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Abstract We recently showed that a simple radical-stabilization algo-
rithm outperformed traditional frontier-molecular orbital methods for
rationalizing the outcome of the venerable Thiele’s acid (or ester) Diels—
Alder dimerization. In the present Communication, we describe a novel
noncanonical Thiele-type dimerization of a cyclopentadiene phosphine
oxide, and show that when steric factors are taken into account the
radical-stabilization method once again correctly rationalizes the regio-
chemical outcome for the reaction. We further show that the method
appears to be general for all known Thiele- and half-Thiele dimerization
events.

Key words Diels-Alder reaction, Thiele’s acid, predictive methods for
cycloadditions

The Diels-Alder reaction is one of the most powerful
methods available to synthetic chemists for the construc-
tion of complex cyclic and heterocyclic frameworks.! Since
its discovery in 1928, the reaction has been broadly applied
in a diverse array of fields, including natural product syn-
thesis, medicinal chemistry, and materials science.'“> For
many simple Diels-Alder reactions, useful predictive
models allow the experimentalist to reliably forecast the re-
giochemical outcome for the transformation. However, for
more complicated Diels-Alder reactions, prediction re-
mains a challenge and so the development of simple (i.e.,
noncomputationally intensive) predictive models remains
an important field of research.

Thiele’s acid (1a) is the principal Diels-Alder dimeriza-
tion product of carboxylated cyclopentadiene (Scheme 1).
While 1a and its simple ester or amide analogues have been
employed in a wide range of applications (e.g., as rigid syn-
thetic scaffolds,> polymer precursors,® chiral building
blocks,> molecular clefts,® etc.), the mechanism of its forma-
tion continues to be a topic of considerable discussion.
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Scheme 1 Prediction of Thiele’s acid or ester dimerization by radical
stabilization logic. Yellow highlighting indicates the least stabilized
radical for each structure.

Because rapid [1,5]-hydrogen shifts allow for facile inter-
conversion between the monomeric substituted cyclopen-
tadiene precursors to Thiele’s acid (4A, 4B and 4C), and be-
cause these three monomers could in principle combine in
a variety of ways, there are actually 72 possible products
that could be envisioned for the reaction (36 endo adducts
and 36 exo adducts). However, only a single major product
is observed, together with two minor regioisomers (2a and
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3a). Owing to this remarkable selectivity - and to the fact
that 1a is by no means the most obvious of the 72 possible
products - Thiele’s acid dimerization makes for a popular
probe for the efficacy of cycloaddition models, and the re-
action is discussed at length both in Fleming’s frontier mo-
lecular orbital (FMO) texts,” as well as in Deslongchamps’
and Deslongchamps’ series on bent bonds and the antiperi-
planar hypothesis.?

We recently showed? that Deslongchamps’ radical stabi-
lization arguments?® outperformed traditional FMO analysis
in rationalizing the regiochemical outcome of Thiele’s acid
(and ester) dimerization. This model involves consideration
of both the diene and dienophile coupling partners as their
singlet diradical resonance forms. Alignment of the least
stabilized radical'® from each reacting species (refer to
Figure S7 for details) is used to predict the outcome of the
reaction. Remarkably, this simple method was successful in
identifying the correct dimerization products (1, 2, and 3)
out of 16 possible combinations of 4B + 4C (4A is sufficient-
ly higher in energy than the other two isomers that it evi-
dently does not exist at all within the reacting mixture),’
without the need for any intensive computational work. In
stark contrast, alignment of the calculated orbital co-
efficients for the 1 systems of 4A, 4B, and 4C (the basis for
FMO analysis) failed to successfully predict any of the three
products.

In some ways, the success of diradical methods in pre-
dicting the outcome of Diels-Alder reactions should hardly
be surprising, given that Dewar and others have long ar-
gued for the existence of diradical (or at least ‘radicaloid’)
character in the transition states of Diels-Alder couplings
and other pericyclic reactions.!'-'* Indeed, Dewar wrote 30
years ago that ‘[t]he regioselectivities and rates of Diels—
Alder reactions can be predicted on this basis, more simply
and more reliably than they can in terms of frontier molec-
ular orbital theory.'!! The central problem, though, has al-
ways been that for most cycloadditions only a few possible
regiochemical outcomes can be envisioned, and most pre-
dictive models (FMO analysis, resonance considerations, di-
radical arguments, etc.) are successful in identifying the
same, correct outcome (which is almost always known
ahead of time anyway).

