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ABSTRACT

In predicting new reactions, systematic strategies involving the classification of systems
of interest and methodological applications of computational tools are used to study
heterosubstituted polyunsaturated hydrocarbons. Although this is a rather “heuristic approach,”
it provides qualitatively reasonable results and collective findings of reaction families. A
systematic application of the BLYP/6-311+G*//BLYP/6-31G* computational scheme was
utilized to study the thermal rearrangements of 4-heteroatom-1,2-hexadiene-5-ynes (Chapter 2),
3-heteroatom-pent-1-en-4-yn-1-ones (Chapter 3), and (hetero)atom-bridged diallenes (Chapter
4). It was found that the aromatization 2,6-cyclization path leading to the formally aromatic
five-membered ring products are preferred and experimentally accessible. Protonation of the
heteroatom X resulted in either the 1,6-Claisen-type rearrangement to form the stable acyclic
product or the competitive 1,6-cyclization mode to form homoaromatic six-membered ring
products. The c-electron-withdrawing and m-electron-donating abilities of the heteroatom (or
group) X have been determined to be effective in governing the reaction barriers (TSz6) but not
the reaction energies.

INDEX WORDS: enyne-allenes, enyne-ketenes, diallenes, enones, enynes, radicals, reaction
family, heterosubstituted polyunsaturated hydrocarbons, rearrangements
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

The discoveries of many natural antibiotics carrying the enediyne chemical warhead
capable of destroying the DNA of bacteria and viruses have resulted in a new classification[1] of
these compounds to focus the research on their chemical and biological properties. This opens
the way for future development of clinically useful antitumor agents. Examples are several
families of the chemotherapeutic enediyne class of antibiotics (Figure 1), such as Calicheamicin
v'| (1), Dynemicin (3), and Neocarzinostatin (4) that have been thoroughly studied for their
unique structure characteristics, mode of actions, and antitumor activity. However, one of the
challenges for studying these prodrugs is the theoretical description of the electronic structure of
their biradical intermediates. These biradicals are characterized by singlet ground states[2-7] and
small singlet—triplet separations (AEgst). The theoretical description of singlet biradicals is
difficult due to their inherent multireference character. In particular, spin or spatial symmetry
breaking problems arise when using approximate wavefunction.[4-5, 8] Several theoretical
methodologies [9-11] have been reviewed and applied for these biradicals. Quantum chemical
calculations, such as the complete active space self-consistent field with perturbation methods
(CASPT2),[12-14] the multireference configuration interaction (MRCI) methods,[15] and the
Brueckner doubles (BD) ansatz[16] have become standard computational approaches for these

multireference systems.



OH O OH O-Sugar

Dynemicin A (3) Neocarzinostatin (4)

Figure 1. Structural formulas of the enediyne antibiotics

Another approach is DFT,[17] which has been utilized widely to investigate these
multiconfigurational systems because of its computational efficacy. However, on the case-to-
case basis the biradical system of interest must be examined carefully with respect to their
multiconfigurational characters to select an appropriate method.[11, 18] Methodological
applications of DFT have proven not only useful for studying biradical systems but enabled also
collective findings or predictions[18] leading to systematic extensions of studies on similar
reactions that involve multireference intermediates. Examples are our group’s studies on
polyunsaturated hydrocarbon systems.[18-22]

My graduate study of the heterosubstituted polyene and polyyne reaction systems

(Scheme 1) not only enabled me to conduct research methodologically but to also learn different



ab initio programs and methods in order to elucidate chemical reaction mechanisms involved in

gas-phase processes and statistical methods to understand the kinetics of those reactions.[23]
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My present studies are a continuing quest inspired by recent advancement of computation
and information technologies that transform our understanding not only in surrounding physical
worlds but also small biological systems. Furthermore, the same tools can be used to predict
new chemical systems of the same reaction families. By completing my M.S. study, I look
forward to applying my computational chemistry skills on combustion studies on chemical
systems that are related to renewable energy.

Presented here are the three projects[22, 24-25] that systematically investigated the
heteroatom effect on the action mode of several polyene and polyyne reactions (Scheme 1). The
first project[24] focused on the cyclizations of the 4-heteroatom-1,2-hexa-diene-5-ynes (10).
This type of reactions is an analogue to the enyne-allene (6) reactions, such as the Myers-
Saito[26-27] and the Schmittel[28-29] cyclizations, of which the DNA-cleaving biradical

intermediates are the focal point in antitumor drug chemistry. The heteroatom-substituted yne-



allenes (10), where the heteroatom substitutes the central olefinic bond of 6, has been examined
for its thermal rearrangements with respect to a selection of heteroatoms.

In the second project[25] various X-heteroatoms have been selected to study the
rearrangements of 3-heteroatom-pent-1-en-4-yn-1-ones (11). Unlike the enyne-allene chemistry,
which has received much attention for its potential drug application, the enyne-ketene (7)
chemistry has attached little attention.[30-31] In addition, the chemistry of 11 has not been
examined for its various cyclization modes and biradical natures of the respective intermediates.
Hence, the heteroatom effect on the rearrangements of 11 was probed with respect to the criteria
of its donating ability of lone pair electron to the m-electron molecular system.

The last project[22] is a study on the thermal rearrangements of the heteroatom-bridged
diallenes (12). Although experimental data are available, our computational analyses provide not
only validation of some experimental results, but also additional insights into the heteroatom
effects on the AEgt gap for the products. The choice of the heteroatom governs the reaction
barriers and offers a tuning mechanism to control the AEgr gap and total electronic spin of the
formally aromatic five-membered products. All together the utilization of a systematic
computational approach has resulted in comprehensive studies of the thermal rearrangements of

the heteroatom-substituted polyunsaturated hydrocarbons.
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CHAPTER 2
BEYOND SCHMITTEL AND MYERS-SAITO CYCLIZATIONS:

REARRANGEMENTS OF 4-HETEROATOM-1,2-HEXA-DIENE-5-YNES '

'Binh H. Bui and Peter R. Schreiner, Copyright (2003) American Chemical Society. The
following article appeared in Org. Lett., 5, 4871 (2003). The American Chemical Society
extends blanket permission to students to include in their theses and dissertations their own
articles, or portions thereof, that have been published in ACS journals.



2.1 ABSTRACT

The thermal rearrangements of 4-heteroatom-1,2-hexadiene-5-ynes (2) were studied at the
BLYP/6-311+G*//BLYP/6-31G* level of theory. Cyclization of 2 to heteroatom-containing
cyclopentadienyl structures (6) competes with the Claisen-type rearrangement to acyclic, allenic
structures. Cyclizations to cyclobutene (4)- and cyclohexadiene (8)-derived heterocycles are not

feasible as a result of high reaction barriers and lower-lying alternative pathways.

2.2 INTRODUCTION

The cyclization reactions of enyne-allenes (parent 1, Scheme 2.1) lead to biradicals (Myers-Saito
C*—C’ cyclization,[1, 2] and Schmittel Cc-C* cyclization[3, 4, 5, 6, 7]) that display antitumor
activity (DNA cleavage)[3, 4, 5, 6, 7, 8] but also provide access to novel polycyclic materials.[9]
The 1,7-cyclization has not yet been observed but seems also viable based on previous
computational studies.[10] It is surprising, however, that enyne-allenes with heteroatoms in place
of the central olefinic bond (such as 2) have not been examined. As the driving force in some of
the more facile reactions of 1 (such as the formation of 5) is the aromatic product stabilization,
the cyclizations of 2 should be energetically viable if X provides a lone pair of electrons. We
could recently show that this is true for the related Bergman-like cyclization of 9 for X = OH"
(Scheme 2.2) and others.[11, 12]

The present Letter aims at examining the biradical cyclization reactions of 2 in a
systematic fashion leading to the formally aromatic hetero-cyclopentadien-di-yl 6, the

homoaromatic cyclohexadiene-di-yl 8, and the nonaromatic cyclobutene derivative 4 (Scheme



2.1). Our expectation is that c-electron-withdrawing, m-electron-donating X groups (for our
selection see Figure 2.1) will facilitate the cyclization of 2 to the electron-rich systems 4, 6, and
8. This analysis is based on the study of the endothermic retro Bergman cyclization of 1,3,4,6-
tetrafluorohex-3-ene-1,5-diyne where the forward reaction even becomes exothermic when the
enediyne substrate is substituted with fluorine in all positions;[13] electron-withdrawing

substitutions generally promote the Bergman cyclization.[14, 15]

