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Abstract: The structure of the 1-propyl cation in the ion pair with the model anion trihydrofluoroborate, proven

in earlier work to be appropriate for such studies, was investigated by ab initio calculations at the level previously
reported to give the definitive structure of carbocations. In previous work, it was shown that the carbocation
structure does not change with the nature of the anion. The cation structure is determined, however, by the
distance between the cation and anidnand their relative orientation. At infinite interionic distance the only
stable chemical species (energy minimum) is the protonated cycloprchahe the ions move toward each

other, the cyclopropane bond opposite to the anion becomes progressively longer and eventually it breaks up
in the contact ion pair. Three domains of cation stability are identified as a functidn af long distances,

ion 1 is the only energy minimum; at intermediate distandéesnd the 1-propyl catio2 are both energy
minima; at short distances, i¢his the only energy minimum. Thus, ionization of 1-propyl precursors forms

the tight ion pair of2 as the first intermediate. Isometsand2 differ in both the C+C2—-C3 angle and the
conformation of the C2C3 bond; the transition structure for their interconversion has been determined by
calculations. At the MP4(FC)/6-311G**//MP2/6-311G** level, the two isomers have the same energy content
for d = 2.40 A, but correction for the zero-point energies obtained from the vibrational frequencies calculated
at the MP2/6-311G** level reduces the energy2akelative tol, thus requiring a slight upward correction in

the value ofd for equal stability of isomers. The interconversionloind?2 is observed for a position of the

anion essentially in the same plane as the three carbon atoms. Movement of the anion above the same plane
results in hydrogen shift with the formation of the 2-propyl cati®nSome literature results in which primary
carbocations could intervene as intermediates are discussed. In particular, the data on carbon and hydrogen
scrambling in3 in superacid solution are better accounted for by the results of calculations for ion pairs, with
both 1 and2 as intermediates, than by the results of calculations for isolated ions.

Introduction had examined isolated ions in the gas phase, with few
In our work on acid strength and mechanism of action of considerations of possible solvent effects. Testing the effects
acid catalysts, we emphasized that on catalytic sites carbocation?f counterions Con carboqatlon structures was desirable. As
can be formed only in tight ion paifsbut we noted that all already _state_éi?v_ anot_her incentive for theoretical work on
theoretical descriptions of structure and reactivity of carbocations carbocat|_o NS In 1on pairs was the d|§c_r<_apancy ob s_erved between
the predictions of high-level ab initio calculations on the
(1) (a) Part 3: Fecagu, D.; Lukinskas, PJ. Phys. Chem. A998 102

10436. (b) Part 2: Haagu, D.; Hancu, D.; Haw, J. FJ. Phys. Chem. (2) (a) Facagu, D.; Ghenciu, AProg. NMR Spectrosd.996 29, 129.
1998 102, 2493. (c) Part 1: Faagu, D.; Hancu, D.J. Phys. Cheml997, (b) Facagu, D.; Ghenciu, A.; Li, J. QJ. Catal.1996 158 116. (c) Ghenciu,
101, 8695. A.; Facagu, D. J. Mol. Catal. A1996 109, 273.
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methylbutyl cationand the results of studies of these ions in on ion pairs of protonated cyclopropari¢ &nd 1-propyl cation
trifluoroacetic acid (TFAHf2b a medium of low dielectric (2), the higher energy isomers of the previously studied 2-propyl
constant but high anion stabilizing abilitywhere the reaction  cation @).

pathways were determined by the formation and conversion of  Carbocationic chemistry of 48,X precursors was early
these carbocations in tight ion pafrsthe need to test the  described in terms of two possible intermediates, the primary
computational technigue on ion pairs and the concern about thejon 2 and the secondary io8. After the existence ol was
choice of the counterion, for which the size of thgHg; ™ cation demonstrated by Baird and Abodethit was found that this

did not allow many choices, led to the examination of the jon and its substituted derivativisintervene quite unexcep-
2-propyl cation, for which the developmental work for these tionally as reaction intermediates. These three relatively small
calculations was conducté®iThis species is also the smallest jons became the subject of intensive computational scrutiny.
carbocation stable enough to be studied in superacid soRition. Ab initio!3 calculations using the Hartredock (HF) single-

Another test of our approach was the study of tee-butyl determinant form of the wave function and small basis!éets
cation in a five-ion aggregaté,the results of which could be  predicted2 to be of lower energy thah, but calculations with
matched with X-ray diffraction data. larger basis sets favored “bridged” ions in general araver

It was found that the interionic distance has an important 2 in particular'® Furthermore, inclusion of electron correlation
effect on the cation geometry and recombination of the ions increased the stability of bridged ions over their “open”
occurs at different distances for different anions, because of thecounterpartd® a feature verified forl and 2.17 Finally, MP2/
different nucleophilicities of the latter. At distances beyond the 6-311G** geometry optimization and single-point calculations
recombination rangethe cation structure did not change, at the MP4(FC)/6-311G** levét indicated thatl is the only

howeser, when the anion was changéd energy minimum in addition t8 and the most stable conforma-
As a significant result, the geometry of the 2-propyl cation tion of 2 is a transition state, 12.1 kcgl/rﬁ%)hlghe_r in energy
changes in the presence of an anion as faGaA awaylc than 1. The results of the calculations at this level were

Extensive calculations of the principal components of the considered so accurate that discrepancies of 1.7 kcal/mol from
NMR chemical shift tensor of the 3pcarbon, for which the experimental values were said to warrant a revision of the

experimental results existéaf the 2-propyl cation ion paired ~ accepted experimental valu€s°Even though this estimate of
with various anions and in larger ionic aggregates mimicking accuracy of calculated proton affinities of unsaturated hydro-
the crystal were also successfully conducte@urthermore, ~ carbons might be too optimistic, the comparison of closely
geometry optimization on the isolatedrt-butyl cation had  related species might be as accurate as claimed. In any event,
indicated that the only energy minimum was an asymmetric calculatlops at this level were (eported to provide the definitive
conformation close to the&y, form? yet the IR spectrum charaqtenzanon of thg potent_lal energy su.rface for gas-phase
measured in the solid state was matched with the simulated CsH7" ions® These highly reliable calculation results consti-
spectrum of theCs conformation. It was pointed out that the tuted the starting point of our study.