By contrast, the large variety of possible homo- and het-
erodimerization events that could potentially occur for spe-
cies like 4A-C, coupled with the fact that the identities of
the minor regioisomers resulting from dimerization (i.e. 2
and 3) were often incorrectly reported in the literature pri-
or to our recent structural characterization efforts® (sug-
gesting that the correct structures would not have been
known to the earlier proponents of different predictive
models) means that Thiele-type dimerizations can provide
a uniquely effective testing set for the predictive power of

various models. While we successfully exploited this testing
set in our recent study® we also recognized that it would be
more valuable if it could be expanded to include more re-
giochemical diversity.

In the current Communication, we contribute to this in-
creased diversity by describing the synthesis of a novel
phosphine oxide containing dimer, and showing spectro-
scopically that the regiochemical outcome for this reaction
differs from that leading to the parent Thiele’s acid. We fur-
ther show the application of the radical-stabilization model
to the successful prediction of regiochemistry for this and
related noncanonical Thiele-type dimerizations, i.e., those
in which different substitution patterns from 1a are ob-
served in the product.

Our first challenge lay in accessing a novel, noncanoni-
cal Thiele acid analogue. In previous synthetic work, we
showed that cyclopentadiene esters dimerize analogously
to cyclopentadiene carboxylates, affording an equivalent
collection of regioisomers (i.e., 1b, 2b, and 3b) albeit with
somewhat altered product ratios.® Ketones behave similarly,
at least to the extent of producing major products analo-
gous to 1.51% In order to achieve different substitution pat-
terns, we reasoned that we would have to employ more
dramatically different electron-withdrawing groups.

To this end, we treated sodium cyclopentadienylide
with diphenylphosphinic chloride (5a) to give a mixture of
substituted cyclopentadienes 6. Consistent with the previ-
ously reported data for 4, our analysis of an NMR spectrum
for 6 (see Supporting Information for spectral data) re-
vealed mostly isomer 6B, along with a smaller quantity of a
minor species that we assigned as 6C. No signals corre-
sponding to 6A were observed.
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Scheme 2 Synthesis of noncanonical Thiele’s acid analogues incorpo-
rating phosphine oxide groups and selected NMR data for product 7a.

Values in blue indicated 'H NMR shifts. Values in red indicate 3'P NMR

shifts.
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Dimerization of 6 was effected by heating the neat mix-
ture at 50 °C. A compound which clearly bore a different
substitution pattern from that of 1 was obtained as the only
isolable regioisomer. We collected an extensive series of 1D
and 2D NMR spectra for the isolated compound ('H, 13C,
COSY, HMQC, 3P HMBC, 1D NOE). 3'P HMBC experiments
were particularly useful in assigning the product as 7a
(Scheme 2).'> For example, long-range couplings from the
phosphorous at § = 23.6 ppm to the alkene proton at § =
5.38 ppm as well as to the methylene protons at § = 2.50
and 1.89 ppm were key to assigning the regiochemistry of
the Eastern hemisphere of the product. Similarly, long-
range couplings from the phosphorus at 6 = 29.9 ppm (to
both bridge protons at & = 1.68 and 1.85 ppm, to the down-
field methine proton at 6 = 3.95 ppm, and to the alkene pro-
ton at § = 6.2 ppm) were very helpful in assigning the struc-
ture of the norbornene moiety. 1D NOE data confirmed the
endo ring architecture. Compound 7a is analogous to a
minor regioisomer (3a and 3b) in Thiele’s acid or ester di-
merization. Clearly then, the presence of the phosphine
oxide functional group is exerting a significant control over
the reaction outcome.

To probe this effect, we considered all possible pairings
of 6B and 6C (see Supporting Information Figure S4 for
illustrations of all 16 possible dimerizations; couplings in-
volving 6A were discounted in view of the apparent ab-
sence of this species from the reaction mixture). As shown
in Figure 1, alignment of the least stabilized radical (as
identified by the algorithm described here) in each case
predicts only four electronically favoured combinations
(6Bpiene + 6CpienopriLe: TS, 6Cpieng + 6Bpienoprie: TS2, 6Bpy.
ene * 6Bpienoprie: TS3 and 6Cpgng + 6Cpenopuie: TS4). Since
it is well-known that transition-state geometries and steric
effects are important in determining the outcome of Diels—
Alder reactions,'® we next considered these factors in our
model. TS1 would clearly be rejected on steric grounds, ow-
ing to the formation of two adjacent quaternary centres.
TS2 - which is analogous to the combination that leads to
1a and 1b for the acid and ester cases - would in this case
suffer from substantial crowding due to the need to bring
four phenyl rings into close proximity with one another.
Thus, the tetrahedral geometry of the phosphine oxide sub-
stituent would be expected to significantly limit the acces-
sibility of this transition state.

