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Mechanism of Acetylene-Vinylidene Rearrangement with Na, Al, and Y Atoms
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Reaction pathways are identified for Na-, Al-, and Y-induced acetylene (HE@idylidene (CCH)
rearrangements in the gas phase. Density functional and coupled cluster calculations are performed with
basis set extrapolations. The rearrangement barriers decrease from 44.0 kcal/mol in the metal-free reaction to
41.3 (Na), 19.1 (Al), and 16.1 (Y) kcal/mol in the metal-induced reactions. This decrease results from the
strengthening of the MC bonds (NaC < AI-C < Y—C) in the M(HCCH) and M(CCH) complexes.

Natural bond orbital analysis reveals the metallacyclopropene and metallaallene character of several of the
M(HCCH) and M(CCH) complexes. In addition, analysis of the transition states provides a detailed picture

of the redistribution of bonding and nonbonding electrons along the reaction pathway. The metal-free and
Na-induced rearrangements proceed via 1,2-hydride shifts, whereas the Al- and Y-induced reactions proceed
via 1,2-hydrogen shifts. The latter reactions involve homolytic bond cleavage and formation, witlattte

p electron densities undergoing redistribution in opposing directions.

the Na(CCH) complex. Numerous theoretical studiéz 1 of
the AI(HCCH) and Al(CCH) complexes have been reported,
including the reaction pathway for rearrangemérif.21These
studies were largely prompted by matrix-isolation studfés,

Introduction

Vinylidene (:G=CH,) is an electron-deficient and highly
unstable isomer of acetylene (EECH). Theoretical investi-

gationd=* have established that gas-phase vinylidene is ap-
proximately 43 kcal/mol less stable than acetylene and that the
barrier for HCCH— CCH, isomerization is ca. 4445 kcal/
mol. Thus, there exists only a-2 kcal/mol barrier preventing
vinylidene from rearranging to acetylene. Although vinylidene
is unstable in the gas phase, it is strongly stabilized through
complexation to metal atoms (M)Indeed, several metal
vinylidene complexes have been identified that are more stable
than their acetylene isomefs®

The mechanisms for metal-induced acetylenmylidene
rearrangement have been investigated by computational meth
ods’~1! Calculations of reaction pathways for low-valent metals
generally suggest that the M(HCCH)/M(C@Hearrangement
proceeds via a direct 1,2-shift mechani¥mWhether the
transferring species in this one-step mechanism is a proto); (H
hydrogen (H), or hydride (H) depends on the nature of the
metal center. The metal acts to stabilize the lone pair electrons
of the forming CCH molecule while transferring an unpaired
electron into an empty 2p orbital of the carbenic carbon. An
alternative, two-step mechanism has been proposed in which
the metal center plays a more active rBl@he metal first inserts
into a C-H bond of the acetylene reactant, forming an alkynyl-
(hydrido)metal intermediate, HMCCH. This intermediate then
undergoes rearrangement via a 1,3-proton shift, yielding the
M(CCH,) product’~211The two-step mechanism is likely only
important for reactions with high-valent transition metal atoms.

suggesting that a vinyl radical-like AICH=CH structure is
more stable than the anticipated AI(HCCkizomplex. Recent
studies of Y+ HCCH reactions led our interest in HCCH
rearrangements on Y. Davis and co-worRérsave studied
collisions of Y atoms with acetylene using the crossed molecular
beam method, focusing on collision energies that yield the H
atom and H elimination products. Siegbaffrhas investigated
the insertion of Y into acetylene to form an alkynyl(hydrido)
complex, HYCCH.

A central focus of the present study is developing a qualitative
picture of the electronic aspects of acetylengylidene
rearrangement. We are particularly interested in understanding
how the bonds and lone pairs (the Lewis representation) of the
acetylene reactant are transformed into the bonds and lone pairs
of the vinylidene product. The application of the natural bond
orbital (NBO) methods for determining the orbital interactions
that promote acetylene isomerization and electron redistribution
is demonstrated. NBO analysis readily identifies the leading
Lewis representations of the reactant and product states. We
show how similar analysis of the transition states can be used
to determine the redistribution of electrons along reaction
pathways.

Methods

All geometry optimizations were performed at the B3LYP

We examine here the 1,2-shift mechanisms of acetylene level?6 Dunning’s augmented correlation-consistent douple-
interacting with Na (&, Al (p1), and Y (d) metal atoms. Our  basis se§ were employed for the first- and second-row
interest in the interactions of acetylene with these particular elements (aug-cc-pVDZ for H, C, and Al; cc-pVDZ for Na).
metals stems from previous theoretical and experimental work. The Stuttgart 28-electron quasi-relativistic effective core po-
Kasai has reported matrix-isolation ESR investigations of the tentiaP® and Peterson’s cc-pRVDZ (7s7p5d1f)/[4s4p3d1f] va-
Na-induced rearrangemefitl4 He found that photoirradiation  lence basis s&twere used for Y. Calculations at this level are
of Na and acetylene, co-condensed in argon matrixes, yieldedreferred to as B3LYP/aVDZ. The identities (equilibrium,
transition state) of all optimized geometries were determined
by frequency calculations, and zero-point energy (ZPE) cor-
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rections were applied to all energies. Intrinsic reaction coordinate
(IRC) calculations of the transition states were performed to
identify reaction pathways. The B3LYP geometry optimization,
frequency, and IRC calculations were performed with Gaussian
9830 The optimizations used Gaussian’s “tight” convergence

threshold to ensure adequate convergence of the geometrical

features.

Single-point energy evaluations of the B3LYP/avVDZ geom-
etries were performed using the restricted coupled-cluster
method, RCCSD(T), with double-, triple-, and quadrupleasis
sets (aug-cc-pVXZ for H, C, and Al; cc-pVXZ for Na;
cc-pRVXZ for Y29). The triple- and quadruplé&-basis sets for
Y are respectively [6s6p4d2flg] and [7s7p5d3f2glh] contrac-
tions of (10s10p7d2flg) and (12s12p9d3f2glh) primitive sets.
Calculations of the HCCH and CGHtadical anions required
extra diffuse functions to describe the delocalized electron
distribution. Dunning’s doubly augmented d-aug-cc-pVXZ sets
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Figure 1. B3LYP/avVDZ optimized geometries of neutral and anion
structures that characterize acetylen@ylidene rearrangement. The

were used for these cases. RCCSD(T) energies at the completdansition state and CGHtructures exhibitCs and Co, symmetry,

basis set limit,E(CBS), were estimated by extrapolating the
correlation-consistent energies(X), using the mixed (expo-
nential + Gaussian) fitting functiott

E(X) = E(CBS)+ Ae *™V 4 g * 1 )

respectively.

bonding and nonbonding orbitals of the reactant correlate with
those of the product.

