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that stoichiometric relationships between antigen and antibodies are not sufficient to 
explain immunologic reactions taking place at  a solid interface, where aggregates are 
obtained which contain a few antigen molecules and a large number of antibodies. 
Such assemblies might be called Berthollides. 
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124. The Structure of the Ferrocenyl-methyl Cation 
Preliminary Communication1) 

by Rolf Gleiter and Rolf Seeger 
Physikalisch-Chemisches Institut der Universitat Basel 

(11. IIT. 71) 

Sztmrnavy. Using a modified Extended Hiickel (S. C. C . )  procedure the structure of the fcrro- 
cenyl-methyl cation has been calculated. The result is a structure (V) with about equaI overlap 
population between all Fc--C bonds. The methylenc group is bent towards the iron atom and both 
rings are tilted. 

The best demonstration of the electron releasing effect of the ferrocenyl group 
is the isolation of stable salts like I [le]. The diferrocenyl-methyl cation (I, R = ferro- 
cenyl, R’ = H) can be isolated as fluoroborate (X = BF,) and recrystallized from 
methanol. The NMR. spectra of such ions (I) suggest that the molecule possesses for 
K = R’ a plane of symmetry through the atoms 1 and 6 [lc] [a]. 

The exact structures of such ions are not yet known and still the subject of some 
debate Ll]. This uncertainty is mostly due to differences in the interpretation of 
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solvolysis expcrinients whicli may not give the answer to  structural problciiis of the 
groundstate of the free ion. The observed rate enliancement due to the ferrocenyl 
group compared witli that  of tlie phenyl group and the stereospecifity of the reaction 
of solvolysis may be explained either bv a structural model involving conjugation 
with the z-system (11) L l ]  [4J only, or by inctal participation (111) [l] [ 3 ] .  Some 
authors favouring metal participation have modified model 111 in several ways: they 
suggested that the fulvene part of the niolecnle was shiftrd (ITIa) i?J, bcnt (IITb) ' l d J  
or that tlir: lonw ring was tilted (111 (-) j Id!. 
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Consideration of the overlap integrals between the 1 1  ietal 3 d and the 2 p  n-orbitals 
of tlie carbon atom 6 led Hill & Richards ~ 3 ]  to tlie conclusion that the model depicted 
in  l l I a  i s  reasonable. Cais [le] and Heilllronizcr [5] find, using a HMO model, that  the 
positive charge is dispersed over the whole iiiolecule and that the fulvene moiety 
prefers bond alternation. 

In this preliminary note we sunirnarize the results obtained for tlie structure of the 
ferrocenyl-methyl cation using a self consistent charge ( S . C C . )  procedure based on an 
Extended Hiickel model 161. 

To obtain thc onc electron l h p c r a t o r ,  we taltr. into account that the niolecule may have an 
intc:rii nl cli argc separation. 

71ie diagonal elcnzcnts lIi l  of the H matrix are set c q i d  to  the valence state ionization potential 
(\'SIP) E(.% of orbital i a t  atom A .  This potential depends on the nct charge y~ of the atom A. Foi- 
the rclationship bet\\ ccn 4 4  and  t'iq \re use the function given b y  Z e m e v  & Gouterrnun [7] for C ant1 

Fe. For the VSIJ'. of hydrogen the  \.>hies suggested b y  H i ~ z z e  S: Jujfi.  [8J were used. Since the E ~ . ~  

~ t l u e s  are given for three discrctc net chargcs only, e g .  .\O, A+, .\+ +, x c  have fitted a parabola 
through thesc points for interpolation. 

T h e  qfJ-diagowul clelne?ils Hij are calculated accvrding to thc  JI~iZliken-Wolfshey~-Helnzhol.: 
approxiiliation [9! : 

H h j  = I < .  0.5 . Stj ( c , + E ~ )  with A' = 1,75. 

l'hc overlap integrals Sij are obtained according to Ruedeizherg, Hoothaan LY: ,Jaztnzel?z.Ls [101. 
' l l i c :  basis set consists of Slater type orbitals (STO) with an  exponent of 1.625 for C and 1.3 for H.  
l h c  atomic orbitals for Fe are approxiiriatcd RS a lincar combination o f  STO with the  following 
exponents [kl a n d  coefficients clrl r l l j ,  

I I  

F v  1 s :  L l 0  ~- 25.38, cl0 = - 0.02078; iz0 = 9.75, cr0 ~ 0.07052; 
t,,) = 4.48, c3" =- - 0.1744; 7- 1.40, c4,, - 1.0125. 

I'i. 1p. cal = 10.6, 2 0.00241; csl ~~ 4.17, cQ1 = - 0.00818; 
[41 == O..il, c4t = 1.00003. 