energy surface was flat, with very small energy differences

between conformersin that case, however, the energy absorp- Computational Method

tion should oceur from all Cpnformatlons and the Spectrum The calculations were conducted with the program Gaussigh 92,
should show lines corresponding to them all, the strongest being;, the manner described previousigs a rule, imposition of symmetry
the one corresponding to the energy minimum. For line constraints to the calculated structures was avoided.

separations of 25 cm, averaged IR bands would be seen for
residence times shorter than about®®. TheCsform resulted, (10) See, for example: (a) Hammett, L.FFhysical Organic Chemistry

however, as the energy minimum from the optimization of the McGraw-Hill: New York, 1940; p 171ff. (b) Winstein, S.; Appel, B.; Baker,
9y p R.; Diaz, A. InOrganic Reaction Mechanisjm€hemical Society Special

aggregate modeling the crys@aIOur results thus provided the Publication No. 19; 1965. (c) Raber, D. J.; Harris, J. M.; Schleyer, P. v. R.
justification for the choice made earlier in the simulation of In lon Pairs Szwarc, M., Ed.; John Wiley: New York, 1974; Chapter 3.
the IR spectrurﬁ. (d) Bentley, T. W.; Schleyer, P. v. Rdv. Phys. Org. Cheml977, 14, 1.
. . . (e) Reference 4a, especially footnotes 29 and 46.
It appears, therefore, that theoretical calculations on isolated ™ “(11) (a) Baird, R. L.; Aboderin, ATetrahedron Lett1963 253. (b) Baird,
carbocations are not adequate for describing cationic chemistryR. L.; Aboderin, A.J. Am. Chem. Sod964 86, 252.

i i i iri ; (12) (a) Methyl derivative: Brouwer, D. M.; Oelderik, J. Recl. Tra.
{/Tlconderlis?d rr?edlg’ Where.kqulr.] pakllrlng F?]lay; _ar_]_esselntlfﬂofole. Chim. 1968 87, 721. (b) Trimethylene derivative: Nenitzescu, C. D. In
e tested further that possibility through ab initio calculations  carhonium lonsOlah, G. A., Schleyer, P. v. R., Eds.; Wiley-Interscience:

New York, 1970; Vol. 2, p 501. (c) Carboxy derivative: Deno, N. C;

(3) Facagu, D.; Norton, S. HJ. Org. Chem1997, 62, 5374. Billups, W. E.; La Vietes, D.; Scholl, P. C.; Schneider,J5Am. Chem.

(4) (a) Facagu, D.; Marino, G.; Harris, J. M.; Hovanes, B. A,; Hsu, C.  Soc 197Q 92, 3700.
S.J. Org. Chem1994 59, 154. (b) Facagu, D.; Marino, G.; Hsu, C. SJ. (13) (a) Pople, JAcc. Chem. Red97Q 3, 217. (b) Pople, J. Alnt. J.
Org. Chem1994 59, 163. (c) Facagu, D. J. Chem. Soc., Chem. Commun  Mass Spectrom lon Phy4976 19, 89. (c) Hehre, W. J.; Radom, L.;
1994 2611. Schleyer, P. v. R.; Pople, J. Ab initio Molecular Orbital TheoryWiley-

(5) (a) Facagu, D.; Ghenciu, A.; Marino, G.; Rose, K. 3. Am. Chem. Interscience: New York, 1986.
Soc.1997, 119, 11826. (b) Fecagu, D.; Ghenciu, A.; Marino, G.; Kastrup, (14) (a) Radom, L.; Pople, J. A.; Buss, V.; Schleyer, P. vJRAM.
R. V. J. Mol. Catal 1997 126 141. (c) See also: Feagu, D. In Chem. Soc1971, 93, 1813. (b) Radom, L.; Pople, J. A.; Buss, V.; Schleyer,
Nucleophilicity Adv. Chem. Ser. 215; Harris, J. M., McManus, S. P., Eds.; P. v. R.J. Am. Chem. Sod972 94, 311. (c) Radom, L.; Pople, J. A.;
American Chemical Society: Washington, DC, 1987; Chapter 20. Schleyer, P. v. RJ. Am. Chem. S0d972 94, 5935.

(6) (a) Saunders: M.; Vogel, P.; Hagen, E. L.; Rosenfeldc&. Chem. (15) Hariharan, P. C.; Radom, L.; Pople, J. A.; Schleyer, P. \J. Rm.
Res.1973 6, 53. (b) Vogel, PCarbocation ChemistryElsevier: Amster- Chem. Soc1974 96, 599.
dam, 1985; p 331. (c) Saunders, M.; Hewett, A. P.; KronjeCat. Chem. (16) Zurawski, B.; Ahlrichs, R.; Kutzelnigg, WChem. Phys. Leti973
Acta 1992 65, 673. 21, 309.

(7) (a) Hollenstein, S.; Laube, T. Am. Chem. S0d.993 115 7240. (17) (a) Lischka, H.; Kohler, H.-21. Am. Chem. Sod.978 100, 5297.
(b) Laube, T.Chem. Re. 1998 98 1277. (c) Laube, T. Personal (b) Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. . R.
communication. Am. Chem. Sod 981, 103 5649.

(8) Nicholas, J. B.; Xu, T.; Barich, D. H.; Torres, P. D.; Haw, JJF. (18) Koch, W.; Liu, B.; Schleyer, P. v. R. Am. Chem. Sod989 111,
Am. Chem. Sod 996 118 4202. 3479.