4
/(2,6) 3(2,) \{1,7)

O O O

o,m—nonaromatic o,m—aromatic o,c—homoaromatic

Scheme 2.1

For three cyclization pathways of 2 (Scheme 2.1), relative activation and reaction
energies as functions of X are presented in Figures 2.2 and 2.3, respectively. Table 2.1 includes
the relative energies as well as the NICS[16] values for the TS’s and products. Additional

materials can be found in the Supplemental Material.
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23 METHODS

All computations were performed with the Gaussian 98 software package.[17] Optimizations of
all ground-state geometries utilized Becke’s pure gradient-corrected ex-change functional[18]
(BLYP) and the Lee-Yang-Parr non-local correlation functional[19] (BLYP) with a 6-31G* basis
set.[20] A restricted approach was used in the computational analysis for the closed-shell
reactants, whereas an unrestricted broken-spin approach (BS-UBLYP) for the open-shell singlet
state transition structures (TSs) and products. Analytical vibrational frequencies were calculated
for every species to identify the minima, the TSs, and to obtain the zero-point vibrational
energies (ZPVE) as well as thermal corrections. Additional single-point energies were evaluated
using the same level of theory but with a larger basis set (6-311+G*) for all species. As several
studies have shown, for qualitative purposes this level of theory is well-suited to evaluate the

experimental feasibility of the title reactions.[21, 22, 23, 24, 25, 26, 27]

24  RESULTS AND DISCUSSION

The experimental values for the activation barrier and the reaction enthalpy of the Myers-Saito
reaction are 23 and —13 + 4 kcal mol ™', respectively.[22, 28] Our calculated Gibbs activation

barriers for the analogous 2,6-cyclization of 2 (TSys of 2) are in the range of 22—37 kcal mol ™.
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The low activation barriers of 23.3 and 21.8 kcal mol™' for TS, when X = NH and NH,',

respectively, seem therefore experimentally accessible.

o ./
>¥N S g HS h HCS i HP j
W\ \ \ \ \
O
HC/ k OS/ I O/ m H%/ n
\ \ \

Figure 2.1. Selection of X groups for cyclization reactions of 2.

Surprisingly, the supposedly homoaromatic 1,6-reaction of 2 competes with the 2,6-
cyclization. As indicated in Figure 2.2 for X =e, g, h, i, j, I, and m, the TS;¢ barriers (vide infra)
are lower than those of TSys; the 1,6-reaction also is exergonic (Figure 2.3). However, this
reaction does not result in the expected 1,6-product 8 but instead gives an acyclic product
formally resulting from a Claisen-type rearrangement to form the more stable product 13
(Scheme 2.3).[29, 30, 31, 32] The rearrangement is characterized by highly aromatic TSs as

indicated by the negative NICS values at UBLYP/6-311+G* (Table 2.1).

6 5 6 4 5 6
\ 5 } x@? ;
S
4x=", 1 e Vi
3 1 12 3 13
WAk ) T NG
X / T(z 5) Xx T(z,s) X7 T(1 6)
6
V4
4 X
N
3 2]

Scheme 2.3
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In analogy to the Schmittel reaction[3, 4, 5, 6, 7] of 1 to 3, there is the 2,5-cyclization of
2 to the nonaromatic cyclobutadiene derivatives 4 (Scheme 2.1). The rather high barriers (AG*
(TS»s) = 27-48 kcal mol™") and endergonicities (AG(4) = 20—-63 kcal mol ™) relative to those of
the Schmittel cyclization (35 and 10 kcal mol™, respectively)[22] and the availability of
alternative pathways render this reaction highly unlikely. As found for the 1,6-reaction of 2,
several four-membered rings do not even form (4h, i, I, m, and n) because of the facile C>-X

bond cleavage to the more stable dien-ynes (11h, i, I, m, and n, Scheme 2.3).

60.0 -
50.0
40.0 4

30.0 |

20.0 -

10.0 - I

0.0 HEREERE
ik

abcde fgh.i I mn
B AG(TS25) [1AG(TS26) mAG(TS16) \

Relative Gibbs Energies (kcal/mol)

Figure 2.2. Relative Gibbs activation energies (kcal mol™', at UBLYP/6-31G*) for the thermal

cyclization of 2 as a function of X to form products 4, 6, and 8.

The frontier molecular orbital (FMO) analysis of the TS¢ family (Scheme 2.4, X = NH)
describes the transformation of the in-plane m-orbitals into the c-orbitals (HOMO-1); the
rotation of the methylene group in the TS accompanies the cyclization. Therefore, the transition
structure’s active MOs comprise of - (HOMO and HOMO-2) and c-contributors (HOMO-1).
As a consequence, choice of X-substituents with c-accepting ability is crucial for reducing the

cyclization barriers. Electronegative substituents lower the barriers by withdrawing in-plane
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electron density and thus reducing the antibonding character of the o-m-mixing MO
(HOMO-1);[10] this is evident from the formation of 6d, 6e, and 6f (Figure 2.2). As found
previously, the amplified electron-accepting ability of the nitrogen due to protonation gives the
lowest barrier for the protonated amino function 6e;[11] this also applies to the lowering of the

thiophene reaction barrier (6h).

abcdefghijk I mn
60.0 -

40.0 A
20.0

0.0 -
-20.0 A
-40.0 -
-60.0 -
-80.0 -

Relative Gibbs Energies (kcal/mol)

\ B AG(4) []AG(6) mAG(8)

Figure 2.3. Relative Gibbs reaction energies (kcal mol™', at UBLYP/6-31G*), for the thermal

cyclization of 2 as functions of X to form products 4, 6, and 8.

However, unlike the exergonicity observed for the Myers-Saito cyclization, the opposite
is found for the 2,6-cyclization of 2 (Figure 2.3, AG(6)) with the exception of X = NH, where
AG(6) = —1.8 kcal mol™". Our expectation that the formation of an aromatic sextet would
stabilize the product is apparently not met, despite the fact that the computed NICS values
indicate appreciable aromaticity in most products 6 (Table 2.1). For X = O, and OH", AG(6) =
—3.9 and —17.6 kcal mol ™, respectively, these exergonicities are due to the C’-X bond cleavage

to form the more stable products 12 instead of 6 (Scheme 2.3).
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Table 2.1. Relative single point energies (kcal mol™"), and NICS values (in the 4-, 5-, and 6-
membered ring centers) at BLYP/6-311+G*//BLYP/6-31G* for the transition structures and
products of the thermal cyclization of 4-heteroatom-1,2-diene-5-ynes (2).

BLYP/ 6-311+G*//BLYP/6-31G*

X AE NICS

TS;s TSz TSi6 TSzs TSz TSie
a 508 383 354 -08 -55 -19.0
b 515 368 380 -26 -78 -204
c 506 349 375 -09 -79 -193
d 417 236 240 -21 -12.7 -20.3
e 354 234 106 -54 -98 -183
f 442 260 287 -32 -10.8 -18.9
g 422 261 165 -32 -133 -25.0
h 403 273 81 35 -11.6 -189
1 389 269 105 37 -112 -22.1
j 456 353 214 42 -94 -223
k 268 223 273 18 =110 -155
1 360 306 124 —09 -11.6 -19.6
m 395 245 139 -12 -12.1 -21.8
n 295 192 na -8.1 -132 n/a

Products:
4 6 8 4 6 8

a 426 214 9.6 27 -39 n/a
b 431 203 11.5 06 -6.6 n/a
c 440 189 102 15 -50 n/a
d 348 =30 199 81 =20 -176
e 241 132 -269 -23 -8.7 nla
f 384 4.3 275 -02 -47 -173
g 309 41 -160 124 -6.1 n/a
h -39.6 17.7 -169 n/a -96 nla
i -36.1 151 -16.5 n/a= -8.6 n/a
j 378 2.7 -07 15 -68 nla
k 179 -69 179 9.0 5.8 —10.1
1 -39.1 7.2 -19.1 n/aa -84 n/a
m -433 -33 -40.0 n/a= n/a’ n/a:

n -69.1 -184 n/a n/a n/a n/a
*Unaccounted NICS values for products without ring formation
due to either the C*~X or C’—X cleavages.

Hence, the substituent’s m-donating ability is insufficient to stabilize the cyclic products

6. Note that most of the TS,¢ NICS values are even larger than that of benzene (-7.6) calculated
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at the same level of theory. The active MO analysis (Scheme 2.4) supports an early n-
delocalized transition structure. Stahl et al.[27] in their study on the aromaticity of the Myers-
Saito cyclization reported similar cyclic electron delocalization predominately present in the

transition structure m-system that is perpendicular to the molecular plane.

