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Abstract: The structures and reactivities of the complexes between carbenium ions (R*) and acetylene or
propyne have been investigated with the aid of electron-correlated quantum mechanical calculations (hybrid
density functional, perturbation theory, and coupled cluster methods). Depending on the R group, the
acetylene/carbenium ion interaction can produce either an “open” 3c-2e structure or the conventional vinyl
cation structure. The “open” 3c-2e C—C—C bonding geometry exists as a minimum for R = methyl and
primary/secondary/tertiary alkyl, and hence is the most notable. The alignment of three carbon centers is
neither bridged nor linear, but L-shaped, and represents a new type of “open” 3c-2e bonding that has so
far escaped proper attention.

Bonding is a central subject in chemistry. In the chemistry Chart 1
of neutral hydrocarbons, two atoms share two electrons to form

a bond. The case where three atoms share two electrons to form C H H <
a three-atomic bonding array (3c-2e) is much less common, but AR A C
occupies an important position in carbocation chemisifie ~C—C{ ~C—C{ //C' 'C\\ H- -H
geometry of such a 3c-2e bonding may be classified into two a b c d

categories by the nature of the-C (or C—H) bond involved
in the bonding, “closed” and “open”. The “closed” 3c-2e N\ |/ \ /
bonding is found in a “bridged” cation where the geometry is //C/C\C\\ //C"H"C\\
triangular so that there is a bonding interaction among all three
atoms (Chart 1a—d). The “open” 3c-2e bonding is typically
found in a “linear” array where there is no direct bonding
interaction between the two terminal atoms (Charé andf).

The “bridged” structure is exemplified by a 2-norbornyl . o
catior? (a), H-bridged ethyl catioh(b), and protonated methahe is symmetric with respect to the central atom.

(d). The bonding in these species has been the subject of interest The bridged cationa andb can be illustrated as complexes
for a long time. On the other hand, the “open” structures are of an olefin with a carbenium ion and a proton, respectively.

much less common: While the linear-®&—C 3c-2e bonding The carbenium ion or the proton is positioned above the center
(f) can exist when the central proton is fixed by a rigid carbon 9f the O=C double bond to maximize the elec_trostanc Interac-
framework!S none of the “open” &C—C array €) has been tion as well as the overlap of their vacant orbital and tkeCC
known to o]ate The hypothetical symmetric arrayandf do st orbital. Note that such a symmetric structure is one of the
not exist as stable minima without any structural constr@int. two extreme cases of olefitation complexes: It has been

Ideally, both the bridged-d) and the lineard, f) 3c-2e bonds discusseq that they often take structures that Ii('e between the
symmetric extreme and another extreme, that is, “classical”

are symmetric. The three atomic centers of the bridged bond
form an isosceles triangle, while the structure of the linear bonds

(1) Saunders, M.; Jimenez-Vazquez, H.@hem. Re. 1991, 91, 375. Grob, carbocatior®.
T i e R L o g 0gn o, Fied983 How does acetylene interact with a carbenium ion or proton?
&) ﬂ%h.s %HIQ.;ellf’rgk%si;é 'Géilél-)esr-; gqatg‘lge(r:sﬁgrﬁ& IﬁtheEna Eﬁjlgg% ég The structure of a protonated acetyleneHE™ has been
1605, Olah. G. AAngew. Chern, Int. Ed. Engloss 34, 1393, -~ extensively studied (Chart 2, R H).° The global minimum is
(3) Krishnan, R.; Whiteside, R. A.; Pople, J. A.; Scheleyer, P. vJ.RAm. a bridged 3c-2e structute(R = H), which is more stable than

Chem. Soc1981, 103 5649.
(4) Schreiner, P. R.; Kim, S.-J.; Schaefer, H. F., lll; Schleyer, P. J. Rhem.

Phys.1993 99, 3716. Mdler H.; Kutzelnlgg W.; Noga, J.; Klopper, W. (6) When optimized at the B3LYP/6-311G(d,p) level with symmetry assump-
J. Chem. Physl1997 106, 1863. Schreiner, P. R%ngew Chem Int. Ed. tion, structurese and f (substituents: hydrogen) have three and two
200Q 39, 3239. imaginary frequencies, respectively.