(9) Sieber, S.; Buzek, P.; Schleyer, P. v. R.; Koch, W.; Carneiro, J. W. (19) 1 cal= 4.184 J.
de M.J. Am. Chem. Sod.993 115 259. (20) See, however, footnote 40 in ref 4a.
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The control of geometry by “dummy” atoms was presented in the
previous paper&<In this work, the position of the anion relative to
the cation was defined with the use of two “dummy” atoms, X1 and
X2. Two orientations of the anion were examined. In orientation A
(B—F bond parallel with the C1C2C3 plane, Figure 1), X2 was
connected to C1 by a “bond” 1.0 A long, perpendicular to the C1C2C3
plane. X1 was connected to X2 by a “bond” of lengtfheld constant
in any given optimization run) perpendicular to €X2 and forming
a dihedral anglep(X1—X2—C1-C2) of 9C¢ (X1 on the other side of
C1-C2 than C3). The fluorine atom of the anion was connected to
X1 by a bond of variable (optimized) length at a (fixed)K1—X2
angle of 90 and a variable dihedral angle(F—X1—X2—C1). The
F—B bond was held perpendicular to XEF and antiparallel to
X1-X2 (i.e., p(B—F—X1—X2) = 18(). In orientation B (B-F bond
perpendicular to the C1C2C3 plane), X2 was placed in the C1C2C3
plane, away from C3, and the XX2 “bond” was perpendicular to
that plane. The FX1—X2 angle was 90 and the B bond was
antiparallel to XtX2, as in orientation A.

Assignment of calculated frequencies to specific vibration modes
was conducted with the computer program MOLDEN, available from
QCPE? Its application to the results obtained for bdttFBH;~ and
2-FBH;~ showed three imaginary frequencies (negative eigenvalues
in the force constant matrix) in each case, namely stretching of the
F---C1 and bending of the-FB bond relative to the +-C1 “bond” in
two perpendicular directions, all originating from the imposition of a
fixed interionic distance and orientation of the anion relative to the
cation. These are not actual vibrations. The eigenvalues for all actual
vibrations of the cation and anion were positive.

The approximate location of the transition state along the reaction
coordinate was determined with the program 23Rfter that, the
transition structure was optimized by the standard proceture.

The projections of the molecular geometry shown here were
generated with the computer program XM®&LThe diagrams shown
in the article (Figures 2 and 6) were constructed with the program
SigmaPlot, available from Jandel Scientific.

Results and Discussion

In the first study of modeling of carbocations in ion pairs it
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Figure 1. Geometry of the protonated cyclopropartehydrofluo-
roborate ion pair I-BHsF") at long interionic distanced(= 3.5 A):

F, front view, dummy atoms not represented; S, side view (C1 closest
to the viewer), X1, X2, dummy atoms; T, top view, dummy atoms not
represented.

series of values of the interionic distandeAs it was observed

was found that the structure of the cation does not change withthat the changes in the calculated geometries of the cations from

the anion, if the interionic distance is long enough to prevent
reaction between ions (elimination, recombination). Also,
examination of theert-butyl cation in a five-ion aggregate L
A ~-MesC*T-A~-Li™, which does not undergo ion recombination,
and in a triple ion A-Me3C*-A~, which does, showed that
geometry optimization at fixed interionic distances gives the
correct structures for carbocations in ion pairs or aggredates.
The approach was also successful in modelityNMR chemi-
cal shifts of hydronium and dihydroxonium fluoroborates.

All the calculations in the present work were conducted with
fluorotrihydroboraté® as the counterion. The smaller, cheaper
to use, lithium dihydrid®27 reacts with the cation at short

the MP2/6-31G* level to the MP2/6-311G** level range from
unimportant to imperceptibfean extended series of calculations
was conducted with the smaller basis set. On the basis of the
results of these calculations, certain valuesleiere selected

for examination with the larger basis set.

As the starting point of the calculations, we took the most
stable structure determined for the protonated cycloprofgane
as an isolated io#f The addition of the anion at a distance of
4 A had no effect on the geometry of this cation. This result
contrasts with the behavior of the 2-propyl cati@nfor which
addition of the counterion changed the geometry from C1,C3
staggeret28to C1,C3 eclipsed even at an interionic distance

distances and can be a choice only for modeling carbocationsof 6 A.lc The difference reflects a higher energy involved in

in looser ion pairg’” To avoid recombination or elimination,

the distortion of the bridging bonds @fthan in the conforma-

the anion was held above the cation at a fixed distance and intijonal changes i3. The anion positioned itself upon optimiza-

a fixed orientation. Otherwise, the anion was fully optimized

tion above the CC2 bond.

and also allowed an unrestricted plane-parallel movement atthe As the anion, held in orientation A, is moved closer, the

top of the cation. Geometry optimization was conducted for a

(21) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. W.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Bak, J.; Stewart,
J. J. P.; Pople, J. AGaussian 92, Resion E.1 Gaussian, Inc.: Pittsburgh,
PA, 1992.

(22) Schaftenaar, G. MOLDEN. A Portable Electron Density Program
QCPE 619QCPE Bull.1992 12, 3.

(23) Halgren, T. A.; Lipscomb, W. NChem. Phys. Letfl977, 49, 225.

(24) Xmol, version 1.3.1; Minnesota Supercomputing Center, Inc.:
Minneapolis, MN 1993.

(25) Facagu, D.; Hancu, D.J. Phys. Chem., A999 103 754.

changes in the cation geometry are negligiblelat 3.5 A.

The geometry of the ion pair df at this interionic distance is
shown in Figure 1. The geometry modification becomes im-
portant, however, when the separation decreases further. It was
observed that the bridging methyl (C3) is not equidistant from
C1 and C2 even for the isolated idn The latter has &Cs
symmetry with the C+C2—C3 plane as the symmetry plane
and one of the hydrogens at C3 is located in this plane, “leaning”
somewhat toward C1. The €3 bond is longer than the €2

C3 bond!® Reduction of the interionic distance increases this
asymmetry by shortening the €3 bond and lengthening the
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bele 1. Geometrical Parameters for the Protonated CyclopropBiteF— lon Pair at MP2(FC)/6-31G*, for Different Interionic Distancek,
(A)

d D(C1,C2} D(C2,C3} D(C1,C3} 0. Pi° D(X2,C1) D(X1,F)
4.0 1.391 1.699 1.808 70.82 30.95 1.000 1.16
3.5 1.390 1.699 1.811 70.96 30.93 1.000 1.16
3.3 1.390 1.691 1.818 71.56 29.79 1.000 1.14
3.1 1.390 1.686 1.823 71.99 28.49 1.000 1.13
2.9 1.390 1.677 1.8400 73.05 25.61 1.000 1.08
2.5 1.398 1.636 1.936 78.87 7.413 1.000 1.00
2.45 1.402 1.627 1.965 80.53 3.60 1.000 0.976
2.4 1.406 1.618 2.003 82.67 0.66 1.000 0.994
2.3 1.420 1.598 2.135 89.87 4.44 1.000 0.99

aD(C;,G) = distance (&-Cj). ® 6, = bond angle (C1,C2,C3).¢; = dihedral angle (F,X1,X2,C1).

