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Abstract: Intramolecular and radical-promoted mechanisms for the rearrangement of azulene to naphthalene
are assessed with the aid of density functional calculations. All intramolecular mechanisms have very high
activation energies (=350 kJ mol~! from azulene) and so can only be competitive at temperatures above
1000 °C. Two radical-promoted mechanisms, the methylene walk and spiran pathways, dominate the
reaction below this temperature. The activation energy for an orbital symmetry-allowed mechanism via a
bicyclobutane intermediate is 382 kJ mol~t. The norcaradiene—vinylidene mechanism that has been
proposed in order to explain the formation of small amounts of 1-phenyl-1-buten-3-ynes from flash
thermolysis of azulene has an activation energy of 360 kJ mol~?; subtle features of the B3LYP/6-31G(d)
energy surface for this mechanism are discussed. All intermediates and transition states on the spiran and
methylene walk radical-promoted pathways have been located at the B3LYP/6-31G(d) level. Interconversion
of all n-H-azulyl radicals via hydrogen shifts was also examined, and hydrogen shifts around the five-
membered ring are competitive with the mechanisms leading to rearrangement to naphthalene, but those
around the seven-membered ring are not. Conversion of a tricyclic radical to the 9-H-naphthyl radical is
the rate-limiting transition state on the spiran pathway, and lies 164.0 kJ mol~* above that of the 1-H-azulyl
radical. The transition state for the degenerate hydrogen shift between the 9-H-azulyl and 10-H-azulyl radicals
is 7.4 kJ mol~* lower. Partial equilibration of the intermediates in the spiran pathway via this shift may
therefore occur, and this can account for the surprising formation of 1-methylnaphthalene from 2-methyl-
azulene. The rate-limiting transition state for the methylene walk pathway involves the concerted transfer
of a methylene group from one ring to the other and lies 182.3 kJ mol~* above that of the 1-H-azulyl radical.
It is shown that rearrangement via a combination of 31% methylene walk and 69% spiran pathways can
account semiquantitatively for all the products from 1-*3C-azulene, 9-*3C-azulene, and 4,7-13C,-azulene, in
addition to accounting for the products from methylazulenes, and the formation of naphthalene-dy and -d,
from azulene-4-d. It is also pointed out that a small extension to the spiran pathway could provide an
alternative explanation for the formation of 1-phenyl-1-buten-3-ynes.

The thermal rearrangement of azuleh¢o naphthalene, that the conversion of bifluorenylidene to dibegip|chrysene,
first reported in 194%,is an example of a rare type of reaction: which is essentially a StoréWales rearrangement, was pro-
the conversion of one aromatic compound to another. The moted by radicals and probably involved mechanisms closely
reaction can be carried out by static thermolysis above® @0 related to those discussed in this paper. More recently, other
or by flash vacuum thermolysis above 80C. While the groupd®1have considered hydrogen atom or other “elemental
reaction is preparatively useless, it poses very intriguing catalysis” mechanisms for the Stor#&/ales rearrangement.
mechanistic questions and has been extensively investigated
from this point of view?~’ Mechanisms that result in the 400-500 °C, 1-2 hours
conversion of one aromatic compound to another have gained or >800 °C, FVP »
fresh interest since the advent of fullerene chemistry (e.g., the
Stone-Wales rearrangemerit)We showed many years &jo

A variety of intramolecular and radical-promoted mechanisms
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Scheme 1. (a) Bicyclobutane Mechanism, (b) Structure of the Bicyclobutane, and (c) Alternative Products from Benz[flazulene. The Upper
Pathway Should Be Preferred, but Phenanthrene Is the Only Product Observed

(© / -

Table 1. Bicyclobutane Mechanism?a

explain all the datd.Scott? has pointed out that the concurrent
operation of several mechanisms is quite likely at the high __azulene I bicyclobutane s naphthalene
temperatures involved. In this paper, we set out to reassess all 0.0 3824 265.2 375.9 —143.3
mechanisms that have received serious consideration with the
aid of density functional theoretical methods.

aB3LYP/6-31G(d) energies relative to azulene (kJ mpl

cleavage of the 9,10-bond in azulene, originally proposed by
Scott!? and (3) the norcaradierevinylidene mechanism, orig-

Al calculations were performed with Gaussian‘®8sing Becke’s inally proposed by Becker, Wentrup, Katz, and Zefler.
three-parameter exchange functidnalith the correlation functional We will then consider three radical-promoted pathways, again
of Lee, Yang, and Parr (B3LYPJ.All species were characterized by examining all the intermediates and transition states: (1) a
full geometry optimization followed by analytical frequency calculations simple mechanism involving hydrogen abstraction from the

using the B3LYP method with the 6-31G(d) basis set. For singlet 4_nqgition of azulene, which is the radical-promoted counterpart
species, restricted DFT methods were generally used, while unrestrlctedof Scott's 9,10-bond cleavage mechanism; (2) the methylene
methods were used for all radicals and triplets. However, for several ’ '

of the singlet species, unrestricted calculations were also carried outwal_k mechgmsm, first proposed by Alder_eteah/hlch involves
with mixing of the restricted orbitals so as to check for the existence radical addition to the seven-membered ring _Of az“'e_”e' followed
of lower-lying open-shell solutions. Key transition states and intermedi- PY @ sequence of homoaltytyclopropylcarbinyl radical rear-
ates were also optimized using HF/6-31G(d) and BP86/6-31G(d) and/ fangements to move one carbon atom to the five-membered ring
or subjected to B3LYP, BP86, and MP2 single point energy calculations to create the naphthalene skeleton; and (3) the spiran pathway,
using the 6-31+G(3df,2p) basis set at the B3LYP/6-31G(d) geometry. also first proposed by Alder et &3 which involves not only
Differences between these methods are noted later, but in general wergadical addition to the five-membered ring of azulene and
not significant, although MP2 calculations produce poor results for gnother sequence of homoathdyclopropylcarbinyl radical
open-shell species due to spin contamination. _ rearrangements but also a degenerate 9.10-hydrogen shift.
_ Throughout thIS. paper, the _relatlve energies re_porte_d are dn‘ferenpes The methylene walk and spiran radical-promoted pathways
in electrqnlc energies; zero point corrections are given in the Supporting may appear complex and even chaotic, but we will show that
Information. S .

they can account well for product distributions in every case
Results and Discussion examined without predicting the formation of products that are
not observed.

