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The Origin of the Remarkable Regioselectivity of 
Fe + -Mediated Dehydrogenation in Benzocycloalkenes 

Roland H. Hertwig, Katrin Seemeyer, Helmut Schwarz,* and Wolfram Koch" 

Abstract: Combined mass spectrometric experiments and density functional theory 
(DFT) calculations have been performed to determine the regioselectivity and uncover 
the origin of the C-H bond activation of benzocycloalkenes by "bare" Fe' cations. The 
hydrocarbons investigated are benzocyclohexene, -heptene, and -octene. Extensive la- 
beling experiments demonstrate that the site of C - H  bond activation in the non-aro- 
matic ring is dependent on the ring size. The barriers for the dehydrogenation process 
as predicted by D F T  calculations are in agreement with the experimental findings. 
Further, the combined experimental and theoretical approach applied in the present 
study allows the principles underlying the remarkable ring size dependent regioselectiv- 
ity of C-H bond activation in these hydrocarbons to be unraveled. 
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Introduction 

Activation of inert C- H bonds by "bare" transition-metal 
cations has emerged a s  a rich branch of organometallic chem- 
istry since i t s  discovery by Allison, Freas, and Ridge in 2Y7Y.r11 
In fact, gas-phase experiments in general and mass spectrometry 
based studies in particular have produced a wealth of informa- 
tion on reactions of "bare" and/or ligated transition-metal ions 
with organic substrates.[21 While these investigations yield ther- 
mochemical and structural information about the entrance and 
exit channels, quite often, they fail to provide any insight into 
mechanistic and thermodynamic aspects of the reactive interrne- 
diates and transition states of such reactions. Understanding the 
latter is a prerequisite for the de novo design of the reaction 
centcrs of catalysts, which almost always contain transition 
metals. Theoretical studies can contribute towards this, provid- 
ed that the methods employed are judiciously chosen to suit the 
problem. Unfortunately, this goal is not easy to achieve for 
coordinatively unsatured transition-mctal hydrocarbon com- 
plexes, because dynamic and static electron correlation cffects 
both play an important role,[31 and within the framework of 
post-Hartree-Fock methods a high level of sophistication is 
required to treat corrclation effects accurately. This is one of the 
reasons why, in the past, the application of theory was confined 
to rather small systems. Density functional theory (DFT)[41 af- 
fords an implicit treatment of electron correlation at a computa- 
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tional cost comparable to that of simple Hartree- Fock calcula- 
tions. Recently, numerous studies have shown that modcrn den- 
sity functionals, either pure DFT or ACM (adiabatic connection 
or H F / D F T  hybrid) methods, are useful approximations for the 
treatment o f  transition-metal co~nplexes . [~~ even for the de- 
manding open-shell situation discussed  here."^ 91 

In this study, we present a combined mass spectrometric and 
quantum chcmical investigation on the Fe'-mediated dehydro- 
genation of tetralin and its homologues benzocycloheptene and 
-octene. The gas-phase labeling experiments show distinct dif- 
ferences depending on the position of the double bond generat- 
ed in the course of the rcaction, and a remarkable ring-size effect 
prevails. The origin of this effect has been uncovered by D F T  
calculations, which, together with thermochemical data, 
provide structural information for the most important station- 
ary points of the dehydrogenation reactions. 

Methods 

As the cxperiniental setup has been described previously in detail.'"'' only ;I 

brief description will he given. A I : 1 niixiure of Fc(fO), aiid the hcii;.ocy- 
cloalkene or its dcutcrated derivative was bombarded with 100 cV electroiis 
in the chemical ioni~ation wurce (rcpcller voltage cii. 0 V)  of ;I modifietl 
four-sector tandem mass spectroincter o f  REUE configiimtioii ( B  stamls for 
magnetic and E foi- electric sector), in which MS-I is the original VG ZAB- 
HF-2F part and MS-I1 is an AMD 604 mass spectrometer Although the 
actual mechanism by which the complcxes are formed is yet unknown. the 
prcsaure in the ion source is high enough to permit collisionnl cooling thus 
increasing the lifctinie such that time-delayed decomposition reactions take 
place after ca. 1 ps (metastable ion (MI) dissociation). To this end. the 
organometallic complexes of Fe+ and the benrocycloalkene having X kcV 
translational energy werc mass-selected by means of B(l )E( 1 ) .  Unimolecular 
reactions occurring in the field-free region betwecn E( I )  and B(2) wrre record- 



W. Koch et al. FULL PAPER 

ed by ccanning B(2). Spectra werc recorded on-line and awraged by using 
zignnl-averaging techniques employing the A M D  Intectra data system. In 
typical experiments, 15 -20 spectra were accumulated. and the error IS not 
expccted to exceed 10%. All compounds were synthesized by standard 
laboratory procedures, purified by chromatographic means and fully charac- 
terized by spectroscopic methods. A full ;~ccotint of the synthesis is given in 
ref. 110~1. 

