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Abstract

In this study, diastereoisomeric differentiation @& and trans-2-methylcyclohexanol upon reaction with bare scan-
dium cations by means of Fourier transform ion cyclotron resonance (FT-ICR) spectroscopy is reported. Experiment
results have shown that the ratio of €5¢tOHt and HScOH metalled ions formed is in favor of the former when
cis-2-methylcyclohexanol is introduced in the system. These results are supported by theoretical computations of relati
stabilities and energy barriers of the complexes formed during this reaction. Density functional (DF) calculations performe
at the B3LYP/6-31G*//B3LYP/3-21G* level have pointed out that insertion of the*Scation in the CO or in the OH
bonds are energetically competitive with the direct elimination of the cation. Er®2+methylcyclohexanol, formation of
CH3ScOH" product proceeds preferentially through insertion mechanisms. Thus, the potentialaifeduical ionization in
the gas phase using FT-ICR spectroscopy could then be extended to the analysis of various alcohols in order to distingu
between diastereoisomers. (Int J Mass Spectrom 222 (2003) 383-396)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction interest{4,5], only a few studies deal with the topic of
stereoselective gas-phase reactions of these transition
In last decade, an extensive amount of research metal iong6]. However, it appears from these works,
has been devoted to the development of mass spec-that metal ion chemical ionization mass spectrometry
trometric approaches for stereoisomer differentiation presents an obvious analytical potential for stereoiso-
[1], particularly using chemical ionization techniques meric differentiation of organic molecul¢g].
[1-3]. Although the study of mechanistic aspects ofthe  The hydroxyl group is among the most important
gas-phase chemistry of bare transition metal cations functional groups both in chemical and biological
or bare metal oxide cations has attracted considerablecompounds. Therefore, when developing methods for
stereochemical analysis, cyclic alcohols are often used
* Corresponding author. E-mail: serge.antonczak@unice.fr as model compound8,8]. The present study is an
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effort to explore the potential of Sc chemical is summarized irScheme land has been explained
ionization in the gas phase for cyclic alcohol diastereo- by the intervention of 4- or 5-centers electrocyclic
isomeric differentiationcis- andtrans-2-Methylcyclo- mechanisms in which a competitiy&hydrogen or

hexanols have been retained as model compounds.methyl group transfer occuf40].

Fourier transform ion cyclotron resonance (FT-ICR Moreover, in their study of the C—H bond activa-
or FT-MS) mass spectrometer experiments have beention of cyclohexane by bare first-row transition metal
used as analytical tools and theoretical calculations cations St—Zn*, Schwarz and co-workef41] have
have been performed to try to enlighten the reaction shown that the first dehydrogenation occurs stere-
mechanisms involved in this differentiation. Indeed in ospecifically in terms of ayn elimination. Thus, from
previous works, we had demonstrated that rare earththese two observations, one can think that the acti-
metal cations, such as ScY™, and Lu" exhibit im- vation reaction oftis- andtrans-2-alkylcycloalkanols
pressive gas-phase reactivity vs. aliphatic alcoffls by rare earth cations $¢ YT, and Lu", and more
and that the nature of primary and subsequent prod- particularly cis- and trans-2-methylcyclohexanols in
ucts is largely dependent on the aliphatic chain length this work, must lead to proportions of HMOHand
[10]. For instance, primary reaction of these metal CH3MOH™ being dependent on the stereochemistry
cations M with propan-1-ol leads to HMOH and of the alcohols $cheme }, the cis diastereoisomer
CH3MOH™ ions among others, while ethanol leads giving a greater proportion of G#IOH™ ion than
only to HMOHT ions. The formation of these ions thetransisomer, and conversely for the HMOHon.

M* + RRCHCH,OH ——> R,RZCHCHz(l)——M+
M=Sc, Y, Lu H

4 centers mechanism

R;R,CHCH,-M-OH 5 centers mechanism
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Scheme 1.



S Antonczak et al./International Journal of Mass Spectrometry 222 (2003) 383-396

OH
CH, — HM OH + Cps¢Hons 10
M+ —_—
(CHy)n L »CH;M " OH + CnysHanssg
n= 0,12,

Scheme 2.

Experimental and theoretical descriptions of bonds
involving scandium cation and various heteroatoms,
such as J12,13], N [12,14], and S[15], have been
recently reported. Some aspects of the $t€] and
ScSc[17] bonds have also been theoretically inves-
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Newton, MA) onto a pure metal target (>99%, from
Alfa Johnson Matthey, Karlsruhe, Germany) placed
close to the FT-ICR cell. Theis-2-methylcyclohexa-
nol (98%) and therans-2-methylcyclohexanol (99%)
were obtained commercially from Sigma—Aldrich.
The reactant gases were purified by freeze—pump—thaw
cycling. The neutraldis- or trans-2-methylcyclohexa-
nol) was introduced in the system via a variable leak
valve. A continuous flow was used and adjusted so
that the base pressure of neutral was stable on the
range 1-4x 10~° Pa.

