD(T)//UB3LYP/6-311+G(d,p) 

+ PCM (water), are needed to more accurately describe the overall energetics of this 

reaction. 
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Conclusions 

In contrast to the concerted and highly exothermic reaction with alkenes, reactions 

of ozone with carbonyl compounds are slow, stepwise, and endothermic. There are two 

competitive pathways in the reaction of ozone with formaldehyde: acyl hydrogen atom 

abstraction, and stepwise addition across the carbonyl double bond. Acyl hydrogen atom 

abstraction produces an acyl radical and a hydrotrioxy radical. These can then recombine 

to give a hydrotrioxide, which may rearrange to formic acid and singlet oxygen, which is 

very favorable energetically. Addition across the carbonyl double bond first yields a 

singlet diradical, which closes to give a tetroxolane. This tetroxolane can open to a new 

diradical, which can lose molecular oxygen to form a carbonyl oxide. The two pathways 

are connected by an intramolecular hydrogen abstraction. Both the hydrotrioxide and 

tetroxolane are important intermediates in this reaction.59 

In the ozonation of acetone as a model ketone, there is similarly an addition and 

an abstraction pathway. In this case, abstraction of the alpha hydrogen has a higher 

barrier than acyl abstraction of formaldehyde. Consequently, addition is likely the 

dominant pathway. As with formaldehyde, ozone adds to the carbonyl carbon and the 

resulting diradical closes to a tetroxolane. This tetroxolane can open and lose either 

singlet or triplet molecular oxygen to form a carbonyl oxide. Since addition is favored 

over abstraction, the dimethyl tetroxolane is believed to be the key intermediate in the 

ozonation of acetone. Formation of the tetroxolane should be reversible, consistent with 

Konrad's observation of 180 label exchange.29 

For both formaldehyde and acetone, the energy landscape for the addition 

pathway is relatively flat. There is little change in overall energy after the addition 
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transition state is passed. This could indicate that tetroxolanes may also serve as 

intermediates in the formation of ozone from carbonyl oxides and molecular oxygen. 

Since both addition pathways are endothermic, the reverse process is exothermic. 

Ozone decomposition can be described by a simple bimolecular process where 

two ozones meet and immediately fragment to three molecular oxygens: two triplets of 

opposite spin and a singlet. This is a self-destruction of ozone, rather than a process 

catalyzed or initiated by hydroxide ions. Self-annihilation may also be an important 

decomposition mechanism at in water at neutral pH, where hydroxide ion concentration 

is low at 10"7 M. Though the activation energy calculated with CCSD(T)//DFT methods 

matches the experimental activation energy reported by Ershov and Morozov,54 the 

predicted exothermicity does not agree with standard thermodynamic data. Additional 

calculations are needed to better represent the relative energies of the reactants and 

products. Further work is also needed to evaluate and clarify the role this reaction may 

play in aqueous solutions. This reaction is absent from the many kinetic models of ozone 

decomposition " and may necessitate a reevaluation of these schemes. 
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CHAPTER II 

THE DOERING-MOORE-SKATTEB0L REARRANGEMENT 

Introduction 

The Doering-Moore-Skattebel Rearrangement, named for the three chemists who 

independently discovered it in the early 1960s, is widely used in synthetic chemistry to 

form allenes, cumulenes, and strained ring systems. In this reaction, dihalocyclopropanes 

undergo lithium-halogen exchange when treated with an alkyllithium to produce 

carbenoids, which undergo electrocyclic ring opening to allenes. 

Scheme 2-1. The Doering-Moore-Skattebel Rearrangement. 

H H / \ i_i i_i 

J" * r» A 
12 13 

The connection between dihalocyclopropanes and allenes was first reported in 

1958 when Doering and LaFlamme treated dibromocyclopropanes with sodium on 

alumina to yield allenes60 (Figure 2-1(a)). Moore and Ward similarly obtained allenes, 

but with alkyllithiums.61"63 Skattebol studied this reaction in detail and applied it toward 

the synthesis of cyclic allenes and cumulenes64"67 (Figure 2-1(b)). The stereochemistry of 

this reaction was reported by Cope et al. in 1970, who synthesized (R)-(+)-l,2-

cyclononadiene from optically active (i?)-(-)-frvms'-cyclooctene (Figure 2-1(c)). 
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Figure 2-1. Historical milestones in the Doering-Moore-Skattebol Rearrangement. 

Carbenoids have been described by Closs and Moss in 1964 as "intermediates 

which exhibit reactions qualitatively similar to those of carbenes without necessarily 

being free divalent species." There have been several reports of two predicted 

carbenoid structures for 1-bromo-l-lithio-cyclopropanes (Figure 2-2): one with triangular 

C-Li-Br geometry (12), and a second with linear C-Li-Br geometry (14).70"77 The 

triangular structure is predicted to be of slightly lower energy. Dimers and other 

aggregates of carbenoids have been explored,75"77 but ring opening of these structures has 

not yet been characterized. 

Br 

Br 

12 14 
Figure 2-2. Triangular and linear geometries for lithium-bromine carbenoids. 

Several experimental and computational studies have been reported for this basic 

reaction. " Most recently, Azizoglu et al. located both minima and proposed two 

pathways from carbenoid 12R to the allene 13R (Scheme 2-2): a concerted mechanism 

for direct ring opening of 12R, and a stepwise mechanism where 12R first linearizes to 
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14R and then opens to allene 13R.80 Their main focus, however, was the effects of polar 

substituents (R) on the overall energetics. They find that electron donating groups lower 

the reaction barrier, suggesting cationic character at the carbenoid carbon. Though they 

propose this scheme, they did not locate the direct ring opening transition state TS16R 

for R = H. 

Scheme 2-2. Concerted and stepwise pathways from lithium-bromine carbenoid 12R to allene 13R 
proposed by Azizoglu et al. 

H 

»^^~—Li— TS14R *- N ^ > > Li—Br *• TS15R stepwise 
/ H 14R 

H .- . K M H ^r- TS16R Li-Br concerted 

A, 12R pf *H
 1 3 R 

Most studies treat the Doering-Moore-Skatteb0l Rearrangement as a carbene 

reaction, noting that ring opening is similar to that of cyclopropylidene. Valtazanos and 

Ruedenberg have described the ring opening of cyclopropylidene as a coordinate that 

bifurcates at a valley-ridge inflection point (VRI).81"84 They define a VRI not as a 

stationary point, but as a point on the surface where one eigenvector of the Hessian 

matrix has a zero eigenvalue. This eigenvector is orthogonal to the gradient and thus 

represents a reversal in the surface curvature orthogonal to the gradient. Other studies, 

notably by Basilevskii, " have more rigorously defined a VRI. " For 

cyclopropylidene, this point represents the reversal in the sense of rotation during ring 

opening, where the initially disrotatory motion becomes conrotatory. The two possible 

modes of conrotatory motion define the two pathways after the bifurcation. 

