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The mechanism of the degenerate 1,5-hydride shift in 2,6-dimethyl-2-heptyl cations has been investigated

using ab initio MP2 and density functional theory (DFT) hybrid (B3LYP) calculations. The potential-energy
profile for the 1,5-hydride shift consists of three minima corresponding to two equivalent acyclic carbocations
and one symmetrically-hydrido-bridged carbocation, while two equivalent unsymmetrically hydrido-bridged

carbocations were located as transition-state structures. The calculated relative energy differences between

acyclic carbocations and symmetricallyhydrido-bridged structure are significantly affected by introduction
of alkyl and (CH)n-substituents at the f{position of the 2,6-dimethyl-2-heptyl cation structure. DFT self-
consistent isodensity polarizable continuum method (SCI-PCM) and MP2 PCM continuum methods have

been used to calculate the effect of solvation on geometries and relative energies of the species involved in

the 1,5-hydride shift. It is found that relative energies of acyclicainydrido-bridged carbocation structures
as well as the energy barriers for 1,5-hydride shifts are in accord with experimental data if solvation effects
are taken into account.

Introduction SCHEME 1

Carbocations are well-established reactive intermediates in H>—<® - @>—<H I
chemical and biochemical reactions. The study of carbocation
rearrangement reactions has led to a deeper understanding of
many fundamental chemical principles including chemical
structure and bonding, transition states, and reaction barriers.
Various aliphatic carbocations often have a flat potential energy
surfaces and are prone to undergo fast degenerate hydride shifts
to distant carbonsHydride shifts in carbocation intermediates
are an important propagation step in the biogenetic formation
of terpenes and steroids. 1,2-, 1,3-, and 1,4-hydride shifts,

I, andlll , in acyclic tertiary carbocations (Scheme 1) have
been described both experimentalind by quantum chemical
methods: The potential-energy profiles for the degenerate

hydride shifts |-l have two symmetric global minima (AG*= 8.0+ 0.9 kcal/mol§ are significantly lower compared
potential wells, which correspond to the two interchanging to those for 1,3- and 1,4-hydride shifts. This was attributed either
acyclic carbocation structures and a higher energy local to a presumably linear transitions st&tand/or in part to less
minimum for a symmetrically:-hydrido-bridged carbocation.  strain in the six- and seven-membered-fingi-bridged transi-
Transition-state structures for the hydride shiftslll are tion state structures. To explore 1,5-hydride shifts in carbo-
unsymmetricalu-hydrido-bridged carbocation structures. The cations in some more detail, we have performed a quantum
calculated energy barrier values for these hydride shifts increasechemical study of the influence of solvent and substituents on

with increasing size of the ring formed in the bridged transition structures and reaction barriers in 4-substituted 2,6-dimethyl-
structures I, 3.9; 11, 4.2;1ll, 7.5 kcal/mol at MP4/6-311G-  2-heptyl cations (Scheme 2).

(d,p)//IMP2/6-311G(d,p) leveP This sequence is in line with
experimental data obtained form NMR spectroscopic measure-Computational Methods
ments in SbEFSOCIF solution (, 3.1; 11, 8.5; 1l , 12 kcal/
mol).2¢

The experimentally determined energy barriers for 1,5-hydride
shifts in 2,6-dimethyl-2-heptyl catioh (AG* = 5.0+ 0.5 kcal/
mol)* and the 1,6-hydride shift in 2,7-dimethyl-2-octyl cation
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The quantum chemical calculations were performed using the
Gaussian98 and Gaussian03 suites of progfaatisstructures
were fully optimized using both density functional theory (DFT)
hybrid methods with the B3LYHunctional and MP2 (Mgller
Plesset) perturbation theotyThe standard split valence and

P— g o bo add o PhoAs 73150 polarized 6-31G(d) basis set was used for geometry optimiza-
2 e e e S e e aa. > tlons and frequency calculations. Optimized coordinates of all

T University of Zagreb. structures are included in the Supporting Information. Analytical

