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Low-temperature crystal structures of three pyrrolediones (3
compounds that cannot undergo decarbonylation. Systematic trends in bond |

reaction coordinate, in accord with the structure correlation principle of Dunitz. Since the pyrroledione and furandione rings in 3

L ANH)Y
Orbital disconnection

-5) and a furandione (9) were obtained and compared to structurally related

engths and angles are consistent with distortions along the
-5and 9 are

planar, these ground-state geometries prefigure the calculated planar, pseudopericyclic transition states.

Many pseudopericyclic reactions are calculated to have
planar transition statésin contrast to pericyclic reactions,
which have nonplanar onésHow can this prediction be
explored experimentally? In this work, we do so by examin-
ing ground-state geometries that prefigure the transition state
The structure correlation principle, as elaborated by Dunitz,

have shown that cyclohexenes are distorted toward retro-
Diels—Alder reactions, only when constrained to a boat
conformation, as in the transition st&f&. Thermal chele-

tropic decarbonylation of 3-cyclopentenone (eq 1) has only

recently been shown by one of%tgo follow the linear,

disrotatory stereochemistry predicted by Woodward and

suggests that structures of molecules can show distortionsHoffman and by ab initio calculatiorfsExamination of

along a reaction coordinate, but only when the same crystal structures of nonplanar 3-cyclopentenone derivatives
electronic factors that stabilize the transition state are presentshows that they are similarly distorted along the reaction
in an appropriate ground-state geométithis is indeed a  coordinate for cheletropic decarbonylatirin contrast to

corollary of the well-known Hammond postulate and the the nonplanar distortions toward nonplanar, pericyclic transi-

older, but less cited, BellEvans—Polanyi principlé Such
distortions are indeed observed in pericyclic reactfoviée
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tion states found for pericyclic reactions, the crystal structure if, and only if, the rings are in the proper conformation for
of the [4 + 2] dimer of camphorketene shows in-plane this reaction. Specifically, if the rings are planar and distorted,
ground-state distortions toward the calculated planar and,then this provides strong experimental support for the
therefore, pseudopericyclic transition state. calculated planar, pseudopericyclic transition states.
Therefore, structures of three pyrrolediones were deter-
mined and comparisons were made with related structures

3 i) # that lack one or more of the features necessary for the
[>'=O _’A I I M decarbonylations. Compoun@s-8 were prepared, and the
- £ crystal structures were determined at 130 K to reduce thermal

errorst® The uncertainties in the distances and angles are
available in the CIF files, but are uniformiy0.002 A and

< 0.2°. As expected, the pyrroledione ringsdin- 5 are all
planar. Selected bond distances and angles are shown in
Figure 2. Compound8 and4 can readily undergo thermal

Calculations at the MP2(FC)/6-31G* le¥gredict planar
transition states for the known cheletropic decarbonylations
of 2,3-pyrroledione 1)° and 2,3-furandione)'° (Figure 1).
They may be understood as pseudopericyclic reactions, with
orbital disconnections as shown. Recently, Chaniérro ||
analyzed the bonding in these transition states using the
electron localization function, and Rodriguez-Otero efal.
calculated that the transition states are nonaromatic; both
concur that the pathways are pseudopericyclic.

Figure 1. Decarbonylation ofl (A) and2 (B) at the MP2/6-31G-
(d) level; from ref 8. (C) Pseudopericyclic orbital overlap in the
transition state.

] o . Figure 2. Selected bond lengths (A) and angles (deg) from low-
Given the dramatic difference between nonplanar transition temperature X-ray crystal structures. There are two independent

states for pericyclic decarbonylations (supported by experi- molecules o8 in the asymmetric cell; replacing the rightmost digits

ment and calculation) and the prediction of planar transition with the values in parentheses gives the lengths and angles in the

: ; . second molecule. The structure/reactivity principle predicts distances
st_ates for-the pseudopericyclic one;, we sought to Comclrmin bold to be shorter and in italics to be longer than in model
this experimentally. The stereochemical outcome, commonly systems. Angles in green are predicted to be more open. Values in

used to infer transition-state geometry of pericyclic reactions, red do not follow the predicted trends. Atom numbering is as in
is not an option forl or 2, as none of the breaking bonds Figure 1.

