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ABSTRACT: In our continuing effort to understand better the cause of the large positive deviation from bond
enthalpy additivity (BEA) observed in the formation of triplet 1,3-dimethylenecyclobutane-2,44dyfrom 1,3-
dimethylenecyclobutane 1§), we performed B3LYP/6-31G* calculations on a series of 1,3-disubstituted
cyclobutanes, where the methylene groupslanare replaced by hetero groups, specifically O, NH, S, PH and
SiH,. The size of the deviation from BEABEA) is found to increase consistently with decreasing bond strength of
the exocyclict bonds. DFT calculations were also carried out on related hydrocarbons anBE#evalue in each

case was found to be in close agreement with that predicted by sinmipleHbeory. All of the computational results
provide convincing evidence that antiaromaticity is absent in these diradicals, and the positive deviations from BEA,
as large as 30.3 kcal moi, are due to the more substantial increase in thelectron delocalization in the
monoradicals than that in the diradicals. Copyrigh2001 John Wiley & Sons, Ltd.
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INTRODUCTION diradical
C—H bond enthalpy additivity (BEA) is said to hold -H i

when the bond dissociation enthalpy for forming the (BDE,) (BDEy)
diradical, BDE + BDE,' (or BDE;" 4+ BDEy), is equal to radical
the sum of the enthalpy changes for forming the two radical

monoradicals, BDE+ BDE;" (Fig. 1). In other words, -H

BEA holds if BDE, =BDE;" (or BDE, =BDE,). For -H (BDE,)

molecules where the two C—H bonds are equivalent, (BDE)

deviation from BEA is simply the difference between the
second and the first C—H bond dissociation enthalpies.
Negative deviations from BEA refer to situations
where BDE < BDE;,, which usually occur when the two
radical centers interact with each other, either through-
bond or through-space, such that the diradical is For example, in the formation of singlet trimethylene-
stabilized. The magnitude of the negative deviation methane (TMM) from isobutene, the strong electron
provides a measure of the strength of such interactions. repulsion between the two unpaired electrons destabilizes
A positive deviation is observed when BBEBDE,, TMM, resulting in a positive deviation from BEA of
which means that the BDE for a specific bond is larger in 14.6 kcal mol* (it is estimated from theABEA in
forming a diradical than a monoradical. In contrast to the forming triplet TMM? and the value of AEs.t)
negative deviations from BEA, positive deviations (1 kcal=4.184kJ). On the other hand, in triplet TMM,
usually result from an unfavorable interaction between the electron repulsion is dramatically reduced, and TMM
the two radical centers, which destabilizes the diradical. is both predicted by theory (TMM calculations are
reviewed by Bordef) and confirmed by experimentsp
*Correspondence toD. Y. Zhang, Department of Chemistry and have a triplet ground St?‘te' There I,S’ howe,ver' a small
Biochemistry, Seattle Pacific University, Seattle, Washington 98119- ABEA of ~1.5 kcal mol'~ observed in forming triplet

reactant

Figure 1. Energy diagram for the C—H bond dissociation
reactions in forming the monoradical and the diradical
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triplet TMM. Therelativelylow-lying radicalthusresults
in a less endothermic reaction for the first bond
dissociatiorprocessyhich consequentlyeadsto asmall
positivedeviationfrom BEA.

Diradical 1c has received much attention both
theoreticallyandexperimentally*° Like TMM, 1c has
a triplet ground state,and belongsto the classof non-
Kekulé molecules. Such molecules may be used as
ferromagnetic coupling units in forming high-spin
specie$;®> which have potential applicationsin drug
desigl? andmaterialscience’'° Both experimentaand
theoreticalthermochemistryhave shown that 1c hasa
large positive ABEA of 13.1kcalmol™*.***2 The cause
of sucha largepositivedeviationhasbeencontroversial.
Since a resonancestructurewhich containsan antiaro-
matic 1,3-cyclobutadienainit may be drawn for 1c, it
was suggestedy Hill and Squiresthat 1c is of higher
energyowing to the electronicdestabilizationof the =
systenfrom partialantiaromaticity** In arecentpaper?
however, we concludedthat antiaromaticity does not
contributeat all in 1c. The large ABEA is due to the