* University of Ulm. vibrational analysis at the same level were performed to
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determine the zero-point vibrational energy (ZPE) and to state structure$TS (Scheme 2). Tha-hydrido-bridged struc-
characterize each stationary point as a minimum or first-order ture 1B has a regular chair conformation witii symmetry and
saddle point. Corrections for ZPE (not scaled) are included in shows symmetrical EH—C bridging with long C-H bonds
the calculated energies. For carbocatibasd3, where detailed (1.262 A) and a bond angle;€H—Cs of 156.4 (MP2/6-311G-
experimental data are available, geometries were also calculatedd)) (Figure 1). In the transition structuld S this symmetry is
using B3LYP and MP2 methods and the 6-311G(d,p) basis setconsiderably perturbed ¢&H bond, 1.103 A; G—H distance,
(see Supporting Information). Extra valence functions and 3.308 A (MP2/6-311G(d))) (Figure 1). The only imaginary
polarization functions as in the 6-311G(d,p) basis set allow a vibrational frequency mode-(58 cnt?) of 1TS is associated
somewhat better modeling of systems with hypercoordinated with the movement of the bridging hydrogen atom between the
hydrogens involved in three-center two-electron-K—-C C, and G carbon atoms. This low imaginary frequency indicates
bonds? a rather flat potential energy surface.

Geometry optimization and frequency calculations in the  Two different isomeric structures of typ& were located
presence of solvent were carried out for all carbocations at the (Figure 1): one isomer with €C hyperconjugation between
B3LYP/6-31G(d) level. The solvent effects were calculated the GC, o-bond and the formally vacant 2p orbital at the C
using the self-consistent reaction field (SCRF) method basedcarbon (A) and another with €H hyperconjugation between
on the self-consistent isodensity polarizable continuum method one of the G—H hydrogenc-bonds and the formally vacant
(SCI-PCM)? which employs a higher-order cavity whose 2p orbital at the @ carbon (Acy). Analogous G-H hyper-
volume and shape are iteratively computed from the electron conjugative isomers were not located for smaller alkyl cations
density. This method has been proposed as a general-purposandergoing 1,2-, 1,3-, or 1,4-hydride shifts but converged on
way of calculation the solvent effect on chemical equilibria and geometry optimizations to the more stable-C hyperconju-
reactions'® The default value of 0.0004 was used for the gative isomers.The hyperconjugative interaction in the isomer
isodensity surface, 974 points were used in the special grid 1A is accompanied by a relative lengthening of th&€£bond
option, and surface integrals were evaluated using the singleto 1.639 A and a reduced,CsC,4 bond angle of 841 (MP2/
center procedur& The solvent relative permittivity of = 30.0 6-311G(d,p)). The &-H hydrogen bond involved in hyper-
was used. It has been suggesteatiat an excess of the strong  conjugation in the isometAcy shows an extended bond length
Lewis acid SbEk in SO,CIF (the solvent mixture used in  of 1.119 A and a small £:H bond angle of 98.5.
experiments) would create a more polar medium than that of  Solvent Effects. The relative energy differences and the
the pure SECl, (¢ = 9.1)*3 structural parameters af-8, A, B, andTS are very dependent

Numerical frequencies were calculated for each structure aton solvent and substituent effects. To estimate the effect of
the B3LYP/6-31G(d) SCI-PCM level, confirming that structures  splvatiori® on the relative energies for the structuresB, and
were minima or first-order saddle points. TS, SCRF single-point MP2/6-311G(d,p) calculations with a

MP2/6-311G(d,p) single-point energy calculations with a pCM4were performed. Since geometry optimization including
polarized continuum (overlapping spheres) model (SCRF PEM)  the effect of the medium is not available at this level of theory,
were performed for MP2/6-31G(d)-optimized geometries (sol- the SCRF method at B3LYP/6-31(d) level using a SCI-PCM

vent relative permittivitye =30.0). was applied for geometry optimizations. Substituent effects of
) ) various alkyl and (Ch), substituents at the position of cations
Results and Discussion 2—8 are reported in the subsequent section (Scheme 2).