In the following discussion, we refer to the orientations of
some orbitals with respect to the Cartesian coordinate system.
This coordinate system is defined such that the nuclei of a planar

Xin this equation represents the cardinal number of the basisC,, molecule lie in theyz plane with theC, axis aligned with

set X =2, 3, 4 for DZ, TZ, QZ, respectively) ang(CBS), A,
and B are fitting parameters. All valence electrons were
correlated in the RCCSD(T) calculations. Correlation of high-
energy core electrons (22p on Na and 4s, 4p on Y) was treated
using triple€ basis sets with Peterson’s core-correlating func-
tions (cc-pwCVTZ for Na and tight s, p, d, f shells for %).
Core-correlation corrections were applied to the RCCSD(T)/
CBS energies for all structures involving Na and Y. Additional
details of the basis set extrapolations and core-correlation
corrections are provided in the Appendix. The RCCSD(T)
calculations were performed with MOLPR®Unless otherwise
noted, all energies reported here are RCCSD(T)/CBS//B3LYP/
aVDZ values with ZPE corrections.

The NBO metho# was used to identify the best Lewis

the z-axis.

Results

Rearrangement of HCCH and Its Anion. We first consider
the rearrangements of neutral HCCH and its anion in the absence
of a metal atond.

+

H /H
H—-C=C—H —>» I\ —» :C=C
C=C~y \H

Our interest in the anion system stems from the suggésfibn
that metal atoms potentially facilitate acetylenénylidene

structure representations of the equilibrium geometries and toyearrangement by prior electron transfer to form the charge-

determine the transformation of the reactant Lewis structure into
that of the product. We sought to determine this transformation
by examining the nature of the transition state, which is generally
poorly described by a single Lewis structure. Two separate NBO

transfer complex M(HCCH™). We refer to the sp-hybridized
atom of CCH as G, and the sphybridized as ¢ Rearrange-
ment, therefore, transfers hydrogen from G Cs.

Optimized geometries of the equilibrium and transition state

analyses were performed on the transition state. In the first syryctures are shown in Figure 1. The transition state corresponds
analysis, we requested (using the directed $CHOOSE search)g g planar structure with a H atom in a bridging position and

that the NBO program identify the optimal set of bonding and
nonbonding orbitals consistent with the reactant-like Lewis

a C—C bond length (1.261 A) that is somewhat elongated
relative to that of HCCH (1.210 A). The -€C bond further

structure. These orbitals are optimal in the sense that theyjengthens to 1.304 A as the rearrangement proceeds to,CCH
describe as much of the total electron density as possible. Weggnsistent with the nominal reduction in bond order from three

denote this set of reactant-like NBQe<}. Similarly, we

to two. In CCH, the sp hybridization of ¢ and the hyper-

performed a second analysis, again on the transition state, NOWeonjugative interactions of the,&H bonds with the formally

directing NBO to identify a set of bonding and nonbonding
orbitals consistent with the product-like Lewis structure. This
second set of NBOs is denotéd®} . It is convenient to expand
the natural localized molecular orbitals (NLMOs) of the
transition state using thipR} and{c"} NBO sets.

Ynmo = zCiOiR = zdjojp (2
I ]

unoccupied 2porbital of G, yield an equilibrium C-C bond
length that is somewhat shorter than a standard double bond
length (1.335 A in ethylene).

lonization has only marginal influence on the geometries of
HCCH and the transition state. The similarity of the neutral
and anion geometries results from the diffuse nature of the
unpaired electron of the anion. NBO analysis reveals that the
unpaired electron resides entirely in Rydberg orbitals of HCCH
and that 80% of its density remains in these orbitals in the

By comparing these two expansions of a common set of NLMOs transition state. The HCCH anion and transition state geometries
{y}, one can readily determine which NLMOs transform their are best described as those of the neutral systems, weakly
character along the reaction pathway and, importantly, how the perturbed by a diffuse electron.
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TABLE 1: NBO Analysis of the Acetylene—Vinylidene
A0 _#3 Transition State?
4071 A COH, + & HCCH-like (R) CCHylike (P)
= J' 820 NLMO % (©) oR % (d) o
g% COH" 1 953 (0.976) 0(Ca—Cs) 93.2 (0.966) o(Ca—Cp)
3 2 99.9 (1.000) #(Co—Cp)  99.9 (1.000) (C,—Cp)
€ 207 i 3 92.0 (0.959) m(C,—Cs)  40.9 (0.640) n(Q)
a i 6.4 (0.253) 0*(Co—H) 30.8 (0.555) o(Cs—H)
g j 15.9 (-0.399) 2p(Q)
g 107 / 4 84.7 (0.920) o(Co—H) 375 (0.612) n(Q
8.0 (0.283) 7*(Co—Cs) 29.3 (-0.542) o(Cs—H)
of 20 16.6 (0.408) 2p(Q
HCCH + & 5 98.6 (0.993) o(Cs—H) 98.7 (0.993) o(Cs—H)
6  100.0 (1.000) 1s(Q 100.0 (1.000)  1s(Q
; = ¥ 7 100.0 (1.000) 1s(g 99.9 (1.000) 1s(@
Acetylene TS  Vinylidene . L .

) ) ) o aB3LYP/aVDZ values. Leading contributions are listed for the
Figure 2. Potential energy diagram for acetylenénylidene re- HCCH-like and CCHlike NBO expansions of the NLMOs. Percentage
arrangement. contributions are the squares of the corresponding expansion coefficients

(cf. eq 2).

