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An investigation of the alkylation reaction of propene with the 2-propyl cation by ab initio density functional
methods at the B3LYP/6-31G** level found a distorted trimethyl-1-protonated cyclopropane as an energy
minimum along the reaction coordinate (intermediate) and an open ion, the 4-methyl-2-pentyl Datam (
another energy minimum (product). In contrast, the operiliaas not an energy minimum in MP2/6-31G**
calculations. Attempts at geometry optimizationd at that level led invariably to the protonated cyclopropane
structure (more symmetrical than in the previous case). Thel inas in fact a transition structure in the
MP2/6-31G** optimizations. A coupled cluster (CCSD/6-31G**) geometry optimization showed, however,
the open ionl as a true energy minimum. This result brings a note of caution concerning MP2 geometry

optimizations of carbocations. In particular, when these calculations find small energy differences between
bridged and open structures, but find only the bridged structures as energy minima, the results might be in
error. What the level of calculation is at which the predicted carbocation structures can be considered definitive

remains an open question.

1. Introduction calculations being less resource-demanding, we have used them

Ab initio molecular orbital calculatiodshave been used with ' thg studies of larger molecular or ionic systethsOn
ever-increasing frequency for the determination of structures °¢¢a@sions, we used the DFT method to calculate spectral
of molecules and, especially, transient (unstable) reaction properties of MP2-derived structur&sin the |nvest_|gat|ons
intermediates. The description of transition structures and Where the DFT-B3LYP method was used, we examined at least

reaction pathways involving these structures, that is, determi- SOMe of the structures by standard ab initio calculations at the
nation of reaction mechanisms, has also been an importantMP2 level, to check the two methods against each dthehe
subject of investigation. The study of carbocations and car- agreement was generally good, but there were instances in which
bocationic reaction mechanisms has been one of the first suchthe disposition of ions in ion paif3] or of partners in iof
application® The treatment of electron correlation by the molecule aggregatéd! differed significantly and small differ-

Mgller—Plesset approximatidrat the MP2 levelS3 with the ences in the geometries of individual molecules or ions were
use of basis sets with functions at second-row atoms apd also recorded. Other investigators have also noticed differences

functions at hydrogen (6-31G**) has been considered to give in the results of MP2 and B3LYP optimizatiohsNevertheless,
correct carbocation structuréThe differences from MP2/6-  in none of those cases was the difference between the results
31G* structures were found, however, to be inconsequetitial.  provided by the two methods such as could lead to different
The determination of whether species correspond to energyconclusions.
minima or transition structures has been routinely based on e found, however, that for the 4-methyl-2-penty! catit)) (
frequency analyses on structures obtained by geometry optimi-Mp2 and B3LYP optimizations gave results that weeali-
zation at the MP2/6-31G** (or even MP2/6-31G*) leVél.  tatively different. Whereas our first inclination was to accept
Single-point calculations on such structures at the higher MP4 the \p2 results as the basis for our conclusions, some literature
level with larger basis sets provided values for the energies thatreports suggested caution. Thus, MP2 gave geometries closer
are considered highly ar_;c_urdtb\/e have, therefore, always used g experiment for alkylalane dimers (hydrogen and alkyl-
MP2/6-31G** as the minimum level of theory in our calcula-  yigged)l4 but B3LYP predicted better the geometries of metal
tions? , , , carbonyls, hydrides, and organometalfigd.ikewise, overes-
More recently, the alternative density functional theory yination of binding/complexation energies and the relative

9 :
(DFTl) has _begundtlo (kj)e qiedhmcggl_e;(;enswﬁga \{]Vhen ellectron stabilization of bridged structures and structures with shorter
correlation is handled with the methadthe results bonds in MP2/6-31G** optimizations was notééf It was

a{enggfénggi{ (':t(')(?scglirelgt'é% b'ethct?]rgFﬁézbﬁeiohotgoiﬁeogége found, however, that the increase in the correlation level
standar ini ulation wi ) achieved in coupled cluster calculatibhgrovided the optimum
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3. Results and Discussion

