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Abstrwt-Two molecules are used as models for the properties of methyl cation. CH,+, namely 
nwbanal and boranc. The properties of tbasc systems have been computed by the Extended Huckcl 
Theory aa each mokzule is deformed. The charge densities and cnergits are prrstntbd in grpphic 
manner. It ia concluded from the calculations that m&anal is much stiffer than methyl cation and 
that boranc is mwh more plastic than methyl cation. Neither model system undergoes isosteric 
deformation, tbc same inueasc in energy for the same amount of deformation. 

INTRODUCTION 

A PRESSING chemical problem is that of the nature of the activated complex in a reac- 
tion. By definition the Eyring complex has only an unimolecular mode of decomposi- 
tion to reactants or products. Thus the chemistry of a particular activated complex 
can only be probed by kinetics (giving the gross element composition of the complex), 
by isotope effects (giving one number at one temperature that is a small function of the 
geometry (G matrix) and a major function of the force fields (F matrix)), or by model 
systems. The use of model systems, is, at best, only based on chemical analogy and 
inference. In the present paper the computed properties of methyl cation are examined 
and compared with the computed and known properties of various model systems: 
namely mcthanal and borane. Methane has been used as a starting point to estimate 
the success of EHT theory. 

The use is made of the Extended Huckel Theory (EHT) as developed by Hoff- 
mann.&’ In this LCAO-MO calculation all valence electrons are considered in both 
0 and ‘II frameworks. The Hpp matrix elements are estimated from ionization poten- 
tials of the atoms. The Hw elements are estimated by 

Hpp = 0.50 K[H,, -i- H,,]SpQ (la) 
for hydrocarbons, or by 

HpQ y K’Spa (lb) 

for resonance integrals involving boron or nitrogen. No off-diagonal matrix elements 
are set equal to zero. The molecular geometry (or symmetry) is entered as the x, y, z 

I Paper I. Vibrational JZffets. 
’ Alfred P. Sloan Fellow. 1962-1966. 
’ Postdoctoral Research Associate. 
’ R. Hoffmann, 1. Chcm. PhyJ. 39, 1397 (1963). 
* R. Hoffmann, J. Chm. P+. 40.2745 (1964). 
’ R. Hoffmann, 1. Chrm. Phyr. 40,2474 (1965). 
’ R. Hoffmann, 1. Chm. Pliyr. 40,2480 (1964). 
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coordinates of each atom and is used to compute Hw from Slater orbitals. The 
constant, K, is chosen to fit the known properties ofethane. Coulson and Dew& 
have presented a critique of the use of the Huckel method on ionic species. More 
recently the statement has been made that the use of HT or EHT for carbonium ions 
(as non-classical ions) is “so grossly incorrect that no such justification can be accepted 
in this case.‘* 

In the present work three models for CH s+ have been examined : namely methane, 
methanal and borane. While EHT calculations have been performed on methyl 
cation, the present authors recognized the error in computed energy to be of the order 
of 4 ev of added repulsion since IE,I # &,I. 

Calculations on BH, circumvent this difficulty which only could be overcome for 
CH,; by using a full Self Consistent Field Molecular Orbital treatment.lO At present 
methyl cation can be handled but an ion as 2-norbornyl cation would be impracticable 
in such a full treatment. 

RESULTS 

Methane. Numerous calculations have been performed on methane using LCAO- 
MO-SCF with Slater-base sets,llsl* MO-one center methods,“-la and LCAO-MO-SCF 

’ C. A. Coulson and M. J. S. Dcwar. Disc. Furu&y SIX. 2.54 (1947); Also xc the preceding paper, 
2, SO (1947). 

