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Abstract: The structures and energies of lithiated cyclopropenyl cations and their acyclic isorgldss{Cn™, n =

0—3) have been calculated employing ab initio MO (HF/6-31G*) and density functional theory (DFT, Becke3LYP/
6-311+G*) methods. The cyclic isomer€,(6, 10, and 14) are always favored, but when lithium is substituted
sequentially along the 4El3™, C3HoLi*, CsHLi™, and GList series, the acyclic forms5( 7, 11, 16) become
progressively less competitive energetically. A triply bridgeds«€Li)s™ geometry,14, was preferred over the
classical form3 by 8.7 kcal/mol. A single lithium substituent results in a very large (67 kcal/mol) stabilization of
the cyclopropenyl cation. The favorable effects of further lithium substitution are attenuated but are still large: 48.2
and 40.5 kcal/mol for the second and third replacements, respectively. Comparison with polyamino-substituted
cyclopropenyl cations suggest gl@:;™ (3 and 14) to be a good candidate for the thermodynamically most stable
carbenium ion. The stabilization of the cyclopropenyl cation afforded by the excetldohor substituent Ni

(42.8, 33.4, and 23.7 kcal/mol for the first, second and thirc §idups, respectively) is uniformly lower than the
corresponding values for Li substitution. The total stabilization due to twe §tblups, and a Li (128.2 kcal/mol)

is higher than that due to three Nigroups (99.8 kcal/mol). All the lithiated cyclopropyl radicals are computed to
have exceptionally low adiabatic ionization energies {3l eV) and even lower than the ionization energies of

the alkali metal atoms LiCs (4.0-5.6 eV). The ionization energy ofs:Cis* is the lowest (3.18 eV), followed by
Cs(u-Li)z* (3.35 eV). The'H, bLi, and 13C NMR data of cyclopropenyl cation and its lithium derivatives indicate

the carbon, lithium, and hydrogen chemical shifts to increase with increasing lithium substitution on the ring. The
computedH chemical shifts and the magnetic susceptibility anisotropies as well as the nucleus independent chemical
shifts (NICS, based on absolute magnetic shieldings) reveal enhanced aromaticity upon increasing lithium substitution.
The B3LYP/6-31%G*-computed vibrational frequencies agree closely with experiment for cyclopropenyl cation
and, hence, can be used for the structural characterization of the lithiated and amino species.

Introduction H/Li exchange with butyllithium in ChCI, solution to give the

lithiated cyclopropenium ioa. Protonation oRaregenerates

Lithium substitution is remarkably effective in stabilizing 1a7
carbenium ions (e.g., Ckf),1=3 carbonium ions (e.g., Ckf,

CLig?"),* and hypermetalated carbocations with unusual stoi- "  Buli T
chiometries (e.g., fLig™, CsLiiot, etc.)® All of these lithiated e .
carbocations and many more have been observed experimentally H*

in the gas phase56 The considerable thermodynamic R2N NR, RoN NR;
stability of these species as isolated entities suggests that they 1 a"(‘;ji)_[,r) 2 ;§R==Hi>_m

may also be observable in solution under suitable conditions.
Indeed, an example has already been reported: the bis- We showed earlier that the-electron donating ability of

dialkylamino-substituted cyclopropenium iofiaj undergoes  lithium stabilizes the methyl cation nearly as effectively as
(5) (&) Shimp, L. A.; Lagow, R. 1. Am. Chem. S0d.979 101, 2214.
® Abstract published im\dvance ACS Abstract#ugust 15, 1997. (b) Gurak, J. A.; Chinn, J. W., Jr.; Lagow, R.Jl.Am. Chem. S0d.982

(1) (@) Jemmis, E. D.; Chandrasekhar, J.; Schleyer, P. ¥. Rn. Chem. 104, 2637. (c) Shimp, L. A.; Morrisson, J. A.; Lagow, R. J.; Gurak, J. A;;
Soc.1979 101, 527. (b) Chandrasekhar, J.; Pople, J. A.; Seeger, R.; Seeger, Chinn, J. W., JrJ. Am. Chem. S0d982 103 5951. (d) Chinn, J. W., Jr,;

U.; Schleyer, P. v. RJ. Am. Chem. S0d.982 104 3651. Lagow, R. JOrganometallics1984 3, 75. (e) Chinn, J. W., Jr.; Lagow, R.
(2) (@) Wu, C. H.; lhle, H. RChem. Phys. Letfl979 61, 54. (b) Kudo, J.J. Am. Chem. S0d.984 106, 3694. (f) Chinn, J. W., Jr.; Gurak, J. A,;
H. Chem. Lett1989 1611. Lagow, R. J. InLithium: Current Applications in Science, Medicine and
(3) () Apeloig, Y.; Schleyer, P. v. R.; Pople, J. A.Am. Chem. Soc. TechnologyBach, R. O., Ed.; Wiley: New York, 1986; Chapter 20, p 29.
1977, 99, 1291. (b) Schleyer, P. v. RRure Appl. Chem1983 55, 355; (g9) Lagow, R. J.; Gurak, J. A. INUPAC Chemistry for the Future
1984 56, 151;1987, 59, 1647. Also see ref 8. Gruenwald, Ed.; Pergamon Press: Oxford, 1984.
(4) (a) Callins, J. B., Dill, J. D.; Jemmis, E. D.; Apeloig, Y.; Schleyer, (6) (@) Maercker, A.; Thies, M. InTopics In Current Chemistry

P. v. R.; Seeger, R.; Pople, J. A. Am. Chem. Sod.976 98, 5419. (b) Springer-Verlag: Heidelberg, Germany, 1987; Vol. 138. (b) For reviews
Jemmis, E. D.; Chandrasekhar, J.; #thwein, E-.U.; Schleyer, P. v. R;; on organolithium compounds, sed:ithium Chemistry Sapse, A.-M.,
Chinn, J. W., Jr.; Landro, F. J.; Lagow, R. J.; Luke, B. T.; Pople, 1.A. Schleyer, P. v. R., Eds.; Wiley: New York, 1995. (c) Ivanic, J.; Marsden,
Am. Chem. S0d.982 104, 4275. (c) Schleyer, P. v. R.; Tidor, B.; Jemmis,  C.J. Am. Chem. S0d.993 115, 7503. (d) Jemmis, E. D.; Chandrasekhar,
E. D.; Chandrasekhar, J.; Whwein, E-.U.; Kos, A. J.; Luke, B. T.; Pople, J.; Schleyer, P. v. RI. Am. Chem. S0d.989 101, 2848.