RN 8- A -4

LUMO HOMO HOMO-1 HOMO-2

L E 8

Scheme 2.4. Frontier molecular orbital analysis of the transition structure and product of the 2,6-

cyclization of 2 with X = NH.
2.5 CONCLUSIONS

We have examined different reaction pathways of 4-heteroatom-1,2-hexadiene-5-ynes (2)
depending on X functional groups. For X = b, ¢, d, f, and k, of which k seems the most
appealing the experimental choice, the 2,6-cyclizations of 2 to allylic products 6 should be
experimentally accessible as the barriers compare favorably to Myers-Saito reaction of parent 1.
For other functional groups X (a, e, g, h, i, j, and m) the 1,6-rearrangement of 2 to 13 is
energetically preferred. The 2,5-rearrangements have rather high barriers rendering the

formations of 4 and 11 unlikely.
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Table 2.2. Slater determinant expectation values of (<S2>), enthalpies, Gibbs energies (kcal mol™) at BLYP/6-31G*, relative single point energies
(kcal mol™), and NICS values (in the 4-, 5-, and 6-membered ring centers) at BLYP/6-311+G* for the transition structures and products of the
thermal cyclization of 4-heteroatom-1,2-diene-5-ynes (2).

BLYP/6-31G* BLYP/ 6-311+G*

X <§%> AE AH (298K) AG (298K) AE NICS

TSzs TSzs TSi6 TSazs TSz TSis TSzs TSze TSis TSzs TSze TSis TSzs TSze TSis TSzs TSz TSie
a 046 0.00 0.00 47.6 358 342 453 348 333 46,5 367 352 508 383 354 -08 -55 -19.0
b 044 0.00 000 489 343 372 468 333 364 480 353 382 515 368 380 26 -78 =204
c 036 0.00 000 479 328 363 459 319 353 472 339 371 506 349 375 —-09 -79 -193
d 0.00 0.00 0.00 388 215 223 372 208 214 393 233 243 41.7 236 240 -2.1 -12.7 =203
e 0.34 0.00 0.00 319 20.6 10.6 29.7 19.5 8.7 314 21.8 9.7 354 234 106 -54 -98 -18.3
f 0.15 0.00 0.00 416 238 267 398 229 257 411 249 278 442 260 287 -32 -10.8 -18.9
g 0.16 0.00 0.00 403 240 157 387 232 148 40.6 257 167 422 26.1 16.5 -32 -13.3 -25.0
h 0.35 0.00 0.00 38.1 25.3 8.2 35.6 24.1 6.8 374 26.6 7.9 40.3 273 8.1 -3.5 -11.6 -18.9
I 0.31 0.00 0.00 36.8 24.7 103 34.7 23.8 9.3 364 264 10.6 389 26.9 105 -3.7 -11.2 -=-22.1
] 029 0.00 0.00 434 329 203 413 322 196 432 346 221 456 353 214 -42 -94 -223
k 0.00 0.00 0.00 266 233 289 255 226 283 268 243 30.7 268 223 273 1.8 -11.0 -15.5
| 0.00 0.00 0.00 349 28.8 13.1 331 277 12.1 349  30.0 13.9 36.0 30.6 124 -09 -11.6 -19.6
m 0.00 0.00 0.00 36.7 21.9 145 35.1 20.7 13.0 36.7 222 13.5 395 245 139 -12 -12.1 -21.8
n 0.11 0.00 0.00 26.1 16.3 n/a 245 156 n/a 274 18.9 n/a 29.5 192 n/a -8.1 -132 n/a

Product 4 6 8 4 6 8 4 6 8 4 6 8 4 6 8 4 6 8
1.04 1.03 000 381 169 108 369 170 11.0 383 19.0 104 426 214 96 27 -39 nla
1.04 1.03 000 393 160 141 384 162 146 396 179 138 431 203 11,5 06 -6.6 n/a
1.03 084 0.00 396 151 115 385 152 119 399 174 114 440 189 102 15 -50 n/a
0.18 0.04 0.00 324 -59 172 313 -50 174 333 -1.8 202 348 -30 199 &1 =20 -17.6
1.03 083 000 195 &5 -262 179 84 264 196 110 -26.1 241 132 -269 -23 -87 nla
1.03 0.28 0.00 34.6 1.1 25.0 333 1.5 249 342 40 270 384 43 275 02 -47 -173
1.03 033 0.00 274 1.3 -163 264 19 -153 282 49 -149 309 41 -160 124 -6.1 n/a
0.00 0.87 0.00 —-409 140 -16.0 -39.8 13.6 -157 -384 162 -154 -396 177 -169 n/a -9.6 n/a
0.00 0.84 0.00 -37.1 11.3 -155 -36.0 11.6 -149 -355 145 -153 -36.1 151 -165 n/a -8.6 n/a
1.03 102 000 341 175 -1.5 329 175 -08 349 198 -03 378 21.7 -07 15 —-68 nla

— = 500G -0 0 O



5 8 —~ =

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

18.9
-38.5
—42.9
—70.8

-6.0
6.1
—-6.0
-21.2

18.9
-17.3
-38.0
-36.7

18.9
-37.6
—42.5
—68.7

-4.9
6.3
-5.6
—-20.2

19.7
-16.3
-37.4
-35.9

20.5
-36.4
—41.8
—66.2

-2.6
7.7
-3.9
-17.6

22.2
—-16.2
-37.5
-34.7

17.9
-39.1
—43.3
—69.1

-6.9
7.2
=33
—-18.4

17.9
—-19.1
—-40.0
-37.0

9.0
n/a
n/a
n/a
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5.8  —-10.1
-8.4 n/a
n/a n/a
n/a n/a
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CHAPTER 3
MOORE CYCLIZATIONS: REARRANGEMENTS OF 3-HETEROATOM-PENT-1-EN-4-YN-

1-ONES - A COMPUTATIONAL SEARCH FOR NEW REACTIONS *

’Binh H. Bui and Peter R. Schreiner, Copyright (2006) Wiley-VCH Verlag GmbH & Co. The
following article appeared in Eur. J. Org. Chem., 5, 1162 (2006). The VCH-RIGHTS-and-
LICENCES grants permission to students to include in their theses and dissertations their own
articles, or portions thereof, with expectation of due credit given to the original source.
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3.1 ABSTRACT

The thermal rearrangements of 3-heteroatom-pent-1-en-4-yn-1-ones (2) were studied at the
BLYP/6-311+G*//BLYP/6-31G* level of theory. While cyclizations of (2) to oxo-hetero-
cyclopentadien-di-yl (6) are most favorable and predicted to be experimentally feasible for X =
CH", NH, O, and S, protonation of these substituents raises the corresponding 2,6-cyclization
barriers. Cyclizations to oxacyclohexadiendiyl (8) are highly improbable due to competition

with other low-lying alternative pathways.

3.2 INTRODUCTION

New chemical reactions are by and large discovered through serendipity and not—although some
of us may naturally disagree—through systematic strategies. Computational methods can in
principle be used to truly predict new reactions but this is rarely done in practice because it is
dangerous to make bold predictions that can readily be tested. As we have demonstrated recently
that one can indeed computationally predict new reactions if they come out of a reaction family
[1, 2] (i.e. they are very closely related) we apply this heuristic approach also to the cyclizations
of enyne-ketenes in the present study.

(2-Alkynyl ethynyl) ketene (Scheme 3.1) generated in-situ from the selective ring
opening of 4-alkynylcyclobutenone[1, 2, 3] undergoes C*—C°® or C>~C’ cyclization to form five-
and six-membered cyclic products, respectively.[4] Various substituents R have been probed
experimentally to control the direction of the cyclizations; radical-stabilizing substituents R, such

as alkoxy, phenyl, and trimethylsilyl, favor the 2,6-pathway and give five-membered rings.[4]
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These reactions are assumed to involve diradical intermediates that are candidates for DNA
cleavage.[5, 6] Engels et al. computationally examined the biradical routes of these so-called
Moore cyclizations of parent 1 (Scheme 3.2) to cyclic products 3 and 5.[7] No study has been
reported for the 1,7-reaction path (Scheme 3.2) leading to oxacycle 7 (oxepins), which are
common in biologically active natural products.[8, 9, 10, 11] Enyne-ketenes that are analogous
to 2 with heteroatoms in place of the central olefinic bond have not been examined with respect
to their cycloaromatizations akin to 1 (Scheme 3.2). The present work reports a systematic study
of 2 as a building block for a new “reaction family”’[12, 13, 14, 15, 16] and provides firm

predictions regarding the formation of heterocycles through novel hetero-Moore reactions.