20 



Results and Discussion 

In this work, the reactions of carbenoids have been studied by density functional 

theory using the B3LYP functional, followed in some instances by single point 

CCSD(T) calculations (Scheme 2-3). As in previous studies,70"77 two minima for the 

carbenoid structure were located (Figure 2-3): one with triangular C-Li-Br geometry (12) 

and the other, slightly higher in energy, with linear C-Li-Br geometry (14). 

Interconversion of the two minima should be facile as the barrier through TS14 is low 

and the linear minimum is very shallow. 

TS14 

H l / f H
 14 

12 . . s ^ ' - - L i H j ^ - L i - - B r ^ ^ 

H . S . n , H H^-'U . - - - ^ T 
H H , , - - - ' 9.0 

kcal/mol 

>Wi 
Figure 2-3. CCSD(T)//B3LYP/6-311+G(d,p) energies and geometries for the two carbenoid minima. 

Each carbenoid structure can undergo ring opening to the same allene-LiBr 

complex (Scheme 2-3). The existence of two minima clearly defines two pathways from 

1-bromo-l-lithio-cyclopropane (12) to the allene-LiBr complex (13). The overall 

energetics for this rearrangement were compared over several levels of theory, each of 

which predicts a similar energy profile (Table 2). 
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Scheme 2-3. CCSD(T)//B3LYP/6-311+G(d,p) energetics for the two pathways of the Doering-Moore-
Skattebol Rearrangement. 
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Table 2. Reaction energetics for the Doering-Moore-Skattebol Rearrangement compared over several 
computational methods. 

Structure 
12 

TS14 
14 

TS15 
TS17 

13 
TS16A 

Erel(a) 

(kcal/mol) 
0.00 
9.17 
8.50 
10.63 
6.84 

-44.71 
11.75 

Erel(b) 

(kcal/mol) 
0.00 
7.39 
7.31 
9.14 
5.51 

-48.27 
9.45 

Erel(c) 

(kcal/mol) 
0.00 
9.29 
9.01 
10.63 
8.83 

-44.69 
10.86 

Erel(d) 

(kcal/mol) 
0.00 
13.29 
12.12 
13.31 
9.41 

-44.23 
13.80 

(a) B3LYP/6-31+G(d), (b) B3LYP/6-311+G(d,p), (c) CCSD(T)//B3LYP/6-311+G(d), (d) MP2/6-31+G(d) 

The bent carbenoid (12) can ring open immediately (TS16A or TS16B), or can 

first linearize (TS14) and then open (TS15). There is also a high energy planar transition 

state for rotation about the allene (TS17). Two geometrically distinct transition states 
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(TS16A and TS16B) exist with opposite modes of initial disrotatory ring opening of 

carbenoid 12. In TS16A, lithium is slightly above the plane of the cyclopropyl ring, but 

in TS16B, both lie in the same plane. The C-Li-Br angle is the same in both structures at 

118 degrees. The lower energy structure (TS16A) has the hydrogens syn to bromine 

rotating outward. This seems best explained by the proximity of bromine to the 

developing charge during ring opening. The carbenoid carbon is initially positively 

charged, but this charge is transferred to the terminal carbons as ring opening progresses. 

Since bromine is negatively charged, it better stabilizes this developing positive charge in 

TS16A, where bromine and the charge are in close proximity. 

Direct ring opening of the bent structure has a modest barrier of approximately 10 

kcal/mol, whereas the linear structure has an almost negligible barrier of just 2 kcal/mol. 

The net barriers, however, are nearly identical. This difference is attributed to the 

electronic nature of the carbenoid structures. Natural charge densities indicate that the 

carbenoid carbon of the linear structure is slightly positive, but negative in the bent 

structure (Figure 2-4). By the Woodward-Hoffmann rules, the cyclopropyl cation 

undergoes disrotatory opening and the cyclopropyl anion undergoes conrotatory opening. 

Since initial ring opening of both carbenoids is disrotatory, the linear structure should 

have a lower barrier to opening since its carbenoid carbon is has a slight positive charge. 

Due to its negatively charged carbenoid carbon, the bent structure must first undergo a 

charge reversal, which may be responsible for the higher barrier to ring opening. 

H Br -0.386 H 

\ / \ \ 0.837 
HN / 9 > d -4J H y £ > C - -Li --Br 

/ C H -0.446 0.914 / H 0.080 -0.861 
H H 

Figure 2-4. Natural charge densities at B3LYP/6-311+G(d,p) for the bent and linear carbenoids. 
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The intrinsic reaction coordinate (IRC) calculated from the bent ring opening 

transition state (TS16A) shows initial disrotatory motion and a modest decrease in 

energy, followed by a reverse in the sense of rotation to conrotatory motion and a steeper 

descent toward the allene (Figure 2-5). Conrotatory motion begins when the sense of 

rotation of one group reverses. Either sense of conrotatory motion can begin following 

the initial disrotatory ring opening, defining two enantiomeric pathways toward products. 

Since there are two rotating groups and either group can reverse direction, there must be 

two product minima on the potential energy surface. 
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Figure 2-5. B3LYP/6-311+G(d,p) intrinsic reaction coordinate showing initially disrotatory ring opening 
followed by conrotatory ring opening in the Doering-Moore-Skattebol Rearrangement. 

The point on the surface at which the rotation reverses is a valley-ridge inflection 

O 1 QA 

(VRI) point, as described by Valtazanos and Ruedenberg. " A VRI is characterized as 

a point along the reaction path with zero curvature orthogonal to the gradient, when the 

sign of the surface curvature changes (Figure 2-6). The ring opening transition state is a 

saddle point, a local minimum on the surface, but a maximum along the reaction 
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coordinate. Following the direction of the gradient leads down the valley, which is 

becoming shallower, until the beginning of a ridge is reached. The direction of the 

gradient vector is now changed and the reaction path leads more sharply to products. For 

achiral carbenoids, these two product valleys will be of equal energy since the two 

possible allenes are identical. Asymmetrically substituted carbenoids, however, will have 

a different surface topology where one product valley will descend more steeply than the 

other. This presents the possibility that specific allene enantiomers can be synthesized by 

ring opening of specific chiral carbenoids. 