- M. J. S. Dcwar and A. P. Marchand, AMWJI Reciew o/Phys. Chcm. B&321-346 (1965). Quoted 
from p. 344. The authors of this review pkad for a return of sanity in aubonium ion chemistry. 
However. this critique of the EHT method is much too scverc. For example. we have calculated 
using EHT theory the CH valence force constant of CH,+ to bc 4.47. A model is provided by H&G 
which has a force constant of 4.35 mdyncs/A; ’ Sac F. B. Boer. M. D. Newton and W. N. Lipscomb, 
plot. Nor. Acod. Sci. 52.8% (1964); * J. A. Poplc. D. P. Santry and G. A. Scgal, 1. Chem. Phys. 
43, S 129 (1965). In this paper the authors point out that the off-diagonal martix clcmcnts in EHT 
theory arc not invarian t under attain orthogonal transformations. Such invariance is tcquircd 
for a sclfconsistcnt oncekctron Huckcl operator. It is an =thctic criticism lo have a theory 
which gives s/&kly ditTcrcnt results depending on the choia of coordinate system. However the 
magnitude of this difference is not really that large. Defining our coordinates with the (0.0.0) at C 
for mcthanal and methyl cation and at B for boranc, &es 1101 introduce a fatal flaw into the scmi- 
empirical calculations reported in this paper. 

The real problem with our work (and ah most all other) is the mixture of some ub inif& ckmcnts 
with some empirical clcmcnts. For example the Slatcr orbitals arc “calibrated” from urperimental 
atomic spectral data. K is calibrated. 

At present all quantum calculations on compkx mokcuks arc semirigorous. None have 
apostolic purity. 4 D. G. Carroll and S. P. McGlynn have communkatcd to us the results of ttir 
work on the EHT theory. They find that replacing the K of 1.7s in 

with 
HIJ L KWII -+ HJJ&J/~ 

K = (2 - IslJl) 

kads to a much better representation of the electronic energy. Also scb D. G. Canoh. A. T. 
Armstrong and S. P. MeGlynn, 1. Chum. PhyJ. in press. 

I* B. M. Gimarc and R. G. Parr, Annual Review o/Phys. Chem. IS,451480 (1965). A good review 
of the quantum theory and vakna. 

I1 B. J. Woxnick. 1. Chum. Phys. 40, 2860 (1964). 
I* J. J. Sinai, 1. Chem. Phys. 39, IS75 (1%3). 
1’ A. F. Saturn0 and R. G. Pan, /. Glum. Phys. 33.22 (1960). 
‘* D. M. Bishop, Mol. Phys. 6.30s (1964). 
I’ R. Moccia, /. Chem. Phyg. 40.2164 (1964). 
la L:. L. Albasiny and J. R. A. Cooper. Proc. Phvs. Sot. St, 289, 801 (IW3). 
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with Gaussian sct~.l’*~* HolIma& has used the EHT method on methane using only 
T, symmmetry. He performed a rough calculation on the C-H stretching force 
constant (about 5.5 mdynes/A) near the minimum of the potential curve (about 1.0 A). 

Our calculations of methane (Td symmetry) were made using the IBM 7094 at 
0.05 A intervals from 0.80 to 1.50 A for the C-H distance and then from I.0150 to 
1.0250 A using OWO5 A intervals. The calculated total energy in electron volts (ev) 
are plotted in Fig. 1. The minimum occurred at 1.0230 A with E = - 139.7919 ev. 
The data are reported in Table 1. 

.l.oL__ 
IO ‘3 

‘u A 

Ro. 1. Computed tolal energy of mcthanc as a furwztion or C-H distaxe for the vrAl 
deformation. 

The second derivative of the energy curve was obtained from these data and was 
determined to be 5.57 mdynes/A at the c.aIculated minimum. The C-H distanceU 
in methane is known to be l-091 A and the normal coordinate force constarP is 
5.45 mdynes/A. Since the deformation of Td methane (only along the valence bonds) 
is the normal mode (v,(AJ), we have used the F, *I force constant which comes from 
the A block of the FG matrix calculation on methane.” The agreement of EHT 
theory with both of the experimental values is good. This certainly enforces Hoff- 
mann’s arguments as to the usefulness of the EHT method and encourages the success 
of the following calculations. 