111 the computational calculations. we applied the locvl  spin density function- 
al approximation (LSDA)" ']  augmcnted by nonlocal corrections for ex- 
change and correlation according to Becke"" and Perdcw"" (BP) .  The 
nonlocal correctlons were included self-consistently in the SCF calculations. 
A tinci- grid than default was used in the integration of the charge density to 
I-educe the numcrical error in the gradient calculntions. Preoptirnization and 
generation of' a Hessian matrix using MNDO'd ' I4 '  was of great help in 

speeding up the D F T  optimisations. The calculations were carried out utiliz- 
ing the IJniChemDGauss package["] employing thc DZVP2 all-clcctroii 
ha\is set'"' option iinplemcntcd in the program This basis set represents a 
(1 %,9p.5d),"5~.3p.2d] expansion of gaussian basis function!, for the iron, and 
(lOs,hp,ld)i[3s,2p,ld] and (5s.lp)i[2s.lp] expansions for carbon and hydro- 
gen, respectively, and was specifically dcsigned for use with DFT methods. In 
addition, i t  is augmcnted by a set of auxiliary basis fiinctions to he used in a 
Coulomb potential fit procedure. The calculations involved u p  tn 289 con- 
tracted gaussian functions (329 primitive [unctions) and 527 fit hayis fuiic- 
tions for the largest complexes. All geometries were fully optimixd employ- 
ing analytical gradient techniques without imposing symmetry constraints. 
Second dcrivatives of the energy with respect to the DFT optimired C'artesian 
coordinates were calculated analytically to identify genuine minirnii or saddle 
points and to obtain zero-point vibrational energy (ZPVE) corrections. In a 
previous study.[" wc rcported on the ground state structures and energies of 
complexes of cationic iron with tetralin (1) and its dehydrogenated derivative5 
dihydronaphthalene (2) and naphthalene (4) using similar techniques. How- 
cvcr. since analytic second derivntivcs were not available at that time and a 
numerical calcu1:ttion of the Hessixn matrix clearly cnceeded the allocated 
computer resources. no ZPVE corrections were included in this earlier work 
Also. the calculation and identification of saddle points was not feasible in the 
absence of second derivatives. The calculations were performed on a CRAY 
J916 32-8192 at the Konrad Zuse Zentrum fur Informationstcchnik (ZIB) in 
Berlin and on various CRAY C90 and T90 inacliincs a t  the CRAY Research 
computing Facilities in EaKan, MN, USA. 

Experimental Results 

Since the experimental results of the Fe+-mediated dehydro- 
genation of tetralin (1) have becn reported p r e v i o u ~ l y , [ ~ ~  1 7 ]  only 
a brief summary is given here. Extensive regio- and stereo- 
specific labeling experiments (Table 1) demonstrate thc follow- 
ing: The reaction is both regio- and stercospecific, leading first 
to the Fe+ complex of 1,2-dihydronaphthalene (2) and finally to  
Fe ' -naphthalene (4- Fe'). Dehydrogenation of the C 2/C 3 
protons giving rise to 3-Fe+ does not take place (Figurc 1). 
Also, 1,4-elimination of molecular hydrogen, involving for ex- 
ample C l iC4,  can be ruled out, and the Fe+-mediated reaction 
follows a clean 1,2-syn-elimination of molecular hydrogen. Fi- 
nally, detailed experimcnts demonstrate that during the course 
of the rcaction the metal ion sticks to the same face of thc 
hydrocarbon surface. 

For the next higher homologue, that is, benzocycloheptene 
(5), I ,2-s~~n-elimination involves both C 1 / C  2 and C 2/C 3 ;  if one 
ignores the operation of a kinetic isotope effect, thc latter path 
is slightly Favored (58% versus 42%, see also footnote [c] in 
Table 1) .  In contrast to the Fe+-tetralin system, no furthcr 
dchydrogenation to form the Fe' complexes of 8 or 9 is ob- 
served (Figure 1). 

The behavior of benzocyclooctene (10) is again different in 
that the activated benzylic C-H bond (C 1) and the homoben- 

Elhie 1 Ilnimoleculai-, Fe+-induced dehydrogenation of benzocyclohexene ( I ) .  
-1ieptene (9). and -octene (10) a n d  their isotopolopues [a] 
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[a] Data are normalized to fragment = 100%; the data for 1-1 fare taken from 
ref. [lOc,9.17]. [b] Compounds I d  and l e  were studied as racemic pairs. [c] The 
ratio of H, versus D2 losses from the Fe ' complexes of 1Oc dependends on the 
lifetime of the metastable ions: for dissociations in the first field-free region it 15 

52:4X, in the second 50:50, and in the third 42:SX: for a di~cussion of the origin of 
t h i s  effcct, Fee ref. [IOc] 

zylic C-H bond (C2) are not at all involved in the Fc+-mediat- 
cd dehydrogenation. Instead, molecular hydrogen originates ex- 
clusively from the C 3/C 4 positions and stereospecific labeling 
suggests the operation of a clean 1,2-.ryn-elimination in the gen- 
eration of 13-Fc'. As with 5, in the higher homologue 10, there 
are no indications for consecutive dehydrogenation to  form any 
of thc Fe' complexes of 14, 15, or 16. 

In contrast to the behavior of l - F e + ,  thc results obtained for 
the C-H bond activation of the benzocycloheptene (5) and 
-octene (10) system contradict chemical intuition and textbook 
knowledge, which would predict a high preference for reaction 
of the metal cation at  the benzylic position for the following 
reasons: 1) as the iron is bound to the aromatic part of the 
molecule, reaction is likely to occur a t  positions adjacent to this 
moiety; 2) the reaction of Lcwis acids a t  thc benzylic position is 
favored by electronic factors. In our previous study of the 1- 
Fc+ system,['I we found that the iron is most likely to be ligated 
to the benzene ring, and the same principles are expected to 
apply in 5-Fc' and 10-Fe'. Also, the extension of the non- 
aromatic ring by one or two CH, units is not expected to have 
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Figure 1. Possible and observed dehydrogenation products and product ratios as 
determined by mass spectrometric labeling experiments [10c~9.17] 

a significant influence on the prcferrcd rcaction site, since the 
geometry of the aliphatic part of the molecule was found to be 
more or less unaffected by the presencc of thc iron cation in 
l -Fe+.'91 It is therefore not clear whether conformational as- 
pects alone can explain the remarkable effect that ring size has 
on the regioselectivity of C-H bond activation in 5 and 10, and 
it seems likely that other kinetic factors play a role, especially in 
the case of the second dehydrogcnation, which is only observed 
for tetralin (1).  The aim of the theoretical calculations described 
below is to shed some light on the different reactivities observed 
experimentally and to clarify the origin of this behavior. 