To test some basic postulates of the shape selectivity model
of alkane reactivity on zeoliteéd we examined computationally
the detailed reaction pathway of the alkylation of propene by
the propyl catiorfld Two ion—molecule complexes of near-
equal energy, 1811 kcal/mol more stable than the isolated
reactants, were identified by both the MP2 and the B3LYP
calculations. Strong hydrogen bonding between the double bond
and one of the methyl hydrogens of the cation was noted; the
C—H bond involved was stretched to 1.185.223 A. The
reactants in the complex combine to form 1,1,3-trimethyl-1-
protonated cyclopropan@)(as the first product of a chemical
reaction, over a small barrier, 2.5 kcal/mol by MP2/6-31 &G,
The MP2 calculations predicted a stronger bridgin@ ithan
the B3LYP calculations, as evidenced by the smaller difference
in length between the bonds to the bridging carbon in the MP2-
Figure 1. CCSD/6-31G** structure of the 3-methyl-2-pentyl cation derived structuréld Noteworthy for the B3LYP/6-31G**

(2). F, front view; T, top view. structure of2 were the planarity of the monosubstituted ring
carbon and the lengthening of one-8 in the adjacent methyl
group, which would interact by hyperconjugation with the open
cation (1.106 A). Additionally, in the B3LYP-derived structure,
the secondary atom was more pyramidalized and theCMe
CHMe distance was 2.151 A, suggesting a strong-imolecule

F complex rather than a bonded species. Whether such a species
is legitimately a bridged ion might be debated. We had set,
however, an arbitrary limit of 90for the largest ring angle for
protonated cyclopropané%,and the value for2, 6(Me,C—
CHMe—CH,) = 87.60, was below that limit. lon2 also
satisfied the other criterion for bridging, namely, an eclipsed
conformation of the shorter bridging bo®H.In addition, the
existence of the open isomémakes the description &as a
bridged ion meaningful.

The second intermediate of the alkylation reaction should be
the 4-methyl-2-pentyl catiorl, That cation and other secondary

T and tertiary hexyl and isohexyl cations had been optimized as
energy minima by B3LYP/6-31G* calculations, in a study
modeling the acid-catalyzed isomerization of 2-methyl-2-
pentené* We found1 as an energy minimum (no imaginary
frequencies) in B3LYP/6-31G** calculations as wE.A more

Figure 2. CCSD/6-31G** structure of the 1,1,2-trimethyl-1-protonated ~thorough examination by the DFT-B3LYP method showled

cyclopropane). F, front view; T, top view. to be an energy minimum (no imaginary frequency) for basis

sets from 6-31G* to 6-31+G**. The geometrical parameters

1 by undertaking a coupled cluster calculation (CCSD/6-31G**) of the structure obtained in the latter calculation are given in

on this system. We report our results here. Table 1 of the supporting information. Idrnwas not an energy
minimum, however, in MP2/6-31G** calculations; whatever
2 Methods conformation was used as the starting point, geometry optimiza-

tion led to bridging. Varying the basis set from 6-31G* to

The MP2(FC)/6-31G** and B3LYP/6-31G** geometry op-  6-311H+G** did not change matters. Depending upon the basis
timizations were conducted with the Gaussian 98 suite of set, a carbon-bridge®) or a hydrogen-bridged ion was the
programst® The nature of the stationary points was established most stable form, but no open idnexisted. This was in line
by frequency analysé§.The CCSD/6-31G** geometry opti-  with the MP2/6-31G** results on the 3-methyl-2-butyl cation,
mizations were at first attempted by using the same program, for which two stereoisomeric protonated cyclopropanes and a
but limitations in terms of methods and efficiency precluded a tertiary cation were energy minima and interconverted via three
rapid turn-around for the results. ACES%vas then employed  conformations of the open ion as transition structdfes.
to perform the same optimization with a quick turn-around time
and the calculation also included a quasi-NR (BFGS méfhod H/-SMez
Hessian along with the geometry optimization. This H_eSS|an is Me-CH'-CHyCHMe,  H,C _\CH_Me
constructed from two gradients and a previous Hessian and is
an approximation to the correct Hessian. It should give a good 1 2
indication of the stationary point examined.