Table 2. Geometrical Parameters for the 1-Prap@HsF~ lon

C1-C3 bond, thus opening the €C2-C3 angle. Atadistance ;¢ MP2(FC)/6-31G*, for Different Distances between the lons

d of 2.4 A, the C1:-C2—C3 angle is 82.67and the C+C3

bond is 2.003 A; atl = 2.3 A the two values are 89.9and geometrical distance between the iores(A)
2.135 A. It is noteworthy that for the isolated ion, the parameters 2.3 2.4 2.45 2.5
corresponding species with an angle of 83atd a C1--C3 D(C1,C2) 1.440 1.430 1.424 1.415
distance of 2.048 A (the latter calculated by us from the other D(C2,C3) 1.569 1.580 1.587 1.597
published geometrical parametejswas previously discussed ~ D(C1.C3) 2.358 2.312 2.280 2.236
as a distorted C2,C3-eclipsed 1-propyl cation (open i6n). g(C1’C2’C3) 103.14 100.28 98.30 95.59
. . . (X2,C1) 1.000 1.000 1.000 1.000
Indeed, one could reasonably argue that very little bonding exists px1 ) 0.992 1.001 1.001 1.000
between C1 and C3 at a distance of 2.048 A, not to speak of ¢(F,x1,X2,C1) —3.32 —-0.60 0.91 2.59
2.135 A. Nonetheless, we interpret this geometry of the ion as relative energy ~ —0.7926 0.1200 0.7957 1.506

bridg_ed (ie.,1) even at(_:l =23 A although it could be . aMeaning of symbol®, 6, andg as in Table 1° Kcal/mol, relative
considered very much distorted toward the open carbocationtg 1-BHsF~ (cyclic isomer) taken as 0.0.
structure. The reason for our choice in classification is presentedthan the latter, but as the interionic distance increases the order
below. ) ) of stability reverses itself. The geometry @falso changes

A summary of the values for the most important geometrical qnotonically withd. Thus, the C+C2—C3 angle decreases,
parameters of at several values af is presented in Table 1. ¢ oh that ad = 2.5 A it is down to 95.58 and the distance
At the same time with the changes in the geometry of the cation, parwveen C1 and C3 decreases as well ’from 2376 A =t
the position of the anion relative to the cation changes. As seen 55 A 10 2.358 A at = 2.3 A and 2.236 A atl=2.5A. The
in Figure 1 the anion is not located over the middle of the-C1 o5 is in all cases located above C1 (it is noteworthy that the
C2 bond even at distances where it does not affect the geometry,sition of the anion relative to the cation in the ion pairLof
of the cation, butitis closer to C1: dt=4.0 A, the distances g apout the same as that in the ion pailait these interionic

from the projectiog\ of Fon the CAC2 bond to Cl and C2 are  jistances). The most important geometrical parametegsirof
0.600 and 0.791 A, respectively. Wherdecreases, the anion  a ion pair at various values af are listed in Table 2.

moves above the CAC2 bond in the direction of C1, such that Optimization ad = 2.6 A leads to ring closure formirg with
at the short interionic distances it is positioned roughly at the 5 ~1—_co—c3 angle of 77.% On the other hand, at distances
top of C1. This movement is described in Table 1 by the change gy gjier than 2.2 A the fluorine “jumps” from boron to carbon
in values of the dihedral angle D+ ¢(F—X1-X2-C1) and and 1-fluoropropane results. This process is the reverse of the
of the distance from X1 to F, where X1 and X2 are dummy jonization of a 1-propyl precursor. The distance at which a
atoms introduced to allow the movement of the anion relative e ction (either recombination or elimination) between the cation
to the cation in the manner described above. and the anion occurs is determined by the stability of both the
_ Opening of the cyclopropane ring occursiat 2.25 A and cation and the anion. For lithium dihydride as anion this internal
itis manifested not only by an increase in the€@12-C3angle  yeaction occurs at interionic distances around 3.5 A even for
over 90 (to 104.2F) but also by a change in conformation e secondary io8.12 For anions such as S~ or SkFis,
through the rotation of the C2C3 bond to achieve the C2,C3  \yhjch are nonnucleophilic enough to allow experimental studies
staggered conformation. For this and shorter interionic distancesyf ynstable carbocations, the reversible reaction within the ion
the only energy minimum is the open i@ presentin anion  pair petweer and the counterion will probably occur at less
pair with the anion in orientation A. This orientation would result 50 2 A,
from_ the ipnization _of 1-_f|uoropropane by coordination of the During the early optimization studies dfin the ion pair,
fluorine with a Lewis acid. seeing that the geometry changed significantly with the interionic
Starting with the geometry obtaineddit= 2.25 A as input,  distanced, we sought a criterion to determine whether a structure
the geometry of the ion pair was next optimized for increasing s bridged or open and decided that a-@12—C3 angle of 90
values ofd. It was found that the ion pair containi@gepresents  should be an appropriate structural divide. There could be a
another energy minimum coexisting with the ion pairlofAt dilemma with that approach as to whether a certain structure
short distances the former ion pair has a lower energy contentshould be called a partially bridged (distorted) open ion or a
(26) (@) Experimental studies: Aftandilian, V. D.. Miler, H. C.. partially open (distorted) bridged ion. If we naively consider
Muetterties, E. L.J. Am. Chem. Sod 961, 83, 2471. Berschied, J. R.;  ideal structures, however, the corner protonated cyclopropane
oy, M.; Nichiahon, T. BCan, . Chem195 63 261 (5) Computadonal  ooooid have WO eqal carboiarbon bonds and te 1-propy!
LV o et ) 29 cation should have a CiC2—C3 bond angle of 112%4as in
ﬁ?ﬂﬁsbaﬁtg?télﬁdga Eagﬁgn? igfau\ﬁ%k%hg; t?gij‘i\}%,?éd%iﬁ_ propane, thereforall cations have distorted structures. Fur-
Tetrahedron198Q 36, 673. thermore, in such terms propane itself is distorted from the
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105 projections are shown in Figure 3. The imaginary frequency in
the transition structure was found to consist mostly of the-C2
C3 bond rotatior#? It is thus conceivable that the difference in
100 conformation at the C2C3 bond is the main reason for the
barrier between ion& and2. The height of the barrier is 0.46
kcal/mol above2-FBH;~ (0.41 kcal/mol after correcting for ZPE
calculated at the MP2/6-31G* level). As the energy difference
between isomers increases in either direction, the height of the
00 4 barrier for the exothermic process decreases until it vanishes
and only one energy minimum exists.