Computational results 

Since the molecules discussed here are rather demanding, both 
theorctically and computationally, we would like to start this 
section by briefly describing the obstacles we faced and the 
strategies we used to circumvent them. First of all, we had to 
ensure that the theoretical approach chosen would be adequate 
in tackling our system. Owing to the open-shell character and 
the unsaturated ligand sphere of the complexes examined, a 
large number of energetically near-degenerate electronic states 
exist; substantial dynamic as well as nondynamic correlation 

effects arc therefore expected to operate. An adequate theoreti- 
cal description of such complicated electronic systems must in- 
clude these effects and, as mentioned in the introduction, only 
high-level multi-reference CI methods afford this in a straight- 
forward manner. Since calculations of this sort are technically 
beyond reach for large molecules, we had to find a level of 
theory that balanced computational demand with thc quality of 
the results, so as to obtain a useful lcvcl of accuracy a t  a reason- 
able price. Modern density functional theory (DFT) methods 
take into account exchange and correlation effects in an implic- 
it, approximate manner and furnish results that are in many 
cases in good agreement with experimental and high-level a b  
initio results, as shown in recent reviews on the applicability of 
DFT to transition-metal systems.r7. Also, while substantial 
spin contamination may often be detrimental to the results with- 
in the U H F  formalism, this is actually much less of a problem 
in unrestricted Kohn-Sham calculations.'1y1 In fact, in none of 
our calculations did the ( S 2 )  expectation values deviate from 
the exact eigenvalue by more than 0.05. 

But even with relatively fast D F T  methods, a complete inves- 
tigation of all relevant points on the PES of each of the three 
Fe' complexes of 1: 5 ,  and 10 would demand an enorinous 
amount of computational resources, because of the large nuni- 
ber of stationary points that lie on or  in the vicinity of the 
assumed reaction pathway, not to speak of the size and low 
symmetry of these systems. Therefore, handling this problem 
from a theoretical point of view would be impossible without 
prior knowledge of the elementary mechanistic steps involved in 
C-H bond activations mediated by 
metal ions. Fortunately, the rele- 
vant details have recently been ** 
published for the model systems 
Fe+/ethane and Fe+/propane.['' In I * 
demonstrated that, after insertion 

tion proceeds via a concerted mul- 
ticenter transition state, leading to  
the extrusion of molecular hydro- 
gen (Figure 2) .  

(# 

these theoretical studies, it was &-** u 
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u 

a 
of F e t  into a C-H bond, the reac- a 

&:;: I 

4- & 
Figure 2. Multicenter transi- 

The of ten- inv~ked[~]  hiph-valent tion-state structure for the 
intermediates R-Fe(H)i (R = rate-determining step of Fe ' - 

mediated C H bond acti\a- 
organic residue) were not found to tion in 
correspond to minima. This key 
fcaturc of C-H bond activation (Figure 2) should in principle 
be transferable to larger and more complicated organic sub- 
strates, provided that the following is taken into account: 
1) Ligands bearing functional groups (e.g. double bonds) may 

slightly alter the transition-state structure by additional in- 
teraction with the metal ccntcr. 

2) With increasing size of the organic ligand the number of 
possible sites for C-H bond insertion will grow, and the 
potential energy surface will be much more complex as a 
result. 

3) The energetics of all possible reaction channels are of interest, 
when considering the product ratios found in the gas-phase 
experiments. This information and the electronic structures 
of intermediates and transition-state structures provide the 
link between the encounter and the product complexes. 

Chem. Eur. J. 1997, 3, No. 8 'u VCH Vrrlog.s~P.srll.s[hu// mhH.  D-69451 Weinheim, 1997 0947-653Y/Y7~0308-/3/7 $ 17.50+ .50!0 1317 
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In the current investigation only the potential energy surfaces 
of quartet multiplicity have been considered. In our previous 

we also computed species with five unpaircd clcctrons 
(sextet state), but found them to be higher in energy. This is in 
line with the results of Holthausen et aLF8' for Fc+/C,H, and 
Fc+/C,H, and Bauschlicher et al. for the Fe+/benzene com- 
p l c ~ , [ ~ ~ '  where the quartet states were always lowcst in energy. 
Figurc 3 shows schematically the possible pathways for C-H 

bond activation in bcnzocycloalkenes 
by a coordinatively unsaturated Fc+ 
cation attached to the n: system. In the 
course of the dehydrogenation pro- 
cess, the Fe ' cation may bend towards a&," a specific reaction site in thc aliphatic 

i'igure 3. Poc\ibli. inscr- part of the molecule or elsc the organic 

ben70c).cloa]kenes = such a way that a given C -H bond 
4). 5. (I7 = 5 ) .  and IU approaches the iron atom. 