The results of the quantum chemical calculations for the  The quantum chemical calculations for the gas-phase struc-
structures involved in the 1,5-hydride shift in 2,6-dimethyl-2- tures of1A and1B (Table 1) show that thge-hydrido-bridged
heptyl cationsl—8 are in general similar and resemble those cation1Bis 0.7 (B3LYP/6-31G(d)) and 7.4 kcal/mol (MP2/6-
for 1,2-, 1,3-, and 1,4-hydride shiftd> 311G(d,p)//MP2/6-31G(d)) more stable than the acyclic isomer

The reaction profile for the 2,6-dimethyl-2-heptyl cati@n 1A (Table 1).
for example has three potential wells that correspond to two  The calculated order of relative energies is not in accord with
equivalent carbocation structuréd and a symmetricak-hy- the experimental observations of kinetic line broadetfitge1°
drido-bridged structur&B and two maxima which correspond  and equilibrium isotope effects (EIE) # and'3C NMR spectra
to two equivalent unsymmetrically-hydrido-bridged transition of cation 1,181 which show that the equilibrating acyclic
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Figure 1. MP2/6-311G(d,p)-optimized geometriesA, 1Ack, 1B, and1TS (B3LYP/6-311G(d,p) values in parentheses and values obtained by
B3LYP/6-31G(d) SCI-PCM reaction field model are presented in bold). Distances are in angstroms, and bond angles are in degrees.

TABLE 1: Calculated Relative Energy Differences (with ZPE Corrections) for Carbocation Stuctures 1-8
B3LYP/6-31G(d) SCI-PCM B3LYP/6-31G(d), MP2/6-311G(d,p) PCM MP2/6-311G(d,p),

cation (AE (kcal)) € = 30.0 AE (kcal)) (AE (kcal)) € = 30.0 AE (kcal))
1A 0 0 0 0
1AcH 251 0.58 2.69 1.20
1B -0.71 3.46 —7.44 2.01
1TS 4.75 4.8 3.95 6.90
2A 0 0 0 0

2B —-2.81 0.64 —8.82 1.27
2TS 2.71 4.18 1.99 2.72
3A 0 0 0 0

3B —-1.92 111 —8.27 1.10
3TS 4.38 4.67 4.12 4.62
4A 0 0 0 0

4B —4.49 —2.82 —11.62 —8.02
4TS 2.38 5.55 2.40 3.60
5A 0 0 0 0

5B —3.69 —1.58 —9.07 —5.80
5TS 8.71 8.75 9.67 9.13
6A 0 0 0 0

6B —5.22 —2.40 —10.92 —7.03
6TS 2.87 3.03 2.90 3.98
A 0 0 0 0

7B —3.08 —0.36 —8.89 —5.89
7TS 3.88 431 3.80 4.15
8A 0 0 0 0

8B —2.25 —0.78 —7.96 —5.42
8TS 4.93 4.20 4.84 5.45

a Single-point energy calculations on MP2/6-31G(d) geometries (ZPE corrections from MP2/6-31G(d) frequency calculations are included).

carbocation structurgA is preferred in Sb#SO,CIF solution20 mol (B3LYP/6-31G(d)) and 8.3 kcal/mol (MP2/6-311G(d,p)//
Likewise the equilibrating acyclic 4,4-dimethyl-substituted 2,6- MP2/6-31G(d)). This disagreement between calculated gas phase
dimethyl-2-heptyl cation structur@A is found experimentally structures and experimentally determined structures in solution
in solution18 whereas quantum chemical calculations for the was not observed for carbocations undergoing 1,2-, 1,3-, or 1,4-
gas phase prefer thehydrido bridged structurgB by 1.9 kcal/ hydride shifts? Apparently calculations of gas-phase structures
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are not sufficient to correctly describe the 1,5-hydride shift TABLE 2: Dipole Moments and Relative Energy Differences
carbocation system in solution. Inclusion of entropy corrections for the Open-Chain and the Cyclic Carbocations Involved in

. ; . . 1,2-,1,3-, 1,4-, and 1,5-Hydride Shifts, Calculated at the
from vibrational analysis at the MP2/6-31G(d) level (at 198 K: B3LYP/6-31G(d) Level and by the SCRF Method Using