Between TS3 and TS4, it is less obvious which one
would be favoured. However, rotation of the association
complexes reveals that TS4 suffers from steric repulsion be-
tween the phenyl substituents and the protons on the
cyclopentadiene ring (blue in Figure 1).17 Thus, TS3 is the
least sterically hindered combination among the four elec-
tronically permitted pairings of monomers and would
therefore be expected to best facilitate the dimerization re-
action, even though it leads to a relatively congested prod-
uct. Significantly, TS3 would uniquely (and correctly!) pre-

72 :

Figure 1 Electronically favoured combinations for the formation of
possible phosphine oxide dimers, and their transition states. Yellow
highlighting indicates the least stabilized radical for each structure.
Transition states were approximated through observations of plastic
models.

dict the observed product 7a among the 25 possible out-
comes for the dimerization of 6 (16 possible outcomes if the
participation of 6A is discounted at the outset) - an impres-
sive feat considering that this is the first time that a non-
canonical Thiele product has been fully rationalized by any
conceptual model.

We repeated the reaction in Scheme 2 using the smaller
dimethylphosphinic chloride (5b) as the electrophile, and
found that an analogous product (7b) was obtained as the
only isolable species. Thus, the tetrahedral geometry of the
phosphine oxide is apparently sufficient to bias the reactiv-
ity, notwithstanding the smaller size of the methyl substit-
uent relative to phenyl. Searching the literature, we also un-
covered a similar reaction reported by Bridges and Fisher
for the dimerization of sulfonylated cyclopentadienes to
afford the bis-sulfone 9 in 55% as a single regioisomer
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(Scheme 3).® Once again, the tetrahedral nature of the elec-
tron-withdrawing group may guide the reaction through
TS3 in preference to the canonical TS2 transition state.

SO,Ph SO,Ph SO,.Ph H
TJ=T=g |4
8A 8B 8C

I

Pho,s Ly

SOzPh
9
55% as a single regioisomer

Scheme 3 Bridges’ synthesis of bissulfonylated dicyclopentadiene 9

Thus far, we have shown that one should be able to cor-
rectly predict the regiochemical outcome of the dimeriza-
tion of monosubstituted cyclopentadienes through a com-
bination of the radical stabilization algorithm described
here and simple steric arguments. In order to further test
the reliability of this model, we next considered an even
more complex system. In 1986, Kimpchen and co-workers
reported a dimerization of bis-sulfonyl cyclopentadienes 10
to afford the tetrakis-sulfonyl dicyclopentadiene 11
(Scheme 4) in 72% yield."®

PhO,S._ _H
SO,Ph SO,Ph SO,Ph H
— — e )
- - SO,Ph
SO,Ph SO,Ph SO,Ph PhosS Ik
10A 10B 10C
SO,Ph

"
72% as a single regioisomer

Scheme 4 Kampchen’s synthesis of tetrasulfonylated dicyclopen-
tadiene 11

Because we had no information about the relative abun-
dances of intermediates 10A, 10B, and 10C, we simply listed
all 25 possible pairings (see Supporting Information Figure
S5 for details). After matching the least stable radical centre
(as identified by the algorithm) from each monomer, and
discarding those combinations that would lead to obvious
steric clashes (see Supporting Information Figures S5 and
S6), we were left with four reasonable trajectories for the
reaction (TS5, TS6, TS7, and TS8 in Figure 2).

While TS5, TS6, and TS8 each have at least one pair of
phenyl rings which would unfavourably interact with one
another, TS7 suffers comparatively less steric crowding.
This would therefore be the expected pathway for the reac-
tion to follow. Indeed, the predicted regiochemistry for the
reaction once again coincides with the observed product.