(5) Protonated ethane £8;") may be represented as an intermediary structure  (7) Theoretical prediction of stable, linear 5c-4e C---H---C---H---C bonding
betweenc andf: Carneiro, J. W. D.; Schleyer, P. v. R.; Saunders, M.; array with structural constraint: Tantillo, D. J.; Hoffmann,JRAm. Chem.
Remington, R.; Schaefer, H. F., lll; Rauk, A.; Sorensen, T.&m. Chem. So0c.2003 125, 4042.

So0c.1994 116 3483. East, A. L. L,; Liu, Z. F.; McCague, C.; Cheng, K.; (8) Olah, G. A,; Head, N. J.; Rasul, G.; Prakash, G. KJ.SAm. Chem. Soc.
Tse, J. SJ. Phys. Chem. A998 102 10903. 1995 117, 875.
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Chart 2
R* + H-C=C-H
R\ . R FI‘EH—
C=C—H AN Lo
H/ " H—C=C—H ¢ H—C=T—H
g h i

the primary vinyl cation structurg (R = H) by ~4 kcal/mol at
the correlated level of calculation (experiment: 6 kcal/mgl).
The corresponding carbenium ion €Ralkyl) complex has not
been studied systematically in depth. Earlier (HartrEeck)
studies reported that, for R alkyl, a 3c-2e structuré is no

For comparison, we also used Hartrdeock (HF) calculations that
tend to converge on the two-center two-electron bonding, familiar to
organic chemists. The HF structures are denotedaslb, etc.,
because they may differ very much from the electron-correlated
structures 1a, 1b, etc.) For all calculations, the 6-311G(d,p) basis set
was employed! and the results were always compared with those
obtained with a smaller basis set 6-31G(d), which generally gave similar
structure$? No symmetry assumption was made unless otherwise noted.
The B3LYP and the HF stationary points were characterized by normal-
mode analysis. Stationary points of the MP4(SDQ) and CCSD
calculations were characterized by eigenvalues of Hessian matrices.
The Boys localization procedufewas performed to obtain localized
Kohn—Sham orbital€* Natural population analysis and natural bond
orbital (NBO) analysi® were performed at the same level as the one
used for geometry optimization. All charge distribution analyses
discussed in this Article are made on the basis of the natural population
analysis. Natural resonance theory (NRT) analysis was performed to

longer a minimum and exists instead as what has been assigne@btain a resonance picture of the studied syst&msnd critical points

as a primary vinyl cationg).!

were obtained by the atoms in molecules (AIM) metRbd.

We have been interested in this issue for some time and regyits and Discussion

studied carefully, by electron-correlated quantum mechanical
calculations, the interaction of acetylene with various carbenium
ions12-15 |n this Article, we report that, depending on the R

When a carbenium ion Ris allowed to approach either to
the C atom or to the center of an acetylene molecule, an

group, the acetylene/carbenium ion interaction can produce @ddition complex1 is formed, which was optimized at the

either an “open” 3c-2e structurgor the conventional catiog
(Chart 2). The structureexists as a minimum for R methyl
and primary/secondary/tertiary alkyl. It is neither bridged nor

linear, but L-shaped, and represents a new type of “open” 3c-
2e bonding that has so far escaped proper attention. While 1,2-
dimethyl-2-norbornyl cation and a related compound have been

known to take a similar L-shaped framewdfkit is notable

that such an open 3c-2e structure exists as a minimum on the

potential surface of such a simple system without any structural
constraints. The conventional vinyl cation structgreesults
when R= CF;, a highly electron-withdrawing group. Interaction
with phenyl cation gives a symmetric structure likewhere

the triangular moiety is a spirocyclopropenyl structure rather
than a 3c-2e system. When=Rvinyl, a geometry intermediary
betweenh andi results.

Computational Details

All calculations were performed with Gaussian 98 and 03 packdges.
Three electron-correlated methods were employed for geometry
optimization: the density functional theory (DFT) method using B3LYP
hybrid functional!® the Mgller-Presset (MP) perturbation theory with
single, double, and quadruple substitutions (MP4(SB®@nd the
coupled cluster method using single and double substitutions (C&SD).

(9) Lindh, R.; Rice, J. E.; Lee, T. J. Chem. Phys1991, 94, 8008. Klopper,
W.; Kutzelnigg, W.J. Phys. Chem199Q 94, 5625. Liang, C.; Hamilton,
T. P.; Schaefer, H. F., Il0. Chem. Phys199Q 92, 3653.
(10) Crofton, M. W.; Jagod, M. F.; Rehfuss, B. D.; Oka, Jl.Chem. Phys.
1989 91, 5139.
(11) Apeloig, Y.; Miler, T. In Dicoordinated CarbocationsRappoport, Z.,
Stang, P. J., Eds.; John Wiley & Sons: New York, 1997.