For the general procedure, the reactant metal ions

tigated. These studies lead to the conclusion that Were isolated selectively by double-resonance tech-

density functional (DF) methods give good results,
comparable to classical post-HF calculations with re-

nique [22] and/or frequency sweep excitatidg3]
to remove all other ions in the cell. The widths

spect to the geometries and the relative energies of a@nd the intensities of ejection and excitation pulses

number of molecular systems. Thus, the criteria for
the selection of St in this preliminary study was
that this metal ion has been the subject of numer-
ous theoretical studidd2-18] and at the present its
parametrization for theoretical calculations is easier
than that of Ld™ or Y+ [19].

In the following description is presented a study of
the reactions of bare scandium cation with the two
stereoisomersis- and trans-2-methylcyclohexanol.
FT-ICR analyses have shown that the ratio of
HScOH" and CHScOH" products is dependent of
the conformation of the alcohol. DF calculations have
confirmed that a favored reaction path lead prefer-
entially to the formation of the C4§#8cOH" product
when possible.

2. Experimental
2.1. FT-ICR mass spectrometry experiment

The experiments were performed on an FT-ICR

mass spectrometer constructed in part in our labora-

tory [20]. Complete descriptions of the apparatus and
experimental procedures are given elsewl@re0].

Scandium ions were generated by laser desorption—

ionization [21] by focusing the beam of nitrogen
pulsed laser (model VSL 337ND, Laser Science Inc.,

were optimized to minimize the translation activation
of the reactant ion§24]. These reactant ions were
then stored in the cell and allowed to react with the
chosen alcohol. Reaction times are varied by a pro-
grammable delay event from a minimum of 0.0014 s
to a maximum of 8 s prior to ion detection, allowing
both primary and sequential reaction products to be
observed. The kinetic analysis of the exponential fall
of the reactant ion Stwas performed to determine
its decay rates, and also to know if the formed ions
come from primary or subsequent reaction.

2.2. Computational methods

It is now generally accepted that DF methods are
well suited for the study of such complexes involving
transition metals. Preliminary calculations have con-
firmed that classical ab initio post-HF methods, still
remain too demanding in terms of computational time.
DF methods seem to be a good option for the study
of such systems in which a metal and an fairly large
number of heavy atoms are involved. We have chosen
the B3LYP method25] which uses gradient corrected
functional of Becke and the correlation functional pro-
posed by Lee et a[26].

Geometry optimizations have been performed at the
B3LYP/3-21G* level [27]. In order to obtain refined
energies, single points calculations have been done at
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the B3LYP/6-31G* level [28] using B3LYP/3-21G* B OH 1+ [ seH |t
optimized geometries. These calculations will be H S/C H O/

denoted B3LYP/6-318//B3LYP/3-21G™* as usual.

To compare the conformational stability of the dif-

ferent complexes, some additional calculations have

been performed the B3LYP/3-21G level. This level

of calculation leads to an energetical ranking in good C-type O-type

agreement with the results found at higher levels of

computation. Therefore, unless noticed, all the geo-

metrical parameters presented in the following have

been obtained at the B3LYP/3-21Glevel while en- oxygen atoms and where the methyl and the hydroxyl

ergy differences as well as net atomic charges are groups are in axial and equatorial orientations, respec-

given at the B3LYP/6-318//B3LYP/3-21G* level tively.

of calculation. Thermodynamic correctiof9], cal-

culated at 298 K and 1 atm using B3LYP/3-2tGi-

brational frequencies of the optimized structures have 3. Results and discussion

been added to the absolute energies. In the following,

when notedAG, the given energies take into account 3.1. Experimental results

these corrections. This approximation as well as the

chosen level of calculation have been proved to be 3.1.1. Primary products of the Sc* chemical

in good agreement with results obtained at a higher ionization of the 2-methylcyclohexanol as a function

level of calculation. This point will be developed of the stereochemistry cis or trans of the alcohol

in a forthcoming publication. Transition states have  The branching ratio of primary products, calculated

been characterized using Schlegel's algoritf30] by allowing for the subsequent reactions for the metal

and have been checked to present only one imaginaryion Sct, are reported iffable 1 It appears that the

frequency. By means of the IRC algorithi®i,32], it proportions of all the primary products are depend-

has been verified that the stationary points located oning on the stereochemistry of the studied alcohol.

each side of a transition state are indeed the structuresTaking into account the number of primary products

obtained by following the characteristic normal vibra- observed, and consequently, the relatively small pro-

tion mode of the TS. All the calculations have been portions of these ions in the primary reaction mixture,

performed using the Gaussian 98/DFT prog{&a3i. the experiments have been performed using different
The following notations are used concerningdtse pressures of neutral in the ICR cell. The branching

and trans-2-methylcyclohexanol. They only concern ratios are invariable whatever the pressure used be-

the chair conformers since they are the most stable, tween the range & 10~° and 4x 10> Pa. Thus, the

as explained in the following. A three letters code has relative proportions of the two ions under investiga-

been used. The first one denotes the type of molecule:tion, HScOH" and CHScOH", can be calculated.