The ionization of CCH leads in an anion geometry that ] ]
differs rather significantly from that of neutral CGHMost analyses. NLMO 1, for example, is the-C o bond in both
notably, the G-C bond lengths of the anion (1.346 A) and HCCH and CCH Lewis structures. It is rea_sona_ble to assume
neutral (1.304 A) differ by more than 0.04 A. The €enter of that th_e_se f_|ve orbl_tals remain _essentlally inactive (except for
neutral CCH is electron deficient with a formally vacant 2p  rehybridization) during the reaction. Only NLMOs 3 and 4 differ
orbital. Hyperconjugative interactions of this orbital with the Significantly in the two analyses. NLMO 3 is principally the
Cs—H bonds shorten the€C bond to 1.304 A. The unpaired  in-planez bond in the HCCH-like analysis but is a combination
electron of CCH anion predominantly occupies the, @p, of a nonbonding hybrid (n) onLand the newly forming g-H
significantly diminishing the strengths of the hyperconjugative Pond in the CChtlike analysis. NLMO 4 is the dissociating
interactions and thereby lengthening the-© bond to 1.346 ~ Coa—H bond of HCCH but is a mixture of the honbonding
A2 and G—H bond orbitals of CCHl NBO analysis thus suggests

Figure 2 shows the potential energy diagram for the neutral that the chemically active orbita_ls in the acetylewmwidene
and anionic rearrangements. The neutral rearrangement ig'€arrangement are the,€H and in-planer orbitals of HCCH
strongly endothermic, by 43.3 kcal/mol, proceeding via a barrier that respectively undergo transformation into the-& and
of 44.0 kcal/mol. Clearly, CChiis highly unstable. A barrier ~ nonbonding ¢ orbitals of CCH. N
of only 0.7 kcal/mol must be overcome for C&kb revert to Closer examination of the HCCH-like NBOs of the transition
HCCH. The features of our reaction surface are in reasonableState suggests a simple qualitative description of these orbital
agreement with the best estimates for the endothermicity (42.95transformations. We find that the in-planelype NBO is nearly
kcal/mol at 0 K) and barrier (44.5 kcal/mol) from an extended 60% polarized toward £(50% = unpolarized). This orbital
basis set study recently reported by Yu and co-workers. increasingly polarizes toward,@s the system proceeds along

The unpaired electron in the anionic rearrangement has nothe reaction path from the transition state to GCeentually
significant influence on the potential energy surface until GCH Pbecoming the €lone pair of CCH. Polarization of ther bond
is essentially fully formed. The HCCH anion and its transition toward G, leads to reverse polarization of its correspondifig
state are, in fact, unstable with respect to electron refease. toward G. As the H atom shifts aroundQnto a bridging
For example, at the CCSD(T)/d-aug-cc-pVQZ level, we calcu- Position, its bond to € begins to interact with the™ orbital,
late negative electron affinities 0f0.168 and—0.055 eV, increasingly centered onsCThis o — 7* interaction simulta-
respectively. In contrast, CGHhas a positive electron affinity ~ neously promotes the cleavage of the-&1 bond (by depleting
of 0.492 eV [CCSD(T)/CBS], in reasonable agreement with the electron density fron), the cleavage of the-€C x bond (by
experimental vali of 0.47- 0.02 eV. Anionic rearrangement ~ Populating z%), and the formation of the £-H bond (by
thus proceeds from neutral HCCH through the neutral transition Strengthening the overlap of the H 1s orbital with ah@brid).
state. The unpaired electron remains delocalized along this!n short, the rearrangement of electrons for the acetytene
portion of the reaction pathway and then localizes in the C Vinylidene reaction can be represented using the following
2p, orbital as CCH forms. Whereas the unpaired electron has curved-arrow diagram. Full-headed arrows are used to indi-
essentially no influence on the stability of HCCH and the

" . " H H
transition §t§te, it stab|]|zgs CGhoy 11.3 kpal/mol. The \C/____\‘C\H so=C
endothermicity of the anionic rearrangement is 32.0 kcal/mol. N) H

Note that this value is determined with respect to HCEd~
rather than the unstable HCCHFrenking and Sakai and  cate the movement of electron pairs. The in-planbond of
Morokuma?® examined the HCCH anion rearrangement using HCCH increasingly polarizes toward,@ become the CCH
6-31G** and 6-311G** basis sets. In contrast to the results of lone pair. Hydride (H) simultaneously shifts from Cto Cg.
Figure 2, they found the anion reaction to be nearly thermo- Sakai and Morokunid similarly concluded, based on a charge-
neutral, an artifact of the use of restricted basis sets. centroid analysis of FosteBoys localized orbitals, that
We now consider the mechanism by which the bonds of acetylene-vinylidene rearrangement proceeds via a 1,2-hydride
HCCH undergo rearrangement to give the bonds and lone pairshift.
of CCH,. Table 1 compares the HCCH- and Cg&like NBO HCCH anion rearrangement also proceeds via a 1,2-hydride
analyses of the transition state. Of the seven occupied molecularshift with the unpaired electron remaining delocalized until late
orbitals, five (NLMOs 1, 2, 57) are identical in the two in the reaction when it enters the, @p, orbital of CCH. The
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Figure 3. B3LYP/aVDZ optimized geometries of the equilibrium and
transition state structures for Na-induced acetyleriaylidene re-
arrangement.

TABLE 2: Energies and Lewis Representations of the
Equilibrium Structures for Na-Induced
Acetylene-Vinylidene Rearrangement

structure state energy” Lewis representationb
Na+HCCH %8 + I5* 0.0
Na
Na(HCCH) A, 0.3
H-C=C-H
Na Na
Na(HCCH) 2B, 11.2 ..
LC=C LC=C0
H H H H
H
Na(CCHy) B, 10.5 Na :é:c\
H
H
Na(CCHj) 2A4 414 Na. :C=C
H
Na+CCH, %5+ 1A; 433

aRCCSD(T)/CBS//B3LYP/aVDZ values with ZPE and core-cor-
relation corrections, in kcal/mat.Two Lewis representations are given
for structures having different bonding patterns ind¢haendf systems.
In these cases, the first representation reflects the distributian of
electrons and the second that of fhelectrons. See ref 37.

charge-centroid analysis of Sakai and Morokdhsaiggested a
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Figure 4. RCCSD(T)/CBS potential energy diagram for Na-induced
acetylene-vinylidene rearrangement. The arrows represent vertical
excitation of the ground state (at its equilibrium geometry) into the
lowest excited state of the specified symmetry.