Figure 2-6. Sample topology of a valley ridge inflection point where the surface curvature changes. The 
test function depicted is J{x,y) = yx2 + 0.2y2. 

/TO 

Chiral Carbenoids. As Cope et al. showed, chiral carbenoids open stereospecifically 

to chiral allenes, consistent with an asymmetric surface topology. A trans-dimethyl 

carbenoid such as 15 is the simplest chiral carbenoid to illustrate the stereochemistry. 
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Note that there exists only one bent carbenoid structure as the two initial bromines are 

homotopic. Not surprisingly, there are two carbenoid minima with triangular and linear 

geometries (15 and 16) with corresponding ring opening transition states (TS19 and 

TS20A/B). Each ring opening transition state proceeds to 5*-2,3-pentadiene, as confirmed 

by IRC calculations. The energy profile is similar to the parent carbenoids (Scheme 2-4). 

Scheme 2-4. B3LYP/6-311+G(d,p) energetics for the formation of S-2,3-pentadiene (17) from trans-\-
bromo-2,3-dimethyl-l-lithiocyclopropane(15). 

H 
M e ^ ^ ^ - L j . - B r 

rfMe 16 
Me1 

{ H TS19 
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The IRC for the ring opening of the bent structure (15 through TS20A, Figure 

2-7) follows the same stereochemistry as reported by Cope et al.68 In contrast to the 

parent carbenoid, the dimethyl carbenoid does not show the same reversal in the sense of 

rotation along the reaction coordinate. As the coordinate approaches the valley-ridge 

inflection point, rotation of one group slows and stops, instead of reversing direction, 

while the other continues. Initially synchronous disrotatory ring opening becomes 
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asynchronous disrotatory at a valley-ridge inflection point. In this case, the VRI is the 

point at which one group stops rotating. Because chiral carbenoids trace stereospecific 

pathways to chiral allenes, it can be argued that these are not truly bifurcating surfaces 

since the two allene enantiomers are not produced with equal probability. Perhaps the 

coordinate is more appropriately described as an asymmetric bifurcation, indicating that 

two products exist, but that the path to one is more favored. 
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Figure 2-7. B3LYP/6-311+G(d,p) intrinsic reaction coordinate showing the disrotatory ring opening of 
trans dimethyl carbenoid 15 to yield S-l,2-pentadiene (17). 

Reaction energetics were also computed using both explicit and implicit solvation 

models to better represent experimental reaction conditions. For the explicit solvation 

model, the carbenoid structures were complexed with two dimethyl ether molecules and 

optimized at the B3LYP/6-311+G(d,p) level of theory. Both the linear (14-OMe2) and 

bent (12-OMe2) minima exist under explicit solvation, but the linear structure jumps to 

20.6 kcal/mol above the bent structure, compared with only 7.3 kcal/mol in silico at the 
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same level of theory. A transition state for ring opening of the linear structure (TS15-

OMe2) could not be located. The barrier for ring opening of the bent structure (TS16A-

OMe2) is slightly higher, but comparable in energy in silico (Scheme 2-5). 

For the implicit model, stationary points were reoptimized with the Polarizable 

Continuum Model (PCM)109 at B3LYP/6-311+G(d,p) and diethyl ether as the solvent. In 

this case, neither the linear structure (14-PCM) nor its corresponding ring opening 

transition state (TS15-PCM) could be located (Scheme 2-6). 

Scheme 2-5. B3LYP/6-311+G(d,p) energetics for the parent carbenoid (12-OMe2) explicitly solvated by 
complexation with two dimethyl ether molecules. 
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Scheme 2-6. Implicit solvation for the ring opening parent carbenoid (12-PCM) computed at B3LYP/6-
311+G(d,p) with PCM solvation in diethyl ether. 
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Ring opening of the bent structure again has a low predicted barrier, comparable 

to the gas phase calculations. Overall, both solvation models favor the bent minimum 

(12) as the structure that ring opens with the hydrogens syn to bromine rotating outward 

(TS16A). The linear carbenoid (14) will likely not represent solution-phase reactions. In 

silico, the one- and two-step ring opening processes are competitive, but calculations 

including solvation predict that ring opening occurs in a single step. 

Though commonly associated with cyclopropylidene chemistry, the Doering-

Moore-Skattebol Rearrangement must begin as a carbenoid. Following the initial 

lithium-halogen exchange to form a carbenoid, the exact timing of lithium bromide 

dissociation has remained unclear. To address this issue, the energy of LiBr dissociation 

was calculated at three points along the reaction path with PCM solvation in dietyhl 

ether: at the starting bent carbenoid, at the transition state, and at the allene (Figure 2-8). 

Free energies were assessed at -30° C, a typical reaction temperature, and also with PCM 
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solvation. For the starting carbenoid, dissociation is unfavorable based on both the 

energy and free energy changes. For the allene, dissociation is favorable. This series 

indicates that LiBr dissociation should occur after the ring opening transition state is 

passed. There are no free carbenes present in this reaction. 

starting carbenoid 

transition state 

allene 

Figure 2-8. Dissociation energies and free energies at -30° C for the starting carbenoid (12), transition 
state (TS16), and allene (13) in the Doering-Moore-Skattebol Rearrangement computed at B3LYP/6-
311+G(d,p) with PCM solvation in diethyl ether. 

Trans C9. This same model chemistry was applied to the formation of 1,2-

cyclononadiene, a classic Doering-Moore-Skatteb0l reaction64'68 (Scheme 2-7). 

Analogous to the trans dimethyl carbenoid, a trans bicyclic carbenoid (18) was 

considered. There are similarly two minima with bent (18) and linear (19) geometries, 

each of which can ring open to 1,2-cyclononadiene (20). Like the dimethyl carbenoids, 

there is only one bent carbenoid structure since the two initial bromines that could be 

exchanged with lithium are homotopic. There are two ring opening transition states 

(TS23A and TS23B) for bent carbenoid 18. The lower energy structure (TS23A) again 

has the groups syn to bromine rotating outward. Overall reaction energetics are quite 
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similar to the parent and dimethyl structures. Since calculations with both a large and 

small basis set showed similar energetics for the parent carbenoid (Table 2), the smaller 

6-31+G(d) basis set was used as a compromise of speed and accuracy for the larger 

molecules. 