R for the reactantsC and O for the complexes in  For thecis diastereocisomer, the relative proportions

which the scandium is inserted between the carbon andare 22 and 78% for the HScOHand CHScOHt,

the oxygen atoms and between the oxygen and the hy-respectively, while for thdrans isomer they are 60

drogen atoms, respectively (s8eheme B The next and 40%, respectively. These results allow us to con-

two letters code for the methyl and hydroxyl groups firm our assumptions concerning the potentiality of

orientations, respectivelyA( for axial; E for equato- rare earth metal chemical ionization method to differ-

rial). For exampleCAE denotes the complexinwhich  entiate diastereoisomeric-substituted cyclic alcohols

the scandium is inserted between the carbon and theby mass spectrometry. Moreover, these results agree

CH, CH,

Scheme 3.
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Table 1
Primary ion—-molecule reaction products of'Swith the diastereoisomeric alcohols
Metal ions formed Neutrals lost Percent product distribution from
cis-2-Methylcyclohexanol trans-2-Methylcyclohexanol
ScOor C/H1a 30 44
ScOH" C7H13 17 22
HScOH" C7H12 4 (22) 9 (60)
CH3ScOH" C7H10 14 (78) 6 (40)
ScOGHe™ CHs + 2H; 9 3
ScOGHg™ 3H; 26 14

In parenthesis the relative proportions of HScOBNd CHScOH' ions are given.

Energy comparison shows unambiguously @&t

H CH, ©Hs
CH3ScOH?" is the more stable pair of producf2 +
@ @ @ HScOH" and P1 + HScOH' are found to be 13.7
and 17.0 kcal mol! higher in energy, respectively (see
P1 P2 P3

Scheme 3 Thermodynamic corrections increase only
slightly these energy values (0.4 and 0.8 kcalmipl
Scheme 4. respectively). It is clear that the energetic difference
is in favor of the formation of thé®3 + CH3ScOH'
pair of products (sedable 29 from the separate re-
actants. However, for a better understanding of the
diastereoisomeric differentiation abovementioned, the

with electrocyclic activation mechanisms previously
proposed that can be now supported by our theoretical

nvestigations. whole mechanisms need to be elucidated.
3.2. Theoretical results 3.2.2. General overview of the investigated
mechanisms
3.2.1. Position of the problem The mechanisms described in this work do not

In order to correlate the stereochemistry of the take into account the possible reactions between two
reagents with the mass experiments products forma-fragments already dissociated but focus only on reac-
tion, two scandium complexes are important, namely tions involving the same number of atoms from the
HScOH" and CHScOH". By elimination of these  beginning to the end of the mechanism.9oheme 5
fragments, three other products can be obtained andis presented a general overview of the potential en-

will be denotedPl, P2, andP3 (seeScheme % ergy surface (PES) of the formation of the separate
Table 2
Relative energies and free energies (in kcalmhplof the three pairs of products with respect to the separate reagents (SR)
P1 + HScOH" P2 + HScOH" P3 + CH3ScOH"

REE + Sc* AE -50.4 —53.7 —67.4

AG —60.7 —64.3 —78.5
REA + Sct AE -51.9 —55.2 —68.9

AG —62.3 —65.9 -80.1
RAE + Sc* AE -52.6 —55.9 —69.6

AG —62.6 —66.2 -80.4
RAA + Sc" AE —53.2 —56.5 —70.2

AG —63.7 —67.3 —-81.5
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SR spl ts2 sp3

-------------------- direct eliminations

insertion mechanims

ts4 spS Sp

C-type

Scheme 5.

products (SP) from the separate reactants (SR). Stablether be in a singlet or triplet state, the transition states
intermediates are denoted as sp for stationary pointts2 have been characterized in both states for the two
and transition state as ts. Such a PES exists for thegeneral mechanisms whenever possible. Around these

four different 2-methylcyclohexanol isomers. Starting
from separate reactants the first step (SRsp1l) con-
sists in the complexation of the scandium cation on
the oxygen atom of the hydroxyl group of the methyl-
cyclohexanol compound (ségg. 1). Since the metal

is not yet covalently bonded to the oxygen, the scan-
dium atom (and so the whole sp1 complex) can still

stationary points of the PES, a conical intersection
between the triplet state and the singlet state schemes
can occur. Indeed, both sp3 and sp5 complexes are
more stable in singlet state. For example, HS¢OH
and CHScOH" are respectively more stable by 56.8
and 42.2 kcal mott in singlet state than in triplet state.
Furthermore, localization of transition states in triplet

be considered as a triplet electronic state. Then, two state for both the direct eliminations and the insertion

different reaction paths can be put forward : the scan-
dium cation products formation can either proceed
through a direct elimination (seg&cheme 15-centers
mechanism an&cheme 5dotted lines), or through a
process involving the formation of scandium insertion
complexes (se&cheme 14-centers mechanisms and
Scheme 5solid lines). Since the spl complex can ei-

mechanisms leads to some convergence problems.
Nevertheless, in most cases, described as follows,
ts2 transition state absolute energies are in the same
range for both open and closed shell schemes. Thus,
the conical intersection can occur just before or just
after the ts2 transition states. Localizing such a point
being not the purpose of this work, the comparison of