(12) Some of the carbocation species described here were previously studied at

electron-correlated levels such as MP2 and B3LYP: see refd43

(13) R= methyl: Lopez, R.; Sordo, J. A.; Sordo, T. L.; Schleyer, P. v.JR.
Comput. Chem1996 17, 905.

(14) R=vinyl: Cunje, A.; Rodriquez, C. F.; Lien, M. H.; Hopkinson, A. @.
Org. Chem.1996 61, 5212.

(15) R= phenyl: (a) Rappoport, Z.; Kobayashi, S.; Stanger, A.; Boesé, R.
Org. Chem.1999 64, 4370. (b) Gronheid, R.; Zuilhof, H.; Hellings, M.
G.; Cornelisse, J.; Lodder, Q. Org. Chem2003 68, 3205.

(16) (a) Olah, G. A.; Demember, J. R.; Lui, C. Y.; Porter, RJDAm. Chem.
Soc.1971 93, 1442. (b) Saunders, M.; Telekowski, L.; Kates, M. R.
Am. Chem. Socl977, 99, 8070. (c) Myhre, P. C.; McLauren, K. L.;
Yannoni, C. SJ. Am. Chem. S0d.985 107, 5294. (d) Laube, TAngew.
Chem., Int. Ed. Engl1987, 26, 560. (e) Muchall, H. M.; Werstiuk, N. H.
J. Phys. Chem. A999 103 6599.
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(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montogomery, J. A., Jr,;

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
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Table 1. Structural Parameters (Bond Lengths in A and Bond Angles in deg) of Acetylene/Carbenium lon Complexes la—g
R method L h I3 7] ¢

Me (1) B3LYP 1.611 2.061 1.242 91.6 145.7
MP4(SDQ) 1.639 1.976 1.244 85.4 152.0
CCsD 1.634 1.993 1.246 86.5 150.9
HF 1.521 2.530 1.260 130.7 109.7

Et (1b) B3LYP 1.647 2.106 1.238 92.6 146.8
MP4(SDQ) 1.664 2.005 1.241 86.0 153.1
CCsD 1.659 2.016 1.243 86.8 152.1
HF 1.541 2.509 1.259 127.0 113.7

i-Pr (10 B3LYP 1.690 2.199 1.235 96.2 146.4
MP4(SDQ) 1.685 2.065 1.240 88.4 152.6
CCsD 1.680 2.073 1.241 89.1 151.7
HF 1.565 2.479 1.256 122.6 118.4

t-Bu (1d) B3LYP2 3.096 3.122 1.202 80.0 176.2
MP4(SDQ) 1.777 2.282 1.235 96.8 150.1
CcCcsp
HF 1.570 2.532 1.257 126.8 114.7

CRs (1 B3LYP 1.626 2.522 1.252 121.9 124.6
MP4(SDQ) 1.589 2.520 1.267 1235 120.1
CCsD 1.591 2518 1.268 123.1 120.9
HF 1.556 2.488 1.259 123.8 117.3

Ph (1f) B3LYP 1.616 1.616 1.252 67.2 161.0
MP4(SDQ) 1.612 1.612 1.261 67.0 161.3
CCsD 1.614 1.614 1.260 67.0 161.5
HF 1.598 1.598 1.237 67.2 160.5

CH=CH; (19) B3LYP 1571 1.760 1.249 76.3 153.5
MP4(SDQ) 1.590 1.735 1.254 74.2 156.3
CCsD 1.598 1.726 1.253 73.4 157.5
HF 1.595 1.701 1.229 72.8 158.1

aThe structure depended on the basis set used. See ref\@8.calculated.

B3LYP, MP4(SDQ), and CCSD levels as well as at the HF
level. The cationic carbon atom of the"Ration is denoted by
“CR”in the following discussion. We studied methyl (Me), ethyl
(EY), i-propyl (-Pr), tert-butyl (t-Bu), CF;, phenyl, and vinyl
groups as the R groudl&—g). All three correlated methods
gave essentially the same structéftdaut the HF calculations
afforded totally different structures in some cases. Table 1

C?H charge of ca+0.7 (and the NBO and NRT analyses
described later) indicate that the HF structure conforms to the
formalism ofg (Chart 2), a primary vinyl cation.