Two ground state equilibrium geometries were examined for
Na(HCCH), both exhibitingr-type structures of,, symmetry.

The lower energy structure is tR&; van der Waals complex,
bound by only 0.3 kcal/mol. Its geometry resembles that of free
HCCH, weakly perturbed by the dista®& Na atom. The higher
energy structure, lying 11.1 kcal/mol above the reactants, is the
2B, charge-transfer complex, NEHCCH), in which the
unpaired electron has transferred to the in-plane HGEH he
vertical excitation energy to ti#é\; configuration &* — 3s) at

the 2B, optimized geometry is 34.7 kcal/mol. NBO analysis of
the 2B, complex yields a pair of Lewis structufégcf. Table

2) that reflect the differing bonding characteristics of ¢hand

B electrons.

The?B, charge-transfer complex can be obtained in two ways
from the 2A; van der Waals complex. First, Na 3s 3p,
promotion of the’A; complex (vertical excitation energy 43.8
kcal/mol) yields the?B, configuration. Geometry relaxation
leads to the equilibrium charge-transfer structure as the unpaired
electron transfers into the HCCk¥. Second, théA; complex
can follow aCs pathway, through the transition state TS1, to
the 2B, complex. TS1 lies 15.0 kcal/mol above the reactants,
or 15.3 kcal/mol above the van der Waals complex. Moving
the Na atom, in TS1, off th€, symmetry axis allows the Na
3s electron to transfer into the in-plan of HCCH, cleaving
thesr bond in theot system and leaving a nonbondiaglectron
on both C centers. This rearrangement of electrons can be
represented by the following-spin Lewis structure%’ Note

1,2-hydrogen (ki) shift mechanism for anionic rearrangement. “Na Na
However, the hydrogen shift mechanism is an artifact of the N — .
restricted basis sets used in their study that effectively localize H—-C=C—-H 1y

the unpaired electron on the hydrocarbon throughout the

reaction. Jensen et #have studied the collisionless decay rate that the lines and dots of these structures reflect the bonding
of vinylidene anion (CCHi~ — HCCH + "), noting that it is and nonbonding character of tle electrons only. Fishhook
unclear when the electron is ejected during the isomerization. arrows are used, as usual, to show movement of single elec-
Our calculations suggest that the electron is lost early in this trons. Thes systems ofA; and?B, Na(HCCH) are described

reaction, prior to the transition state.

Na-Induced Rearrangement.Previous theoretical studies of
Na—acetylene and Navinylidene interactions have identified
ground state geometries f&k; Na(HCCH) andB, Na(CCH).

by a common Lewis structure (cf. Table 2), suggesting that the
p electrons do not undergo rearrangement along the TS1
pathway.

The Na(CCH) complex has @B, ground state configuration

Figure 3 shows the optimized equilibrium and transition state with the unpaired electron predominantly localized in the in-

geometries for the Na(HCCH)/Na(CGtbsystem. Table 2 lists

plane 2p orbital on G.. The equilibrium geometry corresponds

the energies of the equilibrium structures together with their to that of a charge-transfer complex, N&CH,™), and is 10.5
Lewis representations. Figure 4 shows the potential energykcal/mol less stable than the reactants. We note that the

diagram for Na-induced rearrangement.

endothemicity of the Na-induced rearrangement (10.8 kcal/mol)
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is substantially less than that (32.0 kcal/mol) of the HCEH

e /CCH;™ rearrangement. In both cases, the unpaired electron

localizes on CCH stabilizing the electron-deficierit, center
relative to that of neutral CCH The Na(CCH) complex is
further stabilized by the electrostatic interaction of the ldad
CCH,™ fragments. An excitedA; Na(CCH) complex results
from the interaction ofS Na with!A; CCH,. At its equilibrium
geometry, the?A; complex lies 30.9 kcal/mol above tH#8;
Na(CCH,) complex. It is unlikely that this excited state complex
plays any significant role in the acetyleneinylidene re-
arrangement.

A transition state, TS2, was identified for the Na-induced 1
rearrangement. An IRC calculation reveals that TS2 lies along -

a C, reaction pathway connecting tB&; Na(HCCH) and’B,

Na(CCH) complexes. The transition state is 41.3 kcal/mol less
stable than the reactants, but is slightly more stable (by 2.7 kcal/

Glendening and Strange

152"
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1320 A

ANCCH,) (°B,)
AI(HCCH) (%B,)

AI(HCCH) {#A")
098 A 1147

L 1.328 A
AI(HCCH) (A} AI(CCH) (*A)

Figure 5. B3LYP/aVDZ optimized geometries of the equilibrium

mol) than the transition state for the metal-free reaction (cf. g ctures for Al-induced acetyleneinylidene rearrangement.

Figure 2). Donation of Na 3s electron density to the increasingly

electron deficient ¢ center of the forming CCHmolecule

Al-Induced Rearrangement. Numerous theoretical studies

slightly stabilizes TS2 relative to that of the metal-free reac- of AI(HCCH) and AI(CCH,) have been reportedto15-21 Many

tion. Attempts to identify a reaction pathway connectfiiy
Na(HCCH) to?B, Na(CCH,) failed. Sakai and Morokum&
identified a2B, — 2B, pathway for Li-induced rearrangement

of these were prompted by Kasai's matrix-isolation stuidigs
of AI(HCCH) suggesting a vinyl-likeo-bonded equilibrium
structure with a trans arrangement of the H atoms. Irradiation

but were likewise unable to locate the corresponding pathway of the matrixes with visible light led to changes in the ESR

for the Na-induced reaction.

spectra consistent with trans cis isomerization. Nor-type

Na-induced rearrangement proceeds via hydride transfer.complex was observed.