St in cal/(mol K) for 1A = 112,1B = 99, 3A = 120,3B = SCI-PCM B3LYP/6-31G(d) Model (¢ =30.0) (Bold)
112) favors the acyclic conformerA but does not alter the

trends provided by using only electronic energies. W ><H9<
Single-point energy SCRF calculations using the PCM model A ]';@
for the carbocation isome®s andB assuming a solvent with

relative permittivitye = 30.0 show the open-chain carbocation "o ae ’ "

1A to be 2.0 kcal/mol (MP2/6-311G(d,p)//MP2/6-31G(d)) more (keal/mol) 0 7.83

stable than the@-hydrido bridged isometB (Table 1). This is 4 (Debye) 204 031

in accord with the experimental observationldf undergoing =T AR 0 TR
fast 1,5-hydride shift in solution.

The transition structur&TSis calculated 6.9 kcal/mol (PCM (keal/mol) 0 126l
MP2/6-311G(d,p)//MP2/6-31G(d)) less stable than cafién #(Debye)  3.79 0.03
This energy difference corresponds to the barrier for the 1,5- n=2 AE 0 10.52
hydride shift of1A and is in reasonable agreement wiiG* (keal/mol) 0 1335
of ca. 5 kcal/mol estimated experimentally. Similarly, the results
of solvent model calculations for catio®# and 3B and the #(Debye) 592 021
transition structure8TS show the preference of structuBf\ nT3 AR 0 o7
and an energy barrier in accord with experiment (Table 1). (keal/mol) 0 3.46

The same trends fot and 3 are obtained for continuum- 4 (Debye)  11.50 0.40

based SCI-PCM B3LYP/6-31G(d) geometry optimizations. For
example, in a medium of = 30.0, cationlA has a larger  u-hydrido-bridged structures of this smaller carbocations how-
stabilization energy (3.5 kcal/mol) than the catibB (Table ever is not changed compared to the gas phase.
1). The energy barrier for the 1,5-hydride shiftlirof 4.8 kcal/ Solvation modeling (SCI-PCM B3LYP/6-31(d)) has small but
mol (SCI-PCM B3LYP/6-31G(d)) is in fair agreement with the  noticeable effects on the calculated geometries. The calculated
experimental barriet® 9 The differential stabilization effectis ~ changes between gas phase and solution for structéresB,
more pronounced in more polar media. Eer 78.0; the acyclic ~ and 1TS are given in Figure 1. The structural changes
isomer 1A is 6.9 kcal/mol more stable than thehydrido- accompanying hyperconjugationir and1Acy are somewhat
bridged isomerlB. smaller in a model solvent (Figure 1). FbA the G—C,4 bond
The agreement between the experimental data with both thelVolved in 5-CC hyperconjugation with the formally vacant
PCM-MP2/6-311G(d,p)//MP2/6-31G(d) (single-point energy 2p orbital at G is slightly shortened (1.59 A) compared to the
calculation), and SCI-PCM B3LYP/6-31G(d) (geometry opti- 9@s-Phase structure (1.61 A) and the correspondisgGa-—
mization) solvation models gives credence to these methodsC4 Pond angle is slightly enlarged (105.9 vs 103.45mall

: : : L hanges are calculated for the transition structlif&. The
applied to this type of carbocatioAsThese results indicate that cf . .
solvation effects could change the potential energy surface distance between £and G in 1TS is shortened by 0.03 A,

relative to that of the gas phase. We attribute this to the and the corresp_onding bond angl@l—[(:f_; is_increased _by“?_
difference in dipole momgnt bztween the acyclic isonfeend The energy barr!ers for 1,5_-hydr|de shifts in carbocatibr .
the u-hydrido-bridged structure®. For the 2,6-dimethyl-2- are somewhat higher that in the gas phase (Table 1 and Figure

heptyl cation the dipole moment calculated for the symmetrical ﬁgnl—g ?s Ifio?r?rgllljgrr]aebsliot?:aiaggz:\%tcl)%gsinret}r?grtzi f?]razgdar:]ddein
bridged structurelB is rather small (0.4 D) due to its gasp

symmetrical structure, whereas the dipole moment for the acyclic 2 solvent modef?
sY : ’ poie | A Substituent Effects.Experimental data from dynamic NMR
isomerlA is more than an order of magnitude larger (11.5 D).