What are the factors that dctcrmine ( I 1  -~ 6) .  

the relativc cncrgies of the saddle 
points for the possiblc sites of attack shown in Figure 3? To 
answcr this qucstion, we must consider that in all the 
Fe' - benzocycloalkene complcxcs the iron is initially bound to 
the aromatic ring in a q6 fashion'". 201 and is thus far removed 
from thc reaction site located in the non-aromatic part of the 
organic ligand. If thc iron cation migrates to the insertion site. 
it will, a t  least partially, loose its stabilizing interaction with thc 
benzenoid TI system. If, on the other hand. the organic ligand 
undergoes conformational changes so that insertion into a givcn 
C - H  bond and subsequent formation of the crucial transition 
state (Figurc 3) bccomc geometrically feasible, the ligand struc- 
ture must be perturbed from its minimum-energy geometry. 
Both these scenarios involve an increase in energy; which path- 
way or even combination of pathways prevails depends the rel- 
ative energies required for these perturbations from the equi- 
librium geometry. Since bcnzocycloalkcncs offer several sites 
for C -  H bond activation, different products inay form through 

'Fe 

t l O l l  SlteF f0l- Fe+-Inedlat- ligand may change its conformatioll in 
ed dehqdrogcndtion of 

the various possible dchydrogcnation path- 
ways. which are likely to differ in the energy 
rcquircd to overcome the barrier to bond acti- 
vation. Moreover, it is to  be expected that dif- 
fei-ent ligands (i.e. I, 5, and 10) will differ in 
their preference for a specific reaction site. 

The energetically most ideal situation will 
arise when the non-aromatic ring is flexiblc 
cnough to bring one of its CH, units into the 
vicinity of thc $'-coordinated iron, since this 
allows the iron to  maintain its energetically fa- 
vorable position. Thc worst case will arise 
when thc aliphatic section of the ligand is rigid 
or  when a given CH, unit cannot bend towards 
thc iron cation without generating too much 
strain in the non-aromatic ring; the iron would 
thcn have to give up its stabilizing coordination 
with the aromatic n system to migrate to the 
insertion site. In between thcsc two extremes, 
several scenarios arc conccivable, involving a 
mutual motion of iron cation and CH, unit 
towards each other. One way of determining 

the reaction pathways with the lowest barriers for benzocyclo- 
hexene (1). benzocycloheptene (5), and benzocyclooctene (10) 
would of course be to calculate all stationary points for all 
possible reactions shown in Figure 1. This "sledgehammer" ap- 
proach can be avoided by using the results from the model 
studies;"] knowledge of the putative crucial transition-state 
structurc (Figure 2) simplifies the problem in two respects: 
1) Instead of calculating all relevant stationary points. only the 
decisive TS and the entrance and exit channels need be calculat- 
cd. 2) Prior knwoledge of its approximate geometry simplifies 
locating the TS on an extremcly complicated PES. We therefore 
chose the following strategy to obtain these saddle points while 
minimizing computational effort : Wc assumed that the mecha- 
nism of Fe+-niediated C-H bond activation in benzocyclo- 
alkenes does not differ in principle from that derived for the 
small alkane systcms ethane and propane, although variations 
of the geomctric features are likcly. Hence, we restricted 
ourselves to calculating concerted transition state structures 
similar to that known from the model study.[*] Starting from the 
approximate geometry,[*] we completely reoptimizcd the saddle 
points for all reaction channcls shown in Figure 1.  This proce- 
dure ensured that the individual environment of the transition- 
statc structure was taken into account (i.e., additional coordina- 
tion provided by the benzenoid moicty or steric interaction with 
other CH, units of the ligand, etc) In the following, we will 
first discuss energetic and thcn structural aspects of the three 
potential energy surfaces (PES) investigated. 

Tlw Fe+jtrrr.albz . s ~ s ~ e r n :  Starting from benzocyclohexene ( I ) ,  
two primary dchydrogenation products are possible, namely, 
1,2-dihydronaphthalene-f.'e+ (2- Fc+), resulting from inser- 
tion into the C 1 - H 1 bond followed by formation or TS, - 2 ,  

and 1,4-dihydronaphthaIene- Fe '- (3-Fe+), produced by inser- 
tion into the C2-H2 bond followed by formation of TS l_ , .  
However, only 2-Fe' is found cxperimentally (Table 1).  The 
structures and relative energies resulting from the DFT calcula- 
tions arc shown in Figure 4. 

H I  
+'\ 

&+H, 

\ 
\ 
\ 
\ 
\ 
\ -49 - 

4-Fe' 

I I 

Figui-e 4. PES for the Fe--inrdiated single and double dehydrogenahn of beiizocyclohexenc 
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A common feature of all benzocycloalkene - Fe + complexes 
is, as expected, thc q6 mode of coordination of the iron cation 
to the benzene subunit, which results in a comparably high 
bonding energy for the initial complex of 73 kcalmol-' .  This 
energy, which in the isolated system is stored as rovibrational 
cxcitation of the encounter complex, is by and large the driving 
force of the endothermic dehydrogenation. Whilc transition- 
state structures TS, - and TS, - clearly lie below the entrance 
channel 1 + F e +  (31 and 39 kcalmol-'), thecalculations predict 
TS,-, to be 8 kcalmol-I more stable; this is in qualitative 
agreement with the experimental observation that dehydrogena- 
tion at the C I / C 2  position prevails. We also find a TS for thc 
second dehydrogenation, again located below the entrance 
channel (TS,-,, 24 kcalmol- I ) ,  supporting the experimental 
finding that both single and double dehydrogenations are pos- 
sible. Looking at  the relative stabilities of the minima, we find 
that the encounter complex l - F e +  is the global minimum 
(73 kcalmol- I ) .  Relative to 1- Fe+, the first dehydrogenation 
reaction is endothermic by 21 kcal mol - I .  Interestingly the sec- 
ond dehydrogenation reaction is endothermic by only a further 
3 kcalmol- ; obviously, this reflects the aromatic stabilization 
of the naphthalene ligand in complex 4-Fe+.  