Ho. | (2.6) (2,7) HO R
o~ Il .o
MeO MeO 4 13 2 MeO o

n-Bu n-Bu n-Bu

Scheme 3.1

Previous studies on the rearrangements of heteroatom-substituted enyne-allenes[15]
revealed the importance of X in donating its electron lone pair into the terminal methylene
group; this effect overrides aromatic stabilization in the five-membered ring products. The o-
electron-withdrawing ability of X promotes the cyclizations by reducing the electron density
from the electron-rich in-plane-rt systems.[14, 15] For the current analysis of 2, the choice of X

is also crucial because the initially unfavorable 2 + 2 addition of the 2,6-cyclization requires X to
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Scheme 3.2

be a c-acceptor;[17, 18] yet, the perpendicular n-system demands X to have an electron pair in
conjugation with the molecular n-system to provide an aromatic sextet. With respect to X’s m-
donating and G-accepting abilities, various Xs (Scheme 3.3) were considered. We systematically
present the cyclizations of 2 to the nomaromatic oxo-hetero-cyclobutene derivative 4, the
formally aromatic  oxo-hetero-cyclopentadiendiyl 6, and the homoaromatic oxa-
cyclohexadiendiyl 8 (Scheme 3.2). Competing pathways such as the rearrangement of 2 to
acyclic but-yn-ones (9) and but-en-ones (10), and the formal hetero-Claisen reactions of 2 to en-

ethynyloxy products 11 were also examined.[12, 13]
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R ®
. R
0]

%N/ f s/ g H%/ h H3C<§/ i HP/ i
\ \ \

\ \
H%< k os< | o< m H%< n

Scheme 3.3. Selection of X groups for cyclization reactions of 2.

3.3 METHODS

Becke’s pure gradient-corrected exchange functional[19] in conjunction with the Lee-
Yang-Parr non-local correlation functional (BLYP)[20] and the 6-31G* basis set were utilized
for all optimizations as implemented in Gaussian03.[21] Open-shell singlet state transition
structures (TSs) and products were computed with a broken-spin approach (UBS-BLYP), while
all closed-shell species were computed with the restricted method. Thermal corrections and zero-
point vibrational energies (ZPVE) were determined by evaluating analytical second derivatives
to characterize minima and transition structures. Additional single-point energies with the same
functional but with a larger basis set (6-311+G*) were also computed for all species. UBS DFT
has been a practical tool to provide good qualitative results for cyclizations of polyunsaturated
systems.[12, 13, 14, 15, 22, 23, 24, 25, 26, 27, 28] Elaborate multireference calculations are
currently too time-consuming for the large number of structures considered in the present study.
Single-point Brueckner Doubles computations (BD(T))[29, 30] with a cc-pVDZ basis set using

the DFT geometries were computed for comparison in critical cases.
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Table 3.1. Thermal rearrangements of 2 as a function of X: dark, medium, and light gray colors
coded for the 2,5-, 2,6-, and 1,6-reaction, respectively; relative Gibbs activation (AGi, normal)
and reaction free energies (AG, italics) at UBLYP/6-31G*) shown only for energetically
favorable or competitive pathways (in kcal mol™).

Pr“‘;(““s 4 | 6| 8] 9 | 10] 1
a 333 n/a® | n/al® | n/a® | x@
b ;22 n/a® | n/al® | n/al® | x@
c ;é? n/a® | n/al® | n/a® | x@
d 263 ; x| n/al® | n/al | n/al®
e ;gj n/a® | n/a® | n/a® | x@
f igg xtl n/a® | n/al®

322 | 1] o] | [l
g n/a n/a X
17.8
h n/al®’ gg; n/al®’ n/al®’ 32?
i n/al"’ ;gj n/al"’ n/al"’ 322
i n/al’! ;.8;2 n/al’! n/al® | xP
k - 1_?? xt@ n/a® | n/a®
1 n/a[b] n/a[b] n/a[b] X[a] X[a]
19.6 | 1 [b] | /. b]
m - X n/a n/a
2.6
n wa® | x| /e wa | 105
3.4

[a] Unlisted energetics for kinetically (barriers > 40 kcal mol ') or
thermodynamically (endergonicities > 40 kcal mol ') highly
unfavorable products. [b] Not accessible from the direct thermal
rearrangements of 2.
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3.4  RESULTS AND DISCUSSION

In the reactions (TSyy) of 2 as a function of X, products 4, 6, and 8 are accompanied by
competing rearrangements (TSy,’) giving rise to acyclic products 9, 10, and 11 (Scheme 3.2); the
prime indicates reaction paths leading to acyclic products. Existing reaction paths are coded by
colors, i. e., dark, medium, and light gray colors, assigned to 2,5- (or 2,5’), 2,6- (or 2,6’-), and
1,6- (or 1,6’-) reactions, respectively (Table 3.1). Energetics are only shown for the most
favorable or competitive reactions. Table 3.2 provides relative energies at BLYP/6-
311+G**//BLYP/6-31G* + ZPVE/6-31G* as well as the NICS[31] values for all cyclic species.

Although the experimental thermodynamics of the Moore cyclizations of parent 1 have
not been determined,[5] Engels et al. reported computed Gibbs activation barriers for the C*~C°
and C>~C’ cyclizations of 41.4 and 13.6 kcal mol™, respectively, using the B3LYP/6-31G(d)
level of theory. The corresponding reaction energies are 24.8 and 4.8 kcal mol™'; clearly, the
C?>-C’ ring closure is kinetically and thermodynamically favored. For the analogous 2,6-
cyclizations of 2 (Scheme 3.2) our computed Gibbs activation barriers (BLYP/6-31G(d)) have a
range of 19-39 kcal mol™', indicating the experimental feasibility (some at high temperatures
only) of these heteroatom-substituted reactions (X = k, m, and d). Although the lowest barrier
(TS36) of 19.2 for X =Kk is 5.6 kcal mol™! higher than that of TS,7 of parent 1, the 2,6-reaction of
2 is thermodynamically favored as indicated by the computed exergonicity (AG (6) = —5.5 kcal
mol™"). Note that the 2,6- and 2,7-cyclizations of the parent 1 are thermodynamically

unfavorable.
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Table 3.2. Relative single point energies (kcal mol™), and NICS values (in the 4-, 5-, and 6-
membered ring centers) at BLYP/6-311+G*//BLYP/6-31G* + ZPVE for the TSs and products of
the thermal cyclization of 3-heteroatom-pent-1-ene-4-yn-1-ones (2).

BLYP/ 6-311+G*//BLYP/6-31G* + ZPVE

X AE NICS

TSzs TSzs TSis TSzs TSz TSie
a 535 378 633 743 -56 -208
b 516 374 673 17.0 —64 -219
c 449 339 61.0 305 —-63 -204
d 381 252 366 62 -98 —17.6
e 539 325 309 36 -55 -214
f 394 286 432 139 -83 -16.0
g 401 333 410 105 -99 -221
h 412 40.8 374 39 —68 -239
i 387 392 378 39 _67 -234
j 441 400 504 1.8 93 —188
kK 173 17.7 261 03 —90 -13.4
1 176 361 300 -88 -50 -17.9
m 321 219 378 144 -88 -19.1
n 266 292 119 22 —63 -l14.1

Products:

4 6 8 4 6 8
a 483 329 474 113 20 n/a
b 47.1 309 523 73 0.1 n/a?
¢ 426 257 470 305 0.1 n/a
d 361 100 375 59 41 —143
e 350 261 130 112 =31 wn/a
f 387 164 441 41 -34 —142
g 337 229 312 28 -52 n/a"
h —77.6 363 277 n/a® 38 n/al
i 96 349 277 nAaY 37 pal
i 68 362 441 wa® 29 nal
kK 124 —62 241 150 99 —66
1 —27.7 205 225 n/a® na®  n/al?
m 260 66 394 62 -52 —159

n 5.9 145 00 nA" —60 na
[a] Unaccounted NICS values for products without ring
formation due to either the C°~X or C°-X cleavages; this
also indicates that their corresponding TSs lead to acyclic
products (9, 10, and 11), whose energies are listed italically.