(c)

Fig. 1. Structures of the spl complexes (a) and of the two sp3 insertion complexes (b and c). Structures (b) and (c) correspond to the
and O-type complexes, respectively. This example is given forRI#eE reagent.
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(a) (b)

Fig. 2. Structures of the two ts2 transition states for the insertion (a) (b)
mechanism in the CO (a) and OH (b) bonds. This example is
given for theRAE reagent.

those two types of mechanisms (direct or insertion)
will mainly be based on the closed shell scheme.

In the direct elimination path, the scandium cation
reacts directly with a hydrogen atom or a methyl group
bound to the @ carbon with respect to the hydroxyl
group. This transition state leads directly to the sp5 Fig. 3. Structures of the ts4 transition state: (a) and (b) correspond
complexes representing the products in electrostatic to the elimination of HScOH from the OEE complex; (c) and
interaction. In the second mechanism, the scandium is (d) correspond to the elimination of GECOH" and HScOH,
either inserted in the OH bond or in the CO bond (sta- "®SPectively: from tEEAE complex.
tionary points sp3, sekigs. 1 and 2 Each of these
two types of complexes can then lead to elimination
transition states where the scandium cation or the oxy-
gen atom reacts with a hydrogen atom place@ ior
where the scandium cation reacts with the carbon of
the methyl group to form the sp5 product electrostatic
complexes (se€igs. 3 and % —

If one considers only methylcyclohexanol chair con-
formations, OH and Ckigroups can then be consid-
ered incis or trans position (axial and equatorial in the
former case and equatorial-equatorial or axial-axial
in the latter one). The twois or two trans conforma-
tions can be respectively inverted in terms of axial and
equatorial positions. These inversions proceed through
boat conformations which are less stable than chair
ones and will not be discussed more deeply in this
work. Thus, four different sp1 complexes should be
taken into account, leading to eight ts2 transition states
in the case of direct elimination and to eight transition
states in the case of insertion mechanisms. The eight
sp3 complexes can then lead to 14 transition states of
e_“m_matlon (ts4) Sm_ce m_the case of Scandlu,m .mser_ Fig. 4. (a) and (c) Structures of the sp5 electrostatic complexes
tion in the OH bond in theiscompounds, the elimina-  resyiting from the transition state presentecFig. 3 (b) and (d)
tion is not possible between the O and the;@rbups. lead to the same couple of separate prodRict- HSCOH'

(d)
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3.2.3. Reagents reacts with a hydrogen atom or with the methyl group
Both cis- and trans-2-methylcyclohexanol have placed inB as described earlier (s&hemes 1 and,5
been considered as reagents. Some calculations perdotted lines). Then, six reaction mechanisms can lead
formed at the B3LYP/3-21G level have shown that to the direct elimination of the HScOHcation while
the boat conformations were less stable than the chaironly two can lead to the formation of the GSicOH"
ones by at least 7 kcal mot. Therefore, in the follow- product. Here again, both open and closed shell path-
ing, only the latter will be considered. At the B3LYP/ ways have been considered. Concerning the open shell
6-31G*//IB3LYP/3-21G* level of calculation, the  scheme, the two transition states leading to the cre-
REE conformation is found to be the most stable. ation of CHyScOH' cation have been localized while
REA, RAE, andRAA are found to be higher in en-  all our attempts to locate these transition states for
ergy by 1.50, 2.2, and 2.8 kcalmdi, respectively. the mechanisms implying the formation of HScOH
These energetical differences change only slightly failed. In the latter case, calculations led to an evo-
when taking into account the thermodynamic cor- lution of the system backward to the respective spl
rections: 1.6, 1.9, and 3.0kcal md| respectively. complexes. On the other hand, most of the transition
Therefore, for each pair of conformers, a slightly more states corresponding to the singlet state scheme have
stable structure can be put forward, nameEE and been characterized. Only two of these transition states

REA. have not been localized : from thEE reactant, the
direct transition state leading to ti2 + HScOH"
3.2.4. Complexation of the scandium atom pair of products and from thRAE reactant, the direct