J. A.J. Am. Chem. S0d.983 105, 484. (d) Reed, A. E.; Weinhold, Al. (7) (@) Weiss, R.; Priesner, @ngew. Chem., Int. Ed. Endl978 17,
Am. Chem. Socd985 107, 1919. (e) Bolton, E. E.; Schaefer, H. F., lll.; 445, (b) Weiss, R.; Priesner, C.; Wolf, Angew. Chem., Int. Ed. Engl.
Laidig, W. D.; Schleyer, P. v. RI. Am. Chem. S0d.994 116, 9602. 1978 17, 446.
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Table 1. Energies of Acyclic Isomers Relative to Substituted Table 2. Level Dependence of the Energies (kcal/mol) of Egs
Cyclopropenyl Cations at Various Computational Levels 1-20
molecule HE B3LYP? MpP2 MP4 eq HP B3LYP? MPpP2e MP4d
CsHs™ 1 —82.8 —73.4 —80.0 —81.6
4 0.0 0.0 0.0 0.0 2 —76.3 —67.0 —75.8 —76.1
5 33.6 23.3 31.3 27.2 3 —88.0 —-77.3 —85.3 —87.0
CaHoLi* 4 —56.1 —48.2 —56.6 —56.6
o 5 -55.7 -46.8 -53.5 -53.2
6 0.0 0.0 0.0 0.0
6 —42.9 —40.5 —50.6 —49.9
7 21.9 13.1 21.8 16.3
7 —49.7 —41.7 -51.3 —50.6
8 36.3 27.4 37.3 33.2
9 441 321 42.8 37.4 8 —175.3 —155.7 —183.1 —182.7
] 9 —157.9 —135.5 —157.2 —160.9
CsHLi " 10 —225.4 —196.7 —222.4 —222.1
10 0.0 0.0 0.0 0.0 1la —89.8 —94.8 —103.6 —103.3
11 22.3 14.5 24.9 19.7 11b —82.8 —73.4 —80.0 —81.6
12 40.2 59.8 42.4 37.9 12a —72.8 —-72.9 —81.8 —80.1
13 35.9 317 30.2 29.9 12b —99.8 —87.0 —96.7 —97.5
Calis 13 -56.7 -58.6 -62.2 -61.9
14 0.0 0.0 0.0 0.0 14 —42.3 —42.8 —48.8 —48.4
15 155 132 24 2 19.1 16 —26.4 —-23.7 —-29.5 —28.3
N 18 —62.5 —52.1 —61.4 —61.1
CsHx(NHo) 19 —139.5 —128.2 —149.4 —147.7
17 0.0 0.0 0.0 0.0 20 -161.7 -143.7 -167.5 -166.7
18 19.2 7.5 17.9 13.7

3 HF/6-31G*+ 0.89ZPE." B3LYP/6-31H-G* + ZPE.¢ MP2(fc)/

2 HF/6-31G*+ 0.89ZPE."> B3LYP/6-31H-G* + ZPE.© MP2(fc)/ 6-31G*+ 0.89ZPE//HF/6-31G*! MP4SDTQ(fc)/6-31G*+ 0.89ZPE/
6-31G*+ 0.89ZPE//HF/6-31G*? MP4SDTQ(fc)/6-31G*+ 0.89ZPE/  |HF/6-31G*.

/HF/6-31G*.

compared to hydroxy (7.9 kcal/mol) or methyl (14.6 kcal/mol)
substitutiont?® However, substituents such as F artlC,
which stabilize carbenium iori$ destabilize the cyclopropenyl
cation @). In contrast, experimental resulend computational
studies on related molecufeshow that lithium substitution can

be expected to be at least as effective as amino groups in
stabilizing GH3™.

These considerations suggest that lithiated cyclopropenium
ions, GLi3z" in particular, might have exceptional stability due
to the combination of highly favorable-delocalization and
o-donation effects. The present investigation examines (and
confirms) this possibility, as well as compares the effectiveness
of various combinations of lithium and amino substituents in
stabilizing isomeric @H3* cations. Do the unusual geometries
often favored by lithiocarboAs®911 have counterparts in the
lithiated cations? It is shown how the results fit into and extend
the general patterns of behavior. Moreover, the computed
vibrational frequenciesH, 5Li, and 13C NMR chemical shifts,
and adiabatic ionization energies for the lithiated cycloprope-
nium ions will aid experimental characterization of these species.

m-donation from an amino groW® This suggests that the
trilithiocyclopropenium ion 8), might be an unusually stable
species? Experimentally, GLiz* has been observed as one
of the most abundant peaks in the flash vaporization mass
spectrum of GLi4.5*¢ Using field desorption techniquesslGs™

is almost the only, and certainly the most abundant, peak in the
mass spectrum of 4Li4.5°

Of all the Hickel 4n + 2 -electron monocyclic species, the
cyclopropenium ion (eHs™, 4) has, by far, the largest stabiliza-
tion energy and has even been detected in the tail of Halley's
comet!® Were it not for the high degree of strain associated
with the s centers in a three-membered ring, the cycloprope-
nium ion would also be remarkably stable in absolute sense.
Lithium substitution may help here as well. As first pointed
out by Dill et al.112b|ithium substitution reduces the strain
energies in small ring systems. Ab initio calculations on
tetralithiotetrahedrane demonstrate this dramatidallyithium
substitution of the cyclopropenium io)( should thus be
favorable in two respects: the charge would be stabilized and
the ring strain reduced.

The stabilizing effects of Nkland otherz-donor substituents
on GHs™ isomers have been studied computationally by
Hopkinson and LieA? Thez-conjugation of the amino group The potential energy surfaces (PES) were explored uainigitio?
with the three-membered carbocyclic ring (as computed for (HF/6-31G*) and DFT methods (Becke3LYP/6-31G* termed B3LYP
c-G3HoNH, ) affords greater stabilization (30.7 kcal/mol) as  here}* employing Gaussian 94 prograh.Frequency analyses, which
characterize stationary points on the PES and provide zero-point
(8) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.Initio energies?® were carried out both at the HF/6-31G* and B3LYP levels.

Molecular Orbital Theory Wiley: New York, 1986; p 348. - : ;
(9) (a) Krogh-Jesperson, K. Cremer, D.. Dill, J. D.: Pople, J. A The first set of geometries examined were based on the structures

Computational Methods

Schleyer, P. v. R). Am. Chem. Sod.981, 103 2589. (b) Wong, M. W.: of the two known GH3™ isomers, the cyclopropenyl catiod)@nd the
Radom, L.J. Am. Chem. Sod.989 111, 6976. (c) Glukhovtsev, M. N.;
Laiter, S.; Pross, AJ. Phys. Chem1996 100, 17801. (12) (a) Hopkinson, A. C.; Lien, M. HCan. J. Chem1985 63, 3582.

(10) Korth, A.; Marconi, M. L.; Mendis, D. A.; Krueger, F. R.; Richter,  (b) Hopkinson, A. C.; Lien, M. HJ. Am. Chem. S0d.986 108 2843. (c)
A. K,; Lin, R. P.; Mitchel, D. L.; Anderson, K. A,; Carlson, C. W.; Reme,  Lien, M. H.; Hopkinson, A. CJ. Mol. Struct. (THEOCHEM}1988 165

H.; Sauvaud, J. A.; d’Uston, QNature 1989 337, 53. 37.

(11) (a) Rauscher, G.; Clark, T.; Poppinger, D.; Schleyer, P. Arigew. (13) Lien, M. H.; Hopkinson, A. CJ. Mol. Struct. (THEOCHEM}985
Chem., Int. Ed. Engll978 17, 276. (b) Dill, J. D.; Greenberg, A.; Liebman, 121, 1.
J. F.J. Am. Chem. S0d.979 101, 6814. (c) Ritchie, J. PJ. Am. Chem. (14) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. 1988 B37, 785. (b)
So0c.1983 105, 2083. (d) Disch, R. L.; Schulman, J. M.; Ritchie, J.JP. Becke, A. D.Phys. Re. 1988 A38 3098. (c) Becke, A. DJ. Chem. Phys.
Am. Chem. S0d.984 106, 6246. (e) Schleyer, P.v. R. Phys. Chenl99Q 1993 98, 5648. (d) For details of basis sets see ref 8 and the following:
94, 5560. At MP2(FULL)/6-31G* and at Becke3LYP/6-31G*, tetra- Foresman, J. B.; Frisch, AExploring Chemistry with Electronic Structure

lithiotetrahedrane is a local minimum contrary to the lower level results in  Methods: A Guide to using Gaussié@nd ed.; Gaussian Inc.: Pittsburgh,
refs 11c,d. PA, 1996.



9506 J. Am. Chem. Soc., Vol. 119, No. 40, 1997

Jemmis et al.