A detailed analysis of the structural features of the minima of 
tetralin- Fe+ and its dehydrogcnated derivatives was given in 
our previous study;"] we therefore give only a short description 
here. In 1 -Fe+ the iron is centered above the aromatic ring, as 
is also found for benzene-Fet.['.201 Compared to those in the 
free ligand, the C-C bonds in the benzenoid substructure are 
slightly elongated and the C-H bonds are bent out of the planc 
of the ring by 2". Also, a Mulliken charge analysis reveals a 
charge transfer from the ligand to the iron cation of 0.2-0.3 
electrons, pointing to a considerable covalent component in the 
bonding interactions between metal and ligand. Although it 
must be assumed that the aliphatic ring is polarized by the 
electric ficld of the iron cation, this does not seem to affect its 
equilibrium geometry, since the conformation of the ring as well 
as bond lengths and angles resemble those of the ligand in the 
absence of thc metal cation. It seems that the six-membered ring 
(which is in principle analogous to  a cyclohexene unit) is not 
flexible enough to respond to  thc polarizing effect exerted by the 
Fe' cation. 

The features described above for l - F e +  are retained in the 
complexes 2-Fe+,  3-Fe+,  and4-Fe'; this observation further 
demonstrates the relative rigidity of tetralin (1) and its dehydro- 
genated dcrivatives. In particular, in none of the dehydrogenat- 
ed complexes (2-Fet, 3-Fc+,  and 4-Fe') can the newly 
formed double bond(s) get near enough (through conformation- 
a1 changes) to the iron cation for additional complexation. Sc- 
lected geometrical parameters of the optimized structures of the 
initial complexes of Fe' with I, 5 ,  and 10 are given in Figure 5 ;  
the dehydrogenated complexes are shown in Figure 6. 

The structures of TS, - 2  and TS, - 3  differ fundamentally from 
the minima (1-Fe+, 2-Fe+,  3-Fe+,  and 4-Fe') and reveal 
the reason for the energetic difference between the two saddle 
points. A summary of the geometrical features of all optimized 
saddle points is given in Table 2 .  In both transition states the 
iron leaves its centered position and moves towards the non-aro- 
matic ring, maintaining some inleraction with the benzenc ring 
through q i  coordination to one of the bridging carbon atoms. 

1 -Fc' 

5-Fe' 1 0 - F ~ -  

Figure 5 .  Selected geometrical parameters for initial complexes I - Fe +. 5 - Fe ' . 
and 10-Fe' 

3 886 

2-Fe' 4-Fe' 

6-Fe' 7-Fc' 

13-Fc' 

Figure 6. Selected geometrical paramctcrs Cor the mono- and dide1iydro~~'n;ilcd 
Fe' coinplexe?. 

Unlike 2-Fe+,  3-Fe+,  and 4-Fe+,  TS,-, contains a non-aro- 
matic ring distorted from the minimum geometry of tetralin. 
Obviously, two effects are operating here: 1) It is unfavorable 
for the iron to  give up the complexation with the benzene ring 
entirely by moving to the reaction site; the reaction site must 
thercfore bend towards the iron to some extent. 2) This induces 
strain in the non-aromatic ring and leads to a higher energy 
relative to  TS, - z ,  which is formed without significant alteration 
in the structure of the non-aromatic ring (see Figure 4). 

C'lirm. Eur. J. 1997, 3, N o .  R (0 YC'H Verlrr~s~e.seNrch~~J/  mhH,  D-69451 Weinhein?, 1997 0947-(,539/97ifJ30K-1319 $ 17.501.50~0 1319 
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Table 2. Selected geometric features of- the calculated transition-stalc structure. For atom numbering, see Figurc 2 (distances in A, angles i n  degrees) 

,.(Fe-CI) r.(l'e-C2) r(C'lGC2) r ( F e e H 1 )  r.(Fe-H2) r(H1 H 2 )  r(H1 C 2 )  <r(Fe-Cl-C2) o(H1-CZ-Cl) 

TS ,  2.008 2.228 1.440 1.578 1.57X 1.449 1.473 78.7 62.0 
lS, 1.006 2.173 1 4 5 0  1.633 1 589 1.623 1.314 74 3 65.8 
'rs2., 3.013 2.289 1.463 1.641 1 5 7 4  1.71 5 1.351 80.7 60 2 
'TS 5 . ,, 2.057 2.198 1.450 1.620 1.590 1.548 1.341 75.4 64.9 
'rs; . 2.002 2.243 1.442 1.576 1.517 1.445 1.445 79.5 61.3 

2.006 2.295 1.453 1.615 1579  1.603 1.41 0 81.4 59.8 
2.001 2.208 1.440 1.570 I 579 1.402 1.489 11.9 62.4 
1.998 2 255 1.445 1.589 1.5X3 1.440 1.489 80.0 60.8 
2.026 2.165 1.444 1.566 1.573 1.553 1.433 75.1  64.7 
2.004 2.194 1.463 1.658 i 601 1.61 1 I .272 75.6 64.2 

It should be noted that 2- Fef  could in principle also bc 
gcnerated by insertion into the C 2 - H 2  bond followed by for- 
mation of the characteristic transition state (Figurc 2) by inter- 
action with thc C 1 -H 1 bond. We have checked this option and 
found it to be less favorable than TS, ..z, probably for the same 
reasons that apply to TS, - 3 :  the iron cation looses more of its 
binding interaction with the bcnzenoid substructure when mov- 
ing to a more distant reaction site; hence, insertion in proxiinatc 
regions of the molecule is preferrcd, given that the aliphatic part 
molecule is rather inflexible.[22] Similar considerations apply to 
the benzocycloheptene and -octene systems, discussed below. 