On each of these four structures, the scandium transition state leading to tHel + HScOH" pair of
cation can be complexed on the oxygen atom of the products. During the optimization of these transition
hydroxyl group (SeeFig. 1). In the gas phase, the states, calculations always led to the corresponding
scandium atom is more stable in its'8d! configura- spl complexes. The corresponding energy values are
tion than in its 483d° configuration. Therefore, inthis  reported inTable 3 In the singlet state scheme, energy
work, complexes have been optimized both in singlet barriers of the paths leading to the HScOMdation
and in triplet states. The latter ones are more stable are less than half as large as the energy barriers of
than the former by 7.5, 11.9, 6.5, and 11.5kcal™ol  the reaction paths leading to the g5tOH" cation

for complexes derived from thREE, REA, RAE, (energetic difference of 1015 kcal mdlin favor of

and RAA reagents, respectively. The four binding the creation of the HScOHcation). In the latter case,
energies are in the range of 40-50 kcal mol-41.4, though the free energy barriers for the open scheme
—45.7,-41.1, and—46.8 kcalmot?® from the sepa-  are higher, absolute energies of the corresponding
rate reactants ScandREE, REA, RAE, andRAA, transition states remain lower by about 3 kcal mol

respectively. The nature and strength of the Sc-O in triplet state than in singlet state (SE&ble 3. These
bonds will be described in a forthcoming study but energies are still high enough to lead to the conclusion
it is important to note here that the Mulliken net that, in the direct elimination, the reaction proceeds

atomic charge of the scandium cation is roughty in preferentially through the elimination of the HScOH
these complexes while the average Sc—O bond lengthcation whatever the nature of the reactant. Further-
is 2.06 A. more, comparison of the energies obtained for open
and closed shell mechanisms leading tozSEOH"
3.2.5. Direct elimination of the HScCOH™ and indicates that the intersection between singlet and
CH3ScOH™ products triplet states adiabatic surfaces should occur after
From spl complexes, GJScOH" and HScOH these transition states. Indeed, the resulting complexes

cations can be produced by direct elimination reaction are much higher in energy in triplet state than in sin-
involving a 5-centers mechanism. The scandium atom glet state. As an example, we have calculated for both
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Table 3
Relative energies and relative free energies (in kcattjobf the transition states for the direct elimination processes with respect to the
corresponding spl structures in the singlet state scheme

Elimination on Cation formed Transition state &s2
AE AG
REE The methyl side HScOH Not characterized Not characterized
The hydrogen side HScOH 16.4 12.6
REA The methyl side ChScOH" 27.6 (35.4) 25.7 (33.9)
The hydrogen side HScOH 12.6 10.2
RAE The methyl side CBScOH" 27.7 (31.7) 25.9 (29.2)
The hydrogen side HScOH Not characterized Not characterized
RAA The methyl side HScOH 14.0 11.7
The hydrogen side HScOH 12.9 10.4

In parenthesis the corresponding values for the open shell scheme are given.
ats2 a andb transition states as described $theme 5

cases the energy of the sp5 complex corresponding toformed, the distance is slightly shorter in the tran-
the formation of CHScOH' from theRAE reactant. sition state structures than in the €5€OH' cation
In the triplet scheme, absolute energy of this particular (~2.03A vs. 2.10A, respectively). In addition, note
stationary point is found to be 44.5 kcal mélhigher that the CC bond to be broken is large (1.98 A) but also
than the corresponding value computed for the singlet that a new interaction arises between the scandium
state schemeAG = 42.2 kcal mol1). Furthermore, atom and the gcarbon atom (2.44 A). These two ScC
HScOH"™ and CHScOH' are respectively more sta- bond lengths are very close to the values obtained in
ble by 56.8 and 42.2 kcal mot in singlet state than  the structure of the corresponding resulting complex
in triplet state. Since, on the triplet state adiabatic sur- sp5 and, therefore, these transition states can be con-
face, no transition states for the direct elimination of sidered as late TS with respect to these interactions. A
HScOH" has been characterized, no such clear con- contrario, CO and ScO bond lengths (1.54 and 2.07 A,
clusion can be put forward. Nevertheless, this surface respectively) do not change in a significant manner
has been extensively explored and on this basis, onefrom the sp3 complex to the TS (whilgco= 1.76 A
is justified in thinking that, if these transition states in the CH;ScOH" cation). Same trends are also
exist, they should be far higher in energy than the reported for transition states involved in the direct
corresponding ones in the singlet state scheme. Oneelimination of the HScOH cation:dscH ~ 1.78 A in
can then conclude that the surfaces crossing shouldthe transition states and 1.74 A in HScO# specific
occur before elimination transition states. interaction exist between the scandium atom and the
From a structural point of view, the two types of Cg (~2.26A). In both transition state types, this par-
transition states present some significant geometri- ticular interaction can justify the relatively short bond
cal differences on scandium side. In the case of the length between ScCior ScH and is able to stabilize
CH3ScOH" cation elimination, the transition state in- the structures. These various transition states lead to
volved in the mechanism can be represented formally the corresponding sp5 complexes described later.
as a 5-centers ring structure (seeheme h No ma-
jor difference exist between the structures localized 3.2.6. Insertion of the Sc™ in the CO or OH bonds
in open and closed shell schemes except for the Sc—-C From spl complexes, the scandium cation can be
bond to be formed and for the C—C bond to be broken inserted either in the OH bond or in the CO bond.
(respectively 0.15 and 0.08 A longer in triplet state In the following, they will be denote®- andC-type
scheme). Though the ScC bond is not completely complexes, respectively (s&eheme R All transition
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states corresponding to singlet state scheme have beefference in these two paths is reported for the resulting
characterized. In the open shell scheme, the four tran- complexes energies. Indeed, complexes in which the
sition states corresponding to the insertion of the scan- scandium cation is inserted in the CO bonds are more
dium cation in the CO bond have been characterized stable by about 20 kcal mot with respect to the cor-
and are found to be 4.0, 4.2, 3.1, and 4.5kcalThol  respondingD-type complexes.

