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Abstract  

The crystal and molecular structure of the title compounds were determined at low temperatures. The accuracy of the structures allows 
for a discussion about the bond alternation in the six-membered ring. It was found that both complexes show bond localization, whereas 
the benzocyclobutene+O(CO)3 shows localization in the Mills-Nixon effect manner, the benzocyclobutadiene+Fe(CO)~ shows an 
anti-Mills+Nixon localization. © 1997 Elsevier Science S.A. 

I. Introduction 

The debate about the Mills+Nixon effect ranges over 
sixty years [I ]. Although the basic concept of the origio 
hal work was based on an equilibrium between two 
tautomeric structures, the term Mills+Nixon effect is 
used today to describe the effect of ¢r strain on the 
structure of the aromatic skeleton t. in 1991 one of us 
published a theoretical investigation regarding the 
Mills-Nixon effect [3]. The conclusions and predictions 
of this study were the following: (a) Strain imposed on 
an aromatic ring causes bond localization. (b) There is a 
quantitative relationship [4] between the bond localiza- 
tion and the bond angle. (c) Systems that have rehy- 
bridizable carbon atoms at the strained positions will 
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form curved bonds, so that the eft~ctive bond angles 
{ibrmed by the maximum electron densities paths) are 
larger than the angles formed by the respective linear 
C+C bonds. This is the reason wl~y (for example) 
tricyclobutabenzene (1) shows only a small bond fixa+ 
finn, although the apparent bond angles are smaller than 
94 °. (d) For systems which should show some bond 
fixation, non-rehybridizable carbon atoms are necessary 
in the strained positions. 

During the last two years some of these predictions 
were experimentally confirmed. B~se et al. measured 
the solid state structure and the X-X+electron deforma- 
tion density of I [5], and showed that indeed the bonds 
are curved, and the effective bond angles correlate well 
to the difference between the long and short bonds in 
the six-membered-ring by our formula [4]. The second 
evidence was given by BUrgi et al. They have used the 
bridgehead carbon atoms of a bicyclic mc, iety as non-re- 
hybridizable carbon atoms, and indeed the structure of 2 
shows significant bond localization in the six-membered 
ring [6]. The measured A R is 0.089 ,~, which correlates 
by our formula [4] to a bond angle of 103.3 ° ( a ~ 16.7°). 
The measured bond angle is 103.3 ° [6], indicating a 
remarkable agreement between the theoretical model [3] 
and the experimental finding [6], and that the concept of 
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non-~hybridizable carbon atoms at the strained posi- 
tions causing bond alternation really works. 

ands) suggests that the strmn affects the geometry of the 
aromatic moiety, i.e. the Mills-Nixon effect 3 

We report here the solid state structures of 3 and 4, 
both containing only one four-membered ring fused to a 
benzene moiety, but already showing evidence for the 
Mills-Nixon effect. 

2 

In our theoretical work [3]. we suggested that 
organometallic complexes of strained aromatic com- 
pounds should show bond alternation. Note. however. 
that the bond fixation is governed by the effective bond 
angles, and thus. arty factor that influences the curvature 
of the bonds should influence the amount of bond 
fixation. Cremer and Kr,ka [7] had shown that the 
curvature of the bonds in threeomem~red Hags is den 
pendent by large on the electronegativity of the sub° 
stitucnts (or heteg'oatoms), even to a degree of 'inverted 
banana bonds'. As some organometa!!ie fragments ~e 
highl~ electmnegativ¢ ( especially M(CO), ) [ 8 ]. one may 
expect that the curvature of the bonds in the flags 
¢omplexed to an M(CO), fragment will not always be 
'simple banana bonds' or nonocu~ed bonds :. 