NBO analysis reveals the following mechanism. Again, the

H
/ .
Na ./\c\\:?:v — > Na :6=C
\
{J ~H H

Al Al

H/Czc'/H hv \

Theoretical studies have generally identified three stable forms

fishhook arrow is used to indicate the movement of a single of AI(HCCH): a?2B, x complex, &A; = complex, and théA'
electron while full-headed arrows show the movements of trans ¢ complex. The2A’ cis o complex is only stable at
electron pairs. The mechanism is similar to that of the metal- uncorrelated levels of theory, reverting to g form when
free reaction. As the system proceeds along the reactionoptimized with correlated method%!”High-level calculations

pathway, the in-plana bond increasingly polarizes toward,C
(eventually forming the lone pair of CGHand hydride shifts
from C, to Cs. The Na center facilitates the 1,2-hydride shift
by transferring its 3s electron into a valence hybrid gnakai
and Morokum® similarly concluded that Na-induced re-
arrangement proceeds via a hydride transfer mechanism.

generally suggest théB, AI(HCCH) is the most stable structure.
The only equilibrium structure previously reported for AI(CgH
is that of the?B, state.

Figure 5 shows the B3LYP/aVDZ optimized structures for
AlI(HCCH) and AI(CCH). Table 3 gives the energies and Lewis
representations for these structures. aBeAl(HCCH) complex

Finally, the features of our calculated potential energy diagram is bound by 20.5 kcal/mol with respect to the separated Al and
(Figure 4) are largely consistent with those anticipated from HCCH reactants. NBO analysis reveals partial metallacyclo-

Kasai’'s matrix-isolation studi€$:'* No rearrangement was

propene character (only in tliesystem) with the Al nonbonding

observed from the interaction of ground state Na atoms with electrons occupying the 3s orbital. The-AT bonds of the

acetylene due to the large activation barried{ kcal/mol in
Figure 4) and the cryogenic conditions4 K) of the argon
matrixes. However, exposing the matrixes to yellow lightf
600 + 50 nm) for several minutes yielded Na(Cg@HKasai

o-spin Lewis structure arise from the overlap of Al 3p hybrids
(3p; £ 3p,) with hybrids of high p character (86%) on the C

centers. These bonds are strongly polarized (87%) toward C.

The?A, state (at-20.3 kcal/mol) is only marginally less stable

proposed a mechanism for rearrangement based on the absorghan the?B, state. NBO analysis reveals full metallacyclo-

tion of two photong?# The first photon promotes Na to i#®
excited state, which subsequently forms a #CCH") charge-
transfer complex. The photon energy (600 #n#48 kcal/mol)

propene character (AIC bonds in both thex andf systems)
of 2A; AI(HCCH), consistent with its shorter AIC bonds,
longer C-C bond, and more strongly bentH#C—C angles. The

is clearly consistent with the vertical excitation energy (43.8 transo-bonded complex is bound by 16.4 kcal/mol. Attempts
kcal/mol) of the van der Waals complex. It was proposed that to identify the cis isomer failed, with all optimizations reverting
a second photon then excites tiae— s (out-of-plane to in- to the?B, & complex.

plane) transition of the charge-transfer complex, which subse- The 2B, and2A; states of AI(CCH) were optimized. The
quently undergoes rearrangement to Na(GICHbsorption of 2B, Al(CCH,) complex (at—23.3 kcal/mol) was the most stable
a second photon would clearly provide sufficient energy for of all AIC,H; isomers examined in this work. It exhibits partial
the system to surmount the 41 kcal/mol barrier. However, our metallaallene character with the unpaired electron residing in a
calculations suggest that, — z/* excitation is unlikely. This b, Al—C & bond. Strongly polarized (90%) toward, Che
excitation gives rise to 8B; configuration that lies about 68  bond arises from the overlap of the Al3pith the G, 2p,. The
kcal/mol above theB, charge-transfer state, well above the overlap of the Al 3pwith a G, sp hybrid gives rise to a similarly
energy of a yellow photon. polarized A-C ¢ bond. The?A; AI(CCHy) complex exhibits
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TABLE 3: Energies and Lewis Representations of the
Equilibrium Structures for Al-Induced
Acetylene-Vinylidene Rearrangement

structure state energy® Lewis rel:)r(-':sentationb
Al+HCCH %P + 1zt 0.0
Al Al
AI(HCCH) 2B, 205 / \
_C=C_ _C=C
H H H
Al
AI(HCCH) 2A, 203 / \
H” zc\H
Al Al
AYHCCH) 2p° -16.4 \ H H
W =C’ _Cc=c”
/H /H
AYCCH,) 2B, -233 Al=C=C “Al—C=C
H H
H
AYCCHy) 2A, 6.8 -Al=C=C
H
Al+CCH, 2P + 1A 433

aRCCSD(T)/CBS//B3LYP/aVDZ values with ZPE corrections, in
kcal/mol.® Two Lewis representations are given for structures having
different bonding patterns in the and systems. In these cases, the
first representation reflects the distributioncoélectrons and the second
that of thef electrons. See ref 37.

1.989 A 20134

1.093 A
1084 A

1102 A \__,_,
‘i. 'f%aasn 5
124.1°

TS3 (2A")

1209 A

143.7° TS5 (2A7)

2251 A

2.257 A

133.2°
TS4 (A7)

TS6 (2A)

Figure 6. B3LYP/aVDZ optimized transition state structures for Al-
induced acetylenevinylidene rearrangement.

full metallaallene character and, hence, a shorter@bond.
The?A; state is considerably less stable (by 30.1 kcal/mol) than
the 2B, state and will not be considered further.

Four transition states were identified for the AI(HCCH)/

J. Phys. Chem. A, Vol. 106, No. 32, 2002343
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Figure 7. RCCSD(T)/CBS potential energy diagram for Al-induced
acetylene-vinylidene rearrangement.

. t
AI(CCHy) Al +
CCH,

find that theCs pathway through TS3 has a barrier of only 5.3
kcal/mol. This pathway is associated with the following
redistribution of electrons in th@ system.