Calculational Methods

Naphthalene is 143 kJ midl more stable than azulene and
is the thermodynamic sink for all ;gHs hydrocarbons, and a  Intramolecular Mechanisms

variety of routes to such a stable product might be expected. Bicyclobutane Mechanism.It was the seductive simplicity

Much effort has been put into finding simple intramolecular . ; . .
. . . of the orbital symmetry-allowed mechanism via a bicyclobutane,
mechanisms that can explain the experimental results, and we,

) ot . Scheme 1la, that first attracted us to study the azulene/
examine the three principal proposals first. These are (1) a o .
: . . . naphthalene rearrangement. Transition states for the formation
mechanism via orbital symmetry-allowed formation and reopen- . .
. . i . . ) . of the bicyclobutane and for its subsequent rearrangement to
ing of a bicyclobutane; (2) a mechanism involving simple : . . .
naphthalene were readily located using AM1 semiempirical

(12) Scott, L. T.: Kirms, M. A.J. Am. Chem. Sod981 103 5875-5879. methods and were subsequently optimized at the B3LYP/6-31G-

(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. (d) level (Table 1). The higher of the two transition states was
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, found to have an energy of 360.5 kJ mtabove that of azulene

K.N.; Strain, M. C.; Farkas, O; Tomasi, J.; Barone, V.; Cossi, M., Cammi, gt the MP2/6-313G(3df,2p) level. The structure of the bicy-
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; . . . .
Petersson, G. A.; Ayala, P. Y.; Cui, Q.. Morokuma, K.: Malick, D. K. ~ clobutane intermediate is shown in Scheme 1b; note the

Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, «j ” i
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; inverted” geometry at the two bridgehead carbon atoms. In

Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,  View of the extremely high activation energy, this mechanism
M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; i 1 iynifi P

Gl B. M. W.. Johnson, B.: Chen, W.. Wong, M. W.: Andres, J. L. appears unlikely tq contribute S|gn|f|cantly even at the highest
Gonzalez, C.; Head-Gordon, M.; Replogle, E.S.; Pople, JGaussian temperatures studied by flash thermolysis (1289. Indeed,

1) %8 glf;’iSLO”DAJ-7&%;‘;35;";‘&{3‘55 biusburgh, £ 1998. the rearrangement of beffjgzulene to phenanthrene to the
(15) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789. exclusion of anthracene under static thermolysis conditions is
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Scheme 2. 9,10-Bond Cleavage Mechanism rearrangement but provided no experimental support for their
/H version. We first revisited the norcaradiengnylidene mech-
. } anism and the Dewar/Merz variant using the AM1 semiempirical
~ method, and then applied B3LYP/6-31G(d) calculations to all
! A _Cf‘H the transition states and intermediates we could locate. It should
@ be noted first of all that we found the potential energy surface
H H / in the vicinity of thecis-vinylidene 6 to be rather flat, which
—C= H . . . .
47 | j makes certa}ln elements of its mtgrpretatlon.r:?\ther complex.
= However, 6 is clearly shown to exist as a minimum on the
2 H H potential energy surface, and it rearranges via a low barrier to

cis-1-phenyl-1-buten-3-yn& as expected. The remaining be-
havior of 6 is usefully viewed as arising from rotation around
H 2 the arykvinyl bond. A small rotation from the ground state
= for 6 leads to a transition state for insertion into thého C—H
1 7 bond to give naphthalene, another low barrier process (see
9, “ Figure 1 and Scheme 4). Repeated attempts to locate an energy
minimum resembling the proposed norcaradiene intermediate
|L© - (/@_» failed, but further rotation around the artinyl bond leads to
X X a spiran structur@ (see Schemes 3 and 4) arising from attack
3 6 2 of the vinylidene at thépso-carbon of the benzene ring. This
L L is a pure biradical, with essentially equivalent energies for singlet
5

pa— % and triplet states. The singlet state dfcan subsequently
< > 7 T !
4 N‘o (¢]

rearrange to azulene, but the activation energies both for
evidence against this processince it would surely be expected

formation of biradical7 and for its rearrangement to azulene
are so high that the amount of azulene that could be formed in
that the favored bicyclobutane intermediate would be the one
which did not disrupt the aromaticity of the benzenoid ring,

competition with rearrangement to naphthalene aisd and
trans-1-phenyl-1-buten-3-yne would be quite negligible.

and this intermediate would yield anthracene (Scheme 1(c)). ~ However, there is another low-energy pathway frémo

9,10-Bond Cleavage MechanisnScott? proposed a mech- azulene, through a closed-shell singlet transition state (see
anism involving simple cleavage of the 9,10-bond in azulene, SChéme 4c) that resembles the norcaradiene, but with the
followed by a hydrogen shift in the resulting biradical, leading Methylenecyclopropane in a stretched and highly distorted form.
to a diallene that can exist imesoanddl forms (the latter s~ The vinylidene carbon is clearly bonded with corého-carbon
shown in Scheme 2). The electrocyclic ring closure of each of (distance 1.618 A) but only partially to tfigso-carbon (shown
these to naphthalene was discussed by Woodward and Hoff-by the dotted bond in Scheme 3, distance 2.051 A). This
mann!® B3LYP/6-31G(d) calculations suggest that breaking the transition state can easily be shown to lead to azulene on one
transannular €C bond leads via a Qransition state (480 kJ side, but its connectivity on the other side is less clear. Upon
mol~1 above azulene) to an allereyclopropene (see Scheme starting from this transition state, and carrying out a set of
2) rather than a diradical (a search for diradicals and transition constrained optimizations in which they¢—Cortho—Cuinylidene
states leading to them was conducted using unrestricted DFT,angle is progressively increased, one goes smoothly down to
but none could be located). The aller®yclopropene can  thevinylidene; the reverse of this path is the desired low-energy
undergo a 1,2-hydrogen shift to tediallene, but the transition ~ route fromé to azulene, with a barrier of 47.7 kJ/mol. However,
state for this lies>600 kJ mot? above that of azulene. This & second set of constrained optimizations, in which thed
mechanism can therefore probably be discounted, but a relatedCuinyicene bond length was varied, led instead directly to
radical-promoted process will be discussed later. naphthalene, through structures resembling the insertion TS

Norcaradiene—Vinylidene Mechanism.The intramolecular ~ mentioned previously. Geometry optimization starting from
mechanism that has received the most convincing experimentaislightly displaced geometries close to the TS also leads directly
support is the norcaradieneinylidene mechanism, Scheme 3. to naphthalene. Attempts to carry out an intrinsic reaction

Flash vacuum thermolysis of azulene at 12Q0(10°2 Torr) coordinate (IRC) calculation starting at the same TS encountered
yields small amounts (up to 3%) & and 4 in addition to severe convergence problems, due to the flat nature of the
naphthalené.Becker, Wentrup, Katz, and Zeller also showed surface in the region of this TS. One possible interpretation of
that flash thermolysis of 4-cinnamylideneisoxazol-5-(4H)-one these calculations is that the surface has an unconventional
5at 680-750°C (1071—1072 Torr) produced, 4, naphthalene topology, such that the new transition state does not link directly
and azulene in the ratio 27:15:36:1. They therefore proposedto a minimum but to the TS for rearrangement of the vinylidene
the norcaradienevinylidene mechanism, shown in Scheme 3. to naphthalene (see Figure 1). A number of such cases are
Dewar and Mer¥ proposed a variation on this mechanism on described in the literature, where one transition state connects
the basis of MNDO semiempirical calculations; they asserted to a second transition state via a vattejdge inflection point®
that the vinylidenes played no part in the azulene/naphthalene These considerations should not obscure the point of major
chemical significance: as the whole potential energy surface is