For the reaction leading to cyclic products 4, 6, and 8, the “aromatic” 2,6-reaction of 2

dominates over the nonaromatic 2,5- and homoaromatic 1,6-reactions both kinetically and
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thermodynamically; there are only a few exceptions. For X = k, the 2,5-reaction competes
kinetically with the 2,6-reaction. With X = h, i, 1, and n, the TS;5s’ barriers are lower than those
of the 2,6-cyclizations (TSz¢); the former reactions are also exergonic because stable acyclic ene-
yne ketone products (9) result (Table 3.1).

High barriers for X = f, m, d, and k prevent the 1,6-cyclizations of 2. Instead, 2
undergoes Claisen-type 1,6’-rearrangement cleaving the C*-X bond to give acyclic 11. Although
for X = e, h, i, I, and n the Claisen-like reaction barriers (TS;6’) and the reaction energies
(AG(11)) are energetically below those of aromatic 2,6-reactions [AG(TSz6) and the AG(6)], this
1,6’-pathway competes with the 2,5’-reaction path forming the acyclic product 9 (vide infra).
Therefore, except for X = e the 1,6 -reactions of 2 are highly improbable.

The dominance of the aromatic 2,6-cyclization path can be understood by analyzing its
frontier molecular orbitals (FMOs). Figure 3.1 presents the FMOs study of TS,¢ with X = CH™
(= k) describing the transformation of the in-plane m-orbitals into the c-orbitals (HOMO-2).
Unlike the Myers-Saito reaction in which the methylene group rotates during the cyclization, the
electronegative oxygen atom strongly polarizes the TS. The oxygen atom not only dispels the
antibonding character of the o-n-mixing MO across the C—C bond formation (HOMO-2) of the
transition structure, but also withdraws the electron density across the 7-MO perpendicular to the
molecular plane (HOMO-1). While the former effect results in a significant reduction of the
C>-C° activation barrier of 2 (vide infra), the latter diminishes the aromatic-sextet stabilization

expected in product 6.
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TS, Product

Figure 3.1. Frontier molecular orbital analysis of the transition structure and product of the 2,6-
cyclization of 2 with X =CH".

Additionally, the bond lengths of C=0 (1.254 A) and C=X (1.365 A, Figure 3.1) support
the resonance forms of 6 (6<>6r;<>6r,, Figure 3.1). This can be seen in HOMO and HOMO-1
where the mixing is visible between the o- and n-MOs. However, the notion of an aromatic
sextet stabilizing the product, i. e., X providing a lone pair of electrons during the C*-C°
cyclization, is not corroborated by the computed thermodynamic stabilization. The contribution
of the X lone pair can be turned off by protonation, i. e., X =d, g, and m versus e, h, and n. Asa
consequence, the Gibbs activation barriers of the protonated forms (AG(TSz6)) are uniformly
higher by about 7.0 kcal mol™' (Table 3.1), resulting from the inability to form an aromatic

electron sextet or stable resonance forms.
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3.5  CONCLUSIONS

We conclude that out of the very many reactions possible for the cyclizations or rearrangements
of starting heteroatom ketene-alkyne 2, only very few are chemically relevant: with some rare
exceptions, aromatization reactions to hetero-substituted furans 6 are preferred, irrespective of
the heteroatom and the charge state. Hence, this “heuristic” approach to identifying new
chemical reactions by means systematic computational comparisons of available reactions
pathways helps to predict novel transformations that now await experimental verification. As
many of the starting materials of 2 can be readily prepared (e.g., X = k or m), this is a realistic

goal.
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Table S1. Slater determinant expectation values of (<S2>), enthalpies, Gibbs energies (kcal mol™) at BLYP/6-31G*, relative single point
energies (kcal mol™), and NICS values (in the 4-, 5-, and 6-membered ring centers) at BLYP/6-311+G* for the transition structures and
products of the thermal cyclization of 3-heteroatom-pent-1-en-4-yn-1-ones (2).

BLYP/6-31G*

BLYP/ 6-311+G*

X <§%> AE AH’ (298K) AG (298K) AE NICS

TSys TSz¢ TSis TSas TSz¢ TSi6 TSzs TSz TSi6 TSzs TSz TSi6 TSzs TSze TSis TSzs TSz TSie
a 1.03 0.17 0.00 520 341 628 500 328 609 512 348 61.7 550 383 650 743 -56 -20.8
b 1.02 0.15 0.00 493 33.7 668 477 326 651 49.0 346 659 527 377 687 170 —-64 -219
c 1.02 0.00 0.00 443 305 61.8 429 29.6 599 445 319 59.0 456 339 63.0 305 -63 -204
d 0.67 0.00 0.00 348 212 298 329 205 293 351 234 33.1 392 248 355 62 -98 -17.6
e 1.01 026 0.00 538 295 319 514 279 292 525 304 302 559 33.1 334 -3.6 -55 -214
f 1.01 0.00 0.00 40.1 254 372 38.6 244 364 403 26.6 394 402 28.7 427 139 -83 -16.0
g 0.64 0.00 0.00 393 309 404 374 298 39.1 389 322 402 415 334 420 105 -99 -22.1
h 050 0.12 0.00 393 382 364 364 365 347 381 39.1 363 43.6 416 387 39 -6.8 -23.9
I 047 0.09 0.00 374 363 365 349 348 351 362 374 366 40.8 39.8 388 39 -67 -234
i 0.00 0.00 0.00 433 36.6 492 412 355 47.7 43.0 383 494 456 401 514 18 -93 -188
k 0.10 0.00 0.00 21.1 184 237 194 17.6 233 199 192 259 187 179 254 03 -9.0 -13.4
] 0.00 0.00 0.00 164 33.6 303 153 323 290 16.7 345 30.1 182 365 309 -88 -50 -17.9
m 0.65 0.00 0.00 299 182 324 278 17.1 312 295 19.6 342 335 220 378 144 -88 -19.1
n 036 022 0.00 238 258 120 215 241 98 234 262 105 282 30.1 139 22 -63 -l14.1

Produet 4 6 8 4 6 8 4 6 8 4 6 8 4 6 8 4 6 8

a 1.03 1.01 0.00 448 274 472 434 274 469 444 294 464 494 321 480 113 2.0 n/a®
b 1.02 1.01 0.00 429 246 52.7 420 248 526 432 269 519 475 298 525 73 01 n/a®
c 1.02 1.01 0.00 385 20.0 46.7 37.8 203 465 394 227 461 42.6 244 473 305 0.1 n/a®
d 098 0.54 0.00 309 33 287 300 36 293 326 69 331 360 84 355 59 41 -143
e 1.02 1.01 0.00 31.8 205 121 29.6 199 [1.3 312 224 109 368 258 140 112 -3.1 n/a®
f 1.02 1.01 0.00 349 102 37.1 33.8 104 37.0 353 123 396 392 153 43.1 41 -34 -142
g 1.02 1.01 0.00 307 152 29.0 299 154 293 317 17.8 295 339 217 308 28 =52 n/a®
h 0.00 1.01 0.00 —-13.1 320 265 —13.1 31.1 262 -12.5 334 263 —-11.8 364 280 n/a® -38 n/a®
[ 0.00 1.01 0.00 -10.6 305 26.7 —10.5 300 26.7 —10.7 32.1 258 -9.8 346 27.9 n/a® -37 n/a®
j 0.00 0.84 0.00 44 31.6 419 47 31.1 417 56 33.6 421 62 358 442 n/a® —29 pna®
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0.00 0.00 0.00 125 -9.1 195 126 -79 205 141 -55 232 11.7 -84 220 150 99 —6.6
0.00 0.00 0.00 -22.0 19.7 22.0 -21.6 19.3 22.3 -21.1 20.0 22.0 -22.3 20.7 22.1 n/a® n/a® n/a®
1.02 1.01 0.00 212 -0.6 320 204 -03 31.7 226 26 348 259 51 385 62 -52 -159
0.00 1.01 0.00 -559 84 -39 -552 77 -39 541 103 -34 -531 142 -02 n/a® -60 n/a®

5 B8 —~ =

“lUnaccounted NICS values for products without ring formation due to either the C*~X or C’~X cleavages; this also indicates that their corresponding TSs lead
to acyclic products (9, 10, and 11), whose energies and <S2> are listed italically.
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CHAPTER 4

THERMAL REARRANGEMENTS OF HETEROATOM-BRIDGED DIALLENES °

*Binh H. Bui and Peter R. Schreiner. The following article was submitted to Eur. J. Org. Chem.
The VCH-RIGHTS-and-LICENCES grants permission to students to include in their theses and
dissertations their own articles, or portions thereof, with expectation of due credit given to the
original source.
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4.1 ABSTRACT

A systematic application of the BLYP/6-311+G*//BLYP/6-31G* computational scheme was
utilized to identify the favored aromatic 2,6-reactions leading to the formally aromatic hetero-
3,4-dimethylencecyclopentadiene-di-yl from the thermal rearrangements of (hetero)atom-bridged
diallenes (X = CH™, NH, O, and S). Protonation of the heteroatom substituents raises the
respective 2,6-cyclization barriers and the alternative 1,6-cyclizations forming the hetero-

cyclohexadiene-di-yl can compete.