Scheme 2-7. B3LYP/6-31+G(d) energetics for the ring opening of trans bicyclic carbenoid 18 to (R)-\,2-
cyclononadiene (20). 
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The IRC for ring opening of bent trans carbenoid (18 through TS23A) follows a 

similar path as the dimethyl carbenoid, as it opens to a single enantiomer of 1,2-

cyclononadiene, in this case R (20). Again, ring opening is initially disrotatory where 

both groups rotate synchronously, but one group slows and the other continues as the 

allene is formed (Figure 2-9). This ring opening of 18 follows a least-motion pathway 

where the hydrogens do most of the rotating while the ring remains essentially in place. 

This observation can be extended to other asymmetrically substituted chiral carbenoids to 
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predict the stereochemical outcome of ring opening. This phenomenon is similar in the 

ring opening of trans-dimethyl carbenoid 15 (Figure 2-6). 
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Figure 2-9. B3LYP/6-31+G(d) forward intrinsic reaction coordinate showing the disrotatory ring opening 
of trans bicyclic carbenoid 18 through TS23A to (R)-l,2-cyclononadiene (20). 

Cis C9. Ring opening of a cis bicyclic carbenoid, however, is more complex. In cw-1,1-

dibromobicyclo[6.1.0]nonane, the two bromines are diastereotopic. Either bromine can 

be exchanged with lithium to give two diastereomers for the bent carbenoid, described as 

endo (23) and exo (24) according to the orientation of bromine relative to the 6-carbon 

bridge. To determine which diastereomer is preferred, both lithiation transition states 

were located with methyllithium as the lithium donor. The two transition states are also 

labeled endo (TS24) and exo (TS25) according to which diastereomer is produced. There 

is a pre-reaction complex (22) that forms between methyllithium and 1,1-

dibromobicyclo[6.1.0]nonane (21) where lithium sits equidistant from the two bromines. 

Accordingly, the geometry of this complex is favorable for exchange with either bromine 

32 



(Scheme 2-8). The exo lithiation (TS25) has a lower barrier and produces the more 

energetically favorable exo diastereomer (24, Scheme 2-9). 

Scheme 2-8. B3LYP/6-31+G(d) energetics showing lithium-halogen exchange with the diastereotopic 
bromines in 21 to form two cis bicyclic carbenoids 23 and 24. 
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Scheme 2-9 summarizes the results for ring opening of both carbenoids. Each 

diastereomer has a corresponding linearization (TS26 and TS27) and two ring opening 

transition states (TS29A/B and TS30A/B). Both linearizations predictably lead to the 

same linear minimum (25), which also has a ring opening transition state (TS28). To 

more clearly illustrate the initial mode of disrotatory ring opening, the bromine face of 

the cyclopropyl ring is shown, where R represents the 6 carbon bridge. 
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Scheme 2-9 B3LYP/6-31+G(d) energetics for ring opening of the two cis bicyclic carbenoids 23 and 24. 
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Both enantiomers of 1,2-cyclononadiene should be products of this reaction. 

Since both diastereomers are achiral, ring opening should yield a racemic mixture. For 

each diastereomer, the two direct ring opening transition states (TS29A/B and TS30A/B) 

markedly different energy. This difference is due to steric hindrance of the initial ring 

opening. The group syn to the bromine can open outward or inward. In each case, the 

lower energy transition state has the two sides of the ring rotating away from each other 

(TS29A and TS30B). When the cyclopropane ring opens in these transition states, the 

two sides of the ring rotate away from each other, leaving the two hydrogens on the 

underside to rotate toward each other. In the two remaining transition states (TS29B and 
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TS30A), the two hydrogens rotate away from each other and the two sides of the ring on 

the underside are forced to rotate toward each other. As a consequence, this ring opening 

is sterically disfavored, hence the much higher barrier. 

Like the trans dimethyl (15) and trans bicyclic (18) carbenoids, both the cis endo 

(23) and cis exo (24) bicyclic carbenoids show the same synchronous-asynchronous 

disrotatory ring opening to 1,2-cyclononadiene. The IRC for the ring opening of the cis 

exo carbenoid (24 through TS30A) is shown in Figure 2-10. Calculation of the IRC for 

ring opening of the cis endo carbenoid (23) was repeatedly unsuccessful. 
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Figure 2-10. B3LYP/6-31+G(d) intrinsic reaction coordinate showing the disrotatory ring opening of 
carbenoid 24 through TS30A to (R)- 1,2-cyclononadiene (20). 

Implicit solvation models were also explored for the bicyclic carbenoids. The 

overall energetics parallel the in silico results, though the scheme is greatly simplified 

since the linear structures again do not exist. As with the parent structures, 

reoptimization with PCM solvation failed to locate either a linear minimum or its 

corresponding ring opening transition state. Again, single step ring opening of the bent 
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carbenoid is favored over linear ring opening. Including solvation does not significantly 

change the relative energies of the important structures in the scheme. For the cis 

bicyclic carbenoids, results with implicit solvation are summarized in Scheme 2-10. For 

the trans bicyclic carbenoids, results are summarized in Scheme 2-11. TS29B-PCM and 

TS30B-PCM have not yet been located, but their energies are predicted to parallel the in 

silico results. 

Scheme 2-10. Implicit solvation for the ring opening of two cis bicyclic carbenoids 23-PCM and 24-
PCM computed at B3LYP/6-31+G(d) with PCM solvation in diethyl ether. 
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Scheme 2-11. Implicit solvation for the ring opening of trans bicyclic carbenoid 18-PCM computed at 
B3LYP/6-31+G(d) with PCM solvation in diethyl ether. 
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Dimers. Many organolithium compounds are known to exist in solution as oligomers; so 

consequences of dimerization were explored for these cyclopropyl carbenoids. Dimer 

chemistry was modeled for the parent carbenoid (12). Two dimer structures were 

considered: one in which all bromines and lithiums are coplanar, and a second in which 

both LiBr groups are bent out of plane (Scheme 2-12). In both structures, each carbenoid 

carbon is complexed with two lithiums and one bromine, increasing its cationic character. 