Table 3. GIAO-Becke3LYP/6-31%G*//Becke3LYP/6-31%G*-Computed Ring'H (italic), éLi (underlined), and*C NMR Chemical Shifts

for Substituted Cyclopropenium ldhs

4

21

atom no.

molecule 1 2 3 4 5 6
4, CiHste 178.0 (162.1) 178.0 (162.1) 178.0 (162.1)  10.5(10.9 10.5(10.6) 10.5(10.6)
6, CeHoLi™ 232.9 (218.2) 196.3 (179.6) 196.3 (179.6) 4.3 (2.4) 11.0(11.2 11.0(11.2
10, CgHLi* 217.4 (199.3) 251.6 (235.0) 251.6 (235.0) 11.8(12.0 5.9(3.7) 59(3.7)
3, Gslis™ 277.0 (257.7) 277.0 (257.7) 277.0 (257.7) 7.5 (5.0) 7.5 (5.0) 7.5 (5.0)
14, CsLis" 288.4 (274.1) 288.4 (274.1) 288.4 (274.1) 10.1 (7.3) 10.1(7.3) 10.1(7.3)
17, CsH(NHz)* 154.0 (144.9) 144.8 (133.7) 144.8 (133.7) 9.0(8.7) 9.0(8.7)
1, CH(NHy), ¢ 102.8 (95.7) 138.5 (131.1) 138.5 (131.1) 6.8(7.1)
19, C3(NHy)s* 113.5(107.3) 113.5(107.3) 113.5(107.3)
20, CaLiz(NHp)* 193.6 (183.7) 210.2 (199.4) 210.2 (199.4) 5.9 (3.7) 5.9 (3.7)
2, CaLi(NH ).+ 146.5 (142.5) 154.7 (146.7) 154.7 (146.7) 4.8 (2.8)
21, CsH4 (Ca) 3.9 (-0.3) 116.7 (110.8) 116.7 (110.8) 13(13 7.1(7.6) 7.1(7.6)
25, C3HaLi (Cy) 0.9 (-5.4) 131.7 (123.5) 138.1 (136.0) 0.4(0.2 7.5(8.1) 8.9 (6.0)
26, CsHoLiz (Cp,)° —16.6 (-21.8) 148.3 (140.1) 148.3(140.1)  —1.2(-1.9 14.0 (9.4) 14.0 (9.4)

a The absolute shielding for the reference molecules, tetramethylsilane araddi°C = 184.0,'H = 32.3, and’Li = 95.3.° GIAO-HF/6-
31+G*//Becke3LYP/6-311+G*-computed chemical shifts are given in parentheses Wh= 200.8,'H = 32.6, ancfLi = 95.4 as the shielding
values for the reference molecules, tetramethylsilane ahd*dihe experimental shifts aféC = 177 and'H = 11.1 for4 and*3C(1) = 99.0 and

13C(2,3) = 133.7 forl. 4 Reference 43.

propargyl cation5.” The hydrogens were replaced systematically with
lithium to give a set of monolithiated¢8), dilithiated (L0—12), and
trilithiated (3 and 16) carbocations with classical structures. Since
lithium is known to have a propensity for bridgif§?-818additional
structural possibilities9, 13, 14, 15) also were considered. We also

computed the geometries, stabilization energies, and spectroscopic (IR;

NMR) properties of1, 2,7 and other cyclopropenium ions with
combinations of Li and Nk groups (7—20) for comparison. The
effects of electron correlation were probed by single-point calculations
at MP4SDTQ(fc)/6-31G* (frozen core fourth-order MohePlesset
theory with all single, double, triple, and quadruple substitutions) for
all species? using the HF/6-31G* geometries.

Tables 1 and 2 show the relative energies of the lithiated species
and the stabilization energies obtained from eg2Q, respectively, at
various computational levet8. The computedH, 6Li, and 1°C NMR
chemical shifts for the cyclic species, their aromaticity, and the
vibrational frequencies for substituted cyclopropenyl cations are given
in Tables 3-5. Table 6 includes the adiabatic ionization energy [IE
= E(radical)— E(cation)] of the lithiated cyclopropenyl radicals along
with experimental values where available. Figure 1 provides the

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Peterson, J. A.;
Montgomerry, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. Y.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J.l., Replogle, E. S.; Gomperts, R.; Martin, R. L.;

Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-

Gordon, M.; Gonzalez, C.; Pople, J. Saussian 94Ver. C.4, Gaussian
Inc.: Pittsburgh, PA, 1995.

(16) (a) Binkley, J. S.; Pople, J. A.; Hehre, W.JJ.Am. Chem. Soc.
198Q 102 939. (b) Gordon, M. S.; Binkley, J. S., Pople, J. A.; Pietro, N.
J.; Hehre, W. JJ. Am. Chem. S0d.982 104, 2797.

(17) (a) Radom, L.; Hariharan, P. C.; Pople, J. A.; Schleyer, P.\. R.
Am. Chem. Sod 973 95, 6531.1bid. 1976 98, 10. (b) Raghavachari, K.;
Whiteside, R. A.; Pople, J. A.; Schleyer, P. v.RAm. Chem. S0d.981,
103 5649. (c) Cameron, A., Leszczynski, J.; Zerner, M. C., Weined.B.
Phys. Chem1989 93, 139. (d) Lee, T. J.; Willetts, A.; Gaw, J. F.; Handy,
N. C.J. Chem. Phys1989 90, 4330. (e) Li, W.-K.; Riggs, N. VJ. Mol.
Struct. (THEOCHEM)1992 257, 189. (f) Jemmis, E. D.; Subramanian,
G.; Srinivas, G. NJ. Am. Chem. S0d.992 114, 7939. (g) Wong, M. W.;
Radom, LJ. Am. Chem. So&993 115 1507. (h) Galembeck, S. E.; Fausto,
R. J. Mol. Struct. (THEOCHEM}995 332 105.

(18) (a) Xie, Y.; Schaefer, H. F., llIChem. Phys. Lettl991 179 563.
(b) Smith, B. J.Chem. Phys. Letl994 207, 403. (c) Also see refs 3, 6b,
and 8.

(19) (a) Binkley, J. S.; Pople, J. Alnt. J. Quantum. Cheml975 9,
229 and references therein. (b) Pople, J. A.; Binkley, J. S.; Seegbmt.R.
J. Quantum. Chem. Symp976 10, 1 and references therein.

Table 4. Bond Length Alternation4r, A),2 *H and®Li Chemical
Shifts ©, ppm)? Magnetic Susceptibilitiesy( ppm cgs), Their
Anisotropies fanis PPM cgs) and Exaltationg\( ppm cgsy, Nucleus
Independent Chemical Shifts, [NICS(0), NICS(1), pphalad
Stabilization Energies (SE, kcal/mol) from Eqs-224° (Figure 2)
for Lithiated Cyclopropenium lon4, 6, 10, 3, and14

property 4 6 10 3 14
Ar 0.0 0.063 0.074 0.0 0.0

5 (*H) 10.5 11.0 11.8

5 (°Li) 43 5.9 75 10.1

% -134 -129 -121 -101 -13.3
Yanis -294 352 —412 —484 —57.2
NICS(0) —27.6 —246 -205 —148 —22.1
NICS(1) -16.0 —182 -201 —21.6 —23.7
Af -102 -152 -126 -88 —12.0
SE -59.0 -56.6 —841 —951 —104.2

2 Becke3LYP/6-313-G*-optimized geometried. GIAO-Becke3LYP/
6-311+G*//Becke3LYP/6-313#G*. ¢ CSGT-Becke3LYP/
6-31H-G*//Becke3LYP/6-311+G*. 4 GIAO-HF/6-31+G*//Becke3LYP/
6-311H-G*. ¢Becke3LYP/6-313+G*//Becke3LYP/6-31%+G*. f Calcu-
lated using eqgs 2124 at CSGT-Becke3LYP/6-311G*//Becke3LYP/
6-311HG*. gA(S) + [X(l4) - X(S)] h SE@) + [EB3LYP(14) - EB3LYP(3)]-

B3LYP geometric parameters and the natural charges (in italics),
obtained from natural population analysis (NFA)Unless otherwise
stated, the discussion is based on B3LYP results.