In the second hydrogenation step, the geometrical features of 
TS,_, arc similar to TS,- ,  with regard to coordination of the 
iron cation. These features are also retained in the structures of 
TS, - h  and TS,,-, discussed below. This shows that reaction at 
the bcnzylic position as a mechanistic option is largely indepen- 
dent from the aliphatic residue of the molecule. As we will see, 
however. other mechanistic pathways may be more favorable 
for kinetic reasons. 

77ie Ft~+lDeii-oc~clohr.pferze .system: The initial complex 5- Fe '- 
lies 79 kcalmol- ' below thc entrance channel. Proceeding from 
5-Fc', again, two reaction chan- 
nels are possible for the dehydro- 
gcnation of the saturated ring of 
5. In contrast to what was found 
for the Fe"/benzocyclohexene 
system, thc calculated barrier 
heights for the transition states 
TSj-, andTS,-,ofthe twocom- 
pcting primary dehydrogenation 
rcactions are separated by only 
1 kcal mol.. (Figure 7). This re- 
sult comparcs remarkably well 
with thc experimental data for the 
product distribution of the two 
primary products 1,2-benzocy- 
cloheptene (6) and 2.3-benzocy- 
cloheptene (7) (42: 58). The 
agreement between theory and 
experiment in this particular 
point strengthens our confidence 
that the assumptions made earlier 
concerning the crucial steps of the 
dehydrogenation reaction are 
valid and indccd transferable to 
more complicated systems. Also, 

I -~ I 

this example shows that the theoretical approach chosen is capa- 
ble of predicting the relative barriers of different reaction chan- 
nels fairly precisely. 

For the second dehydrogenation step of the Fe+/benzocyclo- 
heptene system, we focused on two of the three possible paths 
(cf. Figure 3). The endothermicity for the first dehydrogenation 
step is in the same range as that found for the Fe+!benzocyclo- 
hexene system-2 1 kcal mol- for 6- Fe+ and 17 kcal mol- I 

for 7--Fe '. Therefore, 7-Fe' is 4 kcalmol-' lower in energy 
than 6- Fe' because of additional stabilization with the newly 
formed double bond. Proceeding from 6-Fe' and 7-Fc+,  only 
the reactions involving the benzylic positions need be consid- 
cred. 'The dehydrogenation of 6- Fe' a t  the homobenzylic posi- 
tion is likely to be significantly higher in energy: since the dis- 
tance between F e t  and this reaction site is much larger (see 
Figure 6) and because of the increased rigidity of 6 due to the 
double bond formed in the first H, elimination, the non-aromat- 
ic ring cannot easily change its conformation so as to facilitate 
insertion into a homobenzylic C-H bond. 

The results shown in the right half of the PES in Figure 7 
are comparable to those for the Fe'ltelralin system in 
that the barriers to the second dehydrogenation (TS, - o ,  

+ 

I I 

Figure 7. PES for the Fe+-mediated ainglc and double dehydrogenation of benmcycloheptene 
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- 22 kcalmol- and TS, 8, - 23 kcal mol- I )  arc similar to the 
-24 kcalmol- found for TS,-, (with rcspect to the entrance 
channel). Nevertheless, the second H, abstraction is now en- 
dothermic by 24 kcal mol ' for the benzocycloheptene system 
relative to the first dehydrogenation in both cases; this contrasts 
sharply with the value of only 3 kcal mol required in the case 
of naphthalene-Fe' formation (4-Fe'). Can these figures be 
correlated with the fact that neither 8-Fe' nor 9-Fe' are 
formed in the gas-phase experiment? The calculated results on 
the barrier heights imply that, from an energetic viewpoint, 
consecutive dehydrogenation should be possible for benzocy- 
cloheptene, and at  first glance there seems to be a discrepancy 
between experimental and theoretical results. One explanation 
may be that the non-aromatic ring of the Fc+/benzocyclohep- 
tcne system is floppier than the Fe+/tetralin system and can thus 
more easily disperse energy by exciting the low vibrational 
modes. As a consequence, the energy required to overcome 
TS+, or TS,-, is no longer available, and further dehydro- 
genation is thus inhibited. Also, the barrier for a second dehy- 
drogenation with regard to  the minima 6 Fe+ and 7-Fe' is 
higher for this system (35 and 40 kcal mol- I ,  respectively) than 
for the benzocyclohexene-Fe' system (28 kcalmol-'). How- 
ever, the most probable origin of this apparent contradiction 
can be traced back to the notorious overbinding tendency of 
pure D F T  methods,[41 which we have estimated to amount to 
ca. 10 kcalmol-' for equilibrium structures in our previous 
study.[91 While this applies also to TS,-,. where we found con- 
sistency betwccn experiment and theory, it must be suspected 
that the relative energies for TS,-, or TS,-, lie near or only 
slightly above the entrance channel, and subtle differences deter- 
mine whether second dehydrogenation takes place or not. Addi- 
tional investigations on this subject are currently taking place in 
our laboratory.['31 Preliminary results employing more sophisti- 
cated HF/DFT hybrid approaches assign the energies for TS, 
and TS+, close to  the entrance channel, and in these calcula- 
tions TS,-, again turns out to be somewhat lower than TS,_, 
and TS,+, . From these preliminary findings, we draw two ma- 
jor conclusions: The ovcrbinding tendency of pure D F T  is most 
pronounced for transition states and can be reduced by use of 
DFT/HF hybrid methods. However, what is more important 
for the scope of the present work, the order of relative energies, 
for example, for transition states leading to different reaction 
channels, both methods are in good agreement with the avail- 
able experimental data. 