Scheme 3. Norcaradiene—Vinylidene Mechanism

(16) Woodward, R. B.; Hoffmann, RAngew. Chem., Int. Ed. Engl969 8,
781

17) DeWar, M. J. S.; Merz, K. MJ. Am. Chem. S0d.986 108 5142-5145. (18) Zhou, C.; Birney, D. MOrg. Lett.2002 4, 3279-3282.
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Figure 1. Vinylidine—Norcaradiene mechanism (B3LYP/6-31G(d)).

Scheme 4. (a) cis-Vinylidene Intermediate 6 (Aryl—Vinyl Torsion
Angle —12.9°), (b) Transition State for C—H Insertion to Form
Naphthalene (Torsion Angle —26.1°), (c) Transition State for the

Rearrangement to Azulene (Torsion Angle —60.7°), and (d) Spiran

Biradical 7 (Torsion Angle —90°)

(a)

quite flat,cis-vinylidene can rearrange by low-energy pathways
to give any of three products: alkyn® azulenel, and

naphthalene.

The overall activation energy for rearrangement of azulene

to naphthalene by this pathway is 360 kJ mait the B3LYP/

6-31G(d) level. Single point energies at the B3LYP/6-31G(d)

Scheme 5. A Simple Radical-Promoted Mechanism

‘ H-abstraction ‘
—e——
1

H-transfer
- —

Summary - Intramolecular Mechanisms. All the intramo-
lecular mechanisms that have been suggested have extremely
high activation energies (approximately 350 kJ mdar higher)
according to the calculations. That should occasion no surprise,
since the formation of any intermediate involves loss of the
aromatic stabilization of azulene and also the introduction of
extreme levels of strain iw-bonds, unless a simple-bond
cleavage occurs. The bicyclobutane intermediate and the nor-
caradiene-like transition state both suffer from very higibond
strain. It seems certain that no unimolecular mechanism can
contribute significantly to the rearrangements observed in static
thermolyses at 400500 °C. We will argue later that the
contribution of unimolecular mechanisms may be small even
under high-temperature flash thermolysis conditions.

2

transition state geometry were calculated with a larger basis ragdical-Promoted Mechanisms

set and using MP2: E(B3LYP/6-3315(3df,2p)) = 351 kJ
mol~1, E(MP2/6-313-G(3df,2p))= 333 kJ mot™. If the lowest

of these estimates fd, is assumed, this mechanism could only

A Simple Radical-Promoted Mechanism.The mechanism
in Scheme 5 is probably the simplest radical-promoted pathway

be competitive in flash thermolysis at temperatures above 1100from azulene to naphthalene. It is essentially a radical analogue
°C, assuming a contact time of a few seconds and a pre-of the 9,10-bond cleavage mechanism described previously and

exponential factor of 18 s~1. A possible alternative source for

might, with appropriate isotope effects, account for the deuter-

calculated energetics (Table 2) illustrate the advantages and

the 1-phenyl-1-buten-3-ynes via radicals generated in the spiranium scrambling observed by Becker efaliscussed later. The

pathway will be discussed later.
5378 J. AM. CHEM. SOC. = VOL. 125, NO. 18, 2003
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Table 2. Simple Radical Mechanism@ Scheme 6. A Simple Methylene Walk Mechanism
H
monocyclic W trans H
4-azuleny! TS radical intermediate TS 1-naphthaleny! ranster » CO
0.0 160.3 157.7 159.6 —123.9 1
aB3LYP/6-31G(d) energies relative to 4-azulene (kJ THpol l

of the 9,10-bond in the 4-azulenyl radical is (relatively) much
more favorable that in azulene itself, since a nevond is

A CH,
disadvantages of radical-promoted processes nicely. Cleavage {Ij
=

being created. The disadvantage is that initial bimolecular H H

abstraction of a hydrogen from a strong CjsgH bond is H* transfer

required. In the (more complex) radical pathways discussed later, - =
initiation is provided by transfer of a hydrogen atom (or other 2

radical)to azulene, producing a more stable delocalized radical.
The simple mechanism shown in Scheme 5 fails to account for  Two related intermolecular pathways have received substan-
any of the detailed labeling studies described in the following. tial experimental support. Thermolyses of a set of methyl- and
Evidence for the Involvement of RadicalsIn an important dimethylazulenes, especially those with substituents in the seven-
experiment, Becker, Wentrup, Katz, and Zéllshowed that =~ membered ring, led to the proposal of a methylene walk
thermolysis of 42H-azulene in an ampule at 4805 °C gives pathway, shown at its simplest in Scheme 6, which transposes
about 13% naphthalerdy; 13% naphthalend,, and the re- one carbon with its substituent from the seven- to the five-
mainder being naphthalem- Thus, a minimum 26% of the =~ membered rind. This mechanism consists of a series of
reaction is intermolecular under these conditions. If the inter- homoally-cyclopropylcarbinyl radical rearrangements, and it
molecular mechanisms responsible for the deuterium transferexplains the product distribution very satisfactorily in most cases
are the methylene walk and spiran pathways discussed laterwhen account is taken of all the possibilities for (a) starting the
then the proportion of the reaction that is intermolecular can rearrangement by radical addition to any of the CH-carbons in
be significantly higher. Remarkably, these authors found an the seven-membered ring and (b) the addition and/or loss of
almost identical degree of deuterium scrambling (12% naph- methyl radicals in the case of methyl-substituted azulenes (N.B.
thalenedy and 12% naphthaleng) under flash thermolysis ~ for simplicity, we only discuss hydrogen atom additions
conditions at 1180C. Thus, even under conditions that favor throughout the remainder of this paper).
intramolecular mechanisms, intermolecular mechanisms are However, one early observatinposes significant extra
probably very important. We return to this question at the end problems: 2-methylazulene yields appreciable amounts of
of the paper. 1-methylnaphthalene in addition to the 2-isomer that most
Several other lines of evidence point to significant involve- mechanisms would predict. Neither the methylene walk nor any
ment of intermolecular reactions in the rearrangement, at leastof the intramolecular mechanisms discussed previously can
under static thermolysis conditions. Thus, (a) radical initiators account for the formation of the 1l-isomer. The 1-methyl-/2-
such as azomethane andteit-butyl peroxide promote the  methylnaphthalene ratio is typically about 1:2.4. This feature
rearrangemeritand (b) an induction period can be observed in Of the rearrangement was shd\ia) to be general for a variety
the rearrangement of carefully purified azulene in sealed of 2-substituents and (b) to involve migration of C-2 of the
ampule$ Heilbronner and Kallel2° made a detailed kinetic ~ azulene, not just the substituent, as shown by study 6C2-
study of the rearrangement and showed that it obeys first-ordermethyl+3C-azulene. Although rearrangements of 1-substituted
kinetics (data extrapolated to infinite dilution), and this led azulenes to 2-substituted azulenes are kn&they cannot
Heilbronner to conclude that “the reaction is essentially account in themselves for the formation of the 1-substituted
homogeneous and intramolecular...” However, Séote- naphthalene product. These results led to the proposal of a
examined the kinetic data in the light of our own wérkand second radical-promoted mechanism, called the spiran path-
concluded that they are equally compatible with a radical chain way** This pathway again consists mainly of a series of
mechanism, with appropriate initiation steps. Recently, Keller, homoallyt-cyclopropylcarbinyl radical rearrangements but in-
Beckhaus, and Rinard® have shown that transfer hydrogena- Vvolves radical adducts to the 9-position of azulene, which can
tion of azulene at 346375°C using hydrogen donors such as ring close and then ring open to a spiro-radical. This spiro-
9,10-dihydroanthracene can promote the rearrangement with theradical can reclose to a cyclopropylcarbinyl radical in four ways,
formation of both naphthalene and tetralin. They proposed a permitting some scrambling of labels. This is not enough, in
radical mechanism involving many of the intermediates in the itself, to explain the 2-methylazulene to 1-methylnaphthalene
methylene walk and spiran pathways described later but rearrangement, and it was necessary to postulate a hydrogen
suggested that this was not a chain reaction under their transfershift between the bridgehead carbons in the radical adduct to