On the other hand, the structures obtained by the correlated
calculations are characterized by several unique structural
properties: First, the unusualP-€C'—CR angle of ca. 90is
incompatible with the conventional vinyl cation structuge

summarizes the structural parameters of these complexes at alBecond, the &-CR bond length is short enough to consider

theoretical levels examined.

R* R *

b
I
H— C"===C2—H
¢ b
1

R = Me (a), Et (b), i-Pr (c), t-Bu (d)
CF3 (e), Ph (f), CH=CH, (g)

+ E—

H—C'=C?—H

Complexes with Alkyl (Me, Et, i-Pr, and t-Bu) Cations.
The cases where R Me, Et,i-Pr, andt-Bu groups are discussed
first. The structures of the MP4(SDQ)-optimized complexes
(1a—d) and the HF-optimized complexe$g—d') are shown
in Figure 1. Inspection of Figure 1 immediately makes it

apparent that the MP4(SDQ) structures, which are essentially
the same as the CCSD structure (Table 1), are very different

from the HF structures, indicating the necessity of electron-
correlation in the description of these structures. The (theoreti-
cally insufficient) HF calculations indicate that the R group and
the C atom are fully bonded to make the! @tom trigonal,
sp*-hybridized while the € atom remains to be digonal, sp-
hybridized. This structural feature as combined with the positive

(28) Forld (R = t-C4Hy), the B3LYP calculation gave much different structures
depending on the basis set used. For examplé; @kl cation dissociated
from the acetylene at the B3LYP/6-311G(d,p) level, but formed an L-shaped
3c-2e structure when the 6-31G(d) set was employed.

that it is a C-C o-bond, that is, only ca. 8% longer (except for
1d (R = t-Bu), 13% longer) than the true!€CR o-bond found

in the corresponding HF structure. Third, thé~CR distance

is about 2 A, too far to be considered as a bond: In addition,
the linear HEC?H acetylene bonding is bent into a zigzag array
(cf. Figure 1), whose geometry makes the bonding betwéen C
and @} very unlikely. The complexesa—d are apparently not
bridged cation$ (Chart 2).

The above discussions based on structural features were
further supported by electronic analyses at different levels. First,
bond critical points (i.e., saddle points of electron density) of
complexesla—c were searched by the AIM method (indicated
ascpl andcp2in Figure 2). It was found that critical points
exist between €and G atoms ¢pl), and G and &} atoms
(cp2), but not between €and (R. Thus, it is clear that there is
a bond between thelGind &} atoms but not between the?C
and (® atoms. The &-cp2 distance (0.870.91 A) is longer
than the ®—cp2 distance (0.770.78 A) in all structures, which
indicates that the €atom takes more electrons in thé-aCR
bond than the € atom (supported by the NBO analysis, see
below).

NBO analysis of complexe$a—c was performed for both
the MP4(SDQ) and the HF structures. The analysis was
performed by using a primary vinyl cation representation as a
reference Lewis structure. The results are summarized in Tables
2 and 3. The most striking difference of bonding in the MP4

J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004 12943
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Table 2. Summary of NBO Analysis of Acetylene/Alkyl Cation
Complexes la—c at the MP4(SDQ)/6-311G(d,p) Level

compound bond orbital occupancy orbital coefficients and hybrids

1la Cl-CR 1.66  C: 0.721;s (22.5%), p (77.5%)
CR: 0.693; s (24.8%), p (75.0%)

C—C2 (o) 1.96  C: 0.709;s (38.8%), p (61.0%)

CZ 0.706; s (49.3%), p (50.7%)

Cl-H 1.93  C: 0.811; s (38.5%), p (61.5%)
H: 0.586; s (100%)
C?>—H 1.96  C 0.803; s (48.3%), p (51.6%)
H: 0.596; s (100%)
C2 (prr*) 0.45  5(2.2%), p (97.4%)
1b Cl—CR 163  C: 0.726;s (22.5%), p (77.3%)

CR: 0.688; s (20.7%), p (79.2%)
Cl—C2 (o) 1.96 C: 0.708; s (39.1%), p (60.7%)
CZ 0.706; s (49.4%), p (50.5%)

C'-H 1.93 C: 0.810; s (38.2%), p (61.8%)

H: 0.587; s (100%)
C?>~H 1.96 C: 0.802; s (48.1%), p (51.8%)