smallerBDE in forming thefirst pentadienyl-likeradical,
1b, in which the = system receivesa much larger
stabilizationthanthatin forming the diradicalwherethe
secondradical centeris allyl-like instead(Schemel).
As an extension of our earlier study, we have
investigateda seriesof derivatives of 1a, where the
methylenegroupsare replacedby heteroatomiaqroups.
Basedon our understandingf the natureof the radical
centerdan the hydrocarbonglb andc), we expectBDE,
to changedramatically upon substitution, since the =
electronsin both of the C=X = bondswill be fully
conjugatedo theradicalcenter Ontheotherhand,BDE,
is predictedto belesssensitiveto exocyclicsubstitution,
since the second unpaired electron is allylic and
conjugatedto one of the C=C in the four-membered
ring. The size of ABEA, therefore, is expectedto
correlatecloselywith the C=X bondstrength provided
that antiaromaticityis absentin all of the diradicals.In
orderto clarify furtherthe contributionof antiaromaticity
in thesediradicals, we carried out density functional
theory(DFT) calculationson thesemoleculestheresults

Table 1. Bond dissociation enthalpies and ABEA values, together with 7 bond strength data'’

7 bondstrength BDE; BDE, ABEA
Molecule (kcalmol™) (kcalmol ™) (kcalmol ™) (kcalmol™)
O=<>:O 93.4 87.7 95.6 7.9
2
HN%>=NH 80.8 815 89.7 8.2
3
H2C=<>:CH2 69.6 73.5 86.6 13.1
1
S:<>:S 55.7 72.3 87.5 15.2
4
HP:'<>=PH 49.4 62.2 85.7 23.5
5
H,Si SiH, 36.1 54.6 84.9 30.3

4
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of which, together with those for several related
hydrocarbonsarepresentedn this paper.

COMPUTATIONAL METHODOLOGY

DFT calculationsverecarriedout with the 6-31G*basis
set!® utilizing Becke’shybrid exchangdunctional* and
the non-local correlationfunctional of Lee, Yang and
Parr!® All of the calculationswere performedusingthe
Gaussiar98 suite of programs:®

A vibrational frequencyanalysiswas carried out for
each optimized geometryin order to verify it as a
minimum on the potential energy surface. Zero-point
energycorrectionsvereincludedto computethe BDEsat
298K. In orderfor correctcomparisorwith theresultsin
forming 1c, thedatafor thediradicalsreferto their triplet
stateswhetheror notthetripletis thegroundstatefor the
particularspecies.

RESULTS AND DISCUSSION

The BDE,; andBDE, valuesfor the hydrocarbongla—qQ
andtheir hetero-substitutederivativesare presentedn
Table 1. The moleculesarelistedin orderof decreasing
C=X = bondstrength.

The first bond dissociationenthalpy, BDE,, ranges
from 54.6to 87.7kcalmol~*, with the largestin forming
cyclobutane-1,3-dion2-yl (2b) and the smallest in
forming 1,3-disilylenecyclobutan-2-y(6b). BDE; de-
creasesconsistently as the n bond strength of the
exocyclicC=X bonddecreasesThe calculatedr bond
strengths reported by Schleyer and Kost'’ are also
includedin Table1 for analysis.

In a previous paper-? it was shown that resonance
structuresgive excellentqualitative descriptionsof the
stabilitiesof theradicalaswell asthediradical,andhence
areextremelyhelpfulin explainingthe magnitude®f the
BDEs. Figure 2 displays all the possible resonance
contributordo themonoradical¢A—C) andthediradicals
(A'=C). Asis shown,onformingtheradical,the original
unconjugatedexocyclic C=X = bondsin the reactant
becomeconjugatedn the pentadienyl-likeradicalwhich

X
* X

o
e

X:<>:X -
B

X:<>:X ~—
Bl

hasatotal of threeresonancstructuresThediradicalhas
atotal of five resonancetructuresThe structureswvhich
containa 1,3-cyclobutadienenit with the two unpaired
electrons outside the ring have been excluded as
resonancecontributors in the diradical, becausethe
symmetry of one of the singly occupiedMOs forbids
suchstructureso contribute’® By comparinghetwo sets
of theresonancstructuresit canbe seenthatthe second
radical centeris allylic andis confinedinsidethe ring.