The optimized structure for the planar dimer (TS31) shows a single imaginary frequency 

and may be best described as a transition state for the two monomers exchanging relative 

positions. This structure is easily optimized as a transition state in silico, but fails to 

optimize as either a minimum or a saddle point under PCM solvation. In the dimer 

minimum (12D), the two monomeric carbenoids are side-by-side, with one upside down 

relative to the other. This structure is the dimer of carbenoid 12. In the planar transition 

state (TS31), one carbenoid is directly on top of the other, and also upside down. No 

structure corresponding to a dimer of linear carbenoids could be located. 
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Scheme 2-12. B3LYP/6-31+G(d) and B3LYP/6-31+G(d) with PCM solvation in diethyl ether energies 
and free energies in kcal/mol for dimerization of bent carbenoid 12. 
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According to B3LYP/6-31+G(d) calculations, dimerization is energetically 

favorable both in silico and in solution (Scheme 2-12). Ring opening of one carbenoid in 

the dimer was considered, holding the other constant. Like the monomers, the dimer has 

two transition states for ring opening (TS32 and TS33, Scheme 2-13), corresponding to 

the two possible disrotatory modes. For the parent dimer, the lower energy transition 

state has the same mode of disrotatory ring opening as the parent monomer (TS33), 

where the hydrogens syn to bromine rotate outward. 
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Scheme 2-13. B3LYP/6-31+G(d) and B3LYP/6-311+G(d,p) energetics for ring opening of parent dimer 
12D. 
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Ring opening proceeds exactly analogously to the monomers, with disrotatory and 

then conrotatory motion. The IRC calculation for the ring opening of 12D through TS33 

repeatedly claims to have located a minimum long before the allene is formed. Attempts 

to optimize this structure as a minimum lead directly to the allene and a frequency 

analysis shows mode that has an imaginary frequency, which is physically meaningless. 

This structure is not a minimum, but expected to be the VRI point. Surface symmetry 

likely confuses the calculation of the gradient, as there would exist two vectors of equal 

magnitude in different directions. Without a unique gradient, the IRC calculation 

declares this point a minimum. 

Implicit solvation models were also implemented for the parent dimers, with 

results akin to in silico calculations. The in silico calculations predict a dimer and a 

transition state for monomer exchange, but the PCM calculations show only the 

minimum (12D-PCM). The reaction barrier in solution is comparable to the gas phase 

barrier. Scheme 2-13 is reproduced as Scheme 2-14 with these results. The transition 
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state with the hydrogens syn to bromine rotating inward failed to optimize (TS32-PCM). 

This may suggest that there is only one transition state for dimeric ring opening in 

solution. 

Scheme 2-14. Implicit solvation for ring opening of dimer 12D-PCM computed at B3LYP/6-31+G(d) 
with PCM solvation in diethyl ether 
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To confirm the stereochemical pathway traced by the chiral monomers, trans 

dimethyl dimers were constructed. Like the parent monomers, dimerization is 

energetically favorable, though there is only one dimer structure (29, Scheme 2-15). 

Optimizations of trial structures for the planar dimer (transition state) led back to the 

original side-by-side structure. 
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Scheme 2-15. B3LYP/6-311+G(d,p) energetics and geometries for dimerization of bent dimethyl 
carbenoid 28. 
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Again, there are two transition states for initial disrotatory ring opening (TS34 

and TS35, Scheme 2-16). In contrast to the parent dimers, the lower energy transition 

state for the dimethyl dimer has the groups syn to bromine rotating inward (TS34). Both 

transition states are of comparable energy, likely because both faces of the cyclopropyl 

ring are sterically equivalent. 

Scheme 2-16. B3LYP/6-31+G(d) and B3LYP/6-311+G(d,p) energetics for the ring opening of dimethyl 
dimer 29. 
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The dimethyl dimers do trace the same stereochemistry as the parent trans-

dimethyl carbenoid. Both transition states lead to the same enantiomer of the allene-

carbenoid complex (30). Figures 2-11 and 2-12 show the forward IRCs for ring opening 

of 29 through TS34 and TS35, respectively. 
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Figure 2-11. B3LYP/6-31+G(d) forward intrinsic reaction coordinate for ring opening of dimethyl dimer 
29 through TS34. 
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Figure 2-12. B3LYP/6-31 +G(d) forward intrinsic reaction coordinate for ring opening of dimethyl dimer 
29 through TS35. 

1 ^ 

C NMR predictions provide the most notable evidence that the monomer is not 

the species that participates in this reaction. For the cis endo bicyclic carbenoid (23), 

Seebach and coworkers showed that the carbenoid carbon has a 13C chemical shift of 80.7 

ppm relative to TMS.94 B3LYP/6-311+G(2d,p) calculations, however, predict 201.7 

ppm in silico and 213.1 ppm in diethyl ether. To address this discrepancy, dimer models 

of varying ring sizes were constructed and their corresponding C NMR spectra were 

computed in silico and in diethyl ether. These chemical shifts were compared to the 

parent monomer and dimer, as well as the experimental results (Table 3). Here, C6 

means a backbone structure of bicyclo[3.1.0]hexane, C7 means bicyclo[4.1.0]heptane, 

and C9 means bicyclo[6.1.0]nonane. All are c/s-bicyclic structures and endolexo refers 

to Br orientation relative to the longest bridge. It is clear that the dimer structures have 

chemical shifts that are in better agreement with experimental results, but they still differ 
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enough to warrant further work. It is also evident that solvation has only a minor effect 

on the predicted chemical shift. 

Table 3. 13C chemical shifts of the carbenoid carbon relative to TMS calculated at B3LYP/6-311+G(2d,p). 

molecule 
parent monomer (12) 
parent dimer (12D) 
C6 endo monomer 
C6 exo monomer 
C6 dimer 
C7 endo monomer 
C7 exo monomer 
C7 dimer 
C9 endo monomer (23) 
C9 exo monomer (24) 
C9 dimer 

8 (ppm) 
in silico 
200.3 
97.3 

221.6 
170.4 

119.1, 111.5 
205.7 
170.4 

122.8, 119.2 
201.7 
153.7 

117.8, 112.5 

8 (ppm) 
diethyl ether 

212.4 
104.4 
233.9 
178.7 

100.0, 104.0 
214.4 
180.2 

128.9, 125.7 
213.1 
163.1 

124.6, 118.9 

Conclusions 

Although the Doering-Moore-Skattebol Rearrangement has been known for 

almost 50 years, the intricacies of its mechanism have not been characterized with high 

level computations. In the present work, the reaction mechanism, stereochemistry, 

effects of solvation, and reactions of dimeric carbenoids were modeled. For cyclopropyl 

LiBr carbenoids, there are two minima: one with linear C-Li-Br geometry, and another 

with triangular C-Li-Br geometry. Each can undergo disrotatory ring opening to an 

allene. Calculations with solvation, however, strongly favor a triangular carbenoid, 

which has carbanionic character. Even though in silico models predict that the one- and 

two-step ring opening processes are competitive, calculations with both implicit and 

explicit solvation show that single-step ring opening is the primary route. There are two 

transition states for direct ring opening of the triangular carbenoid. The hydrogens syn to 
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the bromine can rotate outward or inward. The outward transition state is lower in 

energy. Intrinsic reaction coordinate calculations show that ring opening is initially 

disrotatory and synchronous. After passage through a valley ridge inflection point, ring 

opening becomes conrotatory when one rotating group reverses direction. 