The organometallic t~agment can be bound to the 
aromatic moiety, leaving the tburomembered nng(s) out 
of the complexation sphere, or to a cyclobutadiene 
moiety (o¢ moieties) fused to an aromatic ring. leaving 
the six°membered ring uncoordinated [10]. In both cases. 
no aroma|Jetty=anti-aroma|Jetty arguments can be inn 
volved [11] (as the w complexes are neither), and 
relev~t carbon atoms are bound to a transition metal 
which wakes tbem less rehybtidizable than in the free 
ligand. Thus. if there is no dramatic difference in the 
electronic structure of the studied molecules, any bond 
I~alization (larger than expected by the normal subs|in 
tution ¢l'f~t. and especially c o m p ~  to the free lig- 

~ o 3 h  
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2. Results and discussion 

The complexes we~ p~pared according to literature 
p~edu~s .  In both cases we have u~d 1.2~dibtomoo 
cyclobutabenzene ($) [12] as starting material. For the 
preparation of 3. $ was reduced with Bu.~SnCI/LiAIH.~ 
[13] in 45% yield and then allowed to react with 
(CO)~Cr(CH.~CN)~ [14] to give 3 in 30% yield. For the 
preparation of 4. $ was allowed to react with F%(CO).~ 
[15] to give 4 in 75% yield. 3 was crystallized from 
pentane (4°C). but since 4 is a liquid at RT. the crystab 
lization was performed by means of a miniature zone 
refinement procedure in the capillary wiih an IR laser as 
the heating source, generally known as the in situ 
IR-laser crystallization technique [16]. Details of the 
low-temperature structure determination are given in 

7Shalk e ta | ,  [91 have sl~wa that the geometrical prot~nt.s of 
t ~ e ~ i c  s ~ i e s  depend by lat~g¢ on their eloctroa affinities and 
i'on~za~ioa I~tentials ~ properties that are related Io ¢lcctrtmegativity, 
Th~s, it is ~ u m e a l c d  zhat su'uctura| properties depend on the way 
that the systems attract d¢ctrons = ~ only tot s t ~ i ~  systems, 

The Mttls-Nixon ¢ | ]~t  i,~ used h~re m |he broader sen~° t.c. as 
strain ati~Ung bond iocali~a~on. Thus, fixation of the bonds either 
in the Mills-Nixon manner or ia the opposite direction {anlbMills ,,~o 
Nixoa effcc|) arc ¢ff~ts of strain, and thus treated here as the 
Miils-Nixon effect, 



A. Sumger et al. / $~mmal o.t'Organometaliic ChemistO' 542 f 1997t I9-24 21 

,-.,. c3 ,. L2 

0 1 ~  Fe 

f ~ C l O  u3 

02 
Fig. !. Ellipsoid (50%) presentation of 4. 

Ref. [17] and Fig. 1 shows an ellipsoid presentation of 
the molecule. 

The structure of tricarbonylchromium-benzo- 
cyclobutene had been reported before [18], but the 
errors in the geometrical parameters do not allow for a 
discussion about possible bond alternation. Other struc- 
,,ures of CKCO)a complexes of cyclobutabenzenes have 
been determined [19], but as they are substituted, the 
geometrical parameters relevant to the discussion here 
are ~erturbed. The structure of 4 is undetermined as 
ye t ' .  There are some relevant publications regarding 
benzocyclobutadienes and their complexes with tricar- 
bonyliron [21=23], but these systems are heavily substi- 
tuted and therefore their structural parameters may be 
,,dTected (at least partly) due to steric congestion. Thus, 
in oaler to discuss the me~al effect  on bond localization 
in cyc!obutabenzene, i| was ne~'essary to redetermine 
the s|fucture of 3 at low temperatures and to determine 
the structure of the parent tricarbonyliron=benzo- 
cyclobutene. 

Table I shows the bond lengths in the six-membered 
ring in Cr(CO)a(benzene) [24], cyclobutabenzene [25], 3 
and 4. The (CO)3CKbenzene) shows distinct bond local- 
ization. The chromium, adopting a pseudo-octahedral 
coordination sphere is bound to the benzene ligand 
through three (coordinated) double bonds (those anti to 
the carbonyls) leaving three uncoordinated bonds. The 
bond lengths out those coordinated to the metal are 
1.401-1.402 A, i.e. almost the same as the free benzene 
bond lengths (I.400 ,~,), whereas the other three bonds 
are i.419-1.420 ,~,. Thus, if the (CO)~Cr-benzene com- 
plex is considered as the reference system tbr the effect 
of Cr on localizing the aromatic moiety bonds, we find 

4 The structure of single substituted (CO)~Fe(cyclobutabenzene) 
was reponed, but the uncertainty of the geometrical parameters is t~, 
'lrge to allow for a discussion about bond alternation. See Ref. [20]. 