o . spectroscopy and measurement of deuteriumt@igicate that
Consequently, solvation in a polar solvent has a substantial effectthe relative energy difference between the acyai 4nd the

on thf :jelfatlve _elnerglels of bo';h |st%mé_ih§|mllar eﬁ?qts :N;:e bridged isomersR) of carbocations undergoing a 1,5-hydride
reportec for a stia analogue of cativith a symmetrica shift is susceptible to substituent effects. The energy barrier for
H—Si bridge?® While many experimental solution-phase struc-

f b : b Id ibed b h the 1,5-hydride shift in the 4,4-dimethyl-substituted 2,6-dimeth-
tures o car ocations appear to be well descri ed by gas-p aS“?/I-heptyl cation 8) (4.6 kcal/mol) is calculated to be somewhat
calculations;?24 recent studies have reported differential sol-

e . - - X lower compared to the parent catibii6.9 kcal/mol; PCM MP2/
vation in some isomeric carbocation systéhselvation effects 6-311G(d,p)//MP2/6-31G(d) (Table 1). For the 4-penta-meth-
on clos_ely ba_llanced equilibri_a of garboca_ti@ﬁmd on '_[he _rate ylene-substituted 2,6-dimethyl-2-heptyl catién(Scheme 2),
of reorientation of carbocations in soluti6hA combination experimental deuterium EIE indicate a slight preference for the
of solvent continuum models and explicit solvent molecules is symmetrically u-hydrido-bridged form8B over the acyclic
expected to be even more accurate than a continuum mOde|structure8A,3° which is calculated to be 5.4 kcal/mol (PCM
alone?® MP2/6-311G(d,p)//MP2/6-31G(d). Sorensen andSteported
SCI-PCM B3LYP/6-31G(d) calculated differential solvation  thatu-hydrido-bridged structure®0 (R = H, CHy) are favored
energies for acyclic ang-hydrido-bridged carbocation structures  over the acyclic isomer8 (R = H, CHg) in the 1,5-hydride
involved in 1,2-, 1,3-, and 1,4-hydride are small and only slightly shift equilibria of 2,6-dimethyl-4-isobutylheptane-2,6-diyl di-
increase with increasing number of carbon atoms (Table 2). Thiscation @, R = H) and 2,4,6-trimethyl-4-isobutylheptane-2,6-
parallels the increasing difference in dipole moments calculated diyl dication @, R = CH) (Scheme 3).
for the acyclic and bridged structurdsandB (Table 2). The The effect of various alkyl and (Chk-substitution at ¢ on
order of relative energy differences between acyclic and the 1,5-hydride shift in 2,6-dimethyl-heptyl catio®s8 (Scheme
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2) was studied by gas-phase and solvent model calculations.

The relative energy differences between acyclic structures of
type A andu-hydrido bridged structures of tyfzchanges with
increasing size of the Substituents favoring the symmetrically
u-hydrido-bridged structure typB (Table 1). For the parent
2,6-dimethyl-2-heptyl cationly, theu-hydrido-bridged structure
1B is calculated 2.0 kcal/mol less stable, while for thedt
tert-butyl substituted catio® the bridged structuréB is 5.8
kcal/mol (PCM MP2/6-311G(d,p)//MP2/6-31G(d) more stable
than the5A. The relative preference of the bridged form in
structures with bulky alkyl group at the;@osition is consistent
with the Thorpe-Ingold effect orgemdialkyl effect3! The effect

of one or two alkyl group is nonadditive (see Table 1).

The introduction of G-alkyl substituents in cationd—5 has
distinct effects on the structural parameters. In the acyclic
structures of typeA steric repulsive interaction of two 4£
substituents causes an increase of the &—R, bond angle
(106.3 in 1A, 111.3 in 3A, 118.5 in 5A) and a decrease of
the corresponding £-C;—Cs bond angle (Figure 2). The
repulsion of the ¢ substituents could redugeCC-hypercon-
jugation and disfavor the acyclic conformation. The-Cs—

C, bond angle of the hyperconjugative three-center two-electron
moiety is 87.9 in structurelA and is enlarged to 109 2nd
122.£ in 3A and 5A. On the other hand, alkyl substituents

should stabilize the partial positive charge at C4, thus enhancing

B-CC hyperconjugative charge delocalization.