Inspcction of the minimum geometries on this PES reveals 
similar features to those already found for the benzocyclohcx- 
ene-Fe' system. The iron coordinates with the benzenoid TZ 
system leaving the ligand structure nearly unaffected. An excep- 
tion is 7-Fef where the iron is actually $?-coordinated; here, 
the non-aromatic ring adopts a conformation in which the new- 
ly formed double bond can interact with the iron and thus adds 
additional stabilization to  the complex. At this point, we would 
like to direct the reader's attention to the equilibrium geometry 
of 5-Fe' (Figure 5 ) .  The equatorial hydrogen locatcd at  C3  is 
already rather close to the iron (1.957 A). Also, since this equa- 
torial C - H  bond is stretched relative to the axial one by 
0.045 A, it is apparent that some interaction between the hydro- 
gen atom and the iron cation already exists in the initial com- 
plex. This is also corroborated by analysis of the Kohn-Sham 

molecular orbitals for this complex. Therefore, one could argue 
that this particular C - H  bond is the most likely site for primary 
insertion of the iron. However. the transition-state structure 
that follows insertion into the C - H  bond located at C 2  (i.e. 
TS, ,) is energetically more favorable for steric reasons than 
the one resulting from insertion into C 3. Moreover, we find that 
the conformation in which the H atom locatcd at  C 2  points 
towards the iron, instead of the H atom at  C 3, is almost isoen- 
ergetic; this suggests that before forming TS, -, , 5- Fc' 
changes its conformation to facilitate insertion into the C-H 
bond at  C2, resulting in an energetically lower TS. This in turn 
implies that the lowest-energy conformation of the non-aromat- 
ic ring in the initial complex is not necessarily the one adopted 
in the TS. It also demonstrates that, once the non-aromatic part 
of the ligand becomes more flexible, geometric arguments 
derived from the initial minima alone can be misleading when 
used to  predict reactions. 

Examination of the geometries of TS,-, and TS,+, reveals 
the following: TS,-, is very similar to TS, - z  a s  far as the Fe' 
coordination is concerned (see above). The iron is positioned 
perpendicular to the surface of the benzene ring above one of the 
bridging carbon atoms, allowing some interaction with the ben- 
zene ring in the transition-state structure; a t  thc same timc no 
strain is built up in the non-aromatic ring through energetically 
demanding conformational changes. In contrast, in TS, ~ , the 
iron has only slightly migrated from the central position above 
the benzene ring. The non-aromatic ring is large and flexible 
enough to offer the C 2/C 3 C - H  bonds as reaction sites without 
the iron having to disengage from the benzenoid TZ system. 
Owing to the increased flexibility of the non-aromatic ring in 
S-Fe', it is clear why the transcormation to  TS,+, involves ;I 

lower barrier. In contrast, for the homologue TS, - j r  the iron 
cation has to sacrifice most of its stabilizing interaction with the 
benzene ring because of the rigidity of the six-membered non- 
aromatic ring. As a result, the energetic gap calculated for 
TS , and TS , , is reduced for the analogous transition- 
state structures TS,-, and TS, -, so that they are almost isoen- 
ergetic. 

The Fr+lhPiizoc:vcioottene systenz: Increasing thc alicyclic ring 
size by one more CH, unit results in a larger number of possible 
dehydrogenation products (three instead of two). Yet, a s  men- 
tioned above (Table 1 and Figure I ) ,  only one of the three pos- 
sible primary products is formed. At first sight i t  is surprising 
that only C-H bonds at C 3 / C 4  are involved in dehydrogena- 
tion. The relative energies of the three transition states (Fig- 
ure 8) support the experimental findings. 

For benzocyclooctene (10) the largest interaction energy bc- 
tween the iron cation and the ligand is predicted 
(82 kcalmol-'); this is due to the increased polarization in the 
ligand, but also to intramolecular solvation effects. since the 
ligand structure suggests that a cavity is formed in which the 
metal ion is embedded and interacts with several ligation points. 
Of the three transition-state strircturcs located, TS , J ,  con- 
necting 10- Fe' with the experimentally observed dehydro- 
genated product 13-Fe'. is the lowest in energy. The other two 
transition states are higher in energy by 6 ( T S l o - , l )  and 
21 kcalmol-I (TS,0-12) .  The reaction from 10-F~ '  to 13- 
Fe' H, is endothermic by 8 kcalmol-I, which is significantly 
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Figure X. PES for the Pe'-mediated single d e h y d r o g e n a " ~ ~  ol' bcnzocyclooclcnc. 

lower than found for the first dehydrogcnation steps of 1 - Fe+ 
and 5 -  Fe+ (17-21 kcal mol- I ) .  