hydrogenation conditions. the 9-position of azulene. Scheme 7 shows the simplest route
from 2-methylazulene to 1-methylnaphthalene. The hydrogen
(19) Heilbronner, E.Non-benzenoid Aromatic Compoundiley-Inter- shift step is without any close precedent, although it was pointed

science: New York, 1959. smilar ; ; ;

(20) Kallen, H. J. Ph.D. Thesis No. 2856, Eidgenossischen Technischen out that ther'e was a formal Slmllamy with hydmgen shifts in
Hochschule, Zurich, 1958. cyclopentadienes.

(21) Scott, L. T.J. Org. Chem1984 49, 3021-3022.

(22) Keller, F.; Beckhaus, H. D.; Ruchardt, Gebigs Ann.-Recl1997, 2055
2063. (23) Wetzel, A.; Zeller, K. PZ. Naturforsch., BL987, 42, 903-906.
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Figure 2. 1n-shifts in GoHe: B3LYP/6-31G(d) energies in kJ mdi relative to the 1H-azulyl radical.
Scheme 8. Hydrogen Adduct Radicals from Azulene

Scheme 7. A Route to 1-Methylnaphthalene from
2-Methylazulene H H
H
H*transfer ,O
o) ]
l 1-H-azuly! / 6-H-azulyl

Me H H H'H ! /\
X=X
LX) () ;
Me 2-H-azulyl
H
Me H Me Me
9-H-azulyl 4-H-azulyl
A0 —~20
H H |H of the heats of formation of the radical adducts by the AM1

Mo semiempirical method, and we find that the B3LYP/6-31G(d)
order of stability is rather similar. The H-azulyl and 2H-

Me
o fanser azulyl radicals are of almost equal stability, with the 4-, 5-, and
b 6-H-azulyl radicals lying 24-31 kJ mot® higher. This agrees

qualitatively with the observation that radical substitutions in

I T

I

/
8!
O:l:

&

H H 5-H-azulyl

T

A combination of the methylene walk and spiran pathways azulene generally occur in the five-membered ring. Waters and

can explain essentially all the results for the rearrangement of Tiney-Basseft’ found that attack of a benzyl radical gives

methyl-substituted azulenes without predicting products that areMainly 1- and 2-benzylazulene, while we repoftéiat me-

not found, but we have always been conscious that this proposaliy!ation of azulene by di-butylperoxide at 165C gave all

poses problems that must be taken seriously. In particular, thefive monomethylazulenes in the following relative amounts: 1,

concurrent operation of two mechanisms is always hard to accept3>-% 2-» 51.1; 4-, 7.7, 5-, 2.2; 6-, 3.2%hese ratios will be

in the light of Occam’s razor. So it is desirable to establish determined by the relative rates of radical attack rather than

whether the two pathways can have comparable activation the thermodynamic stability of the radicals formed, but there is
| at least qualitative agreement with calculated values for the

energies, and it was with this in mind that the current theoretical |
study was initiated. We also wished to establish whether the atter. i .
In addition to the 1,2-shifts, one example of a transannular

crucial 9,10-hydrogen shift was really a viable possibility. 15+ hvd Hift 5 the 6- to the FBazulv radical
Hydrogen Adducts and Hydrogen Shifts.Hydrogen atom ( P type) ydrogen shi (rom. € 5- 1o the khazLlly' ra 'Ca).

¢ for t | d i diff dical is included in Figure 2, but this proved to have a high barrier.

Sraﬂs er gazsu etne catr_1 produce ls"f[( ! ?refﬁ'@ a |casésee Although we have not examined other possible 1,5-shifts, it
cheme 8). Systematic nomenclature Or tNEse 1S CUMDErSOME, o o g unlikely that these will be important.

and so we refer to these as adduct radicals Bisalzulyl, and . . .

forth We suggested earlier that hydrogen shifts around the five-
S0 forth. membered ring in th@-H-azulyl radicals could resemble the