In the next step, geometry optimizations were conducted with
81 an expanded basis set for two interionic distances; 2.25
and 2.40 A. The variation of geometrical parametersifat d
= 2.4 A with the basis set is shown in Table 3 (first three
columns). One sees in this series a lengthening of the@®
bond, a shortening of the €1C3 bond, and a reduction of the
75 C1-C2-C3 bond angle at MP2(FC)/6-311G** relative to MP2-
(FC)/6-31G*. There is no change in the €C2 bond length or
in the position of the anion. Optimization at MP2(FU)/6-311G**
(with consideration of the core electrons of C, F, and B) does
not bring significant changes from the geometry found in the
“frozen core” calculation. It is also noteworthy that the bridged
ion 1 could be optimized as a minimum ét= 2.25 A with the
MP2/6-311G** basis set and shows an angle-C2—C3 of

95

A(Cy, Gy, Cy)

80

70 . - - ; . ‘ :

20 22 2.4 26 2.8 3.0 32 3.4 36
d,A

Figure 2. Variation of the C+C2—C3 angle with the interionic

distanced, at the MP2(FC)/6-31G* levelO, protonated cyclopropane

trinydrofluoroborate 1-BHsF"); v, 1-propyk-trinydrofluoroborate

(2-BHsF"); v, cation geometry started 8fangle Ct-C2—C3 > 90°), 87.20, but ring opening still takes place before recombination
optimized asl; ©, cation geometry started dgangle C1-C2—C3 < occurs upon movement of the cation and anion toward each
90°), optimized a<2. other. The geometry df-FBH;~ calculated with the largest basis

set at the two interionic distances is presented in Figure 4.
tetrahedral bond angle of 109.5Having accepted that even Interestingly, the bond length most sensitive to the variation of
among saturated hydrocarbons the bond lengths and bond angleghe interionic distance belongs to the €3 bond located in
deviate significantly from the ideal values we should not expect the C1C2C3 plane (G3H3 in Figures 1 and 4).

that the only change upon conversion of ai€to a C' be the Optimization of the2-FBH;~ ion pair at the MP2(FC)/
change in bond lengths and angles for the atom undergoing theg_311G** |evel also gives a somewhat shorter GZ3 distance,
change of hybridization to thieleal values for an spcarbon. a longer C2-C3 bond, and a smaller GIC2—C3 angle than

The potential dilemma has been eliminated, however, by the f5und with the smaller basis set. The anion moves slightly
results indicating the coexistence of two isomers at certain g, tside the C+C2 bond. The main geometric parameters for
interionic distances. One of them is certainly bridged, the other 4 = 2 40 A are listed in Table 4. Again, reoptimization at the
is certainly open. Description of each of them as being partially MP2(FU)/6-311G** level produced negligible changes in

the other one is couqterproducti%. ) ) geometry (and in energy difference between isomers) from the
_ The domains of existence of the carbocatidrend2in the  yajyes obtained with the “frozen” core electrons. The structure
ion pairs are presented in Figure 2, which plots the-C2— of this ion pair optimized at the highest level of theory tbr

C3 angle as a function of the interionic distande]t is seen 2.40 and 2.25 A is shown in Figure 5. As discussed above, the

that2 exists for 2.2 A< d < 2.6 A and1 for d > 2.25 A. For ~ main element distinguishingjfrom 2 is the conformation along
values ofd between 2.25 and 2.6 A, the two isomers coexist. the C2-C3 bond: staggered fa2 and eclipsed forl. The

The manner in which each of them was optimized at distances c1—c2—c3 pond angle is always greater tharf 96r 2 and
d within this range indicated two clearly defined energy minima, - smajler than 90for 1, but the differences from this divider are
rather than a flat energy surface. _ in some cases rather small. The distances or lengths of bonds
The interconversion of the ion pairs band2 was examined  peween the same pairs of atoms are not very different in the
at the distancel = 2.4 A, where the two isomers had about the g isomers, but the differences are in the expected direction
same energy. Reaction coordinate tracking for this process,in each case. The transition structure e 2 is about midway
followed by geometry optimization of the transition structure, petweent and?2.
showed that both the GIC2—C3 bond angle and the confor-
mation of the C2-C3 bond change more or less continuously 6-
during this transformation. Thus, both the bond angle and the
@(H—C2—C3—H) dihedral angle of the transition structure are g R ;
close to midway between the values fbrand 2. The main for the 2-propy! cation in ion pairs.

geometrical parameters of the transition structure (at the MP2/. Another item of comparison of the two isomeric structures
6-31G* level) are listed in the last column of Table 3 and its is the level of_cqplana_n_ty of the bonds at C1. For a prot_onated
cylopropane it is intuitively expected that the orientation of

(27) Facagu D.; Norton, S. H.; Hacu, D. Paper in preparation. hydrogens at C1 and C2 is the same; this is not true even at

Ch(ezrﬁ) g%’x]erxs[ﬁgéé"l%gg“h' W.; Liu, B.; Fleischer, U.Chem. Soc., |5rge separations of ions within the ion pair, because the

(29) If we take this position, we can say that at the same level of theory H2C1—C2 group ofl is nearly coplanar. At shorter distances
(MP2/6-31G*) the 1-propyl catior? in the ion pair atd = 2.35 A is
“bridged” to the same extent as the isolated tertiary pentyl cation in the  (30) Smirnov, S. N.; Golubev, N. S.; Deniksov, G. S.; Benedict, H.;
bisected conformation: Schleyer, P. v. R.; Carneiro, J. W. de M.; Koch, Schach-Mohammedi, P.; Limbach, H.-B. Am. Chem. Sod996 118
W.; Forsyth, D. A.J. Am. Chem. S0d 991, 113 3990. See also ref 3. 4094.