4.2  INTRODUCTION

Under the umbrella of the Cope rearrangement cyclizations of polyunsaturated systems such as
enediynes,[1, 2] enyne-allenes,[3, 4, 5] and enyne-ketenes,[6] have been grouped within larger
“families of reactions”[7, 8, 9] for their systematization interpretation of similar reactions. The
corresponding Bergman, Myers-Saito, and Moore reactions are analogous to the Cope reaction,

in the sense that there is formation of a new o-bond across the n-bonds. However, some of them

Bergman Myers-Saito Moore Enediallenes
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Scheme 4.1

also involve an m-electron sextet that favors a reaction path leading to biradical intermediates
stabilized by aromaticity. The formation of these m-electron sextets in the products or

intermediates strongly affects the reaction barriers and energies. However, NICS[10] results on
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the Bergman and Myers-Saito reactions indicate that aromaticity is not developed to the full in
the transition structures.[9] Examining these reactions we also systematically search for new
cyclization reactions. For instance, we studied heterosubstitued systems that include lone-pair
carrying heteroatoms in place of the central olefinic bonds of 1, 2, 3, and 4 (Scheme 4.1), i.e., 5,
6, 7,[11, 12, 13] and 8. Although experimental studies are available for the reactions of 8,[14,
15, 16, 17, 18, 19, 20, 21] the present paper reports the necessary validation (as seen later) and
computational analysis of other viable cyclization modes and delivers another building block for

a new “reaction family,” namely the heterosubstitued diallenic hydrocarbons.

R R R R
/—— R Base A i /;)Q = =
X —> X — | X -~ — X X
. — R N—e— =N N = =
X=0,S, Se, SO, SO, R R R R R
R = H, Me, t-Bu, Ph, isopropenyl
9 8 12 (12),

Scheme 4.2

Structures of type 8 are readily accessible through base-induced rearrangements| 14, 18,
19] of the propargylic precursor 9 (Scheme 4.2). Subsequent cycloaromatizations of 8 were
proposed to yield the five-membered biradical intermediate 12 (Scheme 4.2).[14] The existence
of the singlet biradical 12 has been inferred by experimental studies through trapping with
electron-deficient alkenes as well as with oxygen and also by a kinetic analysis of these
heteroatom-bridged diallene rearrangements.[14, 19, 21] Diradical 12 was generated and
observed by an alternative route.[21] Although its singlet and triplet states must be close in
energy, the absence of a CIDNP effect in the NMR spectra during the cyclization of 8 indicated

that the cyclizations occur on the singlet manifold.[21]
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Biradical 12 belongs to the class of non-Kekulé molecules[22] characterized by the
contribution of the lone pair of a heteroatom X to the m-conjugated hydrocarbon framework;
also, 12 possesses a small singlet-triplet energy separation (AEst). Upon irradiation of some
precursor diazenes (Scheme 4.3), Berson et al.[23, 24] generated the hetero-biradical 12 (X = O,
S, and NH) for “tuning” studies of the AEsr gaps of these molecules.[22, 25, 26] Considering
the heteroatom as a bridge connecting the two termini of the biradical tetramethyleneethane
(TME), they found that it is possible to adjust the AEst by means of the variable character of the
heteroatom lone pair p,-orbital acting on the non-bonding frontier m-orbitals (NBMOs) of
TME.[25] Thus, the nature of the X heteroatom offers a tuning mechanism to control the

molecular total electronic spin and the AEgr.

16 15 16 15
T (1,6") Tm,?") T(z,s") 1(2,6")
U SO
. o NN \.
11 12 13 14

o,m—nhonaromatic n,m—aromatic ¢,n~—homoaromatic c,c—non-aromatic

;( (2,%(2"”\ /1"”/(1(,7) _
X > 6 7
iy fam 7

11 L 13'

X

Scheme 4.4

Apart from the 2,6-cyclizations of 8 heteroatom-bridged diallenes have not been
examined with respect to other cyclization modes, i.e., through TS;s, TS16, and TSy7 (Scheme
4.4). On the basis of our previous computational studies,[11, 12] the 1,6-cyclization should be
viable and competitive with the 2,6-reaction path. The present work provides insights into the

various reaction possibilities and the importance of the X heteroatom on the cyclizations. While
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the 2,6-cyclization product 12 demands X to be a n-donor to complete the aromatic n-electron
sextet, the corresponding TS, requires X to be a c-acceptor because of its [2 + 2] addition
nature in the early stages of the reaction coordinate.[27, 28, 29] The systematic selection of X
with respect to the aforementioned criteria is depicted in Scheme 4.5, and we present the
cyclizations of 8 to the formally aromatic hetero-3,4-dimethylenecyclopentadiene-di-yl 12, the
homoaromatic hetero-cyclohexadiene-di-yl 13, the nonaromatic cyclobutene derivative 11, and
the cycloheptadine-di-yl 14 (Scheme 4.4). Other rearrangements of 8 leading to acyclic products
such as 2-methylene-penta-3,4-dienes 11’ and 2-methylene-pent-4-ynes 13’ were considered as

well.

/ / /
HN a HbN b O ¢ HO d s e

N \ \
@/ / / /
HS f S HP h HC 05S

\ e ¢ \ 1 2\1

Scheme 4.5. Selection of X groups for the cyclization reactions of 8.

4.3 METHODS

All structures were optimized at DFT as implemented in the Gaussian03 package[30] using
Becke’s pure gradient-corrected exchange functional in conjunction with the Lee-Yang-Parr non-
local correlation functional[31] (BLYP) and the 6-31G* basis set. Open-shell single state
transition structures (TSs) and products were treated with an unrestricted broken-spin approach
(BS-UBLYP). Analytical vibrational frequencies were computed by using second derivative
computations to obtain the thermal and ZPVE corrections, and also to identify the minima and
TSs. Intrinsic reaction coordinate[32] (IRC) computations were utilized to confirm the TSs.
Single-point energies using the same functional but with a larger basis set (6-311+G*) were
computed for all species; Brueckner doubles coupled-cluster energies[33, 34] utilizing a cc-
pVDZ basis set [BD(T)/cc-pVDZ] were additionally computed for comparison in some critical
cases. The validity of the computational schemes to these types of molecules has been
demonstrated in our previous studies that were confirmed by other groups.[9, 29, 35, 36, 37, 38,
39, 40] NICS values[10] were computed at the geometric ring centers to assess the aromaticity

of all cyclic structures.
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44  RESULTS AND DISCUSSION

Scheme 4.4 describes the reaction paths (through TSyy) of 8 as a function of X leading to
products 11-14, along with competing rearrangements (TS5 and TS¢) that result in the acyclic
products 11” and 13°. Domino cyclizations (TSxy”) of 11-14 give rise to bicyclic products 15
and 16. Although all depicted reactions were computed, we focus our discussion on the most
feasible and competitive reaction pathways, i.e., TSz, TSt and TSy7», and their respective
products 12, 13, and 15. Relative Gibbs free activation and reaction energies as a function of X
are presented in Figure 4.1 (a) and (b). Table 4.1 provides relative energies at BLYP/6-
311+G**//BLYP/6-31G* + ZPVE as well as the NICS values for all cyclic species.