Results and Discussion

CsHst. Both the cyclopropenyl catiort) and the propargyl
cation 6) have been characterized experiment&ly The
extensively computed energy difference betwéamd the less
stable5 also callibrates the levels used h&#. Our best value
of 23.3 kcal/mol (Table 1) at B3LYP (27.2 kcal/mol at
MP4SDTQ/6-31G*) favoringt are within the error bounds of

(20) (a) TheAH in egs 20 includes the HF/6-31G* zero-point energies

(scaled by a factor of 0.89 and applied to the HF, MP2, and MP4 total
energies). For details, see: Pople, J. A.; Krishnan, R.; Schlegel, H. B.;
Binkley, J. S.Int. J. Quantum Chem. Symp979 13, 225. (b) Krishnan,
R.; Schlegel, H. B.; Binkley, J. S.; Whiteside, R. A.; Frisch, M. J.; Pople,
J. A.; Hout, R. F., Jr.; Hehre, W. Iht. J. Quantum Chem. Syni981, 15,
269. (c) No scaling factor for the Becke3LYP/6-31G* zero-point energies
were used in eqs-120. See: Schleyer, P. v. R.; Jiao, H.; Glukhovtsev,
M.; Chandrasekhar, J.; Kraka, E. Am. Chem. S0d.994 116, 10129.

(21) Reed, A. E.; Weinhold, F.; Curtiss, L. £hem. Re. 1988 88,
899 and references therein.
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Table 5. B3LYP/6-31HG*-Computed Vibrational Frequencies,
cm) for Substituted Cyclopropenium lons

J. Am. Chem. Soc., Vol. 119, No. 40, 19507

Table 6. Becke3LYP/6-31+G* lonization Energies(lE, eV) of
Substituted Cyclopropenium lons and Related Reference Molecules

freq 4 6 10 3 14 molecule sym totalenergy mult & IE  expP
v 764.4(3') 193.3(h) 134.0(a) 130.1(8) 177.7 (2" CHs' (4)  Ds —11575422 1 00
v,  929.6(8) 268.3(h) 2085(h) 165.1(2") 212.9 (8 CHz C. -11597920 2 0753 6.12 6.6
vs 1009.7 (§) 476.0(a) 217.3(h) 180.2(2) 284.5 (&) CHs'(5)  Cn —11571480 1 00
vs 1028.4(d) 829.3(h) 306.6(a) 294.2(¢) 386.7 () CoHs C. —116.03311 2 077 866 8.68
vs 1308.3(8 931.5(a) 495.6(a) 509.7(3) 542.8(a) CHoLi*(6) Ca —122.74932 1 00
ve 16653 (d) 953.0(h) 544.7(h) 572.1(¢ 571.8(8 CaHaLi* Co —12290650 2 0.752 4.28
v, 3245.4(8 1007.7(a) 902.8(h) 1099.4 (§ 1098.7 (& CHLiz* (10) Ca —129.71467 1 00
ve 3295.6(d) 1148.4 EI@)) 943.0 Ea; 1595.3 (@) 1501.8 (1) CgHLLz'() C. —129.86423 2 075 4.07
Vo 1364.9 (3) 1051.0 (@ Cilis*(3)  Da —13665378 1 00
V1o 1661.7 () 1327.9 (b) Caliz » —136.77072 2 075 3.8
i1 3241.7 (B) 1635.6 (3) Cilis (14 Ds —136.66828 1 00
Vio 3278.5 (a) 32258 (a) Caliz Ds —13679136 2 075 3.35

CHs" Da —39.48671 1 00
freq 17 1 19 20 2 CHy Ds —39.84967 2 0754 9.88 9.8
v 4045(b) 258.4(a) 229.6(a") 138.7(a) 150.7 (b) CHoLi™ Co 4649195 1 00
v,  486.9(h) 347.2(h) 2452(8 152.5(k) 176.5 (h) CHoLi® Co —46.75361 2 0753 7.12
vs 6354 (k) 494.7(a) 320.2(¢) 167.4(h) 246.7(a) CHLi, Co 5337950 1 00
vs 648.2(a) 508.0(h) 359.0(a") 267.8(a) 381.9 (a) CHLIz C,  —5362850 2 0.766 6.78
4 + _
vs  819.2(h) 526.0(h) 371.3(") 393.5(h) 401.2(h) CLis™ Ca 60.39153 3 2.009 437 46
ve  870.2(a) 539.3(a) 500.1(¢) 422.3(h) 409.7 (h) CLis Dy  —60.37182 1 00
v;  960.8(a) 618.3(a) 586.4(¢) 505.9(a) 503.1(a) CLig D;h —60.55211 2 0.781 4.91
ve  983.6(b) 630.6(h) 608.6(a) 548.5(h) 509.3(a) '[!_ ﬁh ‘;-281' 92 % 0-3 -
ve 1031.6(a) 805.0(h) 799.5(a) 562.4(h) 512.4(h) " n —7.49133 0.75 562 5.
vio 11253 (k) 843.6(a) 903.7(4 608.9(a) 608.5 (h) “a ﬁh ‘123232 % ; 8-35 542 51
v 13333 (h) 896.6(h) 1213.6(2) 859.7(a) 621.9 (2) x n 10228678 : : :
v, 1492.0(a) 1086.3 (b) 1236.6 (8 1098.0(b) 864.6 (a) K K —27.970 68 1 00
vis 1680.3(a) 1121.3(a) 1564.1(8 1273.1(3) 887.1(h) K Kh ‘28-13398 2 075 444 43
vie 1889.2(a) 1229.1(b) 1684.2 (3) 1380.8 (b) 1124.3 (3) Rb Kh —-2370578 1 00
vis 3252.8 (b) 1396.6 (a) 1686.5(8 1678.4(a) 1216.5 (b) Ry Kh ‘23-86393 2 075 430 42
vis 3288.7(a) 1596.1(b) 2084.0 (3) 1807.6(a) 1440.6 (3) Cs® Kh -1973152 1 00
v, 3548.1(a) 1683.4(a) 3595.2(8) 3563.8(a) 1488.0 (b) Cs Kh ~ -19.87709 2 075 396 39
vig 3654.9 (B) 1697.5(k) 3602.3(d) 3669.5(k) 1682.1(a) 3|E = E(radical) — E(cation).® Reference 32 IE for 2CLis" to
V1o 1983.3 (a) 3706.7 () 1685.2 () 3CLis*, the IE to!CLis* is 4.91 eV.d Total energy at Becke3LYP/
Va0 3283.8 (a) 3708.1(¢ 1958.1 () LANL2DZ.
Va1 3570.8 (b) 3584.2 (b)
V22 gg;g-g @ gggg-g (@ a standard. Thus, eq 1 shows that lithium stabilizes the methyl
Zi 36830 g 3696.2 % cation by 73.4 kcal/mol. Lithium substitution stabilizes the

the experimental difference of 2& 4 kcal/mol based on
appearance potential measureménts.

CsHoLi™. Although experimental details onzB.Li* are
lacking, an X-ray structure of a dimer of a highly substituted
derivative of neutral lithiated cyclopropene (&HGLI, 25) has
been reported very recentl§. The influence of lithium
substitution on gH3* also is dramatic. While the lithiocyclo-
propenium ion6 remains the most stablezd,Li™ energy
minimum, the open form7 (Figure 1), which can be regarded
as lithiated allenyl cation, is stabilized to a greater extent. The
energy difference betwedhand7 (13.1 kcal/mol) is decreased
by over 10 kcal/mol from the correspondidgand 5 energy
difference (Table 1). Although linears83™ (5) can be thought
of as a resonance hybrid of the propargyl and allenyl cations,
substitution of lithium at the “-yne end”, as iB, is less
effective: 7 is 14.3 kcal/mol more stable th& Preference of
Li for an acetylide position has also been noticed previoffsly.
Structure9 with a bridging lithium is 4.7 kcal/mol less stable
than 8 and is the intermediate for lithium 1,3-shifts between
the terminal carbon atoms B

The stabilizing effects of lithium substitution can be evaluated
in different ways, e.g., by isodesmic equations usinglGlds

(22) (a) Breslow, R.; Groves, J. T.; Ryan, &.Am. Chem. Sod.967,
89, 5048. (b) Farnum, D. G.; Mehta, G.; Silberman, R.JGAm. Chem.
So0c.1967, 89, 5048. (c) Breslow, R.; Groves, J. I.Am. Chem. Sod¢97Q
92, 984. (d) Lossing, F. RCan. J. Chem1972 50, 3973. (e) Ausloos, P.
J.; Lias, S. GJ. Am. Chem. S0d.981, 103 6505.