Even though it has come to be synonymous with cyclopropylidene chemistry, this 

work predicts that free carbenes are actually not present in the reaction. Following 

lithium-halogen exchange, the rearrangement proceeds as a single step ring opening of a 

bent carbenoid to an allene, with lithium bromide dissociation occurring after the 

transition state is passed. 

Ring opening of cis and trans bicyclic carbenoids offers efficient routes to cyclic 

allenes. For cis bicyclo[6.1.0]nonane carbenoids, there are two carbenoid diastereomers. 

The two diastereomers either have bromine endo or exo relative to the 6-carbon bridge. 

For each diastereomer, there are two ring opening transition states, corresponding to 

inward or outward rotation of the groups syn to bromine. The energetically favored 

transition state has the two ends of the 6-carbon bridge rotating away from each other. 

For the endo diastereomer, the 6-carbon bridge is syn to bromine; and for the exo 

diastereomer, the 6-carbon bridge is and to bromine. Because both diastereomers are 

achiral, ring opening will produce a mixture of allene enantiomers. 

Chiral trans bicyclic carbenoids open to a single allene enantiomer. In an 

important correlation with experiment, this carbenoid derived from (R)-trans-cyc\oociene 

was shown to open to (i?)-l,2-cyclononadiene, precisely as observed by Cope in 1970. 

Stereochemical results can be correlated with a least motion pathway for ring opening. 

The hydrogens undergo most of the movement, while the 6-carbon bridge remains almost 
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in place. The two direct ring opening transition states are close in energy since the two 

faces of the cyclopropyl ring are sterically equivalent. Intrinsic reaction coordinate 

calculations show initially synchronous disrotatory ring opening that becomes 

asynchronous disrotatory when one group ceases rotating. 

Carbenoid dimerization is predicted to be favorable in solution. There are two 

structures for carbenoid dimers: a minimum with the two individual carbenoids side-by-

side, and a low energy transition state for the two monomers exchanging relative 

positions. Carbenoid dimers have two modes of initial disrotatory ring opening, where 

the groups syn to the bromine can rotate either inward or outward. For the parent dimers, 

the lower energy transition state has the hydrogens syn to bromine rotating outward. 

Calculations with PCM solvation do not significantly change the reaction energetics. 

Since the geometries and energetics of the dimer pathway match well their monomer 

counterparts, the monomers are appropriate models to describe the progression of the 

rearrangement. Though 13C NMR predictions for the dimers are closer to experimental 

findings, they deviate enough to call for further work. 
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CHAPTER III 

BIS-LACTAM CYCLIZATIONS 

Introduction 

Porco's group at Boston University recently studied a complex series of bis-

lactam cyclizations. 5 In the presence of base, bis-lactam 40-H twice undergoes 

transannular cyclization to give 44-H as the major product, where H indicates the species 

is protonated. A proposed mechanism is outlined in Scheme 3-1. Conjugation must 

precede transannular cyclization. The mono-deprotonated lactam then undergoes a 

transannular cyclization (TS40) to form 42, which is in equilibrium with its neutral 

counterpart (42-H). These steps then repeat, where the neutral monocyclized lactam 

isomerizes to 43-H, is deprotonated, and closes transannularly (TS41) to give the 

bicyclized structure 44. This product is also in equilibrium with its neutral counterpart 

44-H. The mechanism showing the experimentally observed stereochemistry is given in 

Scheme 3-1. 
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Scheme 3-1. Proposed conjugate addition mechanism for the cyclization of bis-lactam 40-H. 
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The stereochemistry of each cyclization can follow one of two pathways according to the 

orientation of the hydrogen across the ring. This leads to three possible bicyclized 

diastereomers 44-H, 45-H, and 46-H. Experimental results show one major product 44-

H in addition to minor diastereomers 45-H and 46-H. Structures for the starting material 

and three possible products are shown in Figure 3-1. 
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2x conjugation, cyclization 

Figure 3-1. Summary and structures of major products from the cyclization of bis-lactam 40-H. 

To understand this distribution of products, computational studies were carried 

out based on the proposed mechanism. This proved to be a very challenging problem. 

The difficulty in studying macrocycles by computation is a consequence of their 

flexibility, yielding hundreds or thousands of conformations. This same complexity 

exists for transition state searching. There are very few examples of simultaneously and 

systematically searching both conformations and transition states. 

49 



Results and Discussion 

A computational method was developed to search conformations of stationary 

points on this surface. Given that these are such large molecules, it would be impractical 

to search 10,000 conformations at a high level of theory. For reference, a DFT 

optimization and frequency analysis on one of these structures takes approximately 3 

days on a standard desktop PC or 24 hours on an 8 processor machine. As a compromise, 

low level conformation searches and geometry optimizations were initially done to 

establish the best structures for high level characterization. For each minimum, a set of 

candidate conformers was established by Monte Carlo methods using the Merck 

Molecular Force Field.11 Conformers were searched by rotation about each atom in the 

macrocycle, followed by energy minimization. The 50-100 structures of lowest energy 

were subjected to an AMI geometry optimization followed by a single point HF/3-21G 

calculation. The lowest energy structure was optimized at the M05-2X/6-31G(d) level of 

theory. For transition states, a set of candidate conformers was established by Monte 

Carlo Methods using the Merck Molecular Force Field110 with a constrained distance of 

1.9A for the transannular bond. This is a typical bond distance for a ring closure 

transition state. Conformers were again searched by rotation about each atom in the 

macrocycle, followed by energy minimization. The 50-100 structures of lowest energy 

were subjected to an AMI transition state optimization followed by a single point HF/3-

21G calculation. The lowest energy structure was optimized as a first order saddle point 

at the M05-2X/6-31G(d) level of theory. 

Conjugation and anionic transannular cyclization are slightly endothermic 

(Scheme 3-2), consistent with the Porco group's failure to isolate conjugated or anionic 
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intermediates. For the neutral species, each conjugation costs approximately 2 kcal/mol. 