We examined the relative stability of these and the barriers \yg||-knowr?® 1,5-hydrogen shift in cyclopentadiene. The B3LYP/

to the hydrogen shifts that could interconvert them (see Figure
2). Keller, Beckhaus, and Rhard# have reported calculation  (24) waters, W. A,; Tilney-Bassett, J. 5. Chem. Sod959 3123.
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Scheme 9. Spiran Pathway, with an Extension to Yield cis-1-Phenyl-1-buten-3-yne
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6-31G(d) calculated\H values for the latter (112.5 kJ md) can open in three ways. Ring opening to the more staltfe 9-
are indeed similar and in good agreement with experiment naphthyl radical has a higher barrier than that to the spiro-
(101.7 kJ mot?). Okajima and Imafuk& have recently used radical, in line with known stereoelectronic effects on these
B3LYP methods to study 1,5- and 1,7-shifts in cyclopentadiene reactions (see the following for a fuller discussiéh)2° Ring
and cycloheptatriene; our results are in satisfactory agreementopening of the tricyclic radical to the @-azulyl radical is found
with theirs for cyclopentadiene 1,5-shifts. However, while our to have virtually no activation energy by B3LYP/6-31G(d)
calculated barriers for 1,2-shifts around the seven-memberedcalculation. The tricyclyl radical actually becomes higher in
ring in then-H-azulyl radicals are considerably lower than that energy than the tricyclyl/$4-azulyl transition state (see Scheme
reported® for a 1,7-shift in cycloheptatriene (288.0 kJ mbét 10b) after zero point energies are added; furthermore the
B3LYP/6-311G(d,p)), the barrier we calculate for the 6- to 10- tricyclyl radical is not a stationary point in BP86 calculations).
H-azulyl 1,5-type shift is significantly higher than that re- This process can be viewed as a norcaradiene/cycloheptatriene
ported for cycloheptatriene (166.8 kJ mbat B3LYP/6-311G-  rearrangement, but this is also true of several steps in the
(d,p))- methylene walk mechanism which show “normal” barriers. We
The spiran pathway starts from thé-Bazulyl radical, while can therefore offer no simple explanation of the low barrier in
the methylene walk pathway begins from the 4-, 5-, di-6-  this case. Nevertheless, according to the BSLYP calculations,
azulyl radicals. Transition states for hydrogen shifts around the the 9H-azulyl radical would cycle to the spiro-radical (which
five-membered ring are calculated to be lower in energy than can reclose in four ways) many times before opening to the
those for the rate-limiting steps in both the spiran and methylene 9-H-naphthyl radical.
walk pathways (164.0 and 182.3 kJ mbtelative to the 1H- The transition state for the degenerate hydrogen shift between
azulyl radical, respectively). On the other hand, transition states tne 9H- and 10H-azulyl radicals is calculated to lie 7.4 kJ
for 1,7-hydrogen shifts around the seven-membered ring are y|-1 pelow that for the ring opening of the tricyclic radical to
calculated to_ be at significantly higher energy. This suggests o 9H-naphthyl radical. Taken at its face value, one would
that the readily formed 1- and E-azulyl radicals could enter o me this would indicate that the 9,10-hydrogen shift would
the spiran pathway by first undergoing 1,5-hydrogen shifts to compete with the rate-limiting ring opening, but there would
generate the t-azulyl radical (Rehardt et af?assumed that v he 5 complete scrambling of intermediates before the
this species was only formed by direct hydrogen transfer). The je\ersible formation of the 8-naphthyl radical as we assumed
4-, 5-, and 6H-azulyl radicals lead into the "_‘e‘hY'e”e V\_'alk in our earlier work. It is of course dangerous to read too much
pathway, and leakage from thetBazulyl radical into this ., yhe exact difference between two calculated activation
pathway Seems un.l|.kely to be important. We return to this energies, but we will argue later that many of the results from
question of competition between these pathways later. labeled azulenes can be explained by assuming that the
Spiran Pathway. The spiran pathway was introduced in  ropapility of one of the intermediates in the spiran pathway
Scheme 7, but Scheme 9 shows a more complete version with,qergoingat leastone 9,10-hydrogen shift lies between 0 and
the names we will use for all the intermediates. The energies 1 51q'is in fact about 0.67 at 72%&. This corresponds to a
of intermediates and transition states on this pathway are showny At of 6 kJ mol, in astonishingly good agreement with the
in Figure 3. calculations. This degree of involvement of the 9-/10-hydrogen
Calculated structures for the several critical intermediates and gpift is quite sufficient to account for the formation of 1- as
transition states are shown in Scheme 10. The tricyclyl radical

(27) Friedrich, E. C.; Holmstead, R. . Org. Chem1971, 36, 971-975.
(25) Roth, W. R.Tetrahedron Lett1964 1009-1013. (28) Beckwith, A. L. J.Tetrahedron1981, 37, 3073-3100.
(26) Okajima, T.; Imafuku, KJ. Org. Chem2002 67, 625-632. (29) Ingold, K. U.; Walton, J. CAcc. Chem. Red.986 19, 72—77.
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Figure 3. Spiran pathway: B3LYP/6-31G(d) energies in kJ mdlelative to the 1H-azulyl radical.

Scheme 10. (a) 9-H-azulyl Radical, (b) 9-H-Azulyl/Tricyclyl 1-phenyl-1-buten-3-ynes, although strangely they did not invoke
Transition tate, (c) Tricyclyl Radical, and (d) Spiro Radical its direct ring closure to the B-naphthyl radical or mention
the spiro-radical.

We note that the spiran pathway as proposed previously
would result in naphthalendy:-d;:-d; ratios of 25:50:25 from
4-’H-azulene. We have considered the possibility that hydrogen
shift in the 9H-naphthyl radical to give the much more stable
1-H-naphthyl radical might compete with bimolecular hydrogen
abstraction to give naphthalene. This would substantially alter
the expected degree of deuterium scrambling frothl4zulene.
However, all our attempts to find a transition state for this
hydrogen shift by B3LYP/6-31G(d) calculations met with
failure. We do not understand why this is so, since a transition
state for hydrogen shift between theHtnaphthyl and 2H-
naphthyl radicals with an energy 197.6 kJ miohbove that of
1-H-naphthyl could be readily located.

(¢) (d) Methylene Walk Pathway. The methylene walk pathway
was introduced in Scheme 6. A more complete version including
names for all the intermediates is shown in Scheme 11. It is
built entirely from cyclopropylcarbinythomoallyl rearrange-
ments. The energies of all intermediates and transition states
A simple extension from the spiran pathway (see Scheme 9 &€ shown in Figure 4.
and Figure 3) provides a possible explanation for the formation ~ Several different types of intermediate are to be found in this
of minor amounts otis- andtrans-1-phenyl-1-buten-3-ynes in ~ pathway. As might be expected, the 1- and-2aphthyl radicals
the flash thermolysis of azulene. The spiro-radical can undergo are the most stable, since they contain an intact aromatic ring.
a C—C bond cleavage to generate a benzene ring and produceAt the other extreme, nonconjugated radicals such as 4-methylyl
thecis-4-phenylbutadienyl radical that could produce 1-phenyl- are the least stable intermediates, as expected, but note that the
1-buten-3-ynes by a subsequent hydrogen abstraction, in additionl-methylyl (but not 2-methylyl) radical is much more stable,
to providing an alternative route to naphthalene. As shown in again due to the presence of an intact aromatic ring (also present
Figure 3, the activation energy for the required bond cleavage in 1,2-cyp).
is 43.2 kJ mot* higher than that of the ring closure back tothe  wjith one important exception, the calculations predict that
tricycliC radical, but this process could Cel’tainly be Competitive each ring closure and ring opening is a normal stepwise
enough at higher temperatures to yield a few percent of the homoallyl/cyclopropylcarbinyl rearrangement. The activation
alkyne products. Zimmermann et®f*have indeed proposed  energies for these processes are discussed in the next section.
the involvement of this vinyl radical in flow thermolyses of = The exceptional case is the crucial transfer of the methyl from

well as 2-methylnaphthalene from 2-methylazulene as will be
discussed later.

one ring to the other (conversion of 4,9-cyp to 1,9-cyp) which
30) Schulz, K.; Hofmann, J.; Findeisen, M.; Zimmermann,Esr. J. Org. . ; H
(30) Chem 1998 21352145, 9 B3LYP/6-31G(d) calculations predict to be a concerted process.
(31) Zimmermann, GEur. J. Org. Chem2001, 457—-471.