Y g (b

= T 307

< b o o £ o o
3 30.0+ o o ‘ ) ‘qm': 204 - o O O |
()] O — J

5 o O @) \ ]

2 1?80 EAR A R

= o 0 e o 0. .0

2 2001 s 0 &4 IR S )
m -

S 8 o

® o] ° o] 2 @ W
g |7 o g e " T e

= ; < -
81001 @ L o) 3 w L

s | R o ¥ i
% a b ¢ d e f g h i |j = a b ¢ d e f g h i |
2 0 TS26 O TS16 = TSI7" O 0 (12) O (13) @ (15)

Figure 4.1. (a) Relative Gibbs free activation energies (kcal mol ', 298 K, at UBLYP/6-31G*)
for the thermal cyclizations of 8 as a function of X to form 12, 13 (13d’, 13f’), and 15; (b)
Relative Gibbs free reaction energies (kcal mol ™", 298 K, at UBLYP/6-31G*) for the thermal
cyclizations of 8 as a function of X to form 12, 13 (13d’, 13f’), and 15.

The two-fold base-catalyzed propargyl-allene isomerization of 9 (Scheme 4.2) yields the

diallenes 8 that displays three conformers (Scheme 4.6). Their energy differences depending on
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X are in the range of 0.2-8.8 kcal mol ' mostly in favor of 8¢ (for X = a, b, g, i and j) then 8a
(for X = ¢, d, and e). The AG and AG* were computed with respect to the global minimum of the

conformers, i.e., 8a, 8b, or 8¢, depending on the nature of X.
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[ W
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8a 8b 8c
Scheme 4.6

Diallenes 8 rearrange to 12[21] through a [2+2]-bond formation across the central allene
carbon atoms; the absence of a kinetic isotope effect signals little or no rotation of the terminal
methylene units in the TS.[19] This suggests an early transition structure for this exothermic
reaction, which is confirmed by the computed negative AG (12) except for X = d and f (Figure
4.1 (b)).

The experimental activation barriers (E,) for the cyclization associated with TS,s are
14.3+1.7, 22.0+2.4, and 34.2+3.6 kcal mol ™ for X = e, ¢, and j.[21] It was rationalized that the
increase in the observed activation energies corresponds to a decrease in aromatic stabilization in
the respective products 12.[21] The lone pairs of X completing the n-electron sextet govern the
reaction barriers. However, the computed AG* (TSz6) values are 21.8, 15.5, and 27.2 kcal mol!
for X = e, ¢, and j, respectively. Obviously, our calculation shows a different order of the
activation energies, i.e., AG* TSy6c < AG* TSye < AG* TSz6j, which is supported by the
computed thermodynamic stabilization order of AG (12¢) < AG (12e) < AG (12j). Previous
computational studies[11, 12, 13] on the cycloaromatizations of 5, 6, and 7 to the formally
aromatic five-membered rings resulted in a similar computational trend (for X = ¢ and e). Thus,
it is questionable if the lone pair contribution of the sulfur instead of oxygen favors the aromatic
stabilization. Further, from studies on the anomeric effect and hyperconjugation Salzner and
Schleyer concluded that the orbital interactions with the lone pair of sulfur or higher row atoms
of the same group are less effective than those of oxygen.[41]

Figure 4.2 displays the linear correlation we found for the AG* (TS) and corresponding
AG (12); this correlation supports the notion of an aromatic m-electron sextet stabilizing the

products. As X’s ability to donate the lone pair of electrons[42] to the m-electron system
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decreases in the order of X (i, a, ¢, e, g, j, h), the activation barriers increase similarly. Note that

the exergonicities also decrease proportionally to the decreasing electron-donating ability of X.
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Figure 4.2. Relative Gibbs free activation (squares) of the TS, and reaction energies (dots) of
products 12 computed at UBLYP/6-31G*. The expectation values of the Slater determinants
(<S*>) are listed next to energetic data points but not for those points of TS, whose <S*> values

are equal to zero.

The computed NICS values (Table 4.1) provide a finer interpretation of the plots in
Figure 4.2. While all NICS values of the products are rather small, those of the transition
structures are large. Hence, aromaticity is a key factor for the transition structures but not for the
products, at least according to the NICS analysis. Oddly, there seems to be a direct relationship
between the magnitude of the barrier and the NICS value: high barriers have large negative
NICS values. Hence, while delocalization is clearly important from a structural viewpoint, the
initial [2+2] approach during the ring closure[27, 28] is more important for the barrier heights
than cyclic delocalization. Rotations of the two methylene groups occur later on the reaction

path (Figure 4.3) and result in the conjugation of their two lone pair p,-orbitals with the

molecular n-system; this greatly diminishes the cyclic n-delocalization in the products. As a
consequence of this analysis we conclude that bis-allyl stabilization is the most important

contribution to the relative ease of generating products 12.
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Figure 4.3. Transformation of the HOMO along the reaction path of the 2,6-cyclization of 8 to
form 12 with X = NH.

The analyses of the frontier molecular orbitals of TS;¢ and the product for X = NH
confirm the notion of an early electronic development in the transition structure (Figure 4.4).
Early in the reaction path (Figure 4.3), little or no rotation of the terminal methylene groups is
observed.[21] Note that the increasing overlap of the HOMO of the starting materials lowers its
energies as the reaction progresses towards the transition structure. In the transition structure,
the former HOMO has become HOMO-1 and the character of the new HOMO no longer
describes the o-bond formation. Instead, the --HOMO takes over and determines the second
half of the reaction path. Transformation of the in-plane m-orbitals into the c-orbitals (TS’s
HOMO) requires the reactant 8 to assume the proper conformation (8b, Scheme 4.5). The

antibonding character of the HOMO is too small to result in significant c-n-mixing MO across
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the C—C bond formation. Hence, the character of the reaction path changes from oc-bond

formation to m-space interaction shortly before the transition structure.
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Figure 4.4. Frontier molecular orbitals of the transition structure and product of the 2,6-

cyclization of 8 to form 12 with X = NH.

The electronic perturbation through the heteroatom in product 12 and TS,;¢ can be
analyzed with the help of the FMOs (Figure 4.4). For X =1, a, ¢, e, g, j, h, the available electron
lone pair interacts with the molecular n-system to complete the m-electron sextet (HOMO-2).
The strong perturbation of the X-heteroatom lowers the activation barrier (Figure 4.2), increases
the HOMO and LUMO energy separation, and brings about the singlet nature of the
products.[25] Vice versa, when the donor ability of X diminishes, the HOMO and LUMO of the
products approach the degeneracy allowing singlet-triplet (S—T) mixing (Figure 4.2).

The contribution of the electron lone pair of X can be turned off by protonation (X = b, d,
and f versus a, ¢, and e) and the AG* (TSy) increase accordingly by 7.2-13.4 kcal mol™'. The
computed NICS values of TS;6 (X = b, d, and f) are smaller than those of TSz (X = a, ¢, and e,
Table 4.1) indicating the loss of cyclic delocalization due to protonation of the X substituents.
The Gibbs reaction energies for protonated 12b, 12d, and 12f are less exergonic than those of the
non-protonated 12a, 12¢, and 12e (Figure 4.1), resulting from the inability to form an aromatic
n-electron sextet.

Consequently, the homoaromatic 1,6-reaction of 8 forming 13 becomes more favorable
relative to the 2,6-cyclization upon protonation of the X heteroatom; Figure 4.1 indicates that the
TS;6 barriers are lower than those of TS;¢ for X = b, d, and f. The reaction path TS also

competes with TS;6 in the cases of non-protonated X substituents such as g and h. However, the
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thermodynamic stabilizations are in favor of all studied five-membered cyclic products 12
instead of the six-membered ring products 13; most AG (13) values are highly endergonic except
for 13b and 13i (—24.6 and 2.4, respectively). Further, the AG values of —31.8 and —11.2 kcal
mol ' correspond to structures 13d’ and 13f resulting from the Claisen-like rearrangement

(TS1¢°) to form the more stable acyclic products 13’ (Scheme 4.4).

Table 4.1. Relative single point energies (kcal mol ™), and NICS values (for only the 5-, and 6-
membered ring compounds) at BLYP/6-311+G*//BLYP/6-31G* + ZPVE for the TSs and
products of the thermal cyclization of the heteroatom-bridged diallenes (8).