The examination of geometrical parameters and generation The difference between the MP2 and the B3LYP calculations
of projections of the molecular geometry used for the interpreta- on ion1 was no longer one of stability or geometry differences
tion of results and for Figures 1 and 2 were accomplished with of small consequences, but it pertained to the nature of that
the computer program MOLDER!. cation, intermediate or transition structure. To probe this



11674 J. Phys. Chem. A, Vol. 106, No. 47, 2002 Facagu et al.

discrepancy, we went a step higher with the electron correlation formed upon ionization in solution or on solid acid catalysts,
in the standard ab initio calculations, by conducting CCSD/6- protonated cyclopropanes (including the paresH£) are not
31G** geometry optimizatiorig-181°of 1 and 2. stable even in MP2 optimizations. Instead, the corresponding
It turned out that ionl preserved its open structure upon Open ions are the first intermediatés? in agreement with
optimization andwas an energy minimum (Hessian analysis €arlier experimental finding®.No anchimeric assistance of the
showed no negative eigenvalue). The main geometrical param-ionization was evidenced in the MP2 studies of the formation
eters of the structure resulting from the CCSD/6-31G** of some simple, defining examples of carbocatigi#Instead,
optimization are given as supporting information, and two the primary and secondary electrostatic interactions with the
projections of it are shown in Figure 1. The geometry of the departing anion determine the structure and the subsequent
cationic center is reminiscent of the geometries of the reactions (recombination, elimination, trapping) of the carbo-
2-propyfb.7:25andtert-butyl cations?® predicted in calculations ~ cation®?
at lower levels of correlation. One hydrogen at C1 and another
at C3 were positioned to provide hyperconjugative stabilization Acknowledgment. We are indebted to Professor Kenneth
to the cation, on opposite sides of the C1,C2,C3 plane (“up” D- Jordan for constant advice. The work at Pittsburgh was
and “down”), in a manner reminiscent of the isolated 2-propyl Supported by a grant (CTS-9812704) from the US National
cation”25 A stronger interaction with the secondary-8 bond Science Foundation. Grants of supercomputer time to D.F. were
(at C-3) is indicated. It was argued that the methyl hypercon- obtained from the National Center for Supercomputing Ap-
jugation is not a function of the relative orientation of an Plications (NCSA), in Urbana, IL, and Lexington, KY.
individual C—H bond and the empty orbital,a representation , ) ] o
in agreement with the low rotational barrier calculated for the ~ Supporting Information Available: - Two tables containing
2-propy! catioR® but not with the significant dependence of the geometrical parameters farand 2. This material is available
lengths and angles of th® C—H bonds upon the orientation free of charge via the Internet at http://pubs.acs.org.
observed here and in previous studi&$?>This discrepancy
between two measures of the same interaction deserves notic
A comparison of geometries @fpredicted by the two theories (1) (a) Pople, J. AAcc. Chem. Red 970 3, 217. (b) Pople, J. Aint.
and presented in Table 1 (Supporting Information) shows rather g 1252, SPECRTo00 PYSu ik W 0 PO Thaorwiey-
minor differences: The B3LYP method predicts slightly shorter |nerscience: New York, 1986.
C(sp)-C(sp’) bonds and longer Gf)-C(sp’) bonds than the (2) Radom, L.; Popinger, D.; Haddon, R. C.@arbonium lonsOlah,
CCSD method, whereas all the-@& bonds are longer in the G. A,; Schleyer, P. v. R., Eds.; Wiley: New York, 1976; Vol. 5, Chapter
B3LYP structure. The presence of hyperconjugating hydrogens ’ (3) Maller, C.; Plesset, M. Shys. Re. 1934 46, 618.
at C1 and C3 on opposite sides of the C1,C2,C3 plane is found  (4) carneiro, J. W. de M.; Schleyer, P. v. R.; Koch, W.; Raghavachari,
in both, but the CCSD structure shows a better alignment of K. J. Am. Chem. Sod99Q 112, 4064.
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