I’ R. K. Nubct, J. Chm. Phys. 32, 1114 (1960). 
” M. Krauss, 1. Chem. P/tys. 38, 546 (1963) aod 1. Jtrs. Null. Bur. Std. 68 (A), 63s (1964). 
I’ Y. Morioo. Itieratomic D&~ances and Bond Aqks. A Chqtcr of Conr~anfs of Organic Compond~ 

(Edited by M. Kotakc) p. SlO. Asakura, Tokyo, Japan (1963). 
” L. H. Jones and M. Goldblatt. J. Mol. Spzcrrosc. 2, 103 (1958). 

*I In particular. 1, - i FrAl. 
Ml 
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Methunul. The ketone (or aldehyde) has often been suggested as a model for the 
carbonium ion. 

H 0 
I + 3 

H/c\ A 
H H H 

Both systems are planar. Both systems have the same type of hybridization at the 
carbon. Both systems have positive charge density on the carbon. 

TABLB 1. EHT P- FOR CH, wmi C-H DLTTANCE 1*023OA 
WAVE PUNcIlOW 

1. 2 3 4 5 6 7 8 
---. -.__ 

- 
.- -. 

1 H(l)’ 0.7020 0.7638 Oml2Y - l+Mol 04041 @ax3 -02855 01586 
2 H(2) 0.7020 0.7637 -0m31 1+801 - 04039 -OXlO -0.2859 @1586 
3 H(3) 0.7020 -0.7639 - lQ800 -0.0030 o.aMO -MO41 0.2855 01586 
4 H(4) 0.7020 -07639 1 a802 00030 -@0043 04039 0.2859 O-1586 
5 C(s) -1.9239 0 0 0 0 0 0 0.5% 
6C(k) 0 0 0.0034 -1.1949 - .@62@7 -ONI -00lO3 0 
7 WY) 0 1.1949 -O+cml 0 - 0.0003 - omO3 a6207 0 
8qzt) 0 om1 1.1949 0.0034 om63 - 0.6207 -QOal3 0 

--.. .-- . ._ .-. _ _ ..- _- ._.- 

Energy Lads ev 
_ __ - - . _ _ . _ -._.- - ___... -- 

E(I) 4Y.Y29 
Em 13.825 
E(3) 13.824 
E(4) 13.824 
F(5) -. 14.952 
E(6) - 14.952 
E(7) - 14.953 
E(8) - 25.039 

l MO across the top. Coc&icnts in the column. 
’ Atomic orbital. The atomic orbitals arc dk!cd along the x, y, t ues as 2x (2px). 

Several calculations on H&O have been performcdn using a SCF variational 
method= and the SCF-LCAO method.M Duncan’s calculationP were in good 
agreement (within 1%) with the experimental value of the molecular energy. The 
dissociation energy was computed to be 0440 (e*/aJ compared to the experimental 
value of O-586. A Mulliken overlap population analysiP was also reported. 

However, in these calculations y.s the electronic structure was computed using 
formaldehyde in its normal group state of C, symmetry with the known bond distances 
determined by microwave data .= In the present work the molecule has been greatly 
deformed starting with the normal molecule with a C4 distance of l-206 A and 

I9 See the Tables of Ref. 10. 
n J. M. Fosfer and S. F. Boys, Rm. Mod. Phyr. 32,303 (1960); a&o see Ibid. 32,300 (1960). 
u P. L. Goodfriend. F. W. Birss and A. B. F. Duncan, Rm. Mod. Phyr. 32,307 (1960). All the basic 

atomic orbitals on C md 0 mm wed in this cakulation (Is, 2s and 2~). In the EHT mthod only 
thc2sand2psctarcucdonOandC. 

” R. S. Mullikcn, J. Ckm. Phyr. 2.3, 1833, 1841. 2338 and 2343 (1955). 
y R B. Lawcna and M. W. P. Strandberg, Phys. Reu. 83, 363 (1951). 