The 9-methylyl radical (see Scheme 12) is found to have one
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Figure 4. Methylene walk pathway: B3LYP/6-31G(d) energies in kJ Thoklative to the 1H-azulyl radical (the names of radical intermediates have been

abbreviéted; thus, 6-aza 6-H-azulyl, 5-me= 5-methylyl, and 1-nap= 1-H-naphthyl).
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. . . . . Scheme 12. 9-Methylyl Radical Transition State
imaginary frequency and so is a transition state for intercon- q O o
version of 4,9-cyp to 1,9-cyp. This process appears to proceed
with retention of configuration.

It is interesting to examine the label scrambling froriH4-
azulene in terms of the methylene walk mechanism. According

to this pathway, loss of deuterium would only occur for those

molecules that entered the methylene walk mechanism by
addition to the labeled carbon (C-4). Since addition to C-8 is methylene walks starting from additions to C-5, C-6, and C-7

equally likely (ignoring a secondary isotope effect), and are also likely to be occurring, less than 50% of thiédazulene
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which lie well above the curve all involve the closure of a six-

604 X membered ring to form a bicyclo[3.1.0]hexenyl radical:

LE, 50 X

XD — 0

D 40 —_—

g H H

e

2 L . . . .

% 20 A X There is little doubt that this type of ring closure is subject
< 10 to a stereoelectronic disadvantage. In ring opening the bicyclo-
0 [3.1.0]hexenyl radical, there is very poor overlap of the allyl
0 20 40 60 80 100 120 140 160 180 orbitals with the cleaving €C bond?8.2%:3536Thus, there is good

— Reaction Energyl(kJ/mol) experimental evidence that the 1,2-cyp radical opens more

rapidly to the 1-methylyl radical than to the much more stable
2-H-naphthyl radical. Freidrich and Holmstéadound that
reduction of mixtures oéxoandendol-bromocycloprop[2,3]-
indenes with various tin hydrides led to the formation of
1-methylindene and 1,2-dihydronaphthalene in ratios-o:

1. The difference in energies between the two calculated
transition states would predict a kinetically controlled product
ratio of 7:1 if AE (4.5kJ mot?) is used or 17:1 ifAH (6.9 kJ

Activation Energies for the Homoallyl/Cyclopropylcarbi- mol™) is taken, in excellent agreement with experiment.
nyl Rearrangement Steps. Homoallyl/cyclopropylcarbinyl Competition between the Spiran and Methylene Walk
rearrangements have been thoroughly studied experimentally,Pathways.Concurrent operation of both spiran and methylene
with absolute rates established for the parent and other simplewalk pathways appears to be required to account for the products
example$233Radoni* and co-workers have shown that B3LYP/ from methyl-substituted and labeled azulenes. The spiran
6-31G(d) calculations perform well in reproducing the energetics pathway begins from the B-azulyl radical, although it seems
of these processes, and the energies calculated for the variou$ikely that this can arise not only by direct hydrogen atom
homoallyl/cyclopropylcarbinyl rearrangement steps in the spiran transfer but also by hydrogen shift from the 1- anéilzzulyl
and methylene walk pathways fit in well with what can be radicals. The relative rates of cyclopropylcarbinyl/homoallyl
expected. In the case of the unstabilized 2-methylyl, 4-methylyl, rearrangements and hydrogen shifts, as estimated from calcu-
and 5-methylyl radicals in the methylene walk pathway, ring lated barriers, suggest that these two pathways will proceed
closure is the favorable process (the extreme case is cyclizationconcurrently but separately. Thus 1-, 2-, and-@zulyl radicals
of 4-methylyl to 4,5-cyp, which is exothermic by 80.3 kJ migl will rearrange to naphthalene via the spiran pathway, while 4-,
In other cases, ring opening can be very favorable (1,9-cyp 5-, or 6H-azulyl radicals will go via the methylene walk. In
opening to 1H-naphthyl is exothermic by 164.8 kJ mé). Both static thermolyses at relatively high pressures and relatively low
of these extreme examples have relatively low barriers, but thattemperatures, these two groups of radicals might be intercon-
for the latter is notably larger than that for the former (20.5 vs verted via bimolecular hydrogen transfers faster than the
6.0 kJ mofd). In an attempt to explore this further, we have subsequent rearrangement steps. However, this would imply the
plotted the activation energy for the favorable process (which formation of substantial amounts of rearrangedlenesluring
may be ring opening or closing), against the reaction enthalpy, thermolysis of compounds substituted with methyl groups in
(Figure 5). It is interesting to analyze the wide range of the seven-membered ring, which was not observed. We therefore
activation energies in terms of a Marcus-like equation: suggest that competition between the two pathways is governed
by the ratio of 1-+ 2- + 9-H-azulyl to 4-+ 5- + 6-H-azulyl
radicals formed rather than by the difference in activation
energies for the rate-limiting intramolecular rearrangement steps
(164.0 vs 182.3 kJ motin favor of the spiran pathway). If the
rates of hydrogen transfer to produce tiél-azulyl radicals
The curve in Figure 3 assumes an intrinsic barrj}aEZ;) of 40 parallel those for methylation, the proportion of radicals capable
kJ moit. of rearrangement by the spiran and methylene walk pathways
Those rearrangements that involve ring closure within a would be about 87:13 at 16%C. This translates to AAG*
seven-membered ring generally fit the curve well, but the between radical addition to the five- and seven-membered rings
opening of the tricyclyl radical to the B-azulyl radical, as has  of about 7 kJ moi! and a spiran:methylene walk ratio of 78:
been noted already, has a very low activation energy and lies22 at 400°C, 70:30 at 700C, or 66:34 at 1000C, assuming
10 kJ mot* below the Marcus equation curve. Rearrangements that AAG* is independent of temperature (i.e., tA&F for the
that involve an exocyclic radical closing onto a five- or six- two competing pathways are identical or nearly so). We shall
membered ring also fit the curve satisfactorily. Note that ring now argue that competitive rearrangement between the spiran
closures of the spiran radical are of this type. The three points and methylene walk pathways at these ratios can account
semiquantitatively for the products froffC-labeled azulenes.