that a bond alternation of 0.018 ~, is induced by the 
metal, and the main effect is lengthemng the uncoordi- 
nated bonds. This effect is similar in other metal-arene 
complexes. For example, the six-membered ring in 
(CO)3Mo-benzene shows average bond lengths of 
1.400(3) and 1.424(3) ,~ for the coordinated and unco- 
ordinated bonds, respectively [26]. I~ the (CO)~Mo 
complex of trimethylsilylbenzene the average bond 
lengths are 1.391(7) and 1.429(9) A for the coordinated 
and uncoordinated bonds, respectively [27]. A methyl 
(instead of trimethylsilyl) substitution somewhat short- 
ens all the bonds, and (CO)3Mo-methylbenzene shows 
average bond lengths of 1.382(9) and 1.409(6) A for the 
coordinated and uncoordinated bonds, respectively [28]. 
in sterically congested systems, the behavior is some- 
what different, as the complexation allows the system to 
reduce strain. Thus, hexaethylbenzene, shows bond 
lengths of i.402(I) ,~ 0[29]. Average bond lengths of 
1.425(4) and 1.417(4) A for the (CO)~Cr complex and 
1.427(4) and 1.423(4) A for the (CO)3Mo complex tbr 
the coordinated and r, on-coordinated bond were ob- 
served. Here the coordinated bonds are shorter than the 
non-coordinated bonds, and the fact that the lengthening 
is more pronounced in the Mo complex (where the 
metal is more distant than in the respective Cr complex 
and more loosely bound) indicates a tendency to relieve 
steric strain. Other ~ '  complexes of sterically congested 
arenes show a similar behavior [30]. 

The structure of 3 resembles a case that is between 
the 'normal' and sterically congested systems. A ~mall 
but less significant s bond localization it~ the sixomem° 
bered ring is observed. The average coordinated I~md 
length is 1.398(8) /~ - very similar to the one of the 
benzene.~CKC ))~ complex, and so are the uncoordi° 
hated bonds - 1.413((3) A. However, compared to the 
free ligand, both types of bonds lengthen o, similar to 
the complexes of sterically congested system~; the cc~)ro 
dinated bonds by 0.012 ~, and the uncoordinated by 
0.019 ~,. This is because the binding of the metal to the 
six-membered ring (in particular to C(I) and C(6)) 
reduces the ability of it~ese carbon atoms to efficiently 
rehybridize to form curved bonds. As a result, the 
average bond length difference in the complex is 
0.015(6) A. Thus, although the apparent bond Iocalizao 
tion in 3 is small, the comparison to the free iigand (in 
relation to benzene and its (CO)~Cr complex) reveals a 
Mills~ Nixon effect. 

'Significam' iN used here in a simplilied statistical ~cn~e. namely. 
R(x) is significantly different from R(y) if 3,r (the larger of the 
two) are added to the small R and it is still ~horter than the long R. 
i f  the 2or criterion is met only, data are generally accepted a~ 
different on a minor significance level and below 2 ct no sigoificance 
is assumed. The standard deviations of' the mean values wttre calcu- 
lated according to the statistical error propagation. 
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Table I 
lengthJ of the six-membeted ring in (CO)~Cr(benzene). cyclobutabenzene. 3 and 4 

4-x,~/,," 6 
5 

iknzenechromium-tricarbonyl Cyclobatabenzene 3 4 
C(I )C(2) 1.420(2) ! .381 (2) !.396(5) 
C(2)L~3) ! .401 ( I ) 1.396(2) i .426(6) 
C(3)C(4) 1.419( I ) 1.397(2) 1.4 ! 5(6) 
C(4)C(S) 1.402(2) 1.397(2) i.404(6) 
C(S)C(6) 1.419(I) 1.38 ! (2) !.384(4) 
C( I )C(6) 1.401( I ) 1.390(2) ! .408(4) 

1.416115) 
1.356(5) 
1.442(5) 
1.356(5) 
1.427(5) 
1.439(4) 