H: 0.598; s (100%)

1b 1b' C? (pr*) 0.48 s (2.3%), p (97.4%)
1c Cl—CR 1.61 C: 0.735; s (23.3%), p (76.5%)

CR: 0.678; s (16.8%), p (83.0%)
Cl-C2(0)  1.96  C: 0.708;s (39.0%), p (60.8%)
CZ 0.706; s (50.1%), p (49.8%)

C'-H 1.93 G: 0.809; s (37.5%), p (62.4%)
H: 0.588; s (100%)

C?>-H 1.96 @ 0.800; s (47.8%), p (52.1%)
H: 0.600; s (100%)

C? (pr*) 0.48 s (1.9%), p (97.8%)

Table 3. Summary of NBO Analysis of Acetylene/Alkyl Cation
Complexes (Primary Vinyl Cations) 1a'—c' at the HF/6-311G(d,p)

Level
compound bond orbital occupancy orbital coefficients and hybrids

1a Cl-CR 1.95 C: 0.753; s (37.9%), p (62.1%)
CR: 0.658; s (25.6%), p (74.3%)
Cl—C2(0) 2.00 C: 0.712; s (36.3%), p (63.6%)
C2% 0.702; s (51.9%), p (48.1%)
Cl—H 1.90 C: 0.805; s (26.0%), p (73.9%)

H: 0.594; s (100%)
C2—H 1.99 € 0.796; s (48.0%), p (52.0%)

H: 0.606; s (100%)

C? (pm*) 0.14 s (0.02%), p (99.7%)

1d 1d' 1b' Cl-CR 1.93 C: 0.757; s (36.7%), p (63.3%)

R- .
Figure 1. Structures of acetylerealkyl cation complexes optimized at L2 199 % 8 ?ﬁl S (gg’g;/") p (gggg/ﬁ’)
the MPA(SDQ)/6-311G(d,p) levelé—1d, left) and at the HF/6-311G(d,p) ©) : S it s (30000 b (63.5%)
level (1a—1d, right) (see the details of the structural parameters in Table + 0.703; s (51.8%), p (48.1%)

12\. Cl, C?% and (R atoms are placed on the plane of the paper. Bond lengths Ci-H 1.92 I-Cl} 00589215_’35(229791%)’ P (72.6%)
nd ang| nd natural char re shown in roman, itali o monp :
o o ol oo Shrges e showr i eman, s, G e 0o o.p 22
’ H: 0.607; s (99.9%)
C? (pr*) 0.14 s (0.0%), p (99.7%)
1c C'-CR 191 C: 0.761; s (35.3%), p (76.5%)

CR: 0.678; s (16.8%), p (83.0%)
C-C2 (o) 1.99 C: 0.710; s (36.0%), p (64.7%)
C2 0.704; s (52.3%), p (47.6%)

ClH 1.93 C: 0.805; s (28.9%), p (71.0%)
H: 0.593; s (99.9%)

C?—H 1.99 @ 0.794; s (47.6%), p (52.4%)
H: 0.608; s (99.9%)

C? (prr*) 0.15  s(0.01%), p (99.7%)

1a 1b 1c

Figure 2. Structures of complexeka—c optimized at the MP4(SDQ)/6-
311G(d,p) level, together with the bond critical pointp{ andcp2 shown structures (up to 0.5) than in the HF structure®(15). Thus,
?E)%Z&%%tsgp%b;ﬂge& %?&"&SS 'grg' g:%%ﬂfs (AIM) analysis. Distances HF structures are_b_est described as primary vinyl cations; that
is, most of the originalr-electrons of acetylene are used for
and the HF structures was found in thé<CR o-bond orbital  the formation of the fully fledged €-CR o-bond upon reaction
and C p(") orbital. While the G—CR bond in the HF structure  Wwith the alkyl cations. On the other hand, in the MP4 structures,
is almost fully occupied (occupancy larger than 1.9), the the hyperconjugation between thé-€CR o-bond and cationic
occupancy in the MP4 structure is smaller1(7). The oc- C? 2p-orbital is so strong that the former is no longer a simple
cupancy of the &€ p(z*) orbital is much larger in the MP4  ¢-bond and the latter is no longer a simple cation.
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Chart 3
N R
H L ="H = u HJLH
A B C D

