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Trimethylenemethane. Activation Energy for the
Ring Closure of a 1,3 Diradical
Sir;

The magnitudes of the splittings among the electronic en-
ergy levels of the carbon-centered 1,3 diradicals, and the
chemical and physical properties which follow, lie at the focal
point of a major, current theoretical controversy, Attention is
directed to the 1,3 diradicals trimethylenemethane (I)! and
trimethylene (II),2 and their energetic relationship to their
closed-chain isomers, methylenecyclopropane and cyclopro-
pane, respectively.
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The barrier to ring closure of II to cyclopropane has been
predicted, on the basis of thermodynamic and kinetic consid-
erations, to be ~9 kcal/mol.? This rather substantial barrier
stands in stark contrast to the nil barrier calculated on the basis
of quantum mechanical methods.2# Although the disparity
between the quantum mechanical and the thermodynamic-
kinetic approaches has been the subject of much discussion,?*
the parent trimethylene diradical Il being unknown as a
spectroscopically detectable intermediate,’ there has been no
direct experimental test of the two conflicting predictions.

Trimethylenemethane (1) differs from II in two important
respects, First, both the quantum mechanical® and the ther-
modynamic-kinetic’ treatments are in agreement in estimating
the activation barrier for the ring closure of I to methylene-
cyclopropane to be ~20 kcal/mol,”?1% Second, through the
use of electron spin resonance spectroscopy, diradical I is
readily observed, as a metastable intermediate.! Stable in-
definitely at the boiling point of liquid nitrogen, trimethyl-
enemethane (I) decays at a measureable rate at temperatures
near —150 °C.13

The observation of rapid ring closure of diradical I at —150
°C creates some reluctance at the ready acceptance of the
activation barrier of 20 kcal/mol, calculated on the basis of
the theoretical models described above.”-1015 In addition, it
appeared that examination of the experimentally accessible
diradical I might illuminate some of the properties to be ex-
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Figure 1, Arrhenius plot of the kinetics of ring closure of trimethylene-
methane-de (I-ds) to methylenecyclopropane-ds.

pected of the inaccessible diradical II, Thus, since methyl-
enecyclopropane is characterized by a substantially more
positive heat of formation,!® reflecting in part greater strain
energy, 6 than cyclopropane and since I is expected and found
by its very accessibility to be more stable, relative to its tran-
sition state for ring closure, than II, the activation energy re-
quired for the ring closure of I sets an upper bound on that
required for the ring closure of diradical II. Thus, it was at-
tractive in a broad sense to determine the energy of activation
for the ring closure of I, particularly so, this being the first
direct observation of the kinetics of ring closure of an open-
chain 1,3 diradical.

I was generated in frozen matrices by ultraviolet irradiation
of 3-methylenecyclobutanone!” and by v irradiation of
methylenecyclopropane.!® Fully deuterated trimethylene-
methane (I-d¢) was generated by + irradiation of methylene-
cyclopropane-d¢. Kinetic experiments were carried out by
measuring the rate of decay of the electron spin resonance
spectrum of the triplet I, over the temperature range —137 to
—155 °C, Good first-order kinetics were observed in all runs,
The energies of activation from these several experiments are
shown in Tables I and I1. An Arrhenius plot leading to one of
these results, that of I-d generated by radiolysis of a neat so-
lution of methylenecyclopropane-ds, is shown in Figure 1.

Table 1. Activation Energies for the Ring Closure of Trimethylenemethane Prepared from Methylenecyclopropane

Starting material E,, kcal/mol? Log A¢ Temperature range, K
Methylenecyclopropane? 7.8 +£0.7 99+1.2 120.1-135.0
Methylenecyclopropane® 7.1+0.6 8909 120.7-135.0
Methylenecyclopropane? 62+09 7.7+1.6 124.2-137.1
Methylenecyclopropane-de? 73403 9.1+0.5 119.5-135.6
Methylenecyclopropane-de® 74+£08 98+13 117.7-131.9
Methylenecyclopropane-dg” 6.6 £2.1 9.1+3.9 112,6-122.5

9 With standard deviation. & Neat sample. ¢ 5.4 M in hexafluorobenzene. 4 4.3 M in hexafluorobenzene. ¢ 4.8 M in hexafluorobenzene.

/2.8 M in hexafluorobenzene.

