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Structures and properties of several alkylmethylchloronium ions, RCICHz*, have been computed by employing
the MINDO/3 method. Reaction equilibria have provided methyl cation affinities (MCAs) and methyl chloride
stabilization energies (MCSEs). The calculated MCAs correlate linearly with calculated alkyl chloride proton
affinities (PAs) and with the charge on the CH;Cl portion of the alkylmethylchloronium ions, indicating that
both PAs and MCAs are directly dependent on the ability of the alkyl group R to accommodate positive charge.
A remarkable correlation is observed between calculated MCSEs and experimental heats of formation of alkyl
cations. A method for accurately calculating alkyl cation heats of formation is suggested. Finally, a good correlation
was found between experimental and calculated energies for gas-phase formation of oxonium and chloronium
ions, and some predictions for unobserved reactions are discussed.

Carbocations and haloniums ions occupy such a prom-
inent role in organic chemistry that few topics have been
reviewed as often.! In fact, the extent of study given to
these intermediates may, in part, be due to the inability
to gain accurate insight from inexact experimental probes.?
Nevertheless, a variety of experiments have revealed many
factors which tend to obscure structural information, and,
as a result, better methods have been developed for gaining
information about these ions. Much revealing structural
information has come from solvolytic studies in solvents
of low nucleophilicity,? direct observation of ions in sup-
eracid media,*’ precise determination of heats of formation
for cations in the gas phase® and in solution,” and study
of various gas-phase® and solution® equilibria. The de-
velopment of reliable theoretical methods!®'? has paral-
leled and complemented the experimental methods. Thus,
it is possible to make valid statements about the structures
of some of these cationic intermediates and about the
experimental and theoretical methods providing data.

For the past few years we have sought a suitable
semiempirical theoretical method for studying various
types of carbocations and halonium ions. The MINDO/3!!
and MNDO!2 methods developed by Dewar and his co-
workers seemed to be the most appropriate for the variety
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of structural types of interest to us, Dewar4 showed that
there was reasonable agreement between the experimental
and MINDQ/3-calculated properties of alkyl chlorides.
Simultaneously with our initial efforts,'® Jorgensen!®16
published a series of theoretical papers on alkyl chlorides,
protonated alkyl chlorides, and carbocations solvated by
HCI utilizing the MINDO/3 method as well as ab initio
methods with the STO-3G basis set. He found general
agreement between experiment and theory and concluded
that MINDO/3 and STO-3G adequately modeled these
compounds.’® Our previous publications!® indicated that
MINDO/3 is adequate for describing the properties ob-
served for chloronium ions.!"!8

Harris and his co-workers!® have recently published their
extensive MINDO/3 study of carbocations. They found
large errors between experimental and calculated AH;
values for several acyclic carbocations. However, isodesmic
relationships provided reasonably good agreement between
experiment and theory. They also determined that the
MNDO method provided no advantage over the MIN-
DO/3 method for calculating energies of carbocations.

We have utilized MINDQ/3 and, to a lesser extent,
MNDO to calculate the structures and properties of an
extensive series of acyclic and cyclic hydrocarbons, alco-
hols, ethers, amines, thiols, thioethers, and alkyl chlorides
in order to compare experimental and calculated proper-
ties.2?! These calculations have provided insight into the
failures of the method (e.g., errors from branching, ring
size, heteroatom incorporation, etc.) and have given us
confidence in applying the MINDO/3 method to carbo-
cations and chloronium ions.

Our earlier theoretical studies of chloronium ions'® were
aimed at modeling well-known unsubstituted and meth-
yl-substituted tetra- and pentamethylenechloronium ions.
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While our calculations seemed to adequately model these
cations, there are no available gas-phase data for direct
comparisons with the calculated energies of the cyclic ions.
However, some acyclic dialkylchloronium ions have been
studied in the gas phase by using ion-molecule chemistry
and mass spectrometric detection.??2 Sharma and Ke-
barle® reported enthalpy of formation data which may be
compared with theoretical calculations of the ionic equi-
libria. Therefore, for the purpose of evaluating our me-
thod, we have calculated the structures of the ionic and
neutral species studied by Sharma and Kebarle. In ad-
dition to the above objective, an expanded list of chloro-
nium ions was desired since alkyl methylchloronium ions
may serve as theoretical models for both alkyl cations and
methyl substrates. Thus we have calculated a variety of
alkyl methylchloronium ions which provide methyl cation
affinities (MCAs), for comparisons with proton affinities
(PAs)* and discussions of nucleophilicity, and methyl
chloride stabilization energies (MCSEs), which are com-
pared with recent experimental carbocation heats of for-
mation.

Results and Discussion

Structures and Properties. The structures of the
neutral compounds and cations listed in Tables I and II
were computed by using the QCPE version of Dewar’s
MINDO/3 method.!3 Details of some structural features
and properties of the alkylmethylchloroniium ions are also
given in Table L

All structures were computed with no symmetry con-
ditions imposed and with independent optimization of
bonds and angles. By use of this procedure, two me-
thylchloronium ions gave unusual results. The sec-bu-
tylmethylchloronium ion (1, Chart I) and the isobutyl-
methylchloronium ion(2) favored bridged structures.
Jorgensen!® previously commented on the tendency of an
a- or B-hydrogen to bridge to chlorine in some protonated
alkyl chlorides. The bridging was suggested to be an ar-
tifact of MINDOQ/3.16

When the dihedral HCCCI angle in 1 or 2 was changed
from the calculated value (~0°) to 180° and minimization
continued, energy minima different from those in 1 and
2 were found. In the case of the sec-butylmethyl-

(22) Tiernan, T. O.; Hughes, B. M. Adv. Chem. Ser. 1968, No. 82, 412.

(23) McAskil, N. A. Aust. J. Chem. 1969, 72, 2275,

(24) Beauchamp, J. L.; Holtz, D.; Woodgate, S. D.; Patt, S. L. J. Am.
Chem. Soc. 1972, 94, 2798. Beauchamp, J. L. In “Interactions Between
Ions and Molecules™; Ausloos, P., Ed.; Plenum Press: New York, 1975.

(25) Sharma, D. K. S.; Kebarle, P. J. Am. Chem. Soc. 1978, 100, 5826.

MINDO/3 Calculated Energies (kcal/mol) and Properties

Table I.

RCICH,* properties
bond lengths, A

angles, deg

R+
MCSE

RCI1 affinities

PA¢

A Hy (gas phase, 25 °C)

RCICH,* b

charge

q(CICH,*)

Cc-ClI-C c-Cc-ClI-C

C-C-Cl

R-Cl

IP, eV CH,-Cl

MCA

R*#

RCIH* @

RCl¢

R
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Table II. Comparison of MINDO/3 Calculated and Experimental Energies (kcal/mol)
for Chloronium and Oxonium Ion Formation
AHg (RBY) AHpege
R* + B2 RB* caled® obsd? caled® obsd?
CH,* + H,0 &« CH,OH,* 136.6 137 ~70.1 -66.2
CH,* + HCl & CH,CIH" 185.4 189.7 -53.3 -49.2
CH,* + CH,OH = CH,OHCH," 137.6 133.2¢ ~72.1 ~80°¢
CH,* + CH,Cl 2 CH,CICH,* 180.7 (187.1)¢ -64.3 (~-56.6)¢
(185.4)f (~54.9)¢
C,H,* + CH,OH < C,H,OHCH* 119.4 120.9 ~-42.9 -50.1
C,H,* + CH,Cl = C,H,CICH," 159.7 169 -37.9 -30.7
i-C,H,* + CH,OH 2 i-C,H,0HCH," 111.8% 110.8 ~21.8 -33.2
i-C,H,* + CH,Cl 2 i-C,H,CICH,* 146.8 149.8 -22.1 -22.9
t-C,H, + CH,OH = ¢-C,H,OHCH,* 113.0% 971 -7.2 ~211
t-C,H, + CH,Cl = t-C,H,CICH,* 142.9 (145.7)4 -12.6 (-13.1)
(133.8)f (-1.2)#

4@ Using RB* from Table I or calculated for this work (oxonium ions) with no symmetry constraints. Cation AH, values
are from ref 19, and A H; values for neutrals are from ref 21. b From ref 25 unless otherwise noted. ¢ No direct measure-
ment was made. Value was deduced from the PA given by: Kebarle, P. Annu. Rev. Phys. Chem. 1977, 28, 445. 4 No
direct measurement was made for this reaction. Extrapolated from the plot of the calculated and observed A Hg values
of RB* (Figure 4). ¢ Extrapolated from the correlation of calculated and observed AH,e,, (Figure 5). ! Calculated by
using the extrapolated AH,e,, (footnote e) and experimental AHy values of R*® and B.?!  # Calculaied by using the extra-
polated A H¢ of RB* (footnote d ) and the experimental A Hy values of R*¢ and B.*! h For structures of these calculated ions,
see ref 44. ! No direct measurement was made. The value was deduced from the PA predicted from a measured IP. Cf.:
Benoit, F. M.; Harrison, A. G. J. Am. Chem. Soc. 1971, 99, 3980.

chloronium ion, a similar but different bridged stiucture
was found. However, an unbridged structure, 3, was cal-
culated for the isobutylmethylchloronium ion. While the
AH; of structures 2 and 3 are similar (Table I), some of the
calculated properties are quite different. For example, the
sum of the positive charge (g) on the CICH; fragment in
2 is 0.352 while that in 3 is 0.404.

Jorgensen!® commented on the similarities between the
structures of the protonated alkyl chlorides and the re-
spective carbocations. The CCCl angles in the methyl-
chloronium ions (Table I) show the tendency toward pla-
narity of the alkyl carbon bonded to carbon in these ions
as well.

Two additional structures deserve some discussion.
Protonated isopropyl chloride had some bonding between
either an a- or a 8-hydrogen in the two structures calcu-
lated.’® The minimum-energy structure that we calculated
for the isopropylmethylchloronium ion (4) has no Cl to H
bridging. However, its bond angled show that it is geo-
metrically different from the ions ihvolving Cl bonding
only to primary carbon (Table I). The tert-butyl group
in the structure of the tert-butylmethylchloronium ion (5)
is also interesting because of the greatly different CCCl
angles present in structure 5. The CCCl angles are prob-
ably distorted by steric repulsion between the chlorine-
bound methyl and the two methyls of the tert-butyl group.

Methyl Cation Affinities and Proton Affinities.
Continuing with our original interest!? in the relationship
between the stability of halonium ions and related car-
bocations, we have calculated the structures and properties
of a series of methyl-substituted chloronium ions (Table
I). From eq 1, we can derive MCAs. Jorgensen!® has

RCl + CH;* = RCICH;t  MCA = AH,,, (1)

previously calculated proton affinities (PAs) for alkyl
chlorides and found that calculated PAs correlated with
o*. We find an excellent correlation between the calculated
PAs and MCAs (Figure 1). Jorgensen also correlated the
PAs with the sum of the calculated charges on the C1H
fragment of RCIH*. Similarly, an inverse relationship
between calculated MCAs and the sum of charges on the
CICH; fragment of RCICH;* is found (Figure 2).
Therefore, it is obvious that both the proton affinities and
methyl cation affinities of alkyl chlorides are directly
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Figure 1. Comparison of calculated relative niethyl cation af-
finities (MCAs) and relative proton affinities (PAs) of alkyl
chlorides (r = 0.999) which give unbridged ions when their
structures are computed by using MINDO/3.

dependent on the ability of the alkyl group R to accom-
modate positive charge.

The above correlations are relevant to dicussions of
basicity and nucleophilicity.?*® Experimental PAs have
been correlated with ionization potentials (IPs),%2? alkyl
substituent constants ¢*'¢ and, over a limited range, with
solution basicity and nucleophilicity.? Therefore, one
might expect that methyl cation affinities would also
correlate with nucleophilicity to the extent that compli-
cating factors?” would allow. Relative to this point,
Beauchamp et al.?4?8 have measured PAs and MCAs for
some neutral donor bases. While the same base order is

(26) Holtz, D.; Beauchamp, J. L.; Woodgate, S. D. J. Am. Chem. Soc.
1970, 92, 7484.

(27) Olmstead, W. N.; Brauman, J. L J. Am. Chem. Soc. 1977, 99, 4219.
h (28) McManus, S. P. J. Org. Chem. 1981, 46, 635 and references

erein.

(29) Aue, D. H.; Webb, H. M.; Bowers, M. T. J. Am. Chem. Soc. 1972,
94, 4726. Dougherty, R. C. Tetrahedron Lett. 1975, 385.
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Figure 2. Correlation of relative methyl cation affinities of alkyl
chlorides with the sum of the charges on the CH3Cl fragment of
the respective alkylmethylchloronium ions (r = 0.991).

observed for a series of halides relative to H* of CH,* (i.e.,
RI > RBr > RCl1 > RF), reversals in order occur with other
neutral bases when the acid is changed. For example, the
MCAs of a series of bases were found to be CO > HI >
H,0 > HCl > CH,F > N, > HF while the PAs for the
same bases are in the order H,O > CHF > HI > CO >
HCl > HF > N..

Olmstead and Brauman?® have also discussed MCAs®-32
in gas-phase nucleophilic displacement reactions. Their
studies of common anions reacting with a variety of neutral
methyl substrates are of a different charge type than that
of Beauchamps. Nevertheless, using the affinity for a
single substrate, they found that a comparison of PAs and
MCAs revealed some inversions in order. They accounted
for the order reversals in terms of charge-concentration
differences.

Angelini and Speranza® have recently studied some
gas-phase reactions which may be compared with solution
nucleophilicity data. They studied the efficiency of
neighboring-group participation® by the internal nucleo-
phile X (eq 2), where X is Cl, Br, and OH. The partici-

GH, H (’\7/ R H H
& E H
N meeS ZCH;

c——¢
,,,,, (2)

X = CI,BriorOH; Y =F, Cl, orBr; R = H, CH,0rC,H,

(30) Because of differences in charge types employed, MCA as defined
by Olmstead and Brauman?—the AH,,,. of X~ + CHy* — CHgX but with
a neutral molecule such as CHyCl as the CH&"' donor—may not be
equivalent to MCA as defined by Beauchamp“ and used here—the-
-AH,,. of M + CH3* — MCH;*, where M is a neutral substrate.

(31) Another report®? involved study of the reaction schemes i and ii,
where both H* and CH,* transfer are observed to occur. The preliminary
report, however, did not report relative efficiencies. Such data would, of
course, provide a measure of PAs and MCAs for the series of amines using
the same donor.

.
MCA > RR'R"NCH3 (i
D:S CHs + RR'R"N—C o *
—CHs N
— P>—ocr; + RRRNH (i)
(32) Van Tilborg, M. W. E. M.; van Doorn, R.; Nibbering, N. M. M.

J. Am. Chem. Soc. 1979, 101, 7617.
(33) Angelini, G.; Speranza, M. J. Am. Chem. Soc. 1981, 103, 3800.
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Figure 3. Comparison of calculated methyl chloride stabilization
energies (MCSEs) for alkyl cations and experimental heats of
formation of the respective carbocation. The cations are as follows:
1, Me; 2, Et; 3, n-Bu; 4, i-Bu; 5, sec-Bu; 6, i-Pr; 7, t-Bu. The solid
line represents the best fit for the four solid diamonds, which are
one set of data for the nonrearranging cations, where, AH; =
1.783(MSCE) + 147.8 (r = 0.996).

pation (nucleophilic) order found is OH > Br = Cl which
parallels the MCA order of CH;OH, CH;Br, and CH,C1.%4%
The order of participation in solution, however, is Br >
OH > C1.34% Solvation of the hydroxyl group probably
accounts for the reversal of order of Br and OH in solution.

In summary, there seem to be some reversals in order
on comparing PAs and MCAs of widely varying neutral
and ionic substances and on comparing gas-phase and
solution nucleophilicities. However, the relative order of
gas-phase MCAs of CH3;0H, CH;Br, and CH,Cl is the
same as the nucleophilic order (alkyl cation affinity) of the
OH, Br, and Cl groups in examples involving ring closure
(eq 2). Our calculations predict that the PAs of alkyl
chlorides will follow the same order as their MCAs; how-
ever, there is insufficient experimental data to allow ver-
ification.

Methyl Chloride Stabilization Energies and Car-
bocation Heats of Formation. From the above conclu-
sion that MCAs are controlled by the ability of the alkyl
groups to accomodate positive charge, there should be a
relationship between the stability of alkyl chloronium ions
and the respective carbocations. As stated above, Harris
and co-workers!® found that isodesmic relationships re-
duced errors in comparisons of calculated and observed
cation energies. Apparently, the computational errors?:2!
are minimized. Computational errors should also be
largely minimal with the relationship shown in eq 3, which

R* + CH,Cl = RCICH;* MCSE = -AH,,, (3)

provides methyl chloride stabilization energies (MCSE)
for carbocations (Table I). These calculated MCSEs
should correlate with experimental MCSEs or gas-phase
heats of formation for simple alkyl cations if the MINDO/3
method adequately treats these ions. As shown in Figure
3, a comparison of calculated MCSEs and experimental
carbocation AHs for simple alkyl cations gives a remark-
able correlation. Although the correlation for all included

(34) Capon, B.; McManus, S. P. “Neighboring Group Participation”;
Plenum: New York, 1976; Vol 1.

(35) Winstein, S.; Grunwald, E.; Ingraham, L. L. J. Am. Chem. Soc.
1948, 70, 821 see also footnote 27 of ref 32.
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Figure 4. Comparison of experimental and calculated heats of
formation of some chloronium and oxonium ions from Table II
(r = 0.992). The ions are as follows: 1, MeCIH*; 2, EtCiMe*; 3,
i-PrCIMe*; 4, MeOH,"; 5, Me,OH*; 6, EtOHMe™; 7, i-PrOHMe";
8, t-BuOHMe"*. The last point is not included in the least-squares
treatment.

cations is good (r = 0.982), there is concern about the
actual structure of some carbocations that have been
studied.!®3¢ For example, since it is known that certain
primary and secondary carbocations rearrange, the mea-
sured energy may be of a rearranged or partially rearranged
structure. Since our plot could reveal rearranged ions by
their noncorrelation, a plot of MCSE versus experimental
AH; values of non-rearranging cations is the proper ap-
proach. In Figure 3, the solid diamonds represent calcu-
lated MCSEs plotted vs. AHgs for the nonrearranging
methyl, ethyl, isopropyl and tert-butyl cations. The ex-
perimental data are from the most recent study by Traeger
and McLoughlin.® The open squares for the same cations
are other experimental measurements we believe to be
state of the art.’” The solid line results from least-squares
treatment for only the solid diamonds (r = 0.996). The
other butyl cation isomers rearrange under certain con-
ditions although the experimental data selected for this
study are for structures not previously questioned.’’
Furthermore, their correlation in Figure 3 indicates that
their structures are properly assigned.

Chloronium Ion—Carbocation Equilibria. Kebarle
and his co-workers? have measured the gas-phase equi-
libria of some simple alkyl cations with water, hydrogen
chloride, methanol, and methyl chloride. Such data pro-
vide a dramatic test of the theoretical method and provide
a basis for calculating the heats of reaction of other
equilibria. Their derived heats of formation of the oxo-
nium and chloronium ions are in remarkable agreement
with MINDQ/3 calculated values (Table II and Figure 4).
The AH; of (CH;),OH?*, derived from an observed PA
(Table II) of the respective ether, correlates well with the
least-squares line for the other points in Figure 4. Not
unexpectedly, however, the AH; of --BuOHCH,;", derived
from the ether PA which, in turn, was estimated from a
measured IP (Table II), correlates poorly with the least-

(36) E.g., see: Attina, A.; Cacace, F.; Giacomello, P. JJ. Am. Chem. Soc.
1981, 103, 4711.

(37) The experimental AH; values of carbocations other than those
from ref. 6 are those selected by Harris et al.!® for their comparisons; see
also Bohme, D. K.; Makay, G. L. J. Am. Chem. Soc. 1981, 103, 2173 for
Eec;inf PA measurements which affect the previous accepted value for
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squares line of the other data (Figure 4). Branching errors
are most likely the cause of the poor correlation.!?20:2

Since a comparison method where computational errors
cancel is preferred to direct energy comparisons, we have
plotted MINDO/3 calculated heats against experimental
heats (Figure 5). The oxonium ion equilibria gives an
excellent correlation (» = 0.984 for all five points and r =
0.998 for the three measured equilibria; Table II, Figure
5b). The correlation of the chloronium ion equilibria
(Figure 5a) is not as good (r = 0.972), with probable ex-
perimental and computational errors contributing to the
uncertainty.?® Extensive previous comparisons of various
funtionalized aliphatics would strongly suggest that the
two correlations in Figure 5 should have the same slope.?
Since the slopes are nearly the same, predictions from
either correlation should be valid.

Sharma and Kebarle? also attempted to measure the
reaction heat represented by eq 4. However, the reaction

t'C4H9+ + CHaCl =1 t'C4HQClCH3+ (4)

was found to favor tert-butyl cation and methyl chloride
to the extent that no useful quantitative data was gathered.
Using the correlation that we derived (Figure 5a) and the
theoretical AH,,,. calculated from the reaction in eq 4
(Table II), we estimate an experimental AH,,. of -13.1
kcal/mol. When combined with experimental AH; values
for the tert-butyl cation and methyl chloride, the AH,,.
of —13.1 and eq 4 give an estimated AH; for t-C,H,CICH,*
of 133.8 kcal/mol. A AH; for t-CH,CICH;* (145.7
kcal/mol) may be extrapolated from the correlation in
Figure 4. This alternative AH; and eq 4 provide an esti-
mate of the AH,,,. in eq 4 of —1.2 kcal/mol. These data
are shown in Table II. The estimates of AH; for t-
C,H,CICH;*, (133.8 and 145.7 kcal/mol) and AH,,. for eq
4,-13.1 and -1.2 kcal/mol, include the errors inherent in
the several experimental measurements and in the theo-
retical method.

As mentioned in the discussion above, cations with
tertiary carbons would not be expected to correlate in
Figure 4. This is because the MINDO/3-calculated AH;
would be too high.!%32 This would give an extrapolated
“observed” AH, value which is too high and an estimated
AH,,,. value which is too low. Therefore, for estimation
of the most reasonable values for eq 4, the AH . obtained
from the alternate treatment of Figure 5 is preferred.
Thus, the actual values of AH,,,. and AH; (RB*) are ex-
pected to lie closer to ~13.1 and 133.8 kcal/mol, repsec-
tively. Given the expected highly positive AS for eq 4, the
projected AH,,,. confirms that there might be experimental
difficulty in measuring equilibrium constants for this
process under conditions similar to those used for meas-
uring the other equilibria.

By use of the same procedure as above, estimated AH;
values based on observed values of similar molecules may
be obtained for the dimethylchloronium ion (Table II).
Also, the range for AH,,,, for the production of this ion
from methyl chloride and the methyl cation is estimated
and included in Table II. It is readily observed that the
range of the values for the CH;* reaction is considerably
less than that for the ¢-C,Hy* reaction. This, of course,
again reflects the contribution of MINDO/3 branching errors
in the tertiary system. Even with greater ranges of the
tertiary systems, these predictions for AH; and AH,,,

(38) Angelini and Speranza® give the relative hardness scale (their
footnote 34) as CHy* < C,H;* < H*. Since the reactions under question
involve transfer of i-C;H,;* and H*, a tendency toward an anomolous
hgrdness order may produce the deviations from linearity noted in Figure
5b.
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Figure 5. Comparison of experimental and calculated heats of
reaction for the gas-phase equilibria involving some chloronium
(m) ions and oxonium (@) ions.

provide reasonable estimates for future experiments.

Conclusions

When proper care is taken to avoid the known inherent
errors in the method, MINDO/3 has proven to be a simple,
inexpensive, and useful theoretical tool for modeling re-
actions of alkyl carbocations, alkyl chloronium ions, and
the limited series of oxonium ions included here. The
generally good agreement between theory and experiment
for cations and their reactions is unprecedented for
semiempirical methods. Therefore, until ab initio calcu-
lations with large basis sets and electron correlation®4!

(39) The problems with good ab initio calculations are discussed by
Pople* and Dewar*! and their co-workers. Obviously, an ab initio ap-
proach is the desired one.

(40) Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. v.
R. J. Am. Chem. Soc. 1981, 103, 5649.
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can be done inexpensively or until another semiempirical
method is given the extent of testing given MINDO/3, it is
the apparent theoretical method of choice for general
mechanistic study of organic cations.

Furthermore, the success in correlating energies of
carbocations and chloronium ions suggests that the MIN-
DO/3 method may adequately model the equilibria and
rearrangements common to the Lewis acid—alkyl halide
complexes in Friedel-Crafts reactions'*? and in superacid
media.®?
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(44) Calculated structural features and properties of
(CH,),CHOHCH;* and (CH;);COHCH,* are: as follows:

H

R 04(‘(7)
h}€4‘0’ ECH
H3C “l)b 3
CHz

o

R=H Angles: a=132.8°,b=106.8",¢=106.0°,d =111.0°,
Lengths: e=1.40 A, f=1.45A,g=096 A, h=1.13 A.
Charge on CH,0H = 0.443;IP=16.3eV .
R=CH, Angles: a=137.6",b=107.1°, ¢ = 102.5°, d = 111.8°.
Lengths: e=1.40 4, 7=1.48 A, g=0.96 A, h = 1.52 A.
Charge on CH,OH = 0.393;IP = 15.9 eV
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