Table 4. Resonance Weight of Lewis Structures A—D in
Acetylene/Alkyl Cation Complexes la—c (1a’'—c') Obtained by
NRT Analysis at the B3LYP Level and at the HF Level

resonance weight (%)

entry compound A B c D Figure 3. Localized Kohn-Sham orbital of acetylene/Mecomplexlaat
1 la 75.2 13.3 2.8 3.9 the B3LYP/6-311G(d,p) level.
2 1b 58.8 26.5 1.7 1.8
3 1c 54.7 29.1 2.2 1.9 Scheme 1. Complexation of Propyne with Methyl Cation
4 1d 89.1 2.2 48 0
5 10 86.9 3.0 4.2 0 e Me>:+_ "
6 1c 84.0 4.1 3.7 0 o Me—2eH or Me
Me* / 2 o
The & atom is sp-hybridized in both cases, judging from *
the hybridization of the €atom in the ¢-C! ¢ and C—H ¢ Me—="H \ Me
orbitals (s:p~50:50 in each bond). The hybridization of thé C c? Me—+=<
atom in the ¢—H bond is much closer to sp in the MP4 3 H
structure (s:p~40:60) than in the HF structure where the
geometry does indicate the?dpybridization (s:p< 30:70). The
structural and electronic data indicate that the compléges are localized along with the L-shapeetr framework. The &-
are neither a simple vinyl catiog nor a bridged ond, but CR bond, which, by the first approximation, possesses only one
rather an “open” 3c-2e bonded structuréChart 2). electron due to the 2p orbital, borrows a part of the
To facilitate understanding the nature of the bondingan m-electrons from the acetylene to form a partiebond ¢~0.7

¢, natural resonance theory (NRT) analysis was performed to electron, vide supra).

express these molecules as a weighed combination of a series Above studies showed that the acetylene/alkyl cation system
of resonance structures. There are two major Lewis structuresprefers the L-shaped 3c-2e structute the conventional vinyl

for the description of the complexes. One is a classical primary cationg because of strong hyperconjugation between the C
vinyl cation (A), and the other is [acetylenk carbenium ion] CR o-bond with the cationic €2p orbital. This effect cannot
(B) (Chart 3). The formalisms of a protonated, distorted be adequately evaluated by the HF calculation.

R-substituted acetylen€} and a corner-protonated cyclopro- Why does not the system take the bridged structuiike
pene D) are also possible. The calculated resonance weightsthe protonated acetylene (R H)? One problem is the
(%) of these Lewis structures are shown in Table 4. directionality of the carbon p orbital. While a proton composed

The dominant contribution inla—c is the vinyl cation of an isotropic 1s orbital can bridge between two acetylenic
representation (in particular fdm, 75.2%, entry 1). However,  carbon atoms, the directionality of the alkyl cation p-orbital
what must be noted is the cases ldf and 1c (R = Et and make the & atom form as-bond with only one of the two
i-Pr), where there is a significant contribution of the resonance acetylenic carbon atoms. Another related problem is the ring
structureB (> 25%), indicating that they are indeed “com- strain of the bridged cyclopropene structire

plexes” of R" with acetylene. The contribution & increases To gain further insight into the nature of the 3c-2e bonding
significantly as R becomes more stable, thatiiggropyl. With in compoundl, we also examined complexation of methyl
this criterion, too, the L-shaped?& C'—C? array is an “open” cation with propyne (Scheme 1, Figure 4). While complexation

3c-2e bonding. Note that there is little contributior4@6) of a with the terminal carbon atom &Cinvariably gave a secondary
resonance structui@ of protonated cyclopropene, a representa- Vvinyl cation 3 independent of theoretical methods, complexa-
tion previously used to descritde2® tion with the internal carbon atom {iCgave different struc-
For comparison, the structures obtained by the HF calcula- tures € and2’) with the MP4(SDQ) and the HF calculations
tions (La—c') were also analyzed by NRT (Table 4, entries @s in the previous cases. The HF-optimized strucfirs a
4—6). The overwhelming contribution (8489%) of the reso- quasiCy, symmetrical, conventional primary vinyl cation: Here,
nance structureA (as opposed to 2:24.1% contributon  We may call for equal participation of the two€Me bonds

of B) fully supports the conventional vinyl catiog)(character ~ in hyperconjugative interaction with the vacant 2p orbital of
of 1a—c that has been suggested by their geometry (Figure the G atom. The MP4(SDQ)-optimized structug on the
1). other hand, was completely unsymmetrical, forming the

