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Density functional theory calculations have been carried out to survey the gas-phase reactions of allylamine
with Co". The geometries and bonding characteristics of all the stationary points involved in the reactions
have been investigated at the B3LYP/6-311G(d,p) level. Final energies are obtained by means of the
B3LYP/6-31HG(2df,2pd) single-point calculations. The performance of these theoretical methods is valuated
with respect to the available thermochemical data. &mngly binds allylamine by forming a chelated structure

in which the metal cation binds concomitantly to the two functional groups of the neutral molecule. Various
mechanisms leading to the loss of BJHNH,, C,H,, and H are analyzed in terms of the topology of the
potential energy surface. The most favorable mechanism corresponds to the losg tirdtigh a process

of C—N activation followed by a concertggtH shift. The accompanying Nftlimination is also discussed.

The loss of GH, is also favorable, through-©C activation and stepwige-H shift, giving Co"(NH,CHjz) and
Co"H(NH,CH,) as the product ions. Various possible channels for the loss efréiconsidered. The most
favorable mechanism of the,Hoss corresponds to a pathway through which the metal acts as a carrier,
connecting a hydrogen atom from the methylidyne group of allylamine with a hydrogen atom of the terminal
methylene group. The product ion of this pathway has a tricoordinated structure in whichiri@ls to the
terminal two Cs and N atoms of the NEH,CCH moiety.

1. Introduction However, the allyl group also has an interesting and important
effect on the gas-phase reactions: "Gmes not insert into the
polar C-N bond of propylaminé2-2* while evidence-
elimination of NH; and NH—exