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Experimental and Theoretical Investigations into the Addition of Cations, Radicals, and
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The additions of cations, radicals, and radical cations to nitriles, in particular acetonitrile, have been investigated.
The literature reports examples of all of these reactions and on the basis of these reports as well as our own
experimental and theoretical results, conclusions can be drawn concerning the preferred mode of addition to
the nitrile moiety. There is a clear preference for cations to add to the nitrogen of the nitrile. Similar behavior

is observed with radical cations. Radicals, on the other hand, prefer to add to the carbon of the nitrile.
Examples of reactions that proceed via these preferred modes of addition, as well as some examples of reactions
that do not follow these general trends, are discussed. The experimental results are compared to those of ab

initio molecular orbital calculations.

Introduction

In our studies on the rearrangement and interconversion of
radical cationg,we have observed a number of examples where
the solvent (acetonitrile) plays an important role. From this
work there are clear indications that radicals, cations, and radical
cations can react with acetonitrile (and other nitriles). Examples
of these reactions can be found in the literature; however, for a
solvent so frequently used and normally considered to be inert,
it is somewhat surprising that this reactivity has not been further
explored and exploited. In addition, it must be noted that in
some cases there seem to be different mechanistic explanations
for these types of reactions, although all lead to the same
products. In this paper we provide additional examples of these
processes and recent results from ab initio molecular orbital
calculations that help explain the observed reactivity.

Results and Discussion

Addition of Cations to Acetonitrile. There are many
examples of cationic additions to acetonitrile and to other nitriles
(Chart 1), the most common being the Ritter reactidReaction
of an alkene with nitriles in the presence of sulfuric acid yields

amides (reaction 1A). The mechanism for this reaction involves cnyc. -+

protonation of the alkene followed by addition of the carbocation
to the nitrogen of the nitrile. The intermediate iminium ion is
then hydrolyzed to give the amide as the final product.
Similar reactions are often observed in electrochemical
oxidations, when carried out in acetonitrile solutfés:* For
example, the anodic oxidation of 1,4-bis(methylene)cyclohexane
in acetonitrile yields a number of products which incorporate
the solvent (reaction 1B). The mechanism, shown in Scheme
1, involves the intermediate carbocation, and therefore these
reactions are often referred to as Ritter-type reactions. Similarly,
the electrochemical oxidation of methylenecyclopropane in
acetonitrile yields as a final produetrt-butylacetamide (reaction
1C). The proposed mechanism (Scheme 2) also closely
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TABLE 1: Calculated Energies (MP2/6-31G*//HF/6-31G¥) HaC
for the Addition Products of the Reactions R + CH3;CN
(R — CH3, (CH3)3C) [1] CH® + CH4CN —— /C=N®
eq R energy (au) Eel (kcal/mol) HC
1 CHg* —171.68343 +85.9 [2]  CH® + GCHON e HaC—CE%—CHa
2 CH;" —171.820 35 0.0
3 (CHg)sCH —289.531 58 +87.5 HyC
4 (CHs)sC* —289.51361 0.0
[B] (CHgsC® + CHCN ——> C=—N®
In their investigation on the inner-sphere and outer-sphere (HsC)sC
electron-transfer processes in the oxidation of alkyl radicals by ®
iron(Ill), ruthenium(lll), and osmium(lll) complexes, Kochiand 4]  (CH3);C® + CHeCN ——> HyC——C==N—C(CHy)s
co-workers identified two oxidative proces$e#n inner-sphere
electron-transfer process leads to ligand substitution processes
(reaction 1D) whereas an outer-sphere electron-transfer process HsC
leads to the formation of cations. The latter process results in (5]  CHz + CH,CN —_— C=—N-
the formation of alkenes ard-alkylacetamides by reaction of HC
the cation with the solvent (acetonitrile) followed by hydrolysis.
In the case of larger alkyl chains, rearrangements were observedis] CHs;- + CHCN —_— HaC—C=N—CH,
for the outer-sphere electron-transfer process (indicative of the
carbocation) whereas no rearrangements were observed for the HaG
inner-sphere electron-transfer process. 71 (CHg)sC * + GCHON  —— C=N-
Generation of the radical cation of l;dzoadamantane leads (H30)sC
to the formation of the adamantane radical and the adamantane
cation® Both species react with the solvent; however, only the (8] (CH)sC* + CHCN —— HsC—C==N—C(CHb)s

reaction of the adamantane cation leads to the amide (reaction

1E). The reaction of the adamantyl radical with acetonitrile
will be discussed below.

All of these examples indicate clearly that cations react with
acetonitrile in only one way: addition occurs at the nitrogen of
the nitrile. The intermediate iminium ion is frequently hydro-
lyzed to yield the amide. This preferred mode of addition, cation
adding to nitrogen, is confirmed by ab initio molecular orbital

It is clear from these results that addition will only occur at
nitrogen. In fact, for these calculations, initial addition of the
carbocation to the carbon of the nitrile and optimizing the
structure lead to a rearrangement, ultimately yielding the
alternative nitrogen adduct. The difference in energy between
these two modes of addition was 85.9 kcal/mol for the methyl
cation and 87.5 kcal/mol for thert-butyl cation. These results

calculations. A simple model was chosen to test the preferred support the experimental observation: cations add to nitriles at

mode of addition of cations, radicals, and radical cations to
acetonitrile. The addition of the methyl cation (egs 1 and 2),
tert-butyl cation (eqs 3 and 4), methyl radical (eqs 5 and 6),
and tert-butyl radical (eqs 7 and 8) to acetonitrile was

investigated by performing calculations (MP2/6-31G*//HF/6-

31G*) on the intermediates arising from addition to the nitrogen
and to the carbon of the CN moiety. The results of the
calculations involving the cations are summarized in Table 1.

the nitrogen. Comparing the two intermediate cationic species,
it is easy to understand why addition to the nitrogen of the nitrile
is preferred over addition to the carbon: addition of a carboca-
tion to the nitrogen leads to an iminium ion where the positive
charge can be delocalized over both the carbon and the nitrogen.
A similar delocalization of the positive charge is not possible
upon addition of the carbocation to the carbon of the nitrile
(Figure 1).
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Addition of Radicals to Acetonitrile. In contrast to the vast @ — @\ CHy — @\ /CHs
CH4CN < H,0 S
N o

literature on carbocationic additions to nitriles, there are few
reported examples of carbon-centered radicals adding to nitriles

(Chart 2)7 There are, however, several examples of intramo- Reaction [2€]'"®
lecular carbon radical cyclizations into the nitrile bdhdzor
example, Ogibin et al. found that cyclopentanone was formed CHa N CHy O

ultimately as the major product upon generating the 4-cyanobu-
tyl radical in aqueous media (reaction 2A) (i.e., the radical adds © N

H,0

to the carbon of the nitril€®? Ingold and co-workef§ 1 )8 L
measured a temperature dependence of the rate constant for this
cycllzatlon: Reaction [2F]"*

logk(s™) =(9.9+ 1.0)— (8.6 1.0)/2.RT oN NC_ N=G-GHg
Roberts and Wintéf measured a rate constant for the same O‘O CHACN O‘O —
process of 4.5< 1% s! at 259 K, in good agreement with the H “cN H CN "
value obtained from Ingold’s equation at the same temperature. ?
This 1,5-exo cyclization is somewhat slower than the corre- OOO

sponding cyclizations of the 5-hexenyl and 5-hexynyl radicals.
Shelton and Uzelmeier have observed some of the few
reported additions of carbon-centered radicals to a nitrile. Both Reaction [2G]'®
cyclohexyl radicals (reaction 2B) and phenyl radicals (reaction
2C) add to benzonitrilé? Interestingly, phenyl radicals do not
add to pivalonitrile fert-butyl nitrile) 1 ©
Only three examples of the addition of radicals to acetonitrile ¢ — P\f}c_H +  ~CHON
are known. The case mentioned above, fragmentation of the ©/\© CrCN Phpn’
radical cation of 1,tazoadamantane leads to the formation of
adamantyl radical%. These radicals were found to undergo three SCHEME 3

types of reactions with acetonitrité(a) hydrogen-atom abstrac- RH +  * CHON
tion, (b) addition to the nitrogen of the cyano group, and (c) @

addition to the carbon of the cyano group (Scheme 3). Under ©) .

these conditions, the rate at which the adamantyl radical R+ CHON = CHyC=NAR
abstracted a hydrogen from acetonitrile was 4 times the rate of ©

addition to the carbon of the cyano group of acetonitrile. CH;:N.
Addition to the nitrogen of the cyano group would lead to the R

amide (as in the reactions of carbocations with acetonitrile; see

above) but this product was present in very small amounts andto acetonitrile, followed by hydrolysis to give the ketone

this pathway is therefore of little significance. Radical addition (reaction 2E). Additional evidence for this pathway was

to the carbon of the cyano group leads to an iminyl radical which obtained by refluxing dibenzoylperoxide in acetonitrile. Analy-

ultimately yields a ketone (reaction 2. sis of the product mixture revealed the presence of small
The photoinduced electron-transfer reactions of 1,4-bis- amounts of acetophenone.

(methylene)cyclohexane in acetonitrile with 1,4-dicyanobenzene Albini and co-workers have studied the photochemical

as the electron acceptor leads to a variety of prodiict®ne reactions of 9,10-dicyanoanthracene in acetonitnifethanol

of the isolated products wascyanoacetophenone, which was and acetonitrile-water mixtures, containing hydroxide or meth-

thought to be a result of addition of tipecyanophenyl radical oxide aniong? One of the products was 10-amino-9-cyanoan-
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TABLE 2: Calculated Energies (MP2/6-31G*//HF/6-31G*) CHART 3
for the Addition Products of the Reactions R + CH3;CN
(R = CHs, (CH3)sC) Reaction [3A]"7

eq R energy (au) Eel (kcal/mol) H -, | \/ o

5 CHy —172.030 00 0.0 PR @ P CHaON P N""GHy

6 CHy —172.002 17 +17.5

7 (CHg)sC* —289.531 58 0.0 Reaction [38]'®

8 (CHs)sC —289.513 61 +11.3 N Vo Me~|+. e Me \yo
thracene. It was shown by Ohashi etlalthat the amino A,%C{ CHaON A,>:C:§:'ILMQ
nitrogen originates from the solvent, acetonitrile. The mech- Me Me Me
anism proposed by Albini et al. involves addition of a carbon- ‘ o
centered radical (a result of protonation of the 9,10-dicyanoan- Reation [3C]
thracene radical anion) to theitrogen of acetonitrile. A Me Me 1% Me, Me
hydrogen-atom abstraction (or reduction and protonation) fol- SN SN
lowed by rearomatization (loss of HCN) leads to the imine _ N CHsCN ‘ | Me
which, in turn, is converted to the amine (reaction 2F). Me Me M Me

Triphenylmethyl radicals do not add to acetonitrile; only
hydrogen-atom abstraction was observed (reaction'2@his
reaction could be influenced by steric effects and spin delocal-
ization; however, the trityl radical does recombine with other
radicals (phenyl radical andCH,CN).

From the examples discussed above it seems clear that
carbon-centered radicals prefer to add to the carbon of the nitrile
in acetonitrile and other nitriles. The only exception is the
mechanism proposed by Albini for the formation of 10-amino-
9-cyanoanthracené. There is no evidence for the proposed
intermediate (the carbon-centered imino radical; reaction 2F),
and on the basis of Engel’s observatitithis intermediate is
more likely to yield the amide, rather than the amine.

Ab initio molecular orbital calculations support the observa-
tions that carbon-centered radicals prefer to add to the carbon
of the nitrile (Table 2). The calculations show that addition of
the methyl radical to the carbon is more favorable than addition
to the nitrogen of the nitrile by 17.5 kcal/mol. Steric effects
are important; the addition of thert-butyl radical to the carbon
is only 11.3 kcal/mol more favorable than addition to the
nitrogen. These results indicate that addition to the carbon is
favored over addition to the nitrogen of a nitrilghen the
reaction is thermodynamically controlledKinetically controlled
reactions (early transition states) could influence this reaction.
It cannot be ruled out that this is indeed the case in Albini’'s
reactiontd

Addition of Radical Cations to Acetonitrile. There are also
few reports of additions of radical cation additions to acetonitrile
(Chart 3)1p.d.1724 The majority of these reactions indicate that
there is a preference for adding to the nitrogen of the nitrile
(i.e., the radical cation behaves as a cation rather than a radical).
However, the mechanisms proposed for these reactions do not
always reflect this preference. For example, the photoinduced
electron-transfer reaction of 1,4-bis(methylene)cyclohexane in
acetonitrile with 1,4-dicyanobenzene as the electron acceptor
yields a spiroketone as one of the products (reactiori®34).
similar product was observed by Roth et al. (reaction %3F),
however the proposed mechanisms are different (Scheme 4).
The authors claimed that identification of the structure was based
upon the two-dimensional NOESY NMR spectrum. However,
it can be seen from Scheme 5 that a different mechanism (in
line with the other observations of radical cation additions to
acetonitrile) could account for a product similar to the one
proposed. On the basis of a NOESY spectrum only, it would
not be possible to distinguish between these two products. The
originally proposed mechanism also involves an addition of a
carbon-centered radical to the nitrogen of acetonitrile. It was
shown above that this type of reaction is unlikely. In addition,
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the second product from the same reaction (reaction 3G) showssimilar conditions, but with small amounts of the cyanide anion
clearly that acetonitrile has added to the more highly substituted added to the reaction mixture, the major product is the cyclic
carbon, yielding the expected imine. Furthermore, it must be ketone shown in Scheme?¥. The mechanism for the formation
noted that under different conditions (acetonitrifeethanol as of this product is consistent with the data presented above and
the solvent) none of the observed products arise from nucleo-argues against Roth’s proposed mechanism.

philic attack on the less-substituted carbon (Scheni@ @here The results from thab initio calculations again confirm the
is no reason to assume a priori that the nucleophilic preferencegeneral trends observed in the experimental work. Earlier we
of acetonitrile is different than that of methanol. have reported results of the calculations concerning the addition

More recently, we investigated the behavior of the isobutylene of the isobutylene radical cation to acetonitfife A number of
radical cation in acetonitrile? It was shown that, under the intermediates were considered; however, all were based on the
conditions used, a new type of photo-NOCASoduct was initial assumption that addition takes place at the nitrogen of
formed (reaction 3K). The results were consistent with those the nitrile. We have now also considered the products resulting
obtained from ab initio molecular orbital calculatio¥sUnder from addition of the isobutylene radical cation to the carbon of
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TABLE 3: Calculated Energies (MP2/6-31G*) for the
Addition Products of the Isobutylene Radical Cation to

Acetonitrile N
o T+ L—CHs
initial (13l )‘\ + CHCN — —— rec-C,,
eq geometry energy (au) Erel (kcal/mol) %3“3
3
9 12 —288.678 39 +1.2 5
10 22 —288.680 35 0.0
11 3@ —288.637 11 +27.1 CH
12 42 —288.637 12 +27.1 +o ?C=N .
5 —288.637 11 +271 14 )k o ooHen —— @
13 6P —288.578 64 +63.8 H™ \"CHs
14 7 —288.573 67 +66.9 CH,
8v —288.57791 +64.3 7

*HF/6-31G* optimized geometrieS AM1 optimized geometries. (egs 13-14) is predicted to lead to unstable intermediates; these
the nitrile. The species that were considered are shown in Chartintermediates gave a rearrangement (1,2-methyl shift to give
4. The results of these calculations (eqs19) are listed in 9) upon optimization at the Hatred-ock level of theory with
Table 3. It is clear that addition to the nitrogen of the nitrile the 3-21G* basis set. No rearrangement was predicted when
(egs 9-10) is favored over addition to the carbon of the nitrile  the geometries were optimized using AM1. Similar results were
(egs 11-14). It was pointed out that addition to the more obtained when starting with the azetine radical caohand
heavily substituted carbon is thermodynamically favored due breaking the N-CH, bond. Single-point calculations (HF/6-
to a larger charge delocalizatidh. Under the experimental  31G* and MP2/6-31G*) were performed on the AM1 optimized
conditions used, only the kinetically controlled product was geometries in order to obtain an indication of the energies of
observed. the unrearranged species. The energies, listed in Table 3, clearly

Addition of the terminal methylene of the isobutylene radical indicate that these species are of much higher energy (ca. 60
cation to the carbon of the nitrile (eqs-112) leads to a species  kcal/mol) than those resulting from addition to the nitrogen of
(3) with an energy that is 27 kcal/mol higher compared to that the nitrile. Together with the fact that a rearrangement occurs
of the species resulting from addition to the nitrogen of the nitrile spontaneously, this is a clear indication that addition of radical
(1, 2) (Table 3). A similar species was obtained when starting cations to nitriles will occur at the nitrogen rather than the carbon
with the azetine radical catiobr™ as the initial structure and  of the nitrile. All the observed products shown in Chart 3 can
breaking the N-C(CH;s), bond. Addition of acetonitrile to the  be rationalized in this way. Comparing once again the
more heavily substituted carbon of the isobutylene radical cation intermediates that are formed in these reactions, the preference



5598 J. Phys. Chem. A, Vol. 102, No. 28, 1998 de Lijser and Arnold

. . References and Notes

e (1) (a) de Lijser, H. J. P.; Arnold, D. Rl. Phys. Chem1996 100,
. ®N’ 3996. (b) de Lijser, H. J. P.; Arnold, D. R. Chem. Soc., Perkin Trans. 2

%':‘sgc—cm 1997 1369. (c) de Lijser, H. J. P.; Cameron, T. S.; Arnold, D.GRn. J.

8 Chem 1997, 75, 1795. (d) de Lijser, H. J. P.; Arnold, D. R. Org. Chem

1997, 62, 8432.

®_CHs (2) (a) Chan, M. S. W.; Arnold, D. RCan. J. Chem1997, 75, 1810.

. .C (b) Perrott, A. L.; de Lijser, H. J. P.; Arnold, D. an. J. Chem1997,
/ CHS,,,.é_éﬁ 75, 384. (c) Arnold, D. R.; Chan, M. S. W.; McManus, K. 8an. J. Chem
CH” 2 1996 74, 2143. (d) Arnold, D. R.; Snow, M. SCan. J. Chem1988 66,

RS 3012. (e) Borg, R. M.; Arnold, D. R.; Cameron, T.Gan. J. Chem1984
)I\ + CHLCN - - 62, 1785.

(3) Ritter, J. J.; Minieri, P. PJ. Am. Chem. S0d948 70, 4045.
(4) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Non-
aqueous Systemblarcel Dekker: New York, 1970.
‘N (5) Rollick, K. L.; Kochi, J. K.J. Am. Chem. Sod 982 104, 1319.
Yc—cH (6) (a) Bae, D. H.; Engel, P. S.; Hoque, A. K. M. M.; Keys, D. E.;
® 3 . -1 9%
CHsinc—cH Lee, W.-K.; Shaw, R. W.; Shine, H. J. Am. Chem. Sod985 107, 2561.
CH> z (b) Karatsu, T.; Ichino, Y.; Kitamura, A.; Owens, W. H.; Engel, P.JS.
Chem. Res. (S)995 440.
(7) There are several examples of heteroatom radicals adding to
acetonitrile. See refs 8 and 11 for examples of these reactions.
for addition of the radical cations to the nitrogen of the nitrile 19858% ?’(g)(g)'fganl, \J/ ’\}‘?-2 Eo?eftBS,BB-C?-- Chgm- Sgc-i(_PeTfkln Tlfgélgg- 2
it " ; : . aul, V.; Roberts, B. B. Chem. Soc., Perkin Trans
pecomes clear._ Delocalllzatlon of the posmve _charge is pos§|ble1183. (¢) Marti, V. P. J.. Roberts, B. B. Chem. Soc., Perkin Trans. 2
in the intermediate that is formed upon addition of the radical 1986 1613. (d) Baban, J. A.; Marti, V. P. J.; Roberts, BJPChem. Soc.,
cation to the nitrogen; no such delocalization is possible for Perkin Trans. 21985 1723. (e) Neta, P.; Holdren, G. R.; Schuler, RJH.

( : i itiin Phys. Chem1971, 75, 449,
the intermediate formed upon addition to the carbon of the nitrile (9) (a) Ogibin, Yu. N.: Troyanski, E. I.: Nikishir. I. 1zo. Akad. Nauk.

Figure 2.

(Figure 2). SSSR, Ser. Khim975 1461. (b) Ogibin, Yu. N.; Troyanski, E. I.; Nikishin
. G. . Izv. Akad. Nauk. SSSR, Ser. Khit®77 843. (c) Hawthorne, D. G.;
Conclusions Johns, S. R.; Solomon, D. R.; Willipg. I. J. Chem. Soc., Chem. Commun

. . . . . 1975 982. (d) WattD. S.J. Am. Chem. S0d976 98, 271. (e) Griller, D.;
The regiochemistry of the addition of cations, radicals, and Schﬁqid, p.(; |)ngo"’|‘é’t, K. UCanr‘nJ. Cﬁ:qmlgc;g 5% 831. (f) Fﬂ?be{{;g_ P

radical cations to nitriles, acetonitrile in particular, has been winter, J. N.J. Chem. Soc., Perkin Trans.1®79 1353. (g) Clive, D. L.
examined and reviewed. From examples available in the ~|]: Bealll?“f%(ljlvBPj IK; Sect'hu' osrgdggg%lg%feg'(‘l)sé&k(h)'tgs,in% 53-3

: . : H . raser-reid, . AM. em. S0 (U eckwith, A. L. J.;
I|t_erature as well as from our own experiments in comblr_1at|on O'Shea, D. M. WestwoadS. W. J. Am. Chem. S0d988 110, 2565.
with newly performed ab initio molecular orbital calculations, (10) Shelton, J. R.; Uzelmeier, C. 8. Am. Chem. Sod966 88, 5222.

it can be concluded that cations react with acetonitrile via the 96(:(L5]é)02Kaba’ R. A Griller, D.; Ingold, K. UJ. Am. Chem. Sod974
Ritter reaction (|._e_., the final pr_oducts are aIker_1e_s (deprotonation) (12) Engel, P. S.: Lee, W.-K.: Marschke, G. E.: Shine, HJ.JOrg.
or amides (addition to the nitrogen of the nitrile followed by cnem'1987 52, 2813.

hydrolysis)). Carbon-centered radicals prefer to add to the (13) Iminyl radicals can undergo a variety of reactions; the most
carbon of the nitrile, eventually yielding ketones (after hydrolysis g?(')?nmgggr‘;gzgLvege%refgyigﬁﬁgef‘e"fagfe' dimerization, and hydrogen-
of the imine). Intermediates resulting from a carbon-centered “ 14y Freccero (M_. Mella. M. pAlt;ini A.T)étrahedron1994 50, 2115,
radical addition to the nitrogen of the nitrile have been proposed; (15) Ohashi, M.; Kudo, H.; Yamada, $. Am. Chem. S0d 979 101,
however, the ab initio calculations do not support this type of 2201. _ _ o o o _
reaction. Radical cations were shown to behave as cations an%éﬁ&rg"'ﬁa%%ﬂa'cﬁén}faé%f“jJrig';“éa(g'*g?g'zé(“”'h'ro' T.; Kiyota, A
add to the nitrogen of the nitrile. The intermediate distonic  (17) Mattes, S. L.; Farid, Sl. Chem. Soc., Chem. Comma88Q 126.

radical cations can then undergo a variety of follow-up reactions.  (18) Mizuno, K.; Nire, K.; Sugita, H.; Otsuji, YTetrahedron Lett1993

34, 6563.
Experimental Section (19) Zona, T. A.,; Goodman, J. LJ. Am. Chem. Sod 993 115 4925.
_ _ _ (20) Arnold, D. R.; Du, X.J. Am. Chem. Sod 989 111, 7666.
General Information. The general information on proce- (21) Arold, D. R.; Du, X.Can. J. Chem1994 72, 403.
dures, materials, irradiations, and other experimental techniquesloé%? Weng, H.; Sheik, Q.; Roth, H. [J. Am. Chem. Sod995 117,
can be fou_nd in the previous parts of this sei*ré_s. (23) Weng, H.; Scarlata, C.; Roth, H. D. Am. Chem. Sod996 118
Calculations. Calculations were performed using the Gauss- 10947. ‘ _ _
ian 94 package of prograﬁ‘fg_nd the MacSpartan progr%. (24) Dinnocenzo, J. P.; Zuilhof, H.; Lieberman, D. R.; Simpson, T. R;

A McKechney, M. W.J. Am. Chem. Sod 997, 119, 1876.
Geometry optimizations were performed at the AM1 and the (25) Weng, H.: Sethuraman, V.. Roth, H. D.Am. Chem. S0d994

Hartee-Fock level of theory with the 3-21G* and 6-31G* basis 116 7021.
sets. The total energies were obtained from single-point  (26) de Lijser, H. J. P.; Arnold, D. R. unpublished results.

calculations with Mgller-Plesset perturbation theory (MP2) on , (27) Gaussian 94Revision B.2; Frisch, M. J.; Trucks, G. W.; Schlegel,
. . _H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
the HF/6-31G* geometries. In some cases the AM1 geometrieSgeith' T.;" Petersson, G. A.; Montgomery, J. A.: Raghavachari, K.

were used (see text for details). Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.;
. Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, N.; Peng,

Acknowledgment. This work was supported by grants from ¢, v.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Repogle, E.
the National Sciences and Engineering Research Council ofS.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;

Canada. We thank Ms. M.S.W. Chan for her help with some Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.
; . o . Gaussian, Inc.: Pittsburgh, PA, 1995.
of the calculations. H.J.P.dL. is grateful for a scholarship from (28) MacSpartanVersion 1.1: Wavefunction, Inc.: 18401 Von Karman

the Izaak Walton Killam Memorial Foundation. Ave, Ste. 370, Irvine, CA 92715, 1996.