Localized orbital analysis also supports the 3c-2e bonding 3¢-2€ bonding. The linearity of the MeC'—C?H in propyne
(Figure 3). One can see the originaElectrons of the acetylene 1S roughly retained (bond angle: 161)8because of the
hyperconjugation of only one MeC! o-bond with the € 2p
(29) Some time ago, Sordo et al. reported the structure of methyl cortplex  Orbital.

optimized at the MP2/6-31G(d,p) level, and they denoted it as a “corner- Complex with Trifluoromethyl Cation. While complexation

protonated cyclopropene” (ref 13). However, the present analysis clearly . .
shows that such a notation is not adequate. of acetylene with alkyl cations gave L-shaped 3c-2e structures,
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Figure 4. Structures of propyne/methyl cation compleemd3 optimized
at the MP4(SDQ)/6-311G(d,p) level a@i optimized at the HF/6-311G-
(d,p) level. Bond lengths (A), bond angles (deg), and natural charges are
shown in roman, italics, and underlined, respectively.

Figure 6. Structures of acetylene/phenyl and vinyl cation complexes
optimized at the MP4(SDQ)/6-311G(d,p) levéf,g, left) and at the HF/
6-311G(d,p) level1f'.g, right). Bond lengths (A), bond angles (deg), and
natural charges are shown in roman, italics, and underlined, respectively.

Figure 5. Structures of acetylene/GFcomplexes {eand1€) optimized

at the MP4(SDQ)/6-311G(d,p) level and HF/6-311G(d,p) level, respectively.
Bond lengths (A), bond angles (deg), and natural charges are shown in H | J K
roman, italics, and underlined, respectively.

HT oH H5 soH HF7=H

B3LYP 31.4 30.8 14.7 10.3

complexation with trifluoromethyl cation (GF) gave a different HF 27.6 30.6 13.3 14.9
result. Structure optimization with the correlated methods gave Figure 7. Resonance weight of Lewis structurds-K in the acetylene/
structures essentially the same as the HF structure (TaBfe 1), viny! cation complexig (g) obtained from NRT analysis.

where the €atom is trigonal and the®atom is digonal (Figure Chart 4
5). The positive charge was localized at the digonal certelr C
(ca.+0.8). Overall, the structure conforms to the formalism of

g, a primary vinyl cation. NBO and NRT analyses also supported

this picture: The occupancy of theECR g-orbital (~1.9) as

well as the contribution of the vinyl cation resonance structure
(80—90%) are much larger than in the case of the alkyl
counterparts (vide supra). The electron-withdrawing @feup

“monopolizes” the ongmaﬁ-electrons of acetylene to form a analysis carried out previously by Rappoport and Stanger

strong C—CF o-bond, leaving €as a true cation. showed that the resonance structfirenakes a much greater
Complexes with Phenyl and Vinyl Cations. Next, we contribution (~60%) than others such & (<20%) andG

examined complexation of acetylene with phenyl and vinyl (Chart 4)152

cations (Figure 6). Both correlated and noncorrelated methods  \yhon R is vinyl 0g), the structure is halfway betwedm

gave essentially same results for the acetylene/phenyl cation(R = Me) and1f (R = Ph). Being the same as fdf, the

complex (f and1f, optimized undeCs symmetry with respect correlated and the HF calculations gave similar results. The NBO

—Cl—_c2 i 1 - . . .
to kt)he ¢ .C C pla_lrnhg), \.Nh'gh shows aeature_s qf a \r?nyle __analysis showed that the vacant p-orbital of tR@om interacts
nebenzenium ion. This Is because the cationic charge IS i the @—CR g-orbital as well as the vinydr-orbital while
delocalized in the phenyl part to a large exteh©0(49). While C! and @R are o-bonded

the HF calculation gave a primary vinyl cation structure as a
stationary point, it was not a minimum at the correlated lei@ls.
Being similar to Cram’s phenonium ion (i.e., complex betwee
ethylene and phenyl cation), thé*@tom is s@-hybrized and
therefore 1f is not a 3c-2e bonding systehin fact, NRT