StructureA andC in Fig. 2 would contributelessif the
exocyclict bondswere strongerthanthe C=C = bond.
Suchis the casein cyclobutane-1,3-dionewhere the
carbonyl groupshave strong C=0 7 bonds,with a =
bondstrengthof 93kcalmol™*. Theradicalcenterin 2b
is, thereforemorelocalizedonthering carbonthanin 1b,
in order not to exchangethe strong C=0 bonds for
weakerC=C bonds.The unpairedelectronreceivedess
stability from conjugationwhichresultsn amuchhigher
BDE; with a value 14.2kcalmol™* higher than that in
forming 1b. Conversely,the BDE; in forming 6b is
16.6kcalmol~* smallerthanthatin hydrocarboria The
C=Si = bondin 6ais muchweakerwith abondstrength
of only half that of the C=C = bond. On forming the
radical, the unpairedelectronis more localized on the
heteroatomso as to take the advantageof forming
strongerC=C bonds As aresult,themonoradicalgb, is
muchmorestabilizedsothefirst C— H bonddissociation
reactionis muchlessendothermic.

So far, resonancestructure theory has successfully
explainedthe trend of the BDE; valuesin this seriesof
molecules.However, it is apparentthat the BDE for
forming the thionyl radical, 4b, is much larger than
expectedrom therelative C=S = bondstrength.

Behavingmuchdifferently from the BDE; values,the
BDE, valuesdo not vary asdramaticallythroughoutthe
series.They stay more or lessconstantcloseto that of
88.0kcalmol™ in forming the allylic radical of 1-
methylcyclobuten-4-ylfrom 1-methylcyclobutene ex-
cept for that from 2b (95.6kcalmol™), which is
7.6kcalmol ™! higher. The BDE, value is the smallest
in forming 6¢ andthe largestin forming 2c, displayinga
trend similar to that in the BDE; values,such as the
values for BDE, decreaseas the n bond strength
decreasesexceptfor the thionyl radical, 4b, which is

X

Figure 2. Resonance structures in the monoradical (A—C) and the diradical (A'-C’)
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Table 2. Bond length data for C4—C; and the change in
C4—X bond length in forming the monoradicals and the
diradicals

Molecule r(C;—Cy) (A) Ar(C.—X) (A)
2a 1.545 0
2b 1.475 0.014
2c 1.489 0.025
3a 1.536 0
3b 1.444 0.024
3c 1.470 0.035
la 1.530 0
1b 1.427 0.029
1c 1.460 0.036
4a 1.529 0
4b 1.424 0.039
4c 1.460 0.048
5a 1.530 0
5b 1.414 0.048
5c 1.456 0.054
6a 1.533 0
6b 1.410 0.062
6¢ 1.454 0.066

slightly out of the pattern.(It is not clear, at this point,
why the thionyl radical 4b is relatively more unstable.
The calculationresultshave shownthat the filled—filled
interactionbetweernthe exocyclicn orbitalsandthe two
Cs—H ¢ orbitalsin 4b is the strongestin comparison
with 1b, 5b or 6b, which couldbe oneof thecontributors
to the instability of 4b.) The small changesin BDE,
among the various heteroatomsubstituentsreflect the

allylic natureof the secondradicalcenter,which hasthe
unpaired electron confined inside the ring and in
conjugationwith the C=C = electrons.

The dramatic decreasein BDE; coupled with the
essentiallyconstantvaluesfor BDE,, resultsin positive
ABEA values which correlate very closely with the
C=X = bond strength throughout the series. These
ABEAs cover a very large range, between7.9 and
30.3kcalmol™.

Additional insight may be gainedfrom the geometries
of the stationarypoints,especiallyfrom the C;—C, bond
lengthandthe changen the C;—X bondlength(AC,—
X) during each bond dissociation step. These data,
presentedn Table 2, provide a good indication of the
degreeof z-electron delocalizationin the radical and
diradical species.

The C,—C, bondshorten®nformingtheradicalin all
of the moleculesConsistentvith the degreeof conjuga-
tion, the C;—C, bondis theshortesin 6b andthelongest
in 2b. Theamountof shorteningncreasesiowntherows,
from 0.070to 0.123A. On forming the diradical, the
C,—C, bondlengthensThe amountof lengtheningalso
increasesdown the column, covering a much smaller
range,between0.014and0.044A.

Why arethe C;—C, bondsin themonoradicalshorter
thanthosein the diradicals?n the monoradicalponeout
of the threeresonancetructureshasa full doublebond,
whereasonly one out of five in the diradical hasa full
doublebond.To afirstapproximationif all theresonance
structurescontributeequally to the overall structureof
hydrocarbonsb and 1c, therewill be 33% and 20%

Table 3. Bond dissociation energies and Huickel stabilization energies in 1a—c and related hydrocarbons (7-9)

BDE; (kcalmol™%)

BDE, (kcalmol™%) ABEA (kcalmol™?)