(23) Lias, S. G.; Bartmess, J. E.; Liebmann, J. F.; Holmes, J. C.; Levin,
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Datt988 17, Suppl. 1.

(24) Sorger, K.; Schleyer, P.v. R.; Stalke, D.Am. Chem. S0d.996
118 1086.

cyclopropenium ion (eq 2) slightly less (ca. 6 kcal/mol) than

the methyl cation (eq 1). But the effect of lithium substitution

is larger with the propargyl cation (eq 3), where the charge is
more localized (Figure 1).

CH," + CH,Li = CH,Li"+CH, AH=-73.4 (1)
c-CiH;" + CHoli —c-CH,Li" +CH, AH=-67.0
4 6
)

H,C=C=CH" + CH,Li — H,C=C=CLi" + CH,
5 7
AH=-77.3 (3)

Table 2 summarizes the dependence of stabilization energies
(AH in kcal/mol) for isodesmic eqs-120 at various theoretical
levels. Inclusion of correlation, i.e., MP2 and MP4, for the HF/
6-31G* optimized geometries gives similar values. This
emphasizes the success of the isodesmic equations in canceling
errors for these species.

As supported by the NBO analysisspecies such as GH ™
and GH.Li* (6) can also be regarded as lithium cationcom-
plexes of the singlet carbenes (gHand cyclopropenylidene
(c-GsHy), respectively. The following B3LYP reaction energies
show the interaction of Li with the larger system (c-El,) to
be more favorable energetically.

CH,+ Li"—CH,Li"  AH = —37.1 kcal/mol

c-CH,+ Lit —c-CH,Li"  AH = —49.6 kcal/mol
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4, C3H3", D3y, (O

1, G;H(NHg),", Cay, (0)

-0.007

-0279  -0.156

7, CHyLi*, Gy, (0)

.94,
-0.329 -0.480 0248
e [1)

1.920A 7

13, GHLiy*, Gy, (1)

14, C3Lis", Dy, (0)

-0.103  -0.063

17, C3Hp(NHp)Y, Cay, (0)

0.210

21, CyHy, G (O 22, CHs*, Cay. (1) 23, C3Hg, D3y, (©)

25, C3HsLi, Cy, (0)
24, C3H,Li™, Cyy, (0)

Figure 1. Becke3LYP/6-311G*-optimized geometries (distances in angstroms and angles in degrees) and natural charges (tal).fohe
number of imaginary frequencies is given in parentheses.

CsHLi ™. The dilithiated cyclopropenium ioh0 as well as located on the @HLi," PES. The symmetrical acyclic structure,
the 1,3-Li substituted acyclic isomet], are the two minima 12, is a second-order saddle point at B3LYP and a transition
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state at HF/6-31G* (see Supporting Information). A bridged
structure similar t® optimized to the more stablgl. The
doubly bridged dilithiated cyclopropenium iori,3, is the
transition state 1 = —158.8 cnt! at B3LYP) for lithium
exchange irl0.

c-CH,Li" + CHyLi —¢-CHLi," + CH,  AH=-48.2
6 10
(4)
H,C=C=CLi" + CH,Li — HLIC=C=CLi + CH,
7 11
AH=—46.8 (5)

While the dilithiated cyclopropenium iorl0, is the most
stable GHLi," isomer (Table 1), the additional stabilization

afforded by the second lithium substitution (eq 4) is less than
the gain afforded by the first replacement (eq 2). The same is

true for11l The charges at the unsubstituted centersg amd

8 (CH; and CH, respectively; Figure 1) are less positive than

in the propargyl cation5. Consequently, the second lithium

substitution is less stabilizing (compare eqgs 3 and 5).
CaLis™. The triply bridged trilithiocyclopropenium iori4,

is clearly the most stablesCiz™ isomer (Figure 1). Likd4, 3

also hasDs, symmetry and is a minimum, but 8.7 kcal/mol

higher in energy that4 (Table 1). While the bridged structure

9 is less stable than the open fo@nbridged15is 27.7 kcal/

mol more stable than the classical spedéqTable 1). The

latter is the transition state for lithium exchange. Structures

14 and 15 bear an obvious relationship; they can be intercon-
verted by formal opening or closing of a three-membered ring
bond. However, thisC,, process is forbidden by orbital
symmetry.

J. Am. Chem. Soc., Vol. 119, No. 40, 19509

(compare with eq 1). But the methyl cation is unusual. We
had earlier show that lithium is even more effective than NH

in stabilizing the ethyl and vinyl cations (eq 12). The same is
also true for the allenyl (compare eq 13 with eq 3) and the
cyclopropenyl cations (compare eq 14 with eq 2).

CH," + CH;NH, — CH,NH," + CH, = AH=-94.8
(11a)
CH, + CH,Li =CH,Li" +CH, AH=-73.4 (11b)

H,C=CH" + CH,NH, — H,C=C=NH," + CH,
AH=—72.9 (12a)

H,C=CH"+ CH,Li —H,C=C—Li* + CH,
AH = —87.0 (12b)

H,C=C=CH" + CHyNH, — H,C=C=C=NH," + CH,
5 18

AH = —58.6 (13)
c-CiHy " + CHyNH, — ¢-CH,NH, " + CH,
4 17
AH = —42.8 (14)

Hopkinson and Lied? in their investigation of the effect of
m-donor substituents on the stabilization of cyclopropenium
cations, also called attention to the decreasing ability of amino
groups to influence the more stable carbocations. The reason

As was the case for the second substitution (eq 4), the thirdis apparent. The greater the numbersmtionor (including

replacement of H by Li (eq 6) still is quite stabilizing, albeit
with a further attenuation, roughly 7.7 kcal/mol (eq 6 vs eq 4).

AH = —40.5
(6)

A smaller attenuation (5.1 kcal/mol) is found for the other

c-CjHLi," + CH,Li — ¢c-CyLi," + CH,
10 14

HLIC=C=CLi* + CH,Li — C,Li," + CH,
11 15
AH=—41.7 (7)

CiLis" isomers (eq 7 vs eq 5). It is also of interest to compare
the effects of triple lithium substitution of the cyclopropenium
ion (eq 8) with that of the methyl cation (to give Gtj eq 9)
and of CH* (to give CHLis", eq 10). The energies of all

these three substitutions are remarkably large. Three lithiums

stabilize c-GLis* (14, eq 8) even more than C{fi (eq 9)2*

C,H," + 3CHLi — C,li,;" +3CH, AH=-155.7
4 14
€
CH," + 3CH,Li —CLi;"+3CH, AH=-1355 (9)
CHy" + 3CH,Li — CH,Li," +3CH, AH=-196.7
(10)

Lithium vs Amino Substitution. Because of its exception-
ally strongzr-donor ability, the amino group is the most effective
methyl cation stabilizing substituefft,as evaluated by eq 11

(25) (a) Bernardi, F.; Bottoni, A.; Venturini, Al. Am. Chem. Sod986
108 5395. (b) Kapp, J.; Schade, C.; El-Nahasa, A. M.; Schleyer, P. v. R.
Angew. Chem., Int. Ed. Endl996 35, 2236 and references therein.

hyperconjugating) substituents, the less effective each additional
replacement can be. As the aromatic cyclopropenium ion has
a highly stabler-system, the additionad-stabilization afforded

by amino groups is relatively small. In contrast, lithium
stabilizes in a complementary fashion, éydonation. Hence,
lithium substitution enhances the stability of-stabilized
carbocations nearly as much (eq 2) or even more (eq 3) than
the methyl cation (eq 1).