Figure 5. Graph of activation energyAE¥) vs reaction energy<AE) for
exothermic rearrangement of cyclopropylcarbinly/homoallyl radicals.
Key: (+) methylyl/cyclopropyl, ©) seven-membered ring/cyclopropyk X
six-membered ring/bicyclo[3.1.0]hexenyl radicah)(tricylclyl/spiro, (O)
9-methylyl/cyclopropyl, and (*) Radom’s cyclopropylcarbinyl/homoallyl.

would show any scrambling. In other words50% of the
reaction must be proceeding by intermolecular reactions if this
interpretation is correct. We return to this question later.

AEF = A—Eé
(1 — AE/AAE})?

(32) Newcomb, M.Tetrahedron1993 49, 1151-1176.
(33) Beckwith, A. L. J.; Bowry, V. WJ. Am. Chem. Sod.994 116, 2710-

2716.
(34) Smith, D. M.; Nicolaides, A.; Golding, B. T.; Radom, 0. Am. Chem.
S0c.1998 120, 10223-10233.
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Accounting for the Products from Labeled Azulenes by Scheme 13. Rearrangement Products from 4,7-13Co-Azulene

T

58 &

+
+
+

a Combination of the Radical-promoted PathywaysNo static Spiran
thermolyses o3C-labeled azulenes have been reported. How- - OO +
ever, Zeller and Wentrdppassed 4,73C,-azulene through a
flash thermolysis tube at 95 and an estimated pressure of Methylene walk
1072to 1073 Torr. These authors analyzed the outcome of this
elegant double-labeling experiment in terms of their norcara-
diene-vinylidene mechanism, although at least three of the +
products they identified (1,3-, 1,6-, and 3G,-naphthalene)
could not arise via this mechanism.

It is interesting to reanalyze their data in terms of the spiran
and methylene walk mechanisms, which can accourdlfdheir *
labeled naphthalene products, while not predicting the formation
of other isomers that are not observed. T@&NMR spectrum
of their naphthalene product shows doublets for labeled carbon
atoms coupled to nonequivalent labeled carbons elsewhere in “
the same molecule (e.g., 11¥s,-naphthalene) and singlets due
to the carbon atoms of symmetrical doubly labeled naphthalenes
(e.g., 1,513C,-naphthalene). The presence of small amounts of ~ Scott and Kirm¥ subjected 2°C-azulene to flow thermolysis
singly labeled azulene in the starting material may also give at temperatures between 725 and 8G0and found the labeled
rise to singlets. The naphthalene product shows unsplit peakscarbon to be distributed between the 1-, 2-, and 9-positions of
at both 125.7 and 133.4 ppm in addition to doublets centered naphthalene in the ratio 55:39:6%, with an estimated error in
at these positions due to the expected 23@M-naphthalene. determination of the ratios o£3%. They also thermolyzed
The 133.4 ppm singlet is reasonably assigned to the presenc®-*C-azulene at 838C and found the label distributed in the
of 9-13C-naphthalene arising via the spiran pathway from some naphthalene product at the 1-:2-:9-positions in the ratio 32:15:
singly labeled azulene. However, the unsplit peak at 125.7 ppm, 53%, againt3%. The methylene walk pathway predicts a 0:0:
due to labeled carbons Atpositions in naphthalene, is about 3 100% distribution in the latter case, while the spiran pathway
times stronger relative to the doublet due to 230 with full equilibration via hydrogen shifts predicts 40:40:20%.
naphthalene than the central 133.4 ppm peak is relative to theAs Scott and Kirms point out, no simple linear combination of
other doublet for 2,183C,-naphthalene. We propose that 2,6- these two can reproduce the observed ratios. On the other hand,
and 2,7%3C,-naphthalene, products of the methylene walk if ring opening to the 94-naphthyl radical competes with the
pathway in which the labeled ¥C becomes transposed into degenerate hydrogen shift between thel-9and 10H-azulyl
the other ring, can explain the extra intensity in the 125.7 ppm radicals, as discussed earlier, then the outcome of both the
peak. The large unsplit peak at 127.8 ppm can be assigned tdhermolyses can be accounted for. We assume a 69:31 ratio
1,4-, 1,5-, and 1,8%C,-naphthalene. The norcaradiend- between the spiran and methylene walk pathways as discussed
nylidene mechanism can only account for 33@,-naphthalene, above, but also that a fractionof the intermediates on the
although Zeller and Wentrup acknowledged the potential spiran pathway undergat leastone degenerate hydrogen shift
presence of the other isomers. Thus, all the observed productdefore exiting to the $4-naphthyl radical. Note that a smaller
can be accounted for by a combination of the spiran and fraction (%) will undergoat leasttwo hydrogen shiftsx3, at
methylene walk pathways. One product which can only be least three, and so forth; the required hydrogen shifts are
explained by the spiran pathway (2,3,-naphthalene) is  highlighted in Scheme 14. Empirically, ¥ = 0.67, and 69%
clearly present, and we suggest that there are several productf the reaction proceeds by the spiran pathway (i.e., 31%
present which can only arise via the methylene walk: 33~ methylene walk), the ratios predicted are 31:16:53% f&i(3-
naphthalene resulting from migration of the 5- or 6-carbon in azulene and 52:39:9% for *f€-azulene, in very satisfactory
4,743C,-azulene into the other ring, and 1,5-, 1,6-, 1,7-, 1,8-, agreement with experiment. The assumption that 0.67
2,6- and 2,73C,-naphthalenes arising by migration of one or corresponds tAAG* 6 kJ mol* between ring opening to the
other of the labeled carbons (Scheme 13). A semiquantitative 9-H-naphthyl radical and the degenerate hydrogen shift, and
interpretation can be attempted on the assumption that 69% ofthis compares very favorably with the calculat®dG* of 7.4
the reaction is proceeding via the spiran pathway, and 31%, bykJ mol! (see Scheme 9 and Figure 3). It is encouraging too
the methylene walk mechanism. The spiran pathway will then that we can fit the results using the same 69% spiran pathway
produce 35% 1,43C,- and 35% 2,103C,-naphthalene. As a  aswas required to explain the result from #¢,-azulene. Note
first approximation, the methylene walk mechanism might result that, in the latter case, the fraction of intermediates on the spiran
in equal migration from each of the 4-, 5-, 6-, 7-, and 8-positions Pathway that undergo hydrogen shift is immaterial, since the
of azulene, with the “walked” carbon appearing with equal Only possible products from the spiran pathway are [#G4}-
probability at any of the positions in the other ring. Simple and [2,1013C;]-naphthalene.
statistics then leads to 12% 11%:,-, 6% 1,423C,-, 3% each Becker et af studied the naphthalenes produced froA%@-
of 1,6-3C,- and 1,71%C,-, and 1.5% each of 1,5-, 1,8-, 2,6-, azulene by photolysis and by thermolysis at temperatures
and 2,73C,-naphthalene from this pathway. The sum of these ranging from 1000 to 1186C. Flash thermolysis at 100TC
percentages from the two pathways fits the published NMR dataled to distribution of the label at the 1-:2-:9-positions in the
rather well. ratio 57:10:32%. The assumptions used previously do not
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Scheme 14. Fate of 1-13C- and 9-13C-azulene in the Spiran Pathway
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perform so well in this case, predicting ratios of 62:3:35%. In that thermolysis of 2-D-azulene at 44C gives 1-D- and
particular, it is hard to see how the amount 0f2-naphthalene  2-naphthalene in the ratio of1:2.4 (determined by Raman
could be greater than 5%, since the only route (intramolecular spectroscopy), and similar ratios (1:2.32 and 1:2.29) were
or radical-promoted) that leads to this product is methylene walk observed for 2-methyl- and 2-cyanoazulene, respectively. If it
(of the labeled carbon). However, some scrambling of the label is assumed that the substituents (other than deuterium) do not
in recovered azulene was observed (92%@-azulene, 5.4%  undergo the 9,10-shift, so that the predicted amount of 9-sub-
5-13C-azulene, and 2.7% *BC-azulene), and rearrangement of  stituted naphthalene product should be added to the 1-substituted
the 5- and 1-labeled azulenes could provide mor&C2- product, then the 1-:2- ratio should be 1:2.5, in good agreement
naphthalene. with the experiment data for 2-methyl- and 2-cyanoazulene.