have stereochemical markers. However, the structure-cor
relation principle is ideally suited for this task. The prediction
is that the ground-state geometries loind 2 will show
geometric distortions toward the loss of carbon monoxide

cheletropic fragmentatiof?® compound5 is more stable
because decarbonylation disrupts the aromatic ¥ifdhus,
it would be expected thab will therefore show smaller
distortions along the reaction coordindt€ompound$—8
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What distortions of a pyrroledione would be expected for carbonyl3* or a negative hyperconjugative interaction be-
a planar transition state? A pseudopericyclic reaction cantween the oxygen lone pairs and the adjacertCCo*
often be recognized if ther-electrons can be rearranged orbital!® These cannot be full explanations, as this bond in
independently of the-electrons, as in resonance structures 6 is significantly shorter at 1.533 A. The benzannulation in
B andC (eq 2). Thus, in3—5, the N1-C2, C2—C3, and 5increases the strain in the five-membered ring, contributing

to longer endocyclic bonds NiAC2 and C2-C3. The

o o 0O aromatic ring would interrupt resonance asBrand since

o < o decarbonylation of5 is more endothermi®, resonance
Elg:o - Eg—o -~ f%:o - (+ co (2) structureC would also contribute less arl more.

N @N a oN g NH o In 3and4, the N1-C2 bonds are longer (1.395 and 1.378
A) and the C2=0 bonds are shorter (1.202 and 1.210 A)
than in the model systensand8. This is consistent with a

. . _reduction in the amide resonano®)( attributable to reso-
bonds should be lengthened relative t del syst , whil
ongs sholid be lengihened rejative to modet systems, W Ienance structureB or C. Comparing3 with 4, N1-C5 and

the C2=0 bonds (bold) as well as the €84 and N1-C5 - . ) 2 )
bonds should be shorter. In the calculated transition statescz_o are shorter i3, while N1—C2 is longer, consistent

(Figure 1A.B), the departing CO bends toward N1. Thus, W|th Iesg amide resonande in 3. This likely reflects .the
_ conjugation of two carbonyls iB. The N1-C2 bonds id
the N1-C2=0 angle should be reduced and tlreG2— S .
_ and 7 are equal (1.378 A). This is not an appropriate
C3 angle should be opened. The-@43=0 angle should . . .
. comparison, however, because the nitrogen substituents are

also be opened, toward the linear ketene. The angles . , . . o

. . . different, Pr in4 and Ph in7. The phenyl conjugation ii
predicted to be more open are shown in green. With only

: ; . would be expected to compete with amide resonance,
two exceptions (shown in red, both fswhich should show lengthening the N3 C2 bond. The appropriate comparisons

the least distortion) all of the distances and angle8-irb for the N1—C2 bonds are betwe8rand7 (1.395 and 1.378
follow these trends, as discussed below. The fact that theA) and betweent and6 or 8 (1.378 and 1 3;42 or 1 36.3. A)

rings are planar and the geometries are distorted toward,y o40h of these comparisons, the molecule that can decar-
fragmentation strongly suggests that the transition states areoonylate has the longer N1—C2 bokd

also planar and therefore pseudopericyclic. These distortions The trends in the bond angles 8fand 4 also reflect

can alsoabe found in previous MP2/6-31G* calculations of yistqtions toward the calculated, pseudopericyclic transition
1 and 2° These data are reproduced in the Supporting giaies Most significantly, the GX2=0 angles ir8 and4
Information. (128.2°[127.5°] and 126.9 are wider than the N*C2=0
Many factors can influence bond lengths and angles, angles (126.7and 126.8). This is consistent with the angle
including hybridization, resonance, and strain. To accurately of the departing CO in the calculated transition state (Figure
assess the importance (or not) of the structure correlation1). In contrast, ir6—8, the N1—C2=0 angles are the larger
principle in this context requires consideration of these ones. Formation of the ketene also requires the03—C4
effects. In the discussion below, the comparisons are betweenangle to become more linear and indeed3iand 4 these
systems in which these are as similar as possible; situationsangles (131.9 [132.3] and 133.0) are larger than the
where the comparisons are more complicated are noted. O=C3—C2 angles (122°4122.2°] and 122.3°). However,
The trends in the bond lengths are the most straightforwardthis trend is the same B—8, so it is not unambiguous. It is
and these predictions are uniformly followed in compounds noteworthy that irs, O=C3—C4 (131.6) is more linear than
3 and4. Although decarbonylation d& is more endothermic ~ N1—C2=0 (128.1°) while the angles are almost identical
and thus would be expected to show less distortion, thesein 6. This suggests that resonance structreontributes
predictions are generally followed fhas well. In the absence ~ €ven to5.