Similar isodesmic reactions can be employed to evaluate the
stabilization due to further substitution of amino groups. The
reaction energies of eqs +20 (also given in Table 2) show
the effects of sequential amino substitutions. These should be
compared with the corresponding eqs 2, 4, 6, and 8 for
sequential lithium substitution.

¢-C3H,NH, " + CHyNH, — ¢c-CH(NH,), " + CH,
17 1

AH = —33.4 (15)
c-CH(NH,)," + CH;NH, — ¢-C4(NH,), " + CH,
1 19
AH = —23.7 (16)

c-CyH;" 4+ 3CH;NH, — c-Cy(NH,), " + 3CH,
4 19

AH=—99.8 (17)
c-Cy(NH,),H™ 4 CH,Li — c-C4(NH,),Li" + CH,
1 2

AH = —52.1 (18)

(26) Apeloig, Y.; Schleyer, P. v. R.; Pople, J. A. Am. Chem. Soc.
1977, 99, 5901.
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c-CH," + 2CH;NH, + CH,Li — ¢-Cy(NH,),Li " + 3CH, H Tle i e NH, T]@
4 2

(1.429) ||1.298A

(1.429) 1.363A (1.367) 1.398A (1.226) 1391A

AH=-128.2 (19)

1.335A 1.341A
c-C;H;" + CHyNH, 4 2CH,Li — ¢-C,Li ,NH,Li " + 3CH, H H H o sy H Ho isn H
4 20 4 6 7

AH=—143.7 (20) substituents, the €C bond between both substituents is

The stabilization energies for the first, second, and thirg NH lengthened considerably (1.442 A in the dilithio derivath@
substitution, 42.8, 33.4, and 23.7 kcal/mol, respectively, (eqs 1.495 A in the doubly bridged structulé, and 1.403 A in the
14—16) are uniformly lower than the corresponding values for diamino derivative1l). Triple substitution restores the 3-fold
sequential Li substitution (67.0, 48.2, and 40.5 kcal/mol; Table symmetry with intermediate €C distances (1.409 A i8 and
2, egs 2, 4, and 6). The combined stabilization of 155.7 kcal/ 1.379 A in19).
mol (eq 8) due to three Li substituents is larger than the total
effect of three NH groups (99.8 kcal/mol, eq 17). The
stabilization energy per additional group attenuates with increas-
ing number of substituents both for Li and for M¢placements.
The same is true whes-donor (Li) and ar-donor (NH) are
combined. This is probed in eq 18 which is a model for the
experimentally observed conversion bfinto 2.7 While the

Even though Li and NK groups stabilize cyclopropenium
ions, both substituents lengthen the adjacen@®onds. This
is due to different reasor$. The Li effect arises frono-electron
donation (as shown above f6érwith the Wiberg bond indices
given in parentheses), whereas theIC character involving
the w-donor substituent, Nkl decreases the bond order of the

additional stabilization afforded by Li substitution of gt 'ag\djacentC—C bond (Zea,7 above).. The calllcul.atedfjc (1.379
(NH,), is 14.9 kcal/mol less than that of the parent cyclopro- A) @nd C-N (1.327 A) distances in the triamino cyclopropenyl
penium ion (eq 2), the effect is still very large. Assuming an cation19 (Figure 1) are comparable to those found in th_e X-ray
additivity of the individual stabilization energies [67.0 kcal/ Structure (G-C = 1'363+'8;QE_N = 1.333 A) of the substituted
mol for the first Li (eq 2), 42.8 and 33.4 kcal/mol for the first derivative, c-G(NMey)s™.
and second Nkigroups (eqs 14 and 15)], 143.2 kcal/mol can NMR Chemical Shifts of Lithium- and Amino-Substituted
be estimated for eq 19. The calculated value (128.2 kcal/mol), Cyclopropenium lons. The !H, Li, and 13C NMR chemicall
although 15.0 kcal/mol lower due to attenuation, is still larger shifts of the cyclopropenium cation and its lithium derivatives
than the stabilization afforded by three Blubstituents (eq  calculated both at GIAO-Becke3LYP/6-31G* and GIAO-
17). Simple stabilization energy additivity indicates that two HF/6-31+G*2° using the B3LYP-optimized geometries have
Li and one NH substituents would be the ideal combination quite unusual features (Table 3). The Becke3LYP-computed
for the cyclopropenium ion [67.0 and 48.2 kcal/mol for the first - chemical shifts are discussed (these agree more satisfactorily
and second Li (eqs 2 and 4) and 42.8 kcal/mol for the ket with experimental values than the HF values, given in paren-
14) gives an estimate of 158.0 kcal/mol]. The calculated value, ihases in Table 3). Th&C and!H chemical shifts of 178.0
143.7 kcal/mol (eq 20), although 14.3 kcal/mol less than the and 10.5 of the CyClOprOpeniUm ion)(compare well with the
estimated value due to attenuation, is still better than the experimental values (177 and 11.1, respectivéy3° Mono-
com_b_lnat_lon .Of one_L| and two NHS'_ How_ever, the largest lithiation increases the chemical shifts, but more so for the
stabilization is predlc_ted for thrlee_ Li substltuents (eq 8).‘ carbons adjacent to lithium, e.g., fér 232.9 for C(Li) and

Structural Comparisons of Lithium- and Amino-Substi- 196.3 for C(H). ThetH chemical shifts are at very low field,
tuted Cyclopropenium lons. The B3LYP-optimized geom- 10.5 in GHs* and 11.0 in c-GH,Li*. Dilithiation continues
etries for1—20 are given in Figure 1 along with the “natural” = = fgrlo the G(Li chem'zcal shift is 2516 and C(H) is
charges (in italics) obtained from natural population anaRfsis. 21'7 4 Tr,1ere is,a 11 4(p3m diffelrence Ibeltweenl'%h‘echem(ica)lll
Th | catio® has bond length ted for tripl d : o

© bropargy’ catioh has bond fengihs expected Tor Tiple an shifts calculated for the two trilithium isomer8,(277.0;14,

double bonds, but when the hydrogens are substituted for ) .
lithiums along the7, 11, 16 series, the difference between the 288-4). These data should help characterize these species,
should they be made experimentally.