Table I1. Activation Energies for the Ring Closure of Trimethylenementane Prepared from 3-Methylenecyclobutanone

Starting material E,, kcal/mol“? Log A° Temperature range, K
3-Methylenecyclobutanone? 20+£04 6.7+0.8 109.0-128.0
3-Methylenecyclobutanone* 50+£0.8 58+ 1.4 113.9-138.2
3-Methylenecylobutanone4 3.5+£07 30+ 14 110.6-118.1
3-Methylenecyclobutanonee 48 +£ 0.6 6.1+1.1 108.1-124.2

9 With standard deviation. ¥ In methylenecyclopropane solvent. ¢ In decalin solvent. 4 In methylcyclohexane solvent. ¢ In perfluorometh-

ylcyclohexane solvent.
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Several conclusions may be drawn from the results shown
in Table I. Within the limits of experimental error, no
foreshortening of the activation barrier to ring closure is ob-
served on comparing I-dg to I, Proton-tunneling apparently
does not lead to truncation of the activation barrier and to a
falsely low energy of activation, This is important, for the ex-
perimental activation barrier to ring closure of 7 kcal/mol is
lower, by 10-20 kcal/mol, than that predicted by theory.5-1°

Comparison of Table I and Table II shows that, while the
activation energies derived from the methylenecyclopropane
experiments were sensibly constant, those from 3-methyl-
enecyclobutanone were consistently lower and more variable.
This is tentatively ascribed to a possible perturbing effect of
the carbon monoxide fragment. Further manifestation of some
such perturbation is provided by the low and variable values
of log A4, even in methylenecyclopropane as solvent, The low
values of the energy of activation obtained from the ketone do
not interfere with the main argument to be presented: that 7
kcal/mol is the maximum energy of activation for the ring
closure of trimethylenemethane to methylenecyclopropane,

If the measured value of 7 kcal /mol is the maximum energy
required to convert the ground-state triplet of I into the lowest
singlet state of I and if it is assumed that the 41-kcal/mol ac-
tivation energy for ring opening of methylenecyclopropane
determined by Chesick® connects methylenecyclopropane
(AH; = 48 kcal/mol)!® with the lowest singlet state of I, then
the heat of formation of ground-state triplet of I can be esti-
mated to be 48 + 41 — 7 = 82 kcal/mol, To the extent that
activation energy is required for the conversion of the lowest
singlet state of I to the triplet state of I or to methylenecyclo-
propane?%2 the 82-kcal/mol estimated heat of formation will
be uncertain,?t The uncertainty is, however, bounded by the
7-kcal /mol activation energy for the triplet of I to singlet of
I conversion, since this must be the highest barrier on the re-
action coordinate,

It now seems reasonable, on the basis of arguments pre-
sented above, to set 7 kcal/mol as a maximum for the energy
of activation of ring closure of the diradical II. It does not seem
possible to go beyond this point in a rigorous fashion with the
present data. However, the kinetic experiments described above
do demonstrate the tendency of the thermodynamic-kinetic
approach to overestimate the barrier to ring closure in a closely
related diradical I. On this qualitative basis, one might suggest
that diradical II probably closes to cyclopropane with an ac-
tivation energy approaching that of the quantum mechanical
estimates,*

The reason for the overestimate’ of the thermodynamic-~
kinetic approach is of interest. There are two unknowns in such
an estimate.?%%7 One is the energy of activation for ring closure
of the diradical, The other unknown is the energy required for
the hypothetical cleavage of the second carbon-hydrogen bond
in the thermodynamic cycle leading to the diradical, The ac-
tivation energy for ring closure having been found to be sub-
stantially lower than that estimated,’ the energy required to
cleave the carbon-hydrogen bond must be considerably higher
than the assumed value of 85 kcal/mol.” Indeed, one can make
the first experimentally based estimate for the dissociation
energy of the second allylic carbon-hydrogen bond in isobu-
tylene leading to I; it is 104 kcal/mol.

The value of 7 kcal/mol, found experimentally for the en-
ergy of activation for ring closure, is of special interest as a
measure of the extent of resonance stabilization afforded to
the ground-state triplet of 1. Simple Hiickel molecular orbital
theory!0 predicts an incremental resonance stabilization of 9
kcal/mol over that of the ally! radical for I. This value has as
its basis the energy required for homolytic cleavage of the
carbon-hydrogen bond leading to the allyl radical,!® and would
appear, thus, not to be an unreasonable estimate. It suggests
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a dissociation energy of 89 kcal/mol for the second allylic
carbon-hydrogen bond of isobutylene. More sophisticated
theoretical methods® have also assigned comparably sub-
stantial stabilization energies to the ground triplet state of 1
and, consequently, make a similar prediction for the disso-
ciation energy of the second allylic carbon-hydrogen bond. By
contrast, the value of 104 kcal/mol, derived from the experi-
ments described here, for homolytic cleavage of the second
carbon-hydrogen bond of isobutylene, leading to I, is ap-
proximately that of a normal, saturated primary carbon-
hydrogen bond. This discrepancy between theory and experi-
ment may be taken as a measure of the energetic destabiliza-
tion of conjugated open-shell, 4-r-electron molecules.?!
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Neoconcinndiol Hydroperoxide, a Novel Marine
Diterpenoid from the Red Alga Laurencia
Sir:

The rarity of the hydroperoxide functionality in nature!
prompts us to report here the structure of a unique diterpene
hydroperoxide 1 which was isolated from extracts of the red
seaweed Laurencia snyderiae (Dawson).? The structural
similarity of 1 to the known diterpene concinndiol,3 also iso-
lated from L. snyderiae, prompts us to suggest the trivial name
neoconcinndiol hydroperoxide for this metabolite.

Conventional silica gel column chromatography of the
CHCl3-MeOH (1:1) extract of the fresh algae furnished

1 2

fractions, one of which (100% diethy! ether eluent) deposited
crystals of 1, [@]??p —35° (¢ 0.8, CH30H), mp 158-159 °C
(0.07% extract). Inspection of the earlier fractions resulted in
the isolation of major amounts of 2, mp 122-123 °C, as de-
termined by comparisons with standard samples from L.
concinna.* High resolution mass spectrometry of 1 gave major
ions at m/e 320,2353 for Cy0H3,0; and m/e 304.2404 for
C,0H3,0;, which reflect fragmentations of M+ — H,O and
M+* — H,0, —O0, respectively, from the true molecular com-
position of CyoH3404. The facile loss of water under mass
spectral conditions is in complete analogy to the behavior noted
earlier for 2.3 Initially, it appeared that 1 was an aldehyde,
since a sharp one-proton singlet band was observed in the
proton NMR spectrum (220 MHz, Me,CO-dg) at 6 9.80. The
infrared spectrum of this polar compound (KBr), however, was
devoid of substantial carbony! absorption and showed, instead,
intense hydroxyl absorptions. NMR DO addition experiments

Figure 1. A computer generated perspective drawing of neoconcinndiol
hydroperoxide. Hydrogens are omitted for clarity and only one orientation
of the threefold disordered vinyl group (C(14) and C(15)) is shown.

showed that the sharp band at § 9.80 and two others at § 2.90
and 3.61 were exchangeable hydroxyl protons. The incongruity
of these chemical shifts, coupled with the loss of an oxygen
atom under mass spectral conditions, suggested that the § 9.80
exchangeable band was from a hydroperoxide group.® Sup-
porting this contention, 1 gave a positive iodide-iodine test for
peroxides but generated complex mixtures upon attempted
NaBHj reduction to the corresponding alcohol.

The NMR spectrum of 1 contains a number of features
which can now be assigned to structural facets of 1. However,
initially, only the relatedness to 2 could be concluded. Struc-
tural features associated with the six-carbon side chain were
observed at shifts analogous to those from 2. Specifically, the
isolated vinyl group gave bands at 6 4.94 (dd, J = 10,2 Hz) and
$5.19 (dd, J = 15, 2 Hz) for the terminal protons (C(15)) and
aband at 6 5.89)dd, J = 10, 15 Hz) for the C(14) olefin. Re-
maining in the olefin region was a single band at  5.43 (m),
assigned to the C-2 proton, which was coupled to a set of AB
double doublets (C(1) protons) at § 3,11 and 2.61 (each J =
14, 4 Hz). At high field, a six-proton singlet was observed at
6 1.29 assigned to the gem-dimethyl at C(4), a three-proton
singlet at § 1.22 assigned to the methyl at C(13), and, finally,
a three-proton doublet at 6 0.89 (J = 7 Hz) assigned to the
secondary methyl at C(8).

The final structure assignment for neoconcinndiol hydro-
peroxide was provided by a combination of the aforementioned
spectral studies with a single-crystal x-ray diffraction experi-
ment. Preliminary x-ray photographs revealed that 1 crystal-
lized from acetone in the monoclinic crystal class. Systematic
absences conformed to space group P2, with accurate lattice
constants of a = 6.797 (2) A, b = 13,550 (4) A, c = 10.677 (3)
A, 3=96.81(3)° and Z = 2. All unique reflections with 8 <
114.1° were measured using graphite monochromated Cu Ka
(1.541 78 A) x rays and after Lorentz, polarization, and
background corrections, 1143 (82%), were judged observed
(Fo 2 30 (Fy)).

The structure solution proceeded with great difficulty. The
largest 100 E’s were initially phased by hand and their values
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