of other effects, amide resonance (agi)nis stronger than A search of the Cambridge Structural DataBa¢€SD)
in a vinylogous amide B, see S7 in the Supporting revealed five other pyrrolediones and numerous structures

Information). And this is clearly the case f6rin which the analogous t®&—8. Several additional substructures were also

C3=0 bond is significantly shorter than the €@ bond. examined, having most, but not all of the structural features
Yet, the C2=0 carbonyl is shorter than-€® (1.202 A vs of pyrolediones and thus being unable to decarbonylate via
1.211 Ain3and 1.210 A vs 1.221 A in). This is consistent @ Planar, pseudopericyclic transition state. These structures

with a contribution from resonance structi@e The C3=0 are discussed in detail in the Supporting Information. The
bonds in3 and 6 are the same within experimental error, trends in the bond distances and angles in these structures

arguably because the vinylogous ester resonancg im are uniformly consistent with the trends discussed above and

mitigated by resonance with the exocyclic carbonyl. S S ———
. niK, G. 5.5 , ACE Il , ALRG n, W. Q. m.
The C2-C3 bonds i3—5 are long by any standard (1.550, SO(C,, )Chin‘i, 'cOmmumggé',"m, atnziy & @.Che

1.554, and 1.569 A respectively). They are much longer than __ (15) Rathna, A.; ChandrasekharJJChem. Soc., Perkin Trans1891,
. . 1661—1666.
those in the comparison structu@s8 (1.533, 1.492, 1.492 (16) This comparison is also validated by compag@N—Ph) with 4

A) even though these bonds are all betweércapbons with (N—Pr); again, the N—Ph has the longer NC2 bond (1.395 vs 1.378 A).
an oxygen attached. Others have discussed the Iengtheningoélan%gD %egi'ggssl'z(ﬁ)(%‘ﬁteﬁoog)'H(f‘) Gg?r?én'jv'eﬁa\?v?%.ﬂg%%;

of this bond in5 as due to lone-pair repulsion between the Crystallogr.2002,B58, 407—422.

1

C3=0 bonds (intalics in Figure 2) as well as the CAC5
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thus consistent with the pseudopericyclic mechanism for
decarbonylation of pyrolediones.

Furandiones also decarbonylafesalculations again pre-
dict planar, pseudopericyclic transition statésurandione
9 was synthesizéf® and its crystal structure determined
(Figure 3). StructurelO is the average of eight structures

Figure 3. Geometry 0. Substructurd0 shows the average &f
compounds from the CSB.See Figure 1 for numbering, Figure 2
for key.

from the CSD. I, the O C2 and C2-C3 bonds are long
while the C2=0 bond is short as compared to the model
system10. The internal comparisons i@ are also self-
consistent; the G20 bond (1.187 A) is shorter than the
C3=0 bond (1.215 A) and the €X2=0 and C4C3=0
angles (130.7 and 131.8) are wide as compared to the
01-C2=0 and C2—-C3=0 angles (122.6hd 123.4°).
However, these angles are quite similar to those found in
10. Additional related structures from the CSD are also
discussed in detail in the Supporting Information. As with
the pyrrolediones, it is clear that the geometr@ & distorted
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toward the calculated, planar, pseudopericyclic transition
state.

In summary, low-temperature crystal structures of
pyrrolediones3, 4, and5 and of furandion® were obtained.
When compared to related molecules that cannot decarbon-
ylate, these structures show in-plane distortions well outside
of experimental error. The most conservative interpretation
is that the same stereoelectronic effects that are proposed
for the calculatetl pseudopericyclic transition states are
manifest in the ground-state geometries, and thus, the
pseudopericyclic pathways for decarbonylation are possible.
The structure correlation princiglesuggests a stronger
conclusion, that the ground-state distortions prefigure, and
provide experimental support for planar, and thus pseudo-
pericyclic pathways for the loss of carbon monoxide from
pyrolediones and furandiones. By analogy, these results
support planar transition states for pseudopericyclic reactions
in general, in contrast to the familiar nonplanar transition
states found for pericyclic reactions.
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