two C—C bond lengths is reduced considerably. TheGC
distances inl6 resemble those in substituted allenes. When  The SLi chemical shifts also show a larger spread. The
the CH terminus is lithiated, as iB and12, bond equalization  values, 4.3 for c-gH,Li* (6), 5.9 for c-GHLi,* (10), 7.5 for
occurs to a lesser extent. The trilithiated structuBeznd 14 c-CsLigt (3), and 10.1 for c-@u-Li) s+ (14), are more shielded
have rather long €C distances (1.409 and 1.420 A, respec- than computed for the nonaromatic cyclic analoguesisCi
tively). The bridged isomer o8 is lower in energy because (25) and GH.Li» (26, Table 3). Experimental NMR data is
the lithium cations prefer higher coordination to the negatively available only on highly substituted amino derivativel6{3C-
charged centers. The natural charges in Figure 1 demonstratg1) = 99.0; 13C(2,3) = 133.7). The observed values are in
that the bonding in the lithiated systems is almost completely excellent agreement with the computed valuég(1l) = 102.8;
ionic. Although the hydrogen charges decrease along 4He'C 13¢(2,3)= 138.5) for the diamino cyclopropenyl catidr(Table
4 > CsHoLit (6) > CsHLio* (20); CsHst 4 > CgHz(NH2)+ 3).
(17) > CsH(NHy)2" (2) series (Figure 1), the ionic character of
the CG-H bonds (as obtained from the difference between the
carbon and hydrogen charges) increases. This also explains th
H/Li exchange in amino substituted cyclopropenium ions 27) Bent. H. A.Chem. Re. 1961 66, 275
observed experimentalfy. , , (28) (a) Yoshida, Z.-i.; Tawara, ¥I. Am. Chem. Sod971, 93, 2573.
The structural consequences of the two different substituentsp) Ku, A. T.; Sundaralingam, MJ. Am. Chem. Sod.972 94, 1688.
(Li and NH,) on the G skeleton are somewhat similar. A single (29) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. S0499Q 112,
Li or NH, substituent elongates the adjacentCand shortens (30) Breitmaier, E.; Jung, GQrganische Chemie Il. Spezielle Verbin-

the distal bonds4, 6, and17). The magnitude of the changes  qyngskiassen, Naturstoffe, Synthesen, Structuraufip Georg Thieme
is larger with Li than with NH. With two Li or NH, Verlag: Stuttgart, Germany, 1995.

Aromaticity of Lithiated Cyclopropenium lons. The
@romaticity of lithiated cyclopropenium ions are demonstrated
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by the geometric (bond length alternaticir),314-"i magnetic
[*H NMR chemical shift$12magnetic susceptibility anisotropy
(yani9,32¢ exaltations ),31P and the nucleus independent chemi-
cal shifts (NICS)BY and energetic (stabilization energies, SE)
criteria31¢-9 Because of theiDz, symmetry,3, 4, and14 (Ar

= 0.0 A) might be more delocalized (Table 4) thaAr =
0.063 A) and10 (Ar = 0.074 A). However, the change ikr

is attributed to the consequences of thelectron donating Li
substituent rather than to decreasedelocalization. This is
shown by théH NMR chemical shifts in Table 4. The protons
in CsHs' (4) are shifted 3.4 ppm dowfield compared to the
olefinic protons in cyclopropeng, Table 3) due to the cyclic
m-delocalization and aromaticity #h A single lithium substitu-
tion, as in6, leads to a further downfieldH shift (0.5 ppm
relative to4 and 3.5 ppm relative to the olefinic hydrogens in
25). Double Li substitution10) results in a 1.3 ppm downfield
shift (Table 3) compared td, suggesting an increase in the
diatropic ring current in cyclic ¢Hs—nLin (n = 0—3) series.

The magnetic susceptibility exaltation, which is a primary
manifestation of aromaticit§t?hi32 reveals all the lithiated
cyclopropenium ions 3, 6, 10, and 14) to be significantly
aromatic, since thé values computed using eqs-224 (Figure
2) are highly negative and vary betwee8.8 to —15.2 ppm
cgs (Table 4). In addition, the computed magnetic susceptiblity
anisotropiesynis pPM cgsy'¢32show the aromaticity to increase
upon lithiation [-29.4 @) < —35.2 @) < —41.2 (L0) < —48.4
(3) < —57.2 (14)] in accord to the increasing downfieldH
chemical shifts. Further evidence for ring current effects are
revealed from the computed NICS vali#s3 Since the NICS
values in the molecular plane [NICS(0)] are influenced by local
contributiong? (for example, the €C, C—H, and C-Li
o-bonds) of the three-membered ring, we consider the NICS-
(1) value$g® (where such bond contributions are minimized) to
be better indicators of aromaticity trends in lithiated cyclopro-
penium ions (Table 4). Indeed, the NICS(1) values are all
negative and range from16.0 to—23.7 ppm, again showing
enhanced aromaticity upon increasing lithium substitution. In
addition, the most stablesCizt isomer,14, has a larger NICS-
(1) value (23.7 ppm) than the classical alternati@3gNICS-

(1) = —21.6 ppm].

The SE'’s for3, 4, 6, and14 were also evaluated from eqs
21-24 (Figure 2). The B3LYP-computed SE'’s for the cyclo-
propenyl cation 4, —59.0 kcal/mol, eq 21, Table 4) are in
excellent agreement with the recent G2 values9.1 kcal/
mol).%¢ The SE of6 (56.6 kcal/mol, eq 22, Table 4) is less
than that of4 due to the influence of lithium in the reference
compound24 (eq 25; also note eq 26). Increasing lithium
substitution clearly results in a greater stabilizatidh:< 10
(SE= —84.1 kcal/mol)< 3 (SE= —95.1 kcal/mol). The SE
of bridged GLi3" (14) is even larger;-104.2 kcal/mol.

(31) (a) Pople, J. AJ. Chem. Physl956 24, 1111. (b) Dauben, H. J.,
Jr.; Wilson, J. D.; Laity, J. LJ. Am. Chem. So4969 91, 1991. (c) Benson,
R. C.; Flygare, W. HJ. Am. Chem. S0d.97Q 92, 7523. (d) Katritzky, A.
R.; Barczynski, P.; Musumarr, G.; Pisano, D.; Szafran,JMAm. Chem.
Soc.1989 111, 7. (e) Jug, K.; Kster, A. M.J. Phys. Org. Cheni991, 4,
163. (f) Minkin, W. I.; Glukhovtsev, M. N.; Simkin, B. YaAromaticity
and Antiaromaticity Wiley-Interscience: New York, 1994. (g) Schleyer,
P.v. R.; Freemann, P.; Jiao, H.; Goldfuss ABgew. Chem., Int. Ed. Engl.
1995 34, 337. (h) Schleyer, P. v. R.; Jiao, Rure Appl. Chem1996 68,
209. (i) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J.v. E.J. Am. Chem. S0d996 118 6317. (j) Bird, C. W.Tetrahedron
1996 52, 9945.

(32) Fleischer, U.; Kutzelnigg, W.; Lazzeretti, P.;"Mankamp, V.J.
Am. Chem. Sod994 116, 5298.

(33) NICS is defined as the negative of the absolute magnetic shieldings
computed, for example, at the unweighted geometric center of aromatic or

antiaromatic rings [NICS(0)]ral A above the ring [NICS(1)]. Significantly

negative NICS values indicate the presence of diatropic ring current and,

therefore, aromaticity in the systems.
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21, Gy, 22,Cy, 4, D3, 23, D3,
Li Li
® ”
A ' =N/ \
21, Gy, 24, C,, 6, C,, 23, Dy,
Li
@ Eq. 23
A+ - +A
L Li Li
25, C, 24, Gy, 10, C,, 23, Dy,

= A A

25, C, 24,Cy, 3, Dy, 23, D3, 21,Cy,
H —® Li mlc)
Eq. 25
+  CHsLi R + CHy4
22, G, 24, C,,
Eq. 26
+ CHili — + CHy
H H H Li

21, G5,

Figure 2. Schematic representation of the reactions (eqs28) used

to evaluate the stabilization energies (SE, kcal/mol) and magnetic
susceptibility exaltations/, ppm cgs for eqs 2124) given in Table

5.