In the first anionic cyclization, there are two transition states for cyclization, one 

corresponding to each possible monocyclized diastereomer. Interestingly, the cyclization 

that leads to 47 has a lower barrier than the transition state leading to 42. This would 

seem to suggest that the minor product pathway is favored over the major product 

pathway. However, since these cyclizations have modest barriers and are endothermic, 

under the given reaction conditions (60 °C, 24 hours), the product distribution must be 

thermodynamically controlled. Though the kinetically favored path would ultimately 

lead to a minor product (47), the thermodynamically favored path corresponds with 

experimentally observed stereochemistry (TS40 to 42). 

Scheme 3-2. M05-2X/6-31 G(d) energetics of the first anionic cyclization of bis-lactam 40-H. 
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Assuming the first cyclization leads to the thermodynamically stable product (42), 

the second cyclization also has two possible pathways (TS43 to 45 or TS42 to 44, 

Scheme 3-3). But in this case, the pathway leading to the experimentally observed major 

product (44) is both kinetically and thermodynamically favored since the transition state 

(TS42) has a lower barrier and the product is of lower energy. 
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Scheme 3-3. M05-2X/6-31G(d) energetics of the second anionic cyclization of bis-lactam 40-H. 
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These anionic cyclizations are modestly endothermic, but upon reprotonation, the 

cyclization becomes substantially exothermic. The three neutral products are of 

comparable energy, with diastereomer 44-H being lowest in energy, consistent with the 

experimental results showing 44-H as the major product and 45-H and 46-H as minor 

products. 

Scheme 3-4. M05-2X/6-31G(d) energetics for the neutral minima in the cyclization of bis-lactam 40-H. 
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The possibility of a concerted [4+4] cycloaddition (TS45) was also examined 

(Scheme 3-5), but found to be substantially disfavored. The reaction is endothermic by 

22 kcal/mol with a high barrier of 36 kcal/mol. In comparison with the two-step 

cyclization, the barrier is too high for this process to be significant. 

Scheme 3-5. Concerted [4+4] cycloaddition mechanism for the cyclization of bis-lactam 40-H 
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Conclusions 

The cyclization of bis-lactam 40-H is a thermodynamically controlled process that 

leads to one major diastereomer 44-H, and two minor diastereomers 45-H, and 46-H. 

Since the anionic cyclizations are rapid and reversible and the reactions are carried out 

overnight at high temperature, the thermodynamic product is favored over the kinetic 

product. Given this, the two-step anionic process is favored over the high-energy 

concerted [4+4] cycloaddition. 

In the first anionic cyclization, the thermodynamically favored pathway has a 

slightly higher barrier than the kinetic pathway. In the second anionic cyclization, the 

kinetic and thermodynamic pathways are the same, and this cyclization is consequently 

faster than the first. Though the anionic cyclizations are slightly endothermic, the neutral 

cyclizations, the protonated versions of their anionic counterparts, are substantially 

endothermic. The relative energies of these products agree with the experimentally 

observed product distribution. 
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CHAPTER IV 

THERMAL REARRANGEMENTS OF ORTHO-ETHYNYLTOLUENE 

Introduction 

Alkynes are known to thermally interconvert with carbenes via the Brown 

rearrangement, a [1,2] hydrogen migration of an alkynyl hydrogen or other group 

(Scheme 4-1). 

Scheme 4-1. The Brown Rearrangement 
• • 

H ^ H 

Brown first proposed this equilibration in 1974, when he pyrolyzed 13C-labeled 

phenylacetylene and found that the label had scrambled. He explained these results by 

suggesting that at high temperature, phenylacetylene is in equilibrium with 

benzylidenecarbene (Scheme 4-2).101 He later elaborated upon this in a review.102 

Scheme 4-2. Isotopic scrambling seen by Brown in 1974, suggesting phenylacetylene is in equilibrium 
with benzylidenecarbene. 
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In the flash vacuum pyrolysis of ortho-ethynltoluene reported in 1974, Brown 

obtained mostly indene and just 1% chrysene.101 He concluded that chrysene must be 

formed by a minor pathway. By graphite-sensitized microwave flash pyrolysis, however, 

Aida Ajaz has seen 47% conversion to indene and 28% conversion to chrysene.103 This 
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much higher yield of chrysene prompted computational exploration of possible pathways 

in this reaction. Brown's proposed mechanism is summarized in Scheme 4-4. 

Scheme 4-3. Summary of the products from the pyrolysis of o-ethynyltoluene. 
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Upon heating, otrho-ethynltoluene rearranges to indene, presumably through a 

Brown rearrangement (a [1,2] H-shift) followed by C-H insertion. A competitive [1,5] 

hydrogen migration is also possible, leading to the reactive intermediate 54, termed here 

ortho-xylallene as an analogue of the well-known intermediate ortho-xylyene. 

Dimerization of o-xylallene followed by aromatization leads to chrysene. Brown 

speculated about a radical dimerization route to chrysene. 101 

Scheme 4-4. Summary of the competitive processes in the thermal rearrangement of o-ethynyltoluene to 
yield indene and chrysene. 
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Results and Discussion 

This reaction was studied with the well calibrated B3LYP density functional 

method108 (Scheme 4-5). The initial [1,2] and the [1,5] shifts (TS50 and TS51, 

respectively) are not competitive since their barriers differ by almost 10 kcal/mol. The 

[1,2] shift transition state (TS50) and the resulting carbene (53) are nearly isoenergetic, 

also consistent with a reversible hydrogen migration. An aryl migration is also possible 

(TS52) and would yield the same carbene, but its energy is high enough above the 

hydrogen migration to render it insignificant. Since the [1,2] migration is rapid and 

reversible, the rate-determining step is the C-H insertion (TS56) that occurs after the 

[1,2] shift. This insertion competes with the [1,5] shift (TS51), both of which have 

comparable barriers of approximately 55 kcal/mol. Note parenthetically that indene (51) 

is also in equilibrium with the slightly higher energy isoindene (58) through a [1,5] H-

shift (TS57). Another possible route to o-xylallene is the electrocyclic ring opening of 

56. This was observed by Brown,101 who observed indene and ortho-ethynyltoluene as 

products in the pyrolysis of 56. High temperature free energies (boldface, Scheme 4-5) 

were also computed to better account for experimental reaction conditions. By this 

comparison, C-H insertion and the [1,5] H-shift are nearly identical, further underscoring 

their competition. 