+Al Al
oo —
C=C =

H ~H - C C\H

As the Al center shifts off the symmetry axis, its 3s electron
delocalizes into the HCCH*, forming an Al-C bond. Ther
electron simultaneously undergoes back-donation into an empty
Al hybrid, thereby forming a second AIC bond. The resulting
bond length changes are consistent with the bond order changes
reflected by these Lewis structures. No redistribution of electrons
is necessary in the system since théB, and?A; states are
represented by the same metallacyclopropene Lewis structure.

TS4 lies on &Cs pathway that interconverts ti8, and2A’
complexes. Comparison of the Lewis representations (cf. Table
3) for these states reveals that the TS4 pathway simply cleaves
ano. Al—C bond. The barrier fofB, — 2A’ conversion is 4.0
kcal/mol. We note that th#A' — 2B, barrier is 0.7 kcal/mol at
the B3LYP/aVDZ level but decreases to 0.1 and 0.0 kcal/mol
for RCCSD(T)/aVTZ and RCCSD(T)/avVQZ, respectively. The
diminishing barrier suggests that tR&' complex is unstable
and will potentially revert to théB, form if optimized at the
highest levels of theory.

Two additional transition states reside along pathways that
characterize AI(HCCH)/AI(CCH rearrangement. TS5, the
lower energy structure at 19.1 kcal/mol above the reactants, lies
along a Cs pathway that connectdA’ AI(HCCH) to 2B,
Al(CCHy). A similar transition state, although @ symmetry,

AI(CCHy) system. Figure 6 shows the optimized structures, and was previously reported by Flores and Lardd.S6, the higher

Figure 7 shows the resulting potential energy diagram. Two of

energy structure at ca. 28 kcal/mol, lies alon@apathway

the transition states, TS3 and TS4, reside along pathways thathat connect$B, AI(HCCH) to 2B, AI(CCHy). Attempts to

connect the three equilibrium AI(HCCH) structures. The small

locate a reaction pathway involvirfg; AI(HCCH) failed. We

barriers associated with these transition states suggest that thevill focus our attention on the reaction mechanism for the TS5

three equilibrium AI(HCCH) structures will readily interconvert
at moderate temperatures.

TS3 is aCs structure of?A’ configuration along a pathway
connecting théB, and?A; = complexes. Whereas it has been
suggestel that a high activation barrier precludes the formation
of the 2A; complex from the?B, under normal conditions, we

pathway, likely the predominant pathway for Al-induced re-
arrangement. Note that the 19.1 kcal/mol barrier along the TS5
pathway is of considerably lower energy than the 41.3 kcal/
mol barrier for Na-induced rearrangement. Covalent-@l
interactions stabilize the Al-induced pathway relative to that of
Na.
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Figure 8. B3LYP/aVDZ optimized geometries of the equilibrium ~ TABLE 4: Energies and Lewis Representations of the
structures for Y-induced acetylenginylidene rearrangement. Equilibrium Structures for Y-Induced Acetylene —Vinylidene

Figure 9. B3LYP/aVDZ optimized transition state structures for
Y-induced acetylenevinylidene rearrangement.

Rearrangement
The reactant- and product-like NBO analyses of TS5 reveal __structure state _energy” Lewis representation®
differing rearrangements af andj electrons. We are com- Y+HCCH D + Izt 0.0
pelled, therefore, to write different mechanisms for different 4
spins. The result is the following representation in which four Y(HCCH) 2, 477 /\
valence electrons (tweat and two ) undergo simultaneous %y
rearrangement. Four fishhook arrows are used to show move- . .
ments of these electrons. X Y
Y(HCCH) 2B, -26.6 / \
C=C_ _C=C_
Al H H H H
<\ ,H o /H Y
o H,C=C- — 'AI_C_C\H Y(HCCH) 24, 199 /\
./ =Sy
N Y
Al ‘w - Y(HCCH) 2B, -142 /\
H ; _C=C_
B: c=c’ — -Al—C=C H H
H\_S H H H
Y(CCH,) 2, 45 y=c=C wy—c=C
Consider the rearrangement of electrons indtsystem. As " 'H
the H nucleus moves around, @ward G, the G,—H bond
begins to interact with the nonbonding electron gn(@rough pit
an rc — ocy* interaction). This interaction cleaves the-€H Y(CCHy) A 222 Y=C=C
bond, by populating its antibond, as the ney+& bond forms H
from the overlap of p with the H 1s. As H departs, the Y+CCH, 2D+'A, 433
electron remaining on Cincreasingly delocalizes into an Al
3p orbital, resulting in the formation of a polarized#C a RCCSD(T)/CBS//B3LYP/aVDZ values with ZPE and core-cor-
bond. relation corrections, in kcal/mot.Two Lewis representations are given
Thef system reveals a different rearrangement of electrons. for structures having different bonding patterns indhend systems.
The in-planer bond polarizes toward £(it is already 90% In these cases, the first representation reflects the distributian of

polarized toward ¢in TS5) and delocalizes into a vacant Al  electrons and the second that of helectrons. See ref 37.

3p orbital. Ther bond thereby breaks and a new-AT bond )

forms. (Note that ¢ undergoes rehybridization during the ~ Y-Induced Rearrangement. Figures 8 and 9 show the
reaction so that the resulting AC bond is ofo-type.) As the optimized equilibrium and transition state geometries for the
7 bond polarizes toward £ thez* antibond polarizes toward ~ Y(HCCH)/Y(CCH) system. Table 4 lists the energies and Lewis
Cs (90% G; 2p in TS5). With H moving into a bridging position, representations of the various equilibrium structures. Figure 10
the 5 electron of the G—H bond increasingly delocalizes into  shows the potential energy diagram for the Y-induced re-
the *, through a ocy — 2p interaction. The interaction — arrangement.

eventually cleaves the &H bond and H shifts with the? We optimizedr complexes for Y(HCCH) corresponding to
electron to form the new &-H bond, thereby completing the  the lowest energy states of the four irreducible representations
valence at @. of C,, symmetry. The most stable of these?fs; Y(HCCH),

The rearrangements of teandf electrons together describe  bound by 47.7 kcal/mol with respect to the separated reactants.
a 1,2-hydrogen shift mechanism, with an H nucleus artl a The Lewis representation of this state is that of a metalla-
electron transferring from £to Cs. Sakai and Morokunid cyclopropene with the unpaired electron residing in the Y 5s
similarly concluded that Al-induced rearrangement proceeds via orbital. The Y—C bonds are formed from the overlap of a Y
a hydrogen-transfer mechanism d-type hybrid (4¢, + 4d2) with C hybrids of sg’ character.
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Figure 10. RCCSD(T)/CBS potential energy diagram for Y-induced
acetylene-vinylidene rearrangement.