25, Cy

Vibrational Frequencies of Lithium and Amino-Substi-
tuted Cyclopropenium lons. The lithiated cyclopropenium
ions may also be characterized by vibrational spectroscopy.
Experimental frequencies (ctH are known for the cyclopro-
penyl cation §)34 [3183, 1626 (g); 1031 (a'); 3138, 1290,
927 (&); and 990 (&)], but such IR data are not available for
the lithiated derivatives§, 10, 3, and 14). Apart from the
symmetric (3295.6 crt) and asymmetric (3245.4 crf) C—H
stretching vibrations oft (which are overestimated somewhat
compared to experimental values), all of the B3LYP/6-BGF
computed normal modes (Table 5) are in excellent aggrement
with experimeng#2 This callibrates our computational results
for the unknown compounds. As evident from Table 5, the
C—H symmetrical stretch (aor &) decreases from 329@)(
to 3279 ) and to 3226 cm! (10) as a function of lithium
substitution. The symmetrical-&C stretching frequencies(a
or a) also follow similar trends (1665.34) > 1661.7 6) >
1635.6 (0) > 1595.3 @) > 1501.8 (4) cm™Y); the GLisz"
isomer @B, 14) data are the lowest in the series. The asymmetric
€ stretch involving the &-C2 and G—C3 bonds (see Table 3
for atom numbering) irt (1308.3 cmt), 3 (1099.4 cnT1l), and
14 (1098.7 cn?) splits into the @ (1364.9 cnt in 6; 1051.0
cmtin 10) and b (1148.4 cm! in 6; 1327.9 cm! in 10)
normal modes in the correspondinG,, structures. The
computed normal modes given in Table 5 also should help in
characterizing the lithiated and amino-substututed cycloprope-
nium ions.

(34) (@) Craig, N. C.; Pranata, J.; Reinganum, S. J.; Sprague, J. R.;
Stevens, P. SI. Am. Chem. S0d.986 108 4378 and references therein.
(b) Galembeck, S. E.; Fausto, R.Mol. Struct. (THEOCHEM}995 332,

105.
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Adiabatic lonization Energies of Lithiated Cycloprope- counterparts and are comparable to those of alkali metal atoms.
nium lons. The energies of the radicals, also fully optimized The computed IE of c-€Lis* (3.18 eV) is even lower than the
at B3LYP (using the unrestricted formalism) and characterized cesium atom (3.96 eV).
as energy minima, were used to compute the adiabatic ionization The great stability of €Lizt suggests that it might be
energies [IE= E(radical) — E(cation)]. The IE of CLi* has persistent in solution, provided suitable conditions can be found.
been measured experimentalyhe very low value of 4.6 eV The trichlorocyclopropenium ion resembles carbenoids in some
lies in the middle of the IE range of the alkali metals (Table of its reactior®® meta-halogen exchange might lead tgl@s*
6).3> With B3LYP, the singlet state of Ckf is 12.4 kcal/mol  in solution. Although trialkylsilyl groups are destabilizing
above the triplet ground state. The computed adiabatic IE (compared to the alkyl groups) when attached to a carbenium
[E(CLiz") — E(3CLis*)] of 4.37 eV agrees well with the  jon center®” the tris(trimethylsilyl)cyclopropenylium catiéh
experimental value and is far closer than the ab initio value has been synthesized recently and characterized by X-ray
(3.8 eV) reported earliér. Similarly, the computed IE (6.12  diffraction. This cation also might be a good starting material
eV) of the cyclopropenyl and propargyl radicals (8.66 eV) for the preparation of lithiated cyclopropenium ions experimen-
compare well with the experimental values of 6.6 and 8.68 eV, tally. Attention also is called to the X-ray structure ¢Fp-
respectively> The difference between the computed and (CO)Cp}s(us-Cs)][SbFs]*° and its relation tet and19,%° as well
experimental IE's is the largest for cyclopropenyl radical. as to the Schmidbaur et al.’s highly substituted aurocarboca-
However, our B3LYP estimate (6.12 eV) is better than the G2 tions*! which are related to the lithiocarbocations, e.g., £Li
results (IE= 6.06 eV) by Glukhovtsev et &. Also note the  and CLi2".4 A monolithiated cyclopropenium ion has been
agreement between the computed and experimental IE’s for thecharacterized experimentaliwith two stabilizing dialkyl amino
alkali metals given in Table 6. substituents 4, see introduction) as has the analogous bis-

The adiabatic IE’s decrease with increasing lithium substitu- (diisopropylamino)cyclopropenium perchlorééa substituted
tion along thes, 10, 3, and14 series; the trend is similar to the  derivative of1). Our results (eq 19 vs eq 20) show that one
corresponding ChLiz—n (n = 0—3) species (Table 6). The NH, and two Li substituents should be more stabilizing than
computed IE (3.18 eV) for the classical trilithiated species, two NH, and one Li substituents, so that further experimental
CsLiz, is even lower than that for a cesium atom (3.96 eV)! explorations of lithiocyclopropenium ion chemistry should be
Although, the IE for G(u-Li)3" is slightly higher (3.35 eV) than  rewarding.
its classical @Liz* alternative, this IE still is very low in
comparison to the values given in Table 6. The thermodynamic
stability of GLis™ is remarkable.
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Lithium substitution stabilizes carbenium ions considerably
inductively (e.g., over 70 kcal/mol both in GH* and in
c-GHoLi ™). Successive lithiation along the@Li T, CaHLi ™,
CsLis™ series results in attenuation (the stabilizationsg{dt0,
and 14 are 67.0, 48.2, and 40.5 kcal/mol, respectively).
However, the falloff in these lithium-substituted cyclopropenium JA970589A
ions is somewhat less than the attenuation along thel iCiH
CHLi,", and CLi+ series. Sequential N+substitution shows 46((5%6) Weiss, R.; Schlierf, C.; Schloter, K. Am. Chem. S0d.976 98,
similar behavior, put Fhe magnltudes. of thg stablllgatlon are " (37 (a) Apeloig, . InThe Chemistry of Organosilicon Chemistatai,
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stabilizing than three Nigroups, but three Li substitutents are  C.; Kapp, J.; Schleyer, P. v. R. drganosilicon Chemistry jlAuner, N.,
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adjacent C-C bonds; former through hyperconjugation and the eijere, A.; Faber, D.; Noltemeyer, M.; Boese, R.; Haumann, T:[lédu
latter by sr-localization. The B3LYP-computetfC, H, and T; Benﬁ/ilkov, Mi\;/IMSatzge? E.; AgeIEc;igI;A, YJ.C(%rg. Cgergég%l%, gggg
6Li chemical shifts increase with increasing lithium substitution. Eﬁg; Rgr}\i’?'Sgéménogiig‘?%lor-iaﬁi’ G“S-rgan%mé ood SL9596 P
The agreement between the B3LYP-computed and observed (41 (a)'scherbaum, F.; Grohmann, A.; Huber, B.: ¢t C.: Schmid-
chemical shifts and vibrational frequencies foshould aid in baur, H.Angew. Chem., Int. Ed. Engl988 27, 1544. (b) Schmidbaur, H.

identifying the unknown @HLiz—n (n = 0—3) cations. Ch&”;)- (SC))C\-( %%995224}%391-?1_ T v Nishikawa. K.: Odoshi
. - ) . . N A a oshida, £.; Konisni, A.; Tamaru, Y.; Nishikawa, K.; Ogosni,
The adiabatic IE’s of cyclic §HnLis—n (N = 0-3) radicals || T¢ianedron Lett.1973 2619, (b) Yoshida, Z.. Konishi, H.. Miura, Y -

decrease with increasing lithium substitution. They are con- ogoshi, H.Tetrahedron Lett1977 4319. (c) Yoshida, Z.; Konishi, H.;

siderably lower than the IE’'s of their GHiz—n (n = 0-3) Sawada, S.; Ogoshi, H. Chem. Soc. Chem. Commus77, 850.

(43) Although the classical 1,2-dilithiocyclopropene is a stationary point
(35) (@) The experimental ionization energies are taken from the at HF/STO-3G (Jemmis, E. D.; Chandrasekhar, J.; Schleyer, P. ¥. R.

following: McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 Am. Chem. Sod 979 101, 2848), the dibridged isomeg§) is 16.3 kcal/

33, 493 for the cyclopropenyl radical. (b) For an excellent compilation of mol more stable. However, the classical structure collaps26 & higher

the reported IE’s in literature, see ref 23. levels of theory (for example, HF/3-21G and B3LYP/6-313%).
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