Introduction of diffuse functions in the basis set (MP2(FC)/
31++G*) had no significant effect on the geometries lof
(Table 3) or2 (Table 4), in agreement with the earlier results
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Table 3. Geometrical Parameters for Protonated Cycloprofiidg-— lon Pair at Different Levels of Theory and for the Transition Structure
for the Interconversiod =2, Allatd = 2.4 A

level of calculation

geometrical protonated cyclopropar@HsF~ TS

parameters MP2(FC)/6-31G* MP2(FC)/6-3t+G* MP2(FC)/6-311G** MP2(FU)/6-311G** MP2(FC)/6-31G*
D(C1,C2) 1.406 1.406 1.407 1.406 1.416
D(C2,C3) 1.618 1.624 1.629 1.625 1.602
D(C1,C3) 2.003 1.986 1.950 1.945 2.170
D(X2,C1) 1.000 1.000 1.000 1.000 1.000
D(X1,F) 0.994 1.004 1.000 1.005 1.018
0(C1,C2,C3) 82.67 81.53 79.60 79.46 91.74
¢(H3,C3,C2,C1) 0.00 0.06 0.00 0.00 33.58
@(F,X1,X2,C1) 0.66 —6.48 0.26 0.39 —-0.75

aMeaning of symbolD, 6, and¢ as in Table 1° Transition structure.

la llb

Figure 4. MP2(FU)/6-311G** geometry of the protonated cyclopro-
Figure 3. MP2(FC)/6-31G* geometry of the transition structure for ~Pane-trihydrofluoroborate ion pairlBHsF") atd = 2.25 A (1) and
the interconversion of-BHsF~ and2-BHsF~ atd = 2.40 A (Fand S 2.40 A (Il) (F and S as in Figure 1).

as in Figure 1; B, bottom view). . .
9 ) Table 4. Geometrical Parameters for the 1-PropyisF— lon Pair
atd = 2.4 A, for Different Levels of Calculation

the hydrogens tilt “inwards” (toward C3), such that the dihedral level of calculation

angles ¢(H11-C1-C2-C3) and ¢(H12-C1-C2-C3) are geometrical  MP2(FC)/ MP2(FC)/ MP2(FC)/ MP2(FU)/
paramete®  6-31G* 6-31++G* 6-311G** 6-311G™

—89.34 and 89.34 atd = 2.4 A, and—84.86 and 84.82 at
d = 2.25 A As a matter of fact the level of tilting at this  p(c1,c2) 1.430 1.427 1.423 1.422
interionic distance is the same Inas in the open ior2, for ngiggg %g?g %-222 %ggg ;ggg
which cp(HllﬂZl—CZ—CS) andq;(_H 12—-C1-C2-C3) atd = D(X2,’Cl) 1,000 1.000 1.000 1000
2.25 A are given by our calculations as34.78 and 84.79, D(X1,F) 1.001 1.006 1.001 1.000
respectively. At the larger interionic distanak= 2.40 A, a 0(C1,C2,C3) 100.28 98.46 96.69 96.78

; i ; i indi ; . ®(H3,C3,C2,C1) 62.19 62.39 62.47 62.50
slightly greater t||t|ng_|n2 is indicated by the calculatlcins. O(F X1X2.C1) —0.60 6.0 iy —266
@(H11-C1-C2-C3)= —83.58 and¢p(H12—-C1-C2-C3)=

a Meaning of symbolD, 6, andg as in Table 1.

83.58. It is noteworthy that inward tilting had been found in
calculations with smaller basis sets for structures described asco 3. The level of tilting found there was slightly greater for
open (1-propyl cation) in the previous studies of isolated ions, the structure with a larger GiIC2—C3 angle (staggered at

both for the eclipsed and for the staggered conformation at C2,C3)14b
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Ila b
Figure 5. MP2(FU)/6-311G** geometry of the 1-propytrihydro-
fluoroborate ion pairZ-BHsF") atd = 2.25 (I) and 2.40 A (Il) (F and
S as in Figure 1).

Table 5. Charge Distribution ifl-BHsF~ and2-BHsF~ atd = 2.4
A and the MP2/6-311G** Level

J. Am. Chem. Soc., Vol. 121, No. 31, 17929

Table 6. Energy Difference (kcal/mol) between 1-ProfBtHsF~
and Protonated Cyclopropai#sF— lon Pairs atd = 2.25 and 2.4
A, at Different Levels of Calculations

AE* position of the
level of calculation d=2.25A d =2.4A crossing point (A)
MP2(FC)/6-31G* —-0.79 0.12 2.38
MP2(FC)/6-31+G* —0.44 0.82 2.33
MP2(FC)/6-311G* —0.816  1.36 2.31
MP2(FULL)/ 6-311G** —0.816 1.439 2.3
MP4(FC)/6-311G**// 0.05265 2.4
/[IMP2/6-311G**
ZPE —0.34228 -
total - —0.277 ~2.47F

a AE = E(2) — E(1). ® At 2.30 A. ¢ Single point calculation? ZPE
was corrected with a factor of 0.962Value predicted from the relative
energy AE) at 2.4 A.

positive hydrogens is much stronger than the gain from stronger
hyperconjugation possible in the alternative conformation with
one hydrogen at C1 up and one hydrogen at C3 down relative
to the C1C2C3 planed;, chiral conformatio##29. By contrast,
the B—F bond in the ion pair o2 bisects the projection of the
H—C2—H angle in the plane perpendicular to-€T2. The C2-
C3 bond in2-FBH;~, antiperiplanar with the ¥B bond, is
situated in an optimum position for hyperconjugation with the
empty orbital at CB!