more stable than their homologs in the closed shell  For the C-type family, the complex in which the
scheme foREE, REA, RAE, andRAA compounds, methyl group is in equatorial orientation and the group
respectively. From a structural point of view, the CO involving the scandium is in axial orientation, namely
bond is being broken while, conversely, the Sc—-C bond CEA, is the most stable while th@EE complex is

is being formed (Se&ig. 2). Average CO and ScC the most stable in th®-type family. Nevertheless, the
distances are 2.14 and 3.04 A, respectively, for closed energetic differences are rather weak in each clan. The
shell mechanisms. No major structural difference ap- O-complexes differ at the most by only 2.5 kcal mbl
pears for triplet state scheme except that the CO andwhile this maximum difference reaches 6.0 kcal mol
ScC distances are shorter (average values of 2.04 andvhenC-complexes are considered.

2.75A, respectively). Concerning the insertion in the  Generally speaking, Sccation insertion does not
OH bond, only the transition state corresponding to lead to important structural modifications of the cy-
the REA compound has been localized but is less sta- cle in O-complexes (se€ig. 1). Nevertheless, when
ble by 5.7 kcal mot! than its homolog in the closed possible QAA and OEA complexes), the scandium
shell scheme (se€ig. 2). For the three other confor- atom is placed close to the axial hydrogen atoms of
mations, during the transition state localization, the the cycle, stabilizing the structures. The relevant bond

systems tend to return to spl structures. lengths evolve only slightly from one complex to an-
The energetic barriers for the (sp% ts2 — sp3) other (mean valuesico ~ 1.49A, dosc ~ 1.76 A,
steps of the reactions are reportedTiable 4 First, anddscy ~ 1.76 A). The same trend is reported con-

note that though the transition state of the triplet state cerning the net atomic charges for which the mean
schemes are lower in energy, the corresponding ener-values aregqc ~ +0.16e, g0 ~ —0.60e, gsc ~
getic barriers are higher than those of the singlet state +-1.17e, andgy ~ —0.15e. ConcerningC-complexes
scheme. Then, insertion in the OH bond requires less (seeFig. 1), some important structural modifications
energy than insertion in the CO bond but, however, can be reported. In order to obtain a maximum stabi-
the two paths still remain competitive. The major dif- lization, the scandium atom tends to interact with the

Table 4
Relative energies and relative free energies (in kcatiobf the insertion transition states and the resulting complexes with respect to
the corresponding spl structures in the singlet state scheme

Insertion in Transition states (t$2) Insertion complexes (sp3)
AE AG AE AG
REE The CO bond 13.4 (17.4) 10.9 (14.4) —58.0 —61.7
The OH bond 13.7 9.6 —-37.4 —42.0
REA The CO bond 13.1 (21.4) 10.5 (18.2) —60.6 —64.9
The OH bond 13.3 (34.2) 9.1 (26.7) —40.0 —42.7
RAE The CO bond 14.1 (18.4) 12.5 (16.0) —60.1 —-62.1
The OH bond 14.3 10.8 -38.1 —40.8
RAA The CO bond 14.7 12.5 (19.5) —56.2 —58.7
The OH bond 14.4 10.6 —-38.5 —42.7

In parenthesis the corresponding values for the open shell scheme are given.
ats2 ¢ andd transition states as described $theme 5
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accessible carbon atoms of the cycle or with the car- CAA, andCEE complexes can lead to the pair of prod-
bon atom of the methyl group. Nevertheless, in this uctsP2and HScOH:. Finally, only the two complexes
family, the pertinent bond lengths also do not change CAE and CEA can lead to the®?3 and CHScOH"

significantly (mean valuesicsc ~ 2.06 A, dsco ~ pair of products.