To further support DFT results, CCSD(T) energies were computed at DFT 

geometries. Scheme 4-5 is reproduced as Scheme 4-6 with these results. Due to 

computer memory limitations, the smaller 6-311G(d) basis set was used. All CCSD(T) 

energies include DFT ZPVE corrections. 
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Scheme 4-5. B3LYP/6-311+G(d,p) energies and free energies at 898 K for the thermal rearrangements of 
o-ethynyltoluene (50) to indene (51) and the reactive intermediate ortho-xylallene (54). 
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Scheme 4-6. CCSD(T)/6-311G(d)//B3LYP/6-311+G(d,p) energetics for the thermal rearrangement of 
o-ethynyltoluene. 
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This overall CCSD(T) energy profile is remarkably similar to the DFT profile, as 

would be expected for closed shell hydrocarbons. Figure 4-1 shows the DFT geometries 

and the relative CCSD(T) energies. 
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Figure 4-1. CCSD(T)/6-31 lG(d)//B3LYP/6-311+G(d,p) energetics and B3LYP/6-311+G(d,p) geometries 
for the thermal rearrangement of o-ethynyltoluene (50) to o-xylallene (54) and indene (51). 

Dimerization of o-xylallene initiates the formation of chrysene. This dimerization 

(TS58) is analogous to that of traditional allenes, forming a bisallyl diradical (59) that 

closes in two steps (TS59 and TS60) to 61. Dehydrogenation can then yield chrysene. 

The first closure gives a structure with no open shell character (S2 = 0). The second 

closure, therefore, is a simple intramolecular electrocyclization. 
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Scheme 4-7. Dimerization of ortho-xylallene (54). 
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Figure 4-2. B3LYP/6-311+G(d,p) energetics and geometries for the dimerization of ortho-xylallene (54). 
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There is also a high energy pathway from o-xylallene (54) to indene (51), but 

dimerization has a more favorable barrier and is presumably driven by its substantial 

exothermicity. In this pathway, o-xylallene can close upon itself by TS54 to form 

carbene 54. Then a [1,2] H-shift will yield indene (Scheme 4-5). These processes are 

hardly competitive, though, since dimerization by TS58 has a barrier of only 10.3 

kcal/mol and closure by TS54 has a much higher barrier of 34.3 kcal/mol. Dimerization 

occurs rapidly, rendering the closure noncompetitive. 

One long-term goal of this work is to design initial structures such that the [1,5] 

pathway predominates, facilitating the synthesis of higher polyacenes. Scheme 4-8 

summarizes these efforts. Since the rate-determining step along the [1,2] pathway is the 

C-H insertion, the comparisons to be made are the barriers to this insertion and the [1,5] 

H-shift. 
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Scheme 4-8. Comparisons of the B3LYP/6-311+G(d,p) energies for the [1,5] versus the C-H insertion 
transition states for structural variations of the ene-yne 62. 
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(e) 

For reaction (c) the [1,5] shift has become increasingly favorable because of 

diminished loss of aromaticity, whereas the barrier to C-H insertion remains essentially 

unchanged. By contrast in (b), the [1,5] shift breaks aromaticity in both rings and the 
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barrier increases. Not surprisingly with its lack of aromaticity, the parent rearrangement 

(a) produces a nearly isoenergetic allene through a [1,5] H-shift. 

Replacing the alkynyl hydrogen with a methyl group (d) is also an attractive 

alternative for tipping the reaction in favor of the [1,5] shift. The barrier to the methyl 

shift is much higher in energy than the facile hydrogen shift, as is typical, and the 

insertion transition state is correspondingly higher in energy. If o-ethynyltoluene is 

replaced with l-ethyl-2-ethynylbenzene (e) (i.e. swapping the methyl group for an ethyl 

group), the [1,5] pathway is slightly stabilized. Along the vinylidene pathway, there are 

two possible C-H insertions. They are of comparable energy, but formation of methyl-

substituted indene 64 is slightly more favorable than 63. Each of these cases awaits 

experimental study. 

Other possible applications include using this chemistry to study intramolecular o-

xylallene cycloadditions to yield higher polycyclic compounds. For example, the [1,5] 

shift of 65 (TS61) leads to allene 66, and an intramolecular Diels-Alder reaction (TS62) 

leads to 67. Computations suggest favorable energetics for this route (Scheme 4-9). 

Scheme 4-9. Potential application of the chemistry of o-xylallene calculated at B3LYP/6-311+G(d,p). 
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Conclusions 

In 1974, Brown and coworkers showed that flash vacuum pyrolysis of ortho-

ethynyltoluene yields indene and chrysene, the products of competitive pathways 

initiated by either a [1,5] or a [1,2] hydrogen migration.101' 102 Indene is formed by a 

Brown rearrangement followed by C-H insertion. Chrysene is formed by a [1,5] 

hydrogen migration to the intermediate ortho-xylallene, which dimerizes, closes, and 

loses H2. Aida Ajaz has found that microwave flash pyrolysis greatly increases the yield 

1 Ci'X 

of chrysene, presumably due to a high transient concentration of o-xylallene. This 

dimerization is similar to allene dimerization yielding a bisallyl diradical that closes in 

two steps. 

The rate of formation of indene is determined by the C-H insertion that occurs 

after the reversible [1,2] H-shift. So the product distribution is determined by the relative 

energies of the [1,5] hydrogen migration and the C-H insertion. Computations on 

structural variations of o-ethynyltoluene show that competition between the [1,2] and the 

[1,5] hydrogen migrations should be dependent on structure, but these predictions need to 

be verified by experiment. 
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APPENDIX A: COMPUTATIONAL DETAILS 

General Methodology 

Calculations were carried out with Gaussian 03104, Spartan 06105, or Spartan 08106. 

i07 ins 

Geometry optimizations used either the M05-2X or B3LYP functional, followed in 

some instances by a single point CCSD(T) calculation. Unsealed DFT zero-point 

corrections were applied to all energies. Structures were characterized as minima or first 

order saddle points by vibrational frequency analysis. Where appropriate, intrinsic 

reaction coordinate calculations confirmed the proper transition state linking reactants 

and products. Implicit solvation models used the Polarizable Continuum Model. 

Chapter I 

For some open-shell diradicals, notably 5, single point CCSD(T) calculations 

were successful only when using the quadratically convergent SCF program with very 

tight linear convergence. Open shell singlets were computed with a broken symmetry 

guess (guess=mix). 

Chapter II 

For many of the bicyclic carbenoids, optimizations and IRC calculations in 

cartesian coordinates were successful when those in internal coordinates were not. 

Chapter IV 

The [1,2] H-shift transition states were located by starting with the vinylidene 

structure and manually lengthening the C-H bond of the migrating hydrogen and 

decreasing the H-C=C angle to -78 degrees. 
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