As shown in the last entry in Table 2, the isomé&rand 2
are closest in energy at the MP2(FC)/6-31G* level for an
interionic distance of 2.40 A. This distance was selected for
single-point calculations at a higher order of electron correlation
on the geometries optimized with the MP2/6-311G** basis set.
The calculated energy differences between the two isomers at
different levels of theory and the zero-point vibrational energy
correction ad = 2.4 A deduced from the frequencies calculated
at the MP2/6311G** level are listed in Table 6. It is seen that
the larger basis set favors somewhat the bridged isomer, but

atom 1 2 atom 1 2 this tendency is reversed in the calculation with the fourth-order
Cc1 0.096 0.234 F —-0.562 —0.574 perturbation treatment. Indeed, the two ion pairs are essentially
c2 —0.154  —0.226 B 0.334 0.332 equal in energy at this level far= 2.40 A. Introduction of the
(H:il _%-3;173 _0(-)325017 HH _8-%? _8-3% zero-point energy correction with the most recently proposed
H12 0213 0.207 H 0236 -0213 scaling factot? favors again the open ion in the ion pair, such
H21 0.199 0.192 C1H 0.522 0.648 that in the endZ-FBHg‘ is more stable by about 0.3 kcal/mol
H22 0.199 0.191 C2i 0.244 0.157 at this interionic distance.

H31 0.178 0.164 C3H 0151 0.087 Because the determination of the domains of existence of
:gg g-ﬂg gigg FBH —-0.917 —0.895 the isomeric ion pairs at the higher levels of theory would use

too much computer time, we postponed that study for later. A
good idea about this point can be gathered, however, from the

With the caveat that these numbers are crude approximations

the Mulliken charge distributions in isomesFBHs- and examination of the interionic distance at which the two isomeric

ion pairs have the same energy, extracted from the crossing

2fF3p3_ ?td.c;fz 2.40bAw%re Shﬁwn n Ttaglf 5.IThere IS f tpoints in Figure 6, which plots the energy difference between
signiticant cittference between charges a , aless importanty, o 4, species as a function df This evaluation benefited

2gt dnf(f);?:*iedgl;et\r/:/eggr?c%(irvzzr;fggrgC?SnzF di?hangoessse?;:tﬂﬁrom the choice to calculate the MP4(FC)/6-311G**//MP2/
h nI toms. the charge di t?ib tior within tr'] t\;vgign uip (ther &-311G*™* energy ford = 2.40 A, which just happened to be
.allao g e‘t: ?tghe S 't'u 0 h ' the two ct) St Z at tﬁ the crossing point at that level. Thievalues for the crossing
?:Ilml—lbaér%rap ”_I]_%Z é)hargee?r?w%al\l/aengeeg%%rl]z ?ﬁgiﬁpereaégisns (;points are also listed in the last column of Table 6. It can be
the cation is less marked ihthan in2. The bridging methyl evaluated that after ZPE correction the crossing point moves to

. ~ d ~ 2.47 A, as is also indicated in Figure 6.
group carries the least amount of positive chargke(the methyl . . .
group of2 carries less than one tenth of the total charge of the Our result_s show that ion pairing stablllzes_ the open structures
cation) of carbocations such that even a simple ion likean be a

It is interesting to compare the geometries adopted by the reaction intermediate and at short interionic distances (tight ion

primary ion2 and by the secondary isor@rlon pairing brings (31) Hoffmann, R.; Radom, L.; Pople, J. A.; Schleyer, P. v. R.; Hehre,
the latter into an eclipsed C1,C3 conformation, with one W.J.; Salem, LJ. Am. Chem. Sod972 94, 6221.

hydrogen each at C1 and C3 pointing toward the anion and the  _(32) (&) Pople, J. A.; Scott, A. P.; Wong, M. W.; RadomJdr. J. Chem.

1993 33, 345. (b) A very similar value was proposed by DeFrees (DeFrees,
two C—H bonds almost parallel to theB bond;° because D. J.; McLean, A. D.J. Chem. Physl1985 82, 233) and was used in ref

the electrostatic interaction between the anion and the two 18.
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44 MP2 (FC)
MP2 (FU) 6-31G*
631G~

A E (kcal / mol)

T e e e L e e I ANLENL B e
2.20 225 2.30 235 2.40 2.45 2.50 2.55
d,A

Figure 6. The relative energyXE) scaled to the point of equal energy
content of isomers (crossing point) as a function of the interionic
distanced: 0O, 1-BHsF"; @, 2-BH3F—; v, crossing point at MP4(FC)/
6-311G**//MP2(FU)/6-311G**;#, estimated crossing point after ZPE
correction.

pairing) it can be more stable than its bridged counterpart. Figure 7. The 1-propyt-trihydrofluoroborate ion pairZBHsF") at
Stabilization of open carbocation structures by interaction with e MP2(FC)/6-31G* level in orientation B (before €C2 bond
HCl as a model of polar solvent was shown before by MINDO3 "otation and hydrogen shift from C2 to C1 to form the 2-propyl ion
. .. . - - pair): F, S, and T, as in Figure 1 (dummy atoms not represented in

semiempirical calculatior’$.We approached with some caution any projection).
those results, however, because we saw that MINDO3 indicated
the two rotamers of the isolated open ion 3-methyl-2-butyl cation with the movement of the anion in the opposite direction occur,
to be reaction intermediates (energy minima), whereas ab initio leading to the secondary ion p&rFBH;~, with the cation in
calculations showed that under those conditions (gas phasethe stableC, form.1¢ The reverse process, conversiorBdfBH;~
isolated ions) these species should be only the transition stateso 2-FBH;~ consists of hydrogen shift from C1 to C2 followed
for various conversions involving protonated 1,2-dimethylcy- by or coupled with rotation of the GiC2 bond such as to bring
clopropane isomerkln addition, the G-Cl distances calculated  the C2-C3 bond antiperiplanar to the-fB bond (orientation
in the MINDOS3 study for the R---CI—H complexes were 1.9, A within the ion pair). The structure shown in Figure 7 may be
2.0, and 2.1 A for primary, secondary, and tertiary carbocations, close to the transition state for this process, but this transition
respectively, not much longer than the typicat-Cl covalent state structure was not pursued further at this stage of our
bond of 1.75 A. In fact, it was pointed out that at least for the investigations.
primary cations the aggregates are better considered as proto- Optimization of orientation B ford values below 2.5 A
nated alkyl chloride32We note that the typical €F bond is resulted in elimination, forming propene and HF. Recombination
only 1.35--1.4 A, yet recombination occurred in our calculations  to form 1-fluoropropane did not occur for this relative orientation
for interionic distances shorter than 2.2 A in the ion pair of ions in the ion pair. This result is again similar with our
2-FBH3™. Nonetheless, the trend observed in the interaction with findings for the 2-propyl cation where recombination and
HCl is real and it is in full agreement with our findings on the elimination occurred from different orientations of the ions in
effect of the counterion on the structure of the carbocatfon. the ion pairic3® The distance at which the reaction pathway