The structural features of the Fe+ complexes of benzocy- 
clooctcnc (10) differ from those discussed above. The aliphatic 
part of the molcculc is much more flexible and has a multitude 
of alinost isoenergetic conformations. Thus, the shape of the 
aliphatic part of the molecule now responds markedly to the 
polarizing effect upon complexation with Fe' in all but one casc 
(TS (, 2 ,  cf. Figure 8), in order to maximize interaction be- 
tween the Fe ' and the organic ligand. The conformation of thc 
noii-aromatic eight-membered ring of benzocyclooctene (10) 
changcs from being more or less flat to  a folded three-dimen- 
sional shape, almost surrounding the iron cation. Inspection of 
thc geometries ofTS, , - , , ,  TSlo- ,2 ,  and TS,,-,,  reveals that, 
owing to a transannular effect with the C3/C4 position of the 
non-aromatic ring, in TS,,_ 1 3  the iron cation remains practical- 
ly unperturbed in its q6 bonded interaction above the benzene 
ring. At thc same time, formation of this transition state pro- 
cecds without inducing significant strain in the non-aromatic 
ring, as the conformation of the alicyclic part also remains large- 
ly unperturbed. In fact, the shape of the whole molecule hardly 
changes from 10-Fe' to TSlo+13. This corresponds to  the en- 
crgctically ideal case discussed earlier. The opposite is true for 
TS, , ,_ , ,  (reaction at  the C 2 - C 3  positions). Thc fact that this 
transition-state structure is by far the highest in energy can be 
rationalized by means of its geometrical i'eat~res[*~I-- it repre- 
sents the worst case discussed above: Because of the large dis- 
tance between the iron cation and the reaction site, the iron has 
to leave its position above the benzene ring completcly and 
migrate to the reaction site. This is duc to the fact that the 
non-aromatic ring cannot adopt a conformation that is relative- 
ly  low in energy and at the same time allows the iron to  retain 
its interaction with the aromatic71 system.[251 For  TS, o - ,  , (reac- 

tion in the benzylic position) the situa- 
tion resembles those of TS,_ ,  and 
TS, - 6 .  With regard to the possible de- 
hydrogenated products, 11 - Fe ' 
(double bond in the benzylic position) 
shows the same features as its lower 
homologues. The energetically lowest 
structure (13-Fe') and also 12-Fe' 
can achieve additional stabilization 
by coordination of the transannular 
double bond with the iron cation. In 
the transformation of 10-Fet via 
TS,,-,, to 13-Fe+, the conforma- 
tion of the atoms not taking part in 
reaction changes very little; this ex- 
plains the low barrier and moderate 
cndothcrmicity of the dchydrogena- 
tion reaction, but also the high prefer- 
ence for this reaction channel. 

Since none of the possible sec- 
ondary dehydrogenation products for 
10- Fe' were observed experimental- 
ly and in view of the size and complex- 
ity of this system, the corresponding 
structures were not calculated. 

Conclusions 

In a combincd cxperimcntal and theoretical approach the differ- 
ences in the chemical behavior of the Fe+-mediated dehydro- 
genation of benzocyclohexene, benzocycloheptene, and benzo- 
cyclooctene have been explored. Extensive mass spectrometric 
labeling experiments show that increasing the size of the alicyclic 
ring results in a shift from reactions at  the benzylic position to 
remote activation of the transannular C-H bonds. Density 
functional calculations fully support the experimental results, 
assigning the lowest activation barriers to the reaction channels 
that lead to the experimentally observed reaction products in 
every case. The relative stabilities are well reproduced by the 
D F T  approach chosen, thus affording a consistent picture with 
the available experimental data. However, the energetic infor- 
mation with regard to the entrance channel is less accurate, due 
to the overbinding tendency inherent in pure D F T  functionals. 
More accurate calculations, employing HF/DFT hybrid func- 
tionals, and application of refined population analysis schemes. 
such as natural bond orbital analysis, to gain more insight into 
the bonding situation are desirable and will be published in due 

The structural and energetic information together with the 
experimental observations unequivocally suggest a general un- 
derlying pattern for the regioselectivity of C-H bond activation 
in these systems. When the size of the non-aromatic ring is 
increased from six to eight carbon atoms, the molecule changes 
from a rather rigid (benzocyclohexene) via a modestly flexible 
(benzocycloheptene) to a rather floppy system (benzocy- 
clooctene). The iron cation, which is bound to the benzene 
moiety of the molecule, prefers reaction sites that allow it to 
maintain its interaction with the benzcne anchor to the greatest 
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extent possible. If the non-aromatic ring is flexible enough to 
bring rcmote reaction centers into the vicinity of the metal cen- 
ter by conformational changes without inducing too high a 
strain energy, remote activation will occur, as seen for benzocy- 
clooctene (10). If the non-aromatic ring is small and rigid, as in 
benzocyclohexene 1, reaction will occur in the benzylic C 1/C2 
position, allowing the iron to maintain a t  least part of its intcr- 
action with the benzene ring. Between these extremes, both 
mechanisms compete, as is seen for benzcycloheptene. Here, 
remote bond activation takes place with a slight migration of 
FeC from its central position above the benzenc ring; this en- 
ables formation of the characteristic transition state without 
necessitating disengagement of Fe' from its anchored position. 
The competing mechanisms cause the barriers of different reac- 
tion channels to be almost energetically degenerate, and the 
product ratio shifts from the exclusive formation of only one 
isomer to a mixture of isomers. 
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