Methyl cation and model ays’tmr for carbonium ions 1019 

C-H of I.1 17 A. The angles have been defined starting with the four atoms in the 
x, y plane as follows: 

Z 

H 

0 ix. c ‘ X 

Keeping the valence bond distances constant, calculations were performed with a 
from 0 to 90” at 10” intervals and with variation of /? from 30 to 100” at 10” intervals. 
In Fig. 2 the plots have been constructed. 

The HCH bond angle (28 when a = 0) in methanal is 115%‘. The EHT method, 
which does over emphasize hydrogen-hydrogen repulsion,‘-’ leads to a minimum at 
130%‘. It is much easier to deform an angle than lengthen a bond. In fact the 

Fm. 2. Deformation of H&O. Total energy VC~IU structure &s the angle 3 (related to 
the OCH angk) and B (related to the HCH angk) arc varied. 
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c SC 4: 

ANC.t D’ 

Ro. 3. Charge density on the hydrogen of mctha~I as a function of the defomah. 

calculated total energy of mcthanal with the experimental bond angle of 116’ is only 
0.03 ev higher than the computed minimum at 1305’. 

The data of Fig. 2 do indicate that as methanal is deformed by variation of the a 
angle out of the original x, y plane, the HCH angle opens up. During the severe 
deformation the computed charge density on the hydrogen and on carbon change as 
shown in Figs. 3 and 4. In agreement with chemical intuition, the charge density 
on the carbon decreases as the angle a increases. 

Fro. 4. Charge dcmity on the carbon of m&anal as a function of the dafomation. 
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i-b. 5. Total energy of methanal in ev as a function of angle /? with variation in the 
angle a. 

Figure 5 presents the data on energy of methanol versus the deformation of angle 
/? as a function of a. 

Borate. The boranen should represent a very good model for a carbonium ion. 
The boron atom is electron deficient and the electronegativity of boron and carbon 
are close enough together to allow an accurate assessment of the amount of electron 
dclocalization from the carbon and/or hydrogen framework. 

H H 
I .L I 

H H H’B\H 

” W. L. Clinton and B. Ria, /. Ckm. Pl?ys. 29,445 (1958). LCAO-MO-SCF with Shta Orbital 
Bases. Thc~HdistamxwaacakuUed tobe1*232sA. 
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Calculations were performed on borane using Coulomb integrals H, (2s) = 
- 15.20 ev and H,, (2~) = - 8.50 ev. The Slater exponent used for boron was l-30. 
The choice of resonance integrals (Eq. 1) is, at best, semiempirical. Therefore, cal- 
culations were performed using both (1 b) with the planar DsI molecule using bond 
distance intervals of Oa5 A. Using H,, = KS,, (Eq. lb), the minimum occurs 
at 1.14 A and the force constant for the A, symmetric stretch is 350 mdynes/A. 
Using (Eq. la), the most stable, computed form of borane has a boron-hydrogen 
distance of 1.19 A and a force constant of 3.29 mdynes/A. The boron-hydrogen 
force constant has been estimatedm to be 3.38 mdynes/A and the best estimate of the 
distance= is 1.19 A. The better calculation results from the use of la. The best data 
are reported in Table 2. 

TABU 2. EHT PARAM- POR BH, w B-H DISTANCE 1.19OA 

1. 2 3 4 5 6 7 

r(ly 1 &8978 _-_-. 1.2021 oGOO4 -- 0 _ -0.0009 -05664 -0.2725 

H(2) 2 0.8978 -0.6014 lG4O8 0 0.4910 0282.5 -@272S 

H(3) 3 08978 -06007 -1.0412 0 -0.4901 @284O - 0.2725 

B(h) 4 ,1.8658 0 0 0 0 0 -0.4787 

B(h) 5 0 1.3804 @axI4 0 0.0007 0~4550 0 

B(2y) 6 0 @a04 -1.3804 0 0~4550 -O+oOO7 0 

B(h) 7 0 0 0 lGC00 0 0 0 
----_ .- .-. __-__-_.-. __ 

Energy Levels ev. 
- ._. __--- 

E(1) 39.032 

E(2) 15.718 
E(3) 15.718 
Q4) - 8.530 

E(S) - 13.914 
E(6) - 13.914 
E(7) -20.198 

l MO. !ke Table 1. 
’ Atomic orbital. 

Calculations on borane were made at two boron-hydrogen bond distances. The 
BH distance of 1.19 A is quite long and the borane deforms rather easily. Therefore 
a second distance of 0.955 A was used. This is the C-H distance computed for methyl 
cation. It tends to make borane a little harder to deform (Fig. 6). 

Deformation of borane was made defining the angles in the same manner as with 
methanal. In Figs. 6 and 7 the data using Eq. (la) are reported. 

In Fig. 8 the charge density on the boron atom is given as a function of the angles 
a and B. In Figs. 9 and 10 the charge density on the hydrogen atoms in borane are 
illustrated. Our method of calculation uses one of the hydrogens (H& and the boron 
as the anchor points for the deformation. In this manner the deformation of borane 
can be more easily compared with the deformation of methanal and methyl cation. 
Similar calculations as reported in Figs. 6-10 were made using (lb). Qualitatively 
the results are similar. 

W S. H. Baucr. J. Amer. Ckm. Se. 78.26s (1954). 
u W. H. Lipscomb. Boron Hydrides pp. 2-3. Benjamin, New York, N.Y. (1%3). 
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FIO. 6. Deformations of boranc. Total energy 
in cv as a function of angfe a f~9 a fhfxtion 
of angle 6. Computed using a BH distance of 

e9ss A. 

c 
a 

-0 

-0 

I- 

O’ 

t 

., 

0 ri IO 

FIG. 8. Computed charge density on Um boron 
atominborancasafunctionofthedefornu- 

tion. 

FIG. 7. Deformations of Borane. Total 
energy in ev as a function of angle B as a 

function of angle s. 

*. 

0 

.o, ^ 
Y $0 m 

Ro.9. Computed dwge density on hydrogen 
inborancuaf~onofthcdeformabn. 
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FIG. 10. Computed charge density on the hydrogcns of borane as a function of the 
deformation. 

Methyl curion. All of the preceding calculations have been made on neutral 
molecules using the EHT method. The following calculations were performed on 
CHs+. The angles were defined in the same manner as with methanal and borane. 

The variation of carbon-hydrogen distance in the planar DS, ion leads to a mini- 
mum at 0.955 A and an energy of - 110.3356 ev. The computed force constant was 
4.47 mdynes/A. The data are presented in Fig. 11. The wave functions are presented 
in Table 3. 

In Fig. 12 the energy of methyl ion has been illustrated as a function of the angles 

Fto. 1 I. Energy in ev versus carbon-hydrogen distance in planar CH,’ of point group D,,. 
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Tiuue 3. EHT P- RX CH,’ WTTH C-H DISTANCE O-955 A 

102s 

1’ 2 3 4 5 6 I 

H(1) 1’ 0.8877 -06617 -1.2034 0 a3659 -0.2805 -01898 
H(2) 2 0.8877 1.3731 00286 0 -04259 -@1767 -0.1899 
H(3) 3 0.8877 -07113 1.1748 0 04572 -0.1899 
Cm) 4 - 1*92r(o 0 0 0 0 0 -0.6111 
c(b) 5 0 -06384 -1.1611 0 -a4841 0.3711 0 
WY) 6 0 1.1611 -06384 0 03711 04841 0 
C(k) 7 0 0 0 1xlOoO 0 0 0 

Energy Levels ev 

E(1) 54.235 
E(2) 21.705 
E(3) 21.705 
E(4) -11.420 
E(5) - 15.ls4 
Q6) -15.154 
E(1) - 24.860 

l Mokcular orbitalr. 
’ Atomic orbitah. 

of deformation. Comparison of Fig. 12 with Fig. 2 for methanal shows that methyl 
ion deforms more easily than the aldehyde. Examination of the data of Fig. 6 demon- 
strates that the computed angular deformation of the borane compares very favour- 
ably with that of methyl ion. 

In Fig. 13 the parametric plot is presented of energy versus deformation of methyl 

FM. 12. Computed total mrgy in cv of methyl cation as a function of angk Q aa a 
function of angk /7. 
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.,.I I 
0 la 

;. 
aa 40 

Ro. 13. Computed total energy in cv of methyl cation 85 a function of /? as a furrtion 
ofangkla. 

ion as a function of angle a. In Fig. 5 the corresponding plot of mcthanal has been 
shown. Again the results indicate that methanal is a good model for methyl provided 
that the deformation does not become too severe. In Fig. 7 borane is deformed and 
the energy computed as a function of angle B with variation in angle CC. The borane 
deforms a little more easily than the methyl ion. The boron-hydrogen bond is longer 
than the carbon-hydrogen bond and the force constants of borane are lower than the 
corresponding constants in methyl cation. 

In Figs. 14 and 15 the computed charge density on the hydrogen and carbon of 
methyl cation are illustrated. The charge density on the hydrogen in methanal is O-09 

Fro. 14. Computed charge density on the two hydrogena @I, and H,) of methyl cation 
as a function of /I aa a func!ion of a. 
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and in methyl ion 0.17 in the ground state. The charge increases faster with deforma- 
tion of the aldehydc than in the cation. The charge on the carbon in mcthanal and in 
methyl cation again demonstrates that the aldehyde is a stiffer system to deform. 
The boron in borane is much less positive (Fig. 8) than the carbon in methyl ion. Of 
course, the hydrogens of borane are more hydridic than the hydrogens of methyl 
cation. The data of Figs. 9 and 15 show this fact. 

Fm. 1% Camptad charge density on the carbon in methyl cation u a function d the 
defonnrtion. 

CONCLUSION 

The main conclusion to be reached from these calculations is that the property of 
methyl cation can be estimated using model systems. However, methanal tends to be 

0 
n 

‘\H 
H 
I 

A 
H H 

H 

A /\ 
H H 

much too stiff to undergo isostcric dcformatiorP with methyl cation. The borane, 
on the other hand, represents a rather plastic system compared to the methyl cation 
even if the B-H distance is the same as the C-H distance in methyl cation. It is 
concluded that the chemical properties of the carbonium ion ought lie in between those 
of the aldehyde (or ketone) and the corresponding borane. 

Bearing in mind the approximations of the EHT method, we conclude that at pres- 
ent it is about the best method to compute the properties of molecules of 
interest to the organic chemist. Since the method is so well calibrated by using 
experimental values of the ionization potentials for H,, values and the choice of K 
to fit the properties of ethane, the EHT is a method to extrapolate experimental data 
into another system.= 
a An isost&c deformation will be ddlncd M a distortion which results in the same inaeaa in energy 

of each system for the same amount of distortion, either by bond kngth or bond angk change. 
a1 Following the lead by McGlynn (D. S. Carroll and S. P. McOlynn, paper in press), we have started 

to tqc K = (2 - IS,,I). It has been shown that the results am even closer to the HP-SCF values 
computed by more detailed n~thods.~ It does not change the arguments presented in this paper. 
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FIO. 16. Computed charge density on hydrogen H, of the methyl cation (u a function 
of the deformation. 

EXPERIMENTAL 

Most of the x, y, 2 coordinate3 of each atom in the mokcuks were computed using 8 program 
written in FORTRAN II and using valuer from the Naval Trig Tabka. The EHT pqram in 
FORTAN II ~85 also run on an IBM 7094. The program was obtained from the QCPE at Indiana 
university. 

Calculations were performed at O.ooO5 A intewals for bond lengths and at 10” intervals or kss for 
the angks. 

Ac&now&@ne~~-The autbon wish to thank the Petrokum Research Fund, the National Institutes 
of Health and the Fulbright Grant (for A. 0.) for assistance. 