BLYP/ 6-311+G*//BLYP/6-31G* +ZPVE

X <S> AE NICS
TS TSis TSz TSt TSiz TSy TSue
a 000 000 139 253 100 -11.2 -111
b 000 000 265 193 255 -43 -188
c 000 000 157 261 124 -10.1 -11.5
d 000 000 289 71 269 -56 -11.4
e 000 000 215 252 95 -12.1 -195
f 000 000 285 167 312 -6.7 -20.0
g 000 000 245 233 115 -11.5 -19.8
h 000 000 309 253 246 -1.3 -20.2
i 000 000 55 176 100 -86 -82
j 000 0.00 27.0 296 259 -39 -156
12 13 12 13 15 12 13
a 000 000 -19.9 151 -237 22 -11
b 101 000 1.0 -252 -134 -27 -25
c 058 070 -14.7 188 -241 01 -22
d 104 000 32 -335-153 -41 n/a®
e 067 092 -139 205 -27.8 34 -26
f 097 000 38 -125-142 -32 n/a®
g 079 082 -96 197 -271 53 -3.0
h 104 075 09 230 -155 -05 -3.6
i 000 0.00 -315 -7.8 -148 7.0 41
j 082 1.02 12 250 -122 -19 -23

"Unaccounted NICS values for products without ring
formation due to either the C*~X or C*-X cleavages; this also
indicates that their corresponding TSs lead to acyclic
products (13”), whose energies are listed in italics.
"The actual barriers for these domino cyclizations must be
relative to structures 12 instead of the reactants (8).

Although the 2,6-cycloaromatizations of 8 exergonically form the five-membered cyclic

products 12, subsequent cyclizations (TS;y77) of 12 to yield the bicyclic products 15 are
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improbable. This is due to the high activation barrier (AG (TS17”) = 22-42 kcal mol ™', relative
to structures (12), and the expected short lifetime of the biradical products 12. Berson et al.
reported the formation of 15 from 12 (X = O and S) only in low yields at high temperature
conditions using flash vacuum pyrolysis.[24] Instead, biradicals 12 typically dimerize at their

methylene units (Scheme 4.2).[21]

4.5  CONCLUSIONS

By means of systematic computational comparisons of the cyclizations and rearrangements of
heteroatom-bridged diallenes 8 we find that aromatization reactions (TSy) are preferred and lead
to the formally aromatic hetero-3,4-dimethylencecyclopentadiene-di-yl 12. The ability of the
heteroatom (or group) X to contribute m-electron to the m-electron aromatic sextet governs the
barriers (TSz6) but not the reaction energies. As a consequence, protonation of the X heteroatom
disrupts the aromatic sextets and results in an increase of AG and AG*, and gives way to the

competing 1,6-reaction paths.
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Table 4.2. Evaluation of the contradiction between the experimental results on the TS,¢ reaction
of 8 with X = O, and S (22.0 and 14.3 kcal/mol, respectively) and the calculated values of 15.5

and 21.8 kcal/mol.

Reactant 8 (X = O)

Conformers (scheme 6) b a c TS26
Point group: C2v Cs C2v Cs
Name of Comp. cluster Darmstadt Darmstadt Darmstadt ~ Darmstadt
ZPE 0.095103 0.095085 0.094623 0.094583
Eo=Eelec+ZPE -307.110872  -307.112632  -307.110256 —-307.091009
Thermal E -307.102913 -307.104634  —307.102053 —-307.084276
H=E+RT -307.101969 -307.10369 -307.101109 —-307.083331
G=H-TS -307.143142  -307.146165 -307.14306 —307.121399
AG of Conformers 1.8970 0.0000 1.9484
AG(TSy6)--rel. to b, a, ¢ 13.6 15.5 13.6

Reactant 8 (X =S)
Conformers (scheme 6) b a c TS26
Point group: C2 Cl1 Cs Cs
cluster Darmstadt Darmstadt Darmstadt ~ Darmstadt
ZPE 0.091401 0.091701 0.091465 0.090897
Eo=Eelect+ZPE —630.087353 —630.091147  —630.089837 —630.058691
Thermal E —630.079527  —630.082601 —630.081181 —630.051262
H=E+RT —630.078583 —630.081656  —630.080237 —630.050318
G=H-TS —630.119688  —630.125398  —630.124673 —630.09072
AG of Conformers 3.5831 0.0000 0.4549
AG(TSy)--rel. to b, a, ¢ 18.2 21.8 21.3




55

Table 4.3. Relative energies (kcal mol™"), <8% and NICS values for the TSs and products of the
thermal cyclization of the heteroatom-bridged diallenes (8).

BLYP/6-31G*

BLYP/ 6-311+G*//
BLYP/6-31G*

2

X <S> AH AG AE (+ZPVE) NICS
TSz TSis TSz TSis TSi7"” TSz TSis TSi7” TSz6 TSis TSi7” TSz TSis
a 0.00 000 11.7 235 56 142 264 98 139 253 10.0 —-11.2 —11.1
b 0.00 0.00 239 194 21.1 26.6 20.7 24.7 26.5 193 255 —-43 —-18.8
c 000 0.00 128 245 79 155 273 12.1 157 26.1 124 -10.1 -11.5
d 000 0.00 263 79 227 289 86 26.1 2890 7.1 269 -56 -114
e 0.00 000 197 241 56 21.8 263 99 215 252 95 -12.1 -19.5
f 000 0.00 26.1 16.8 28.1 29.0 183 31.6 285 16.7 312 —-6.7 -20.0
g 000 000 230 226 80 265 262 13.6 245 233 11.5 -11.5 -19.8
h 000 0.00 280 237 206 31.0 267 246 309 253 246 -13 -20.2
1 0.00 0.00 64 191 63 9.1 226 114 55 176 100 -8.6 -8.2
] 0.00 0.00 248 289 21.8 272 312 250 27.0 296 259 -39 —-15.6
12 13 12 13 15 12 13 15 12 13 15 12 13
a 0.00 000 -242 13.1 -30.2 -20.7 164 -256-199 151 237 22 -I1.1
b 1.01 0.00 -3.6 -259-194 -03 -24.6 -15.0 1.0 -252 -134 27 =25
c 058 070 -19.5 15.8 -30.7 -16.3 18.8 -25.8-14.7 18.8 -24.1 0.1 -22
d 104 000 -15-329-214 15-31.8-172 32 -335-153 —4.1 n/a’
e 0.67 092 -18.0 17.7 -343 -14.3 20.2 -29.5-13.9 20.5 278 34 =26
f 097 0.00 -0.7-12.4-19.7 2.5 -11.2-15.5 3.8 —-12.5 -142 -3.2 n/a*
g 079 082 -13.7 17.9 -33.1 -87 214 -269 9.6 19.7 -27.1 53 -=-3.0
h 104 075 -41 199 -223 -0.6 23.1-17.7 09 23.0 -15.5 -0.5 -3.6
1 0.00 0.00 -344 -6.6 -199 -303 -24-147-315 -7.8 -148 7.0 4.1
] 082 102 -35 21.6 -18.2 -0.03 234 -139 1.2 250 -122 -19 23

*Unaccounted NICS values for products without ring formation due to either the C*~X or C°—X cleavages;

indicates that their corresponding TSs lead to acyclic products (13”), whose energies are listed in italics.
"The actual barriers for these domino cyclizations must be relative to structures 12 instead of the reactants (8)

this also
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CHAPTER 5

SUMMARY AND CONCLUDING REMARKS

By means of systematic strategies, i.e., classification and methodological applications of
available computational tools, I have examined various cyclizations of heterosubstituted
polyunsaturated hydrocarbons. This “heuristic chemistry” approach enables quick qualitative
predictions of new chemical systems involving novel transformations. The efficacy of the
unrestricted broken-symmetry DFT approach was exploited to be a practical tool to study a wide
range of polyunsaturated hydrocarbon reactions that involve multiconfigurational biradical
intermediates. The three projects presented here not only broadened my chemical knowledge,
but strengthened my research skills that can be used for future endeavors.

In the three projects I have computed and evaluated all possible cyclization modes of the
heterosubstituted polyunsaturated hydrocarbon systems, i.e., 4-heteroatom-1,2-hexadiene-5-ynes,
3-heteroatom-pent-1-en-4-yn-1-ones, and (hetero)atom-bridged diallenes. It was found that the
aromatization 2,6-cyclization path leading to the formally aromatic five-membered ring products
are preferred and experimentally accessible. The o-electron-withdrawing and m-electron-
donating abilities of the heteroatom (or group) X have been probed to be effective in governing
the reaction barriers but not the reaction energies. The electronic perturbation through the

heteroatom by protonation could results in other competitive reaction paths that are either the
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1,6-cyclization mode to form the homoaromatic six-membered ring product or the 1,6-Claisen-
type rearrangement to form the stable acyclic product. Hence, application of systematic

strategies has proven to be a practical approach for the investigations of the aforementioned

projects.
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