For the calculation of the 3 d  orbitals ol  Fc the tlo111~lc [ incthod 1121 was used w i t h  the following 
I and  coefficients C ~ I :  

132 : 5.35, (cS2 ~- O.536h; Cfz2  ~ 1.80, dar = 0.6678 
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As start the H-matrix is calculated on the basis of an assumed charge distribution. The diagonaliza- 
tion of this matrix is followed by a Mulliken population analysis. This leads to a new set of net 
charges which in turn yield a new H-matrix. This process is repeated until the charge differencc 
between two steps is smaller than 0.02 electron units. For reasons of numerical stability we h a w  
introduced a damping function 

We started our calculation with a geometry derived from ferrocene (DSd) ,  replacing 
a H atom by a CH, group. To keep computing time within justifiable limits in explor- 
ing the multidimensional potential surface the following restrictions were introduced : 
all C-H distances (1.1 A) and the C-C distances (1.4 A) of the lower ring in I were 
kept constant; a plane of symmetry passing through the metal atom, C(1), and C(6) 
was assumed. We varied the distances between the two rings, keeping their distance 
to the Fe atom equal, until a position of minimum total energy was reached. We 
obtained 3.25 A for the distance between the two rings, i.e. the same distance as 
observed in ferrocene [lb]. Displacing the iron along the z-axis from its central posi- 
tion between the two rings (see IV) leads to a destabilization if the distance between 
the two rings is kept at 3.25 A. 

We shifted the fulvene moiety along the x-axis and varied the angles K ,  ,f? and y 
independently as shown in IV. These calculations lead to  the structure shown in \'. 

The calculated values are: K = 40°, /3 = lo", y = 0", A x  = 0.1 A. Introduction of bond 
alternation into the fulvene moiety (C-C = 1.5 a, C-C = 1.34 A) decreases the total 
energy by 0.4 eV. We believe the value of K = 40" may be somewhat too large. 

The resulting structure can be thought of as a fulvene part bound to the iron 
cyclopentadienyl unit in such a way that all Fe-C-overlap populations are about equal 
(see table). The structure of the ferrocenyl-methyl cation is essentially due to the 
interaction of the filled nonbonding 3d,2 orbital of the iron with the empty z* orbital 
of the fulvene moiety. The 3d,2 orbital is thus lowered in energy while the z* orbital 
of the fulvene is destabilized. Mixing of the lowest antibonding orbital with the metaI 
orbitals results in a weakening of the C(6)-C(1) bond which facilitates the bending 
of C(6) towards the iron. 

N e t  charges of V 

atom 1 2 3 4 6 Fe 
chargc 0 063 0 033 0 022 0.022 0 065 0 50 

ReduLed overlap populatiolzs of V 
bond 1-2 1-6 1-Fe 2-3 2-Fe 3-4 3-Fe 6-1.c 

0834 1.124 0.046 1145 0066 0865 0079 0078 
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In the final structure about half the positive charge is located at the iron atom 
and the other half distributed uniformly over both rings (see table). For comparison 
the charge at the iron atom in ferrocene is calculated to be + 0.3. This result compares 
favourably with Mossbawer experiments 1131. Another interesting result of these 
calculations is that a planar structure (111) should have a triplet groundstate (1.4 eV 
difference between highest occupied and lowest unoccupied MO) 1141 while the bent 
structure (V) should have a singlet ground state. Some experiments carried out by 
Cais et al. 1151 may be explained in this wap. 

This work is par t  of project No. SR 2.120.69 of the  Schweizerzsche Satzolzalfonds.  We wish to  
thank thc S A  N D O Z  AG for computer-time on the U N I V A C  1108. 
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125. A Semi-Empirical Model of the Energy Barrier 
of Proton Transfer Reactions’) 

by Alfred V. Willi 
C ollegc o f  I’harmawutical Scienccs, Columbia Ilniverstty, 115 W 68th Street, New York, 

N Y 10023, 1’ S.A 

(27 111 71) 

. S ~ ~ ~ m ~ ~ i a v ~ y .  The cnergy barrier in proton transfcr reactions is dcscribed by a Johnston-typc 
equation (1) (n  = ordcr of bond to bc broken). The barrier model is discussed in terms of free 
energies. The I’i valucs are free cnergics of ionic cleavage in aqueous solution of the X-H and Y-H 
bonds; they are computed from eqns. (4c) and (4~1).  The values of p1 and p z  affect curvaturc 

I’rescntcd at thc 158th National Mceting of the  Aincricati C,hetnical Society, New York, N.Y., 
September 11, 1969. 