Molecules (AHuckel) (AHuckel) (AAHuckel)
H2C=<>:CH2 73.5(1.4¢) 86.6(1.01p) 13.1(-0.45)
la
7
% 62.9(2.00) 70.3(1.73) 7.4(-0.275)
F
1
|
74.7(1.0758) 76.4(1.009) 1.7(-0.07p)
|
8
<>=<> 86.4(1.138) 86.7(1.135) 0.3(0.08)
9
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double bond characterin the C;—C, bondsin them,
leadingto a reductionof 0.103and0.070A in the bond
length, respectively.In moleculeswith strongC=X =

bonds,suchas 2a—¢ resonancestructuresA (A’) andC

(C) contributelessto the overall structure,resultingin

smallerchangesn the C,—C, bondlength.Theopposite
is observedn moleculeswith weakC=X = bonds.

Resonancestructure theory also accountsfor the
lengtheningof the C;—X bondduringeachC—H bond
dissociationstep. Specifically, the fully double bonded
C=X in the reactantis reducedto only two out of the
threein the monoradical andis further reducecto three
out of five in the diradical. The changesn the C;—X
bondlengthare moresignificantin moleculeswherethe
C=X = bondsare weak, which is consistentwith the
differences in the contribution of each resonance
structure to the overall structure of the molecule as
discusseckarlier.

Additional DFT calculations were performed on
several hydrocarbonsthat are relatedto la. Table 3
presentghe calculatedBDEs and the ABEA valuesfor
these hydrocarbons, together with the = stabilization
energy (AHuckel) calculatedbasedon simple Hiickel
theory for comparison.Substitution of the ethylidene
groupsat the 2- and4-positionsin lato give 7 resultsin
moreconjugationfor theradicalcenter(s)Thisincreased
conjugation stabilizes both the monoradical and the
diradical, lowering both the BDEs relative to thosefor
la—c Furthermore ABEA reducesto just over half of
that in 1a, which can be understoodas the second
unpairedelectronin the diradical of 7 is allowed to
delocalizemuch more extensively(i.e. out of the ring),
ratherthanbeing confinedto thering asin 1c.

Thediradicalformedfrom 8 is identicalwith thatfrom
7. However, since the four = bonds are already in
conjugationin 8, it is of lower energy.This evidently
makegshothof theC—H bonddissociatiorreactionsmore
endothermicand, hence,increaseghe valuesfor both
BDE; and BDE,. Simple Hickel theory predictsa =
stabilizationenergyof 1.078 and 1.008 for the mono-
radicalanddiradical, respectively Correspondingdo the
small differencein Huckel energiesof 0.075, the DFT
resultsshowa ABEA of only 1.7kcalmol™*,

Molecule 9 servesas a model to test further if
antiaromaticity exig¢s at all in a four-memberedring
wherea 1,3-cycldoutadienemay be drawn as one of the
resonancestructures,since, if it did, it would add an
arbitrary amount to BDE;, owing to the instability
introduced by partial antiaromaticity As the partial
antiaromaticradicalwould removethe possibility for the
diradicalto suffer further from any additionalantiaroma-
ticity, a more‘normal’ size of BDE, would be expected,
which shouldbe smallerthanBDE;. The DFT calculation
results,however,invalidatethe assumptiorby producing
two essentiallyidentical BDEs. This showsthat the two
allylic radical centersare truly confinedinside the ring,
andantiaromaticstructuresare not involved.

Copyright0 2001JohnWiley & Sons,Ltd.

CONCLUSIONS

Our theoreticalstudieshave shownthat antiaromaticity
does not contribute at all in diradicals where a 1,3-
cyclobutadienyl unit may be drawn in one of the
resonancestructures.

Evidencecomesrom theexcellentagreemenbetween
the structuraldataand the resonancestructureanalyses
wherethe participationof the antiaromaticstructuresas
resonancecontributors has been excluded. Additional
supportis givenby theBDE calculationresultsfor related
hydrocarbong7-9), which show that the sizesof the
deviationsfrom BEA arein very closeagreementvith
those predictedby simple Hiickel theory, which, as is
known, doesnot take antiaromaticityinto account.The
positivedeviationfrom BEA is foundto be solelycaused
by themoresubstantiak systemnstabilizationavailableto
the monoradicakhanto the diradical.
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