One can consider four major resonance structures for com-
n plex 1g shown in Figure 7. The resonance structttecon-
tributes to the cyclopropene character of the@—C—C? tri-
angle, and the rest{K) can be assigned to the unsymmetrical
3c-2e bonding. All four structures have significant contribu-
(30) For HF-optimized structures of;@,F3 cations: McAllister, M.; Tidwell, tions. Judging fr(_)m the reso_nance weightstbf K, one can
T. T.; Peterson, M. R.; Csizmadia, I. G. Org. Chem1991, 56, 575. conclude thatlg lies electronically betweefa (3c-2e,l and
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Scheme 2. Rearrangement Pathways for 1a? Scheme 3. Rearrangement Pathways for 192
Me Me ¥ Me
! + - I’+‘\ - + !
H——=—H H—=2—H H——H
1a (0.0) 4 (+2.0) 1a (0.0)
| ; ’
3
Me ks H .
>=+—H — Me—+=< H 4 2H
H N H
5 (+1.6) 6 (-17.0) 8(-19.2)
a Energies relative tda (kcal/mol, MP4(SDQ)/6-311G(d,p)) are shown t
in parentheses. H
— H
H' ZH
9 (+0.3) 10 (-26.9)

Figure 8. Structures of stationary points along with rearrangement pathways
of 1a optimized at the MP4(SDQ)/6-311G(d,p) level. Bond lengths (A),

bond angles (deg), and natural charges are shown in roman, italics, and

underlined, respectively.

K) and 1f (cyclopropeneH), but it has more of the 3c-2e
character.

Rearrangement of Acetylene/Cation Complexegrinally,
we describe the stability and reactivity of acetylene/carbenium
ion complexes. Expectedly, the methyl complexs labile and

a Energies relative tdg (kcal/mol, MP4(SDQ)/6-311G(d,p)) are shown
in parentheses.

Figure 9. Structures of stationary points along with rearrangement pathways
of 1g optimized at the MP4(SDQ)/6-311G(d,p) level. Bond lengths (A),

easily rearranges (Scheme 2 and Figure 8). It undergoes 1,2bond angles (deg), and natural charges are shown in roman, italics, and

methyl group migration through a transition state (BSyith
only 2 kcal/mol of activation energi.In TS 4, the methyl group

is symmetrically bridged between the' @d C atoms. 1,2-
Hydrogen migration takes place with a small activation energy
(1.6 kcal/mol) to give a much more stable secondary propenyl
cation (17 kcal/mol more stable). It is interesting that the TS of
the hydrogen migratiorb] looks like a classical primary vinyl
cation, where the €and C atoms are trigonal and digonal and
considerable positive charge-0.69) is localized at the 4
moiety.

Rearrangement reactions of the vinyl complexwere also
examined (Scheme 3 and Figure ®®)The 1,2-hydrogen
migration requires much larger activation energy (17.6 kcal/
mol) thanla, because the complex is thermodynamically much
more stable due to the bridging interaction of the vinyl carbon

(31) The barriers for the 1,2-alkyl migration are 1.1, 6.4, 0.4 kcal/molligr
1c (at the MP4(SDQ)/6-311G(d,p) level), atd (at the MP2/6-311G(d,p)
level), respectively. For R= CF;, the symmetrically bridged structure was
not a transition state, but a minimurt-8.1 kcal/mol higher tharie).
Geometries are given in the Supporting Information.

(32) Rearrangement pathways described here are included in a previous study

on the potential surface of8s* at the MP2/6-31G(d,p) level (ref 14),
and the results are essentially the same.

underlined, respectively.

(vide supra). Thex-vinylvinyl cation product8 is very stable
(by —19.2 kcal/mol) because of the conjugative stabilization
of the positive charge.

There is another rearrangement pathway, cyclization to a
2-cyclobutenyl catiori0. This occurs with a very small barrier
(0.3 kecal/mol) via TS9, and the resulting cyclobutenyl cation
10is much more stable thethby 7.7 kcal/mol. It is interesting
to note that the overall process from the vinyl cation to the
cyclobutenyl cation10 represents a [2+ 2] cycloaddition
sequence, a synthetic possibility neglected thus far.

In summary, interaction of a carbenium ion (alkyl or vinyl)
with acetylene or propyne forms an L-shaped, “open” 3c-2e
C—C—C bonded structure. These intriguing systems have so
far remained unnoticed despite extensive investigations about
closely related casé8.The present studies will provide ideas
to experimentalists who are aiming at the observation of primary
vinyl cations?* or designing new synthetic organic reactions.

(33) van Alem, K.; Lodder, G.; Zuilhof, HJ. Phys. Chem. 200Q 104, 2780.
(34) Okuyama, TAcc. Chem. Re®002 35, 12.
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