Successive introduction of alkyl groups at @vors the
u-hydrido G—H—Cg bridging. The bridging CH bonds become
shorter (1.268 A irlB, 1.241 A in5B), the distance between
the G and G carbon atoms decreases (2.482 ALBy 2.444 A
in 5B), and the corresponding,€EH—Cg bond angle slightly
increases (15693n 1B, 159.7 in 5B) with bulkier substituents
(Figure 2). All structures of typeB adopt a regular chair
conformation, excefB, which has a twisted conformation due
to two bulky tert-butyl substituents.

Substitution at ¢ also changes the geometrical parameters
of transition-state structurdss (Figure 2). The distance between
C; and G is 3.816 A in1TS (Ry, R; = H) and increases to
4.211 A in5TS (Ry, R, = t-Bu). The changes of the energy
profile (A—TS—B—TS—A) for the 1,5-hydride shift with ¢
alkyl substituents (H, Met-Bu) are schematically depicted in
Figure 3. The energy difference betwegrand the transition
state structur@S decreases with the introduction of two methyl
groups at G. (1, 6.9 kcal/mol;3, 4.6 kcal/mol; PCM-MP2/6-
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Figure 3. Reaction profiles for 1,5-hydride shift in thes@lkyl
substituted 2,6-dimethyl-2-heptyl catioris @, 3, 4, and5) calculated
at the MP2/6-31G(d) level using PCM €& 30.0).
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Figure 4. Reaction profiles for 1,5-hydride shift in the,Qolymeth-
ylene-substituted 2,6-dimethyl-2-heptyl catiofs{, and8) calculated
at the MP2/6-31G(d) level using PCM €& 30.0).

311G(d,p)//MP2/6-31G(d)). Introduction of twert-butyl groups

at G, however, increases the relative energy of the transition
state structur&TS (Table 1 and Figure 3). This is not consistent
with the normal Thorpelngold effect. It is likely that the
introduction of two tert-butyl groups shifts the transition
structure to an earlier stage of the ring closure reackion B.

Introduction of G-(CHy),-substituents ir6—8 stabilizes the
u-hydrido structure of typd (Figure 4). For gas-phase and
solvent-model calculations, the bridged struct8Bs 7B, and
8B are more stable than the corresponding acyclic cation
structure6A, 7A, and8A (Table 1). The relative stability (PCM
MP2/6-311G(d,p)//MP2/6-31G(d) & increases with decreasing
length of the methylene chaiBB is 7.0 kcal/mol more stable
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than6A, and8B is only 5.4 kcal/mol more stable th&# (Table D. M.; van Doorn, J. ARecl. Tra.. Chim. Pays-Bas1969 88, 573. (e)
1 and Figure 4). Brouwer, D. M.; van Doorn, J. ARecl. Tra. Chim. Pays-Basl97Q 89,

: . . 333.
The energy barrierd — B decrease with decreasing length (3) Vinkovit Vréek, I.; Vieek, V.; Siehl, H.-UJ. Phys. Chem. 2002
of the methylene chain fror to 7 to 6, suggesting the same 106 1604.

origin (gemdialky! effect) for stabilization of the intermediates (4) Siehl, H.-U.; Walter, HJ. Chem. Soc., Chem. Comm(885 76.
6B, 7B, and8B and the transitions state structugEs, 7TS. (5) Roever A.; Siehl, H.-U. Presented in a part at the 9th IUPAC
! ’ . . . ! ! Conference on Physical Organic Chemistry, Regensburg, Germany, 1988.
and8TS leading to that intermediates
9 (6) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
. : ... _Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
. The pptentlal-energy Surfa?e for dege“erate 1,5-hydride ShlftsIshida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

in 2,6-dimethyl-2-heptyl cationd—8 is rather shallow and  X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
consists of three minima corresponding to two equivalent acyclic Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;

; ; _ i Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
carbocation structuresA] and one symmetrically-hydrido Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
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