1.80A, anddoy ~ 0.96A). Net atomic charges Inspection of the values given ifiable 5shows
mean values for these complexes aje:~ —0.32¢, that some intermediates having the boat conforma-
go ~ —0.67e, gsc ~ +1.13e, andgy ~ +0.35. tion can exist on the PES for some reaction paths.

Inspection of net atomic charges of the functional These intermediates have been characterized by fol-
group reveals that the charge of the scandium is lowing the transition state characteristic normal vibra-
higher than formal charge of one electron while the tion modes. These structures are higher in energy than
charges of the atoms bound to the metal are strongly the correspondin@- andC-type complexes. In these
negative. This character of the metal atom leads to boat forms, the ScOH or OScH groups are adequately
a functional fragment (OScH or ScOH) much more placed to react with the hydrogen atom or the methyl
positively charged in theC-complexes than in the  group placed irB.

O-complexes (mean values:+0.81e and 0.4@, re- Concerning ts4 transition states (sé@. 3), a
spectively). If one considers the net atomic charge of very large difference is reported between transition
the carbon atom of the cycle in this count, the charge energies necessary to form sp5 complexes from inser-
of the functional group is approximately the same tion complexes. Indeed, while the average barrier is
in C- and O-complexes (mean values:+0.51e and around 8-9 kcalmot* for reactions occurring from
0.56¢, respectively). C-type complexesg andb’ ts4 transition states, see

The scandium atom insertion between a carbon Scheme § the same quantities rise 39—40 kcal mol
atom of the cycle and a hydrogen atom or the methyl for the reactions occurring from®-type complexes
group have also been considered. The resulting com- (¢’ andd’ ts4 transition states, se&cheme & This
plexes are less stable than t@etype complexes by  difference is only slightly lowered by addition of the
about 80 and 70 kcal mol, respectively (these com-  thermodynamical corrections. Furthermore, sp5 com-
parisons and the following are based on calculations plexes formed fronO-type structures remain higher
performed at the B3LYP/3-21G level of computation). in energy by about 10kcalmot than the O-type
The formation of complexes where the scandium ion insertion complexes. On the other ha@dtype struc-
is not inserted but only in interaction with the cycle tures lead to two different family of complexes de-
has been taken into account. When the" Suteracts pending on the nature of the eliminated ion. When
on the side of the cycle where the hydroxyl group HScOH' is eliminated, the resulting sp5 complexes
is not accessible, the complex is less stable than theare higher in energy than the corresponding sp3 struc-
C-type complexes by about 100kcalmél There- tures by about 5-9 kcal mot (b ts4 transition states,

fore, this possibility can be ruled out. seeScheme k But when CHScOH is eliminated,
resulting complexes are slightly more stable than sp3

3.2.7. Elimination of the CH3ScOH* and HScOH™ structures by about 4 kcal mdl. This difference is

products enhanced by addition of the thermodynamic correc-

Charged CHScOH" and HScOH species anél, tions and reaches 7-9 kcal mél
P2, andP3 neutrals formation can only occur through From a structural point of view, some major dis-
a 4-centers mechanism (s8eheme )L EachO- and crepancies can be put forward between elimination
C-type complexes can lead to the scandium elimina- reactions fromC- and O-type of complexes. Tran-
tion through the formation oP1 and HScOH prod- sition states corresponding to the elimination from
ucts (se€Table 5for the possible eliminations and the  C-type complexes can be considered as late transition
respective energies). A contrario, omAA, OEE, states since their structures are quite similar to the
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Table 5
Relative energies and relative free energies (in kcatjobf the elimination transition states from ti& and C-type complexes and the
resulting sp5 complexes given with respect to the spl structures in the singlet state scheme (see text for notation)

Reaction on the Boat intermedite Transition state ts4 Complexes sp5

AE AG AE AG AE AG
OEE Methyl side - - 1.3 -8.9 —24.8 —33.3
Hydrogen side —34.2 —36.6 2.2 -7.9 —-21.3 —-29.4
OEA Methyl sidé - - - - - -
Hydrogen side - - 1.0 —8.6 —-23.0 -31.0
OAE Methyl sidé - - - - - -
Hydrogen side - - 2.6 —-6.2 —-21.7 —29.2
OAA Methyl side -32.3 -37.0 0.3 —-9.2 -27.0 —35.3
Hydrogen side - - 1.9 —-7.4 —22.4 -30.7
CEE Methyl side - - —49.6 -55.4 —50.1 -57.9
Hydrogen side - - —47.2 -52.9 —-55.1 —61.8
CEA Methyl side - - —-49.0 -52.7 —64.4 -71.9
Hydrogen side -57.0 —59.8 —43.7 —49.1 —53.6 —-59.0
CAE Methyl side - - —48.6 -52.2 —64.0 -71.4
Hydrogen side - - —46.4 —-51.2 -51.9 —-57.3
CAA Methyl side b b b b b b
Hydrogen side —55.3 —58.4 —45.4 -50.4 —-52.3 —58.2