These bonds are strongly polarized (84%) toward the C centers.

The excited?A, and?B; states (at-19.9 and—14.2 kcal/mol)

J. Phys. Chem. A, Vol. 106, No. 32, 2002345

Y
H
o« C I\ —  Y=C=C
H,c=c u i
Y
B —» .yY—C=C
c=C b

B\ H

Co—H bond cleaves, its electron begins to interachveity 4d
hybrid, forming the Y¥-C, oz bond. Meanwhile, in thg system,

the G.—H bonding electron delocalizes into the—¢; o*
antibond, cleaving both bonds and forming a neyw@& bond.

The electron of the ¥-Cz bond shifts onto Y, becoming the 5s
nonbonding electron of the product. Thus, Y-induced rearrange-
ment involves a 1,2-hydrogen shift in whia H nucleus and a

B electron transfer from Cto Cs.

We attempted to identify the transition state alondCa
pathway connectingA; and?B, Y(HCCH), analogous to TS3
of the Al system. Numerous optimizations of this state failed.
However, all optimizations tended to converge toward a
common structure lying ca.-78 kcal/mol above théB, state.

have metallacyclopropene Lewis representations and geometricall NS structure, TS9, is shown in Figure 9.

features similar to théA; ground state. The unpaired electrons
in these states reside in the Y@¢PA,) and 44, (?B,) orbitals.
The 2B, state (at—26.6 kcal/mol) has only partial metalla-
cyclopropene character (in tiesystem). The unpaired electron
occupies a porbital, which together with the;ar-type orbital

of HCCH give rise to a pair ofo-spin Y—C bonds. The
nonbonding electrons on Y reside in the 5s orbital. The partial
metallacyclopropene character of il state yields geometrical
features (long ¥-C bond, short €&C bonds, large HC—C
angles) that differ significantly from those of the other three
states.

The B, and 2A; states of Y(CCH) were optimized.?B,
Y(CCHjy) is the ground state (at24.5 kcal/mol). It exhibits
partial metallaallene character similar to thatBg AI(CCHy).

The unpaired electron resides ina¥o—C sz bond formed from

the overlap of the Y 4g with the C 2g and strongly polarized
(87%) toward C. The ¥-C ¢ bond results from the overlap of

a C sp hybrid with the Y 44 orbital, again strongly polarized
(90%) toward C. In contrast to the Na and Al cases, the excited
A state (at—22.2 kcal/mol) is only slightly less stable than
the ground state. ThéA; state exhibits full metallaallene
character with a short %¥C bond. The unpaired electron
occupies the Y 5s.

We identified two transition states for Y-induced HCCH/
CCH;, rearrangement. TS7 and TS8 respectively lieGgrand
C; pathways that interconvetf; Y(HCCH) and?B; Y(CCH,).
TS7, the lower energy transition state, lies 16.1 kcal/mol above
the reactants, slightly lower than the 19.1 kcal/mol barrier for
Al-induced rearrangement. TS8 lies approximately 7 kcal/mol
above TS7. Attempts to identify reaction pathways involving
the?B,, 2B,, and?A; states of Y(HCCH) ofA; Y(CCH,) failed.

The reaction along the TS7 pathway proceeds as follows. In
the orientation shown below, the H and Y nuclei shift in a
concerted counterclockwise fashion aboyt €our electrons
(two o and twop3) undergo simultaneous rearrangement, similar
to that revealed in the Al mechanism. In thesystem, as Y
moves away from &; the Y—Cz bonding electron shifts toward
Cp and increasingly delocalizes in thg-€H o* antibond. This
shift in electron density cleaves the-XCs bond, cleaves the
Cy—H bond, and forms the newsEH bond of CCH. As the

Conclusions

Metal-induced acetylene (HCCHYyinylidene (CCH) re-
arrangement proceeds via simple 1,2-shifts in the gas phase.
The metal centers stabilize the M(C@Hbroduct by effectively
transferring an electron to the carbenic center of the vinylidene
fragment. The energies of the M(C@Hproducts are 43.3 (no
metal, neutral), 32.0 (no metal, anion), 10.5 (Na23.3 (Al),
and —24.5 (Y) kcal/mol relative to the separated MHCCH
reactants. The reaction barrier decreases from 44.0 kcal/mol in
the metal-free rearrangement (neutral and anion) to 41.3 (Na),
19.1 (Al), and 16.1 (Y) kcal/mol in the metal-induced reactions.

Ground state Na {$is not particularly effective at promoting
HCCH—CCH; rearrangement. The barrier for the Na-induced
reaction is only 2.7 kcal/mol less than that of the metal-free
reaction. Na slightly stabilizes the transition state by transferring
a small amount of its 3s electron density to the electron-deficient
carbon of the forming CCkmolecule, but the transfer of a
full electron does not occur until later in the rearrangement when
CCH, is more fully formed. The resulting charge-transfer
complex Na(CCH;") is ca. 22 kcal/mol more stable than the
free CCH™ anion due to metailigand electrostatic interaction.

Al (pY) and Y (d) facilitate the rearrangement to CgHBoth
metals interact with HCCH to form strongly bound metalla-
cyclopropene structures. The covalent interactions of the metal
centers with the hydrocarbon reduce the reaction barrier relative
to the separated reactants, and the resulting M(§@kHbducts
exhibit metallaallene bonding patterns.