Calculations at the MP2/6-31G* level were also conducted changes from elimination to intramolecular hydrogen shift is
for 2:FBHs™ in orientation B, explained in the Computational determined by the basicity of the anion, in addition to the
Method section, above, and shown in Figure 7. Optimization stability of the secondary cation.
for d = 3...6 A led to the rotation of the GIC2 bond, in the Primary Carbocations as Reaction Intermediates.It has
same way as in the 2-propyl cation, because of attraction been thoroughly proven that when a carbocationic reaction
between the anion and thfehydrogent® For 2, however, this would involve a primary ion as intermediate, the reaction
rotation brings thg-H into the proper alignment with the empty  normally proceeds by an alternative pathway. There are
orbital at C1 and a hydrogen shift from C2 to C1 concerted examples, however, in which the data do not substantiate such

an alternative pathway. Therefore, primary cations should be
(33) (a) Jorgensen, W. 0. Am. Chem. So&977, 99, 280. (b) Jorgensen,

W. L; Munroe, J. ETetrahedron Lett1977 581. (c) Jorgensen, w. 1.~ considered bona fide reaction intermediates.

Am. Chem. Sod 977 99, 4272. Thus, primary carbocation intermediates have been proposed
(34) The model of primary carbocation used in ref 33a,b was ethyl. We for the solvolysis of N-(l-alkyl)—5,6,7,8-tetrahydro-7-phen-

preferred in the first stage of our work to study the more complex case of

propyl, for which experimental data in superacid exist, allowing some (35) A more extensive study of the pathways for recombination and

interpretation of the computational results. elimination in the ion pairs of carbocations is in progress in our laboratory.
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yldibenzog,h]acridinium cations as better accounting for both nated cyclopropane. The form Bad a lower calculated energy
rates and reaction products than the alternatives in which than Aq and was thus considered to be the transition state for
ionization would be anchimerically assisted and the intermediate hydrogen scrambling ir8. It was noted, however, that the
ions would be bridged® calculated barriers were 3 kcal/mol too hith.

Multiple H—D exchange was observed in the 2-butenoyl It seems most likely to us that the energy barrier discrepancy
cation @) in DF—SbFs, involving the 1,3secalkyl acyl dication reflects a lowering of the energy barrier resulting from ion
5 and the 3-butenoyl catioi®) as intermediates. The latter also  pairing. Even if the secondary i@might enjoy some autonomy
adds a deuteron at C3, forming a cation that can be formulatedin superacid, it does not probably go beyond solvent-separated

as7 (ke—-s = 35KeE-7).3" ion pairs. A large, positive activation entropy for hydride transfer
from neopentane (with rearrangement)3an Sbhk—SGFCI
CH.—CH=CH-—CO' = CH.—CH'—CHD-CO" = indicated that3 “is strongly solvated to a number of ShF
s 4 3 5 molecules™Pthat is, strongly ion-paired with a §s,+1~ anion.

L n The hydrogen shift to form a much less stable intermediate
CH;=CH—-CHD—-CO" = "CH,~CHD—-CHD-CO" (1) requires that the two ions come together in an even tighter
6 7 3-ShFsn+1~ ion pair. As discussed earlier, the anion in the latter

has its equilibrium position in the bisector plane of the-C1

Subsequent work has shown that the intermediate was, indeedC2—C3 angle, but oscillates easily across this plane, between
the acyl-primary alkyl catior?, rather than the 1-protonated positions above the hydrogens facing it at C1 and'CBhe
cyclopropanemethanoyl cation alternatfeNote that the hydrogen shift from C1 to C2 occurs at the same time with the
ionization of the 4-chlorobutanoyl catioB)(in HF—SbFs was movement of the anion from the center to the position above
more than 1®times slower than the ionization of the 4-chlo- C1 and gives the ion pair in the orientation B of Figure 7,
ropentanoyl cation9),3° which is reasonable for the effect of  continuing then until it reaches the energy minimum as the
an a methyl group on the generation of a carbocation. 2-ShyFsn+1~ ion pair in orientation A. This intermediate inter-

The most appropriate example for a discussion of effects of converts with the third isomed-Sh\Fsn+17; if the interionic
tight ion pairing is the exchange (scrambling) of atoms in the separationd is less than 2.47 A, this equilibration favors
persisterf® 2-propyl cation 3. In cation3 labeled with’H and 2-ShFsn+1~. Each elementary reaction exchanges hydrogen
13C, H scrambling was faster than C scrambling. The results (3:SkyFsn+1~ = 2:ShhFsn+17), but only the continuation to the
were interpreted to mean that bathand 2 are intermediates  second step ShyFsp1~ <= 1-ShiFsq+17) exchanges the carbon
for the intramolecular exchange of carbon and hydrogen atoms,atoms as well, whence the faster scrambling of hydrogen than
respectivelyf of carbon, experimentally observéd.

The computations of isolated ;87" ions identified two It was stated that nucleophilic solvation does not appreciably
primary ions as transition states (one imaginary frequency in affect the relative stabilities of bridged and open ith&.similar
each). One of them appears to have the HC1H group within statement cannot be made about ion pairing, at least at the
the C1C2C3 plan& corresponding to our orientation B (named currently available level of theory and complexity of models
here B, for isolated). From its representation, it seems that the of ion pairs which we can currently use.
second corresponds to our orientation A with the C1C2 bond Acknowledgment. Our research of strong acid catalysis is
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