2Reaction intermediates in the boat conformation localized in the course of the mechanism.
b Reaction path not characterized.
®No elimination reaction possible (see text).

corresponding sp5 ones (sEis. 3 and 4structures
¢ and d). For example, the ScH transition distance is
about 1.81 A in ts4 structures and about 1.75A inthe  For all these reactions, the first step (spilts2),
sp5 complexes. The CH bond still exists in the TS reflecting the competition between the two general
but is greatly weakenedi¢y ~ 1.8 A). The ScC dis- mechanisms (se€cheme 5dotted and solid lines)
tance has an average value of 2.25 A, slightly longer shows unambiguously that direct elimination of the
than in the corresponding sp3 structures and slightly CH3ScOH" cation is not favored for both singlet or
shorter than in sp5 complexes2.05 and 2.42 A, re-  triplet state schemes. Indeed, in closed shell direct
spectively). Conversely, transition states correspond- elimination of the HScOH cation requires less energy
ing to the elimination fronD-type complexes can be and, both in closed and open shell, insertion transi-
considered as early transition states with respect to hy- tion states are far lower in energy than the direct elim-
drogen transfer (seéigs. 3 and 4structures a and b);  ination of CHScOH'. Considering these particular
don is about 1.8 A in ts4 transition structures and about paths, only the scandium insertion in the CO bond can
0.96 A in sp5 complexesicy is about 1.15 and 2.0A  formally lead to the formation of C§8cOH'. The two
in ts4 and sp5 structures, respectivelizo evolves types of insertion transition states (either in the OH
fromavalue ofv1.5Ainsp3tov2.5Aints4 anddoes  or in the CO bond) are competitive, both in singlet or
not interact with any carbon atom in sp5 structures. triplet state but the energetic differences for the result-
The last steps of the reactions consist in the prod- ing complexes play in favor of th€-type structures
ucts separation from the electrostatic sp5 complexes (insertion in the CO bond). Furthermore, transition en-
(seeFig. 4 and in an increase of the respective en- ergies corresponding to the formation of the cations
ergies. But here again, this increase is in favor of the from C-type complexes are lower than fro@type
formation of the CHScOH' ion andP3 neutral. complexes and thus favore&dheme 5ts4 statead

4. Summary and conclusions
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andb’ structures vst’ andd’ ones). Energetic compar-
ison of the twaa’ andb’ transition states points out that
formation of CHsScOH" cation requires less energy
than formation of the HScOHcation. Finally, separa-
tion of the products is energetically in favor of tha+
CH3ScOH" pair rather than th@1 + HScOH™ and
P2+ HScOH" pairs. Nevertheless, the preferential re-
action path (spt> ts2c¢ — C—type sp3— ts4a’ —
sp5— P3+CH3ScOH") is possible only when the re-
actant is thecis-2-methylcyclohexanol (namelRAE

or REA). Note also that, even if energetic considera-
tions are in favor of formation of these products, on

each step of the overall mechanism, some more or less

competitive reactions could occur. Therefore, the for-
mation of CHScOH' is not exclusive.

Some other reactions, that involve on one hand
an ScOH fragment for example and methylcyclohex-
anol reactant or a corresponding radical molecule
on the other hand, could also be competitive and,
therefore, lead for both types of reactants{ and
trans-2-methylcyclohexanol) to both HScOHand
CH3ScOH" cations. For example, calculations about
these fragmentations have been performed at the
B3LYP/6-31G*//B3LYP/3-21G* level of computa-
tion. In the singlet state scheme, from the spl com-
plex formed from the REA reactant, the dissociation
energy to form the ScOH and,813 fragments is
25.8kcalmot?!. This energy is in the same range
that direct elimination of the C§BcOH" cation
and thus, higher in energy by roughly 15 kcal mbl
than insertion transition barriers. Furthermo@EA
and OEA complexes are more stable by 90.6 and
65.8 kcal mot! than ScOH and OScH and the corre-
sponding radicals, respectively.

Lastly, both experimental and theoretical investiga-
tions lead to the conclusion that diastereoisomeric dif-
ferentiation ofcis- andtrans-2-methylcyclohexanol is
feasible under reaction with bare scandium cation. In-
deed, though Stcation can be inserted in the course
of the reaction either in the CO or in the OH bond, it
appears theoretically that the insertion in the CO bond
is energetically favored. The resulting complex can
then lead to thé®3 + CH3ScOH') pair of products
when the methyl group and the ScOH fragment are in

395

cis conformation. This pair is also thermodynamically
favored with respect to the two additional couples of
products that can be obtained. Reaction of bare scan-
dium cation withcis-2-methylcyclohexanol leads pref-
erentially to the formation of the G3$cOH" product
while the reaction withtrans-2-methylcyclohexanol
leads exclusively to the formation of the HScOH
product.
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