There can be little doubt that competition between the two  If the spiran and methylene walk mechanisms are the only
pathways would be influenced by the presence of substituents.pathways operating, at least in low-temperature static thermoly-
Thus, most of the evidence for the methylene walk mechanism ses, it should be possible to give a semiquantitative account of
was gathered from thermolysis of dimethylazulenes in which the extent of deuterium scrambling in the thermolysis 8H4-
both methyl groups were in the seven-membered ring. Theseazulene. It is worth noting that the naphthalehed;:-d;
would probably make radical addition to the 4-, 5-, and observed ratios 13:74:13 at 480 5 °C and 12:76:12 under
6-positions of that ring more favorable and thus favor the flash thermolysis conditions at 118C are quite close to that
methylene walk. On the other hand, the spiran pathway may expected from the statistical loss of label from @H3D radical
contribute more to the rearrangement of 1- and 2-substituted (11:78:11). However, we argued previously that extensive
azulenes because initial radical attack in the five-membered ring intermoleculathydrogen atom scrambling between intermediates
would be favored in these cases. Nevertheless, it is worth in the rearrangement is unlikely. As noted before, the spiran
applying the simple assumptions used previously to predict the pathway should result in naphthaledg-d;:-d, ratios of 25:
products from 2-substituted azulenes. At the lower temperatures50:25 from 42H-azulene. Loss of deuterium would only occur
used in these experiments, the fractignof intermediates for those molecules that entered the methylene walk mechanism
undergoing the hydrogen shift will increase, so thathould by addition to the labeled carbon (C-4), so the amount of
now be about 0.79, and the spiran:methylene walk ratio will scrambling to be expected from this pathway is less. In static
increase to about 79:21. This leads to a predicted product ratiothermolyses at 408500 °C, we assumed previously a spiran:
from 2-13C-azulene of 18C-:2-13C-:9-13C-naphthalene of 22:  methylene walk ratio of 79:21, and this leads to naphthalene-
71:7. We reported a 1-:2- ratio of about 1:2, based on the small dy:-d1:-d, ratios of about 20:60:20, that is, rather more scram-
amount of labeled naphthalene from thermolysis dfQ@-2- bling than was observed. In high temperature flash thermolyses,
methylazulene accompanied by demethylation. We also reportedthe spiran:methylene walk ratio would drop to about 64:36,
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leading to the prediction ofess scrambling, although our  that intermolecular processes can be important under flash
prediction, based on the assumptions used previously, is stillthermolysis conditions, and we have suggested &ahd 4
above that observed. Thus, the room for incursion of intramo- could arise from a simple extension of the spiran pathway in
lecular mechanisms seems to be very limited. which the spiro-radical opens to a vinyl radical (Figure 3 and
Radical-Promoted versus Intramolecular Pathways.We Scheme 8). Indeed, Zimmermann et®&i’-3° have studied the
believe that the evidence for the operation of the spiran and formation of azulene, naphthalene, and 1-methylddentiene
methylene walk radical-promoted pathways in the rearrangementfrom 1-phenyl-1-buten-3-yne under flash and flow thermolysis
is very strong. These pathways surely operate more or lessconditions at temperatures between 550 and 1€000and
exclusively during static thermolyses at 40800 °C. Flash demonstrated the involvement of vinylidenes but also of vinyl
thermolysis conditions should favor intramolecular processes, type radicals. In his revie#:, Zimmermann states48 (1-
but we suggest that it is appropriate at this point to ask to what methylene-H-indene) and49 (azulene) were proven to rear-
extent extra (intramolecular) mechanisms actually contribute range into47 (naphthalene) exclusively by radical-drive steps”.
even at the highest temperatures. Unimolecular mechanisms withThis refers to studies in the temperature range up to “€Q0
free energies of activatiome 350 kJ mot! can only be and Zimmermann et &f also noted that the operation of radical-
competitive in flash thermolysis at temperatures above 1100 promoted pathways should decrease at higher temperatures,
°C, assuming a contact time of a few seconds and a pre-because of the decreasing probability of radical addition at these
exponential factor of 1§ sL. Alternatively, our calculated  temperatures. On the basis of current evidence, the norcaradi-
activation energies for the proposed intramolecular mechanismsene-vinylidene mechanism may operate to a limited extent in
would have to be in error by-80 kJ moi™t to permit these the azulene-naphthalene rearrangement at the highest temper-
mechanisms to operate even at 7800 °C. atures (above 1000C); even here our judgment is that the
The evidence that the degree of deuterium scrambling in radical-promoted pathways probably still dominate.
thermolyses of #H-azulene is the same within experimental )
error at 1180°C under flash thermolysis conditions as that at _ Acknowledgment. We thank EPSRC for a studentship under
400-500°C during static thermolysis also superficially suggests Grant GR/L75191.
that radical-prqmoted pathway.s. dominate even under these Supporting Information Available:
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spiran pathways further strengthens the case that these really
are the major mechanisms for rearrangement of azulene toJA029584Q
naphthalene under almost all conditions.
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vinylidene mechanism. There is now quite extensive evidence 3412.
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