Natural bond orbital analysis of the HCEHCCH, rearrange-
ment has been used to determine the redistribution of electrons
during the reaction. In the metal-free reactions (both neutral
and anion), we find that rearrangement proceeds via a 1,2-
hydride shift. The Na-induced reaction, which exhibits a
similarly large barrier, likewise proceeds via a 1,2-hydride shift.
The metal-free and Na-induced reactions involve heterolytic
cleavage and formation of bonds in which electron pairs move
together. In contrast, analysis of the Al- and Y-induced reactions
reveals a 1,2-hydrogen shift mechanism. These reactions involve
homolytic cleavage and formation of bonds in which thand
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p electron densities move in opposing directions. Homolytic
bond cleavage and the redistributioroofnd/3 density in oppos-

ing directions are general features of open-shell reaction mech-
anisms that involve different Lewis structures for different spins.
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Appendix

We briefly describe here the extrapolations used to estimate
complete basis set (CBS) limiting values for the RCCSD(T)

energies. Table 5 provides details of these extrapolations (cf.
TABLE 5: Basis Set Extrapolationst?
best
structure state avDZ aVTZ avQZ CBS cor¢! estimaté
HCCH+ e X5t 0.0 0.0 0.0 0.0 0.0
TS A 40.9 434 438 440 44.0
CCH+e 1A; 37.6 42.3 43.0 43.3 43.3
CCH,~ 2B, 270 313 318 320 32.0
Na(HCCH) 2A; -02 -02 -03 -03 00 -03
TS1 N 144 148 145 144 06 150
Na(HCCH) 2B, 103 113 111 109 03 112
TS2 2 383 409 413 415-02 413
Na(CCH) 2B, 7.0 9.7 9.8 99 06 105
Na(CCH) 2A; 361 405 412 414 00 414
AlHCCH) 2B, —16.7 -19.4 -20.1 —20.5 —20.5
AlHCCH) 2A; -—12.6 -17.3 -19.2 —20.3 —20.3
Al(HCCH) 2A' —146 -156 -16.1 -16.4 —-16.4
TS3 2" —-95 —13.1 -144 -152 —-15.2
TS4 2p -134 -155 -16.1 -16.5 —-16.5
TS5 A 209 197 193 191 19.1
TS6 2A 28.9 28.9 f
Al(CCHy) 2B, —224 —228 —-23.1 -23.3 —23.3
AI(CCHz) 2A;  10.6 8.7 75 6.8 6.8
Y(HCCH) 2A:1 —443 —445 —454 —-459 —-18 —47.7
(—42.5) (-44.1) (-45.2) (-45.9)
Y(HCCH) 2B, —256 —25.3 —-25.6 —258 —0.8 -26.6
(—24.0) (-24.9) (-25.5) (-25.8)
Y(HCCH) 2A, -142 -145 -155 -16.1 —3.8 -19.9
(—12.3) (-14.0) (15.3) (-16.1)
Y(HCCH) 2B; -119 -12.0 -12.7 -133 —-0.9 -142
(-10.1) 11.5) 12.5) (13.2)
TS7 A 144 158 159 159 02 161
TS8 2A 21.3 22.9 f
Y(CCH;) 2B, -276 -252 -250 —250 05 —245
Y(CCHy) 2A; —21.0 —-205 —-21.1 -—215 —-0.7 -—-222

aAll values are RCCSD(T) energies, in kcal/mol, relative to the
energies of the separated M HCCH reactants. The values in

parentheses for Y(HCCH) are counterpoise (CP)-correéf€de basis
sets employed are the aug-ccx¥/sets for H, C, and Al, the cc-pXZ

sets for Na, and the cc-pRZ sets for Y X =D, T, Q). The energies
for CCH,~ were evaluated with the doubly augmented d-aug-cc-VXZ
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Figure 11. Extrapolation of the RCCSD(T) energy f&%; Y(HCCH).
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Figure 12. Extrapolation of the counterpoise-corrected RCCSD(T)
energies foPA; Y(HCCH).

eq 1). The “best estimate” values listed in the table are the
energies reported elsewhere in this paper.

The relative energies of Table 5 often exhibit poor conver-
gence with basis set extension. For example24qrY (HCCH),
the avDZ and aVTZ values—44.3 and —44.5 kcal/mol,
respectively) are essentially identical but differ by nearly 1 kcal/
mol from the aVQZ value {45.5 kcal/mol). In contrast, the
raw energies, shown in Figure 11, reveal convergent behavior
across the aVDzZaVQZ series. Extrapolating the raw energy
for 2A; Y(HCCH) provides an estimate for the CBS limit of
—115.159 06 au. This value, together with the CBS limits for
Y and HCCH (37.863 41 and-77.221 12 au, respectively)
and a ZPE correction of 0.9 kcal/mol, gives an extrapolated
relative energy of-45.9 kcal/mol. Applying the core-correlation
correction of—1.8 kcal/mol yields a best estimate for the energy
of 2A; Y(HCCH) of —47.7 kcal/mol. In all cases, the raw
energies reveal strongly convergent behavior, which was
exploited to determine the CBS values listed in Table 5.

The poor convergence of the relative energies is likely a
consequence of basis set superposition error (BSSE). We used
the counterpoise (CP) methdo estimate the extent of BSSE.
Table 5 reports, in parentheses, the CP-corrected energies for
the Y(HCCH) complexes. As expected, the CP corrections
diminish from 1.6-1.9 kcal/mol at the aVDZ level to 0.2 kcal/
mol at the aVQZ level. The corrected energies reveal conver-

sets. Estimates of the CBS limit were generally obtained by extrapo- 9€nce that is not apparent in the uncorrected energies. Figure
lating the raw RCCSD(T) energies using eq 1. The CBS limits for the 12 shows the convergence of th; values. Extrapolating the
CP-corrected energies were obtained by extrapolating the relative CP-corrected relative energies yields a CBS energy 4%6.9
RCCSD(T) energies! The core-correlation effect was evaluated as the kcal/mol, a value identical to that obtained from extrapolating

difference of the energies of correlated-core (2s, 2p for Na and 4s,
4p for Y only) and frozen-core calculations. The core-valence basis
sets cc-pwCVTZ (Na) and cc-pRCVTZ (Y) were used in these calcula-
tions.® The best estimate is the sum of the CBS and core-correlation

the raw energies. For each of the Y(HCCH) complexes, we find
that extrapolating the raw and CP-corrected relative energies
yield essentially identical CBS values. Similar behavior is

energies' Calculation exceeds the capabilities of our computational €xpected for the other structures examined in this work, but

resources.

was not explored more fully.
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