The conformation of the CO ligands relative to the 
cyciobutabenzene is also an indication for bond local- 
i~tion in the latter. Thus, the chromium adopts a 
pseudo-octahedral coordination sphere, which suggests 
that it is bound through the ¢r bonds anti  to the 
carbonyls. Indeed. (CO)~Cr complexes of systems that 
are bond localized as free ligands (e.g.. biphenylene 
[31], angular [3]phenylene [32]. and star-phenylene [33], 
where a substantial rotational barrier around the Cr-arene 
axis was measured) show this endo bonding even when 
steric considerations would suggest that the exo rotamer 
is more stable, In cyclobutaben~nes complexes of 
Cr(CO):~ the two rotamers ~ found in different systems 
[!8,19], i~e. st~cturcs of the type 3a and 3b. We find 
only the rotamer 3b, This implies that the bonds C(I).- 
C(2), C(3)=C(4) and ~5)=C(6), tho~ which should be 
shorter according to the Mills=Nixon p~dictions, have 
a more, pronounced double bond character than the other 
three bonds, The~ results arc in full agreement with 
SSC J coupling ex~riments on a substituted (CO)~Cr- 
cyclobutabenzene system [34]. The binding of the Cr to 
the three bonds mentioned above allows to consider the 
metal binding to the six-membered ring which is not 
a l~  n ~ to the fouromembered ring t lO], 

;)b 

In 4, the bond fixation is even more pronounced, 
however, reversed compared to 3. Thus, clearly the 
C(2)C(3) and C(4)C(5) bonds are the shortest in the 
six-membered ring. The four-membered ring is oa cy- 
ciobutadiene complex (bond lengths 1.439-1.470 A, the 
shortest is the common bond of the four- and six-mem- 
bered rings). Thus, the predominant resonance struc- 
tures of the iigand in 4 are 6a and 6b, whereas in the 
free ligand the predominant resonance structure is 6e ~', 
The average bond length of C(1)C(2), C(3)C(4) and 

~ u O 

C(5)C(6) In 4 Is 1.428(7) A, whereas the average bond 
length of the other three bonds is 0.044 A shorter, 
although it includes the longest C( i~(6)  bond, Even 

' ' |  i n lo~ slr!k~.!g s tile dif!~rcace between tile six-mere° 
bered ring bonds in cyclobutaben~cne and 4; whereas 
tire C(I~(2), C(3~(4) and C(5~(6) bond lengthen by 
an average of 0,039 A the other three bonds shorten by 
and average of 0,010 ~, Clearly, all the evidence sug- 
gest 'an 'anti-Mills.oNixon' effect. To verify that this 
effect is not only becau~ of ~'~ binding of the metal to 
the six-membered rin~ [10], the geometry of 4 has been 
c o m p ~  to some v/'-benzene complexes. In all cas~s 
that we have found (mono~ "~ complexes [35,36], bis- 
1,3-~ "~ complexes [37], and tris-r/: complexes [35,38]) 
the localization of the six-membcred nag is in the same 
direction as was found for 4 (i.e., the non-coordinated 
bonds arc shorter than the coordinated ones) but with a 
completely different magnitude. This is best illustrated 
by comparing the geometry of 4 to the ~-benzene 
complex with a Ru~ clusler [35]; the bond length of the 
coordinated bond (the parallel to C(I)-C(6)) is 1.37 ~,, 
i,e, shorter by 0,07 A that: the respective bond in 4. All 
the other bonds are 0,02-0,07 (average 0.05) ~, longer 

~ ~ d  on ab inilio theoretical calculations. (b) fhe structure 
of heavily sub~tutcd benz~cyclobutadien¢ and ils F¢(CO h complex 
was determined, Se¢ Refs, [21-23l. 
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than in 4. Thus, clearly the localization effect found in 
the six-membered ring of 4 cannot be attributed only to 
the "~ bonding of the metal, and the four-membered 
ring has a considerable effect in the resulting geometry. 

6a 

6b 

6¢ 

The NMR chemical shifts of 4 suggest that (at least 
to a large part) the six-membered ring is still aromatic. 
Thu~, the 'L  chemical shifts of the |bur carbon atoms 
not filsed to the fimromembered ring (i.e. C(2)-C(4)) 
a~  124.2 and 127.4 ppm, and the ~H chemical shifts of 
the respective protons are 7.05 and 6.88 ppm. We are 
cun~ntly investigating the reasons lot this bond local- 
ization, and p~paring similar complexes of tricy~ 
dobulal~nzeue in order to investigate the phenomena in 
extended systems, where the metal complexation effect 
should be mo~ pronounced. 
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