To the best of our knowledge, compounds 7a, 7b, 9, and
11 are the only known noncanonical Thiele-type homodi-
merization products. However, other monosubstituted
products are known, which arise from heterodimerization
of carboxylated cyclopentadienes 4 with unsubstituted

SO,Ph
SOPh SO,Ph Q ) SO,Ph
A\ PhO,s”
SO.Ph SO,Ph SO,Ph
10A 10B 108 10A
SO,Ph .
SOR SO,Ph - SOzPh
Tttt PhO,S
SOzPh SO,Ph SO,Ph
10A 10A 10B 10B
n_
<=o—2% o t 0 o E

TS7 TS 8

Figure 2 Electronically favoured combinations for the formation of
tetrakis-sulfonyl dicyclopentadienes and their transition states. Yellow
highlighting indicates the least stabilized radical for each structure.
Transition states were approximated through observations of plastic
models.

cyclopentadiene. These ‘half-Thiele’ compounds 12 and 13
(Scheme 5) were initially reported by Peters,?° and were re-
cently used by our group as precursors of functionalized
polydicyclopentadiene materials.*®

As a final test for the validity of the radical stabilization
algorithm developed herein, we drew out the eight possible
pairings for cyclopentadiene with either 4B or 4C, once
again discounting 4A since it is absent from the reaction
mixture (Scheme 5).

Since cyclopentadiene itself is symmetric, we need only
identify in this case which prospective couplings involve
the alignment of the least stabilized radical of the 4B or 4C
resonance structure to one of the terminal radicals of the
cyclopentadiene diradical. Five possible pairings fulfil this
criterion (circled in Scheme 5). Of these, three would in-
volve the creation of quaternary centres, and so the transi-
tion states for these pairings (circled in red) would be ex-
pected to be somewhat higher in energy than those for the
other two possibilities. Considering both electronic and
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Scheme 5 ‘Half-Thiele ester’ synthesis and predictions by radical-
stabilization logic. Yellow highlighting indicates the least stabilized
radical for each structure.

steric effects, then, one would anticipate the two pairings
circled in blue to be the most productive. Once again this is
borne out by the isolated products, since one of the two
predicted heterodimerizations would lead to compound 12
while the other would afford compound 13.

In summary, we have described the first synthesis of
phosphine oxide containing Thiele acid analogues (7a and
7b) and shown through rigorous spectroscopic analysis that
these species are regiochemically dissimilar from the usual
major products arising from dimerization of cyclopenta-
dienes bearing electron-withdrawing groups (e.g., 1a and
1b). We have further shown that these outcomes, together
with other unusual homo- and heterodimerizations report-
ed in the literature (leading to 9, 11-13) can be easily ratio-
nalized using radical stabilization arguments that follow
logically from those advanced by Dewar!! and Deslong-
champs,® together with simple steric considerations (see
Figure S7 for a graphical illustration of the complete predic-
tion algorithm). The success of these simple methods - re-
quiring no intensive calculations - in rationalizing the out-
comes for such complex cycloadditions is quite remarkable
and we hope that our results will stimulate further discus-
sion among other groups as to their validity in predicting
the outcomes of challenging Diels-Alder reactions.
Although Deslongchamps and Deslongchamps have argued
that radical-based predictive methods have general appli-
cability across most simple Diels-Alder reactions,® and we

have shown here their utility in correctly rationalizing the
outcomes of complex dimerizations that were not well-
known at the time of the Deslongchamps and Dewar publi-
cations, it is still of course possible that the method will fail
for other systems. Additionally, we should stress that one
substantial current limitation to the algorithm discussed
here is its inability to rationalize which product will form in
greatest abundance. For example, the model correctly iden-
tifies the formation of compounds 1-3 over the other 13
possible outcomes, but does not satisfactorily address the
relative ratios of the three observed products. Similarly, the
model fails to adequately account for the predominance of
half-Thiele product 13 over the related structure 12. This
distinction is particularly relevant to our polymer synthesis
efforts, since 12 is a valuable monomer for ring-opening
metathesis polymerization (ROMP) while 13 is not.*

From a synthetic planning perspective, we are encour-
aged to note that simple radical stabilization appears to be
valuable in predicting the outcomes of complex reactions.
But we leave it for others to debate whether or not these re-
sults necessarily imply the existence of diradical (or diradi-
caloid) character in the Diels-Alder transition state, or
whether ‘radical stabilization’ merely functions as a conve-
nient proxy for some other property (e.g., unanticipated
FMO coefficient contributions, subdominant orbital inter-
actions,?! paralocalization energy,? etc.) that may be im-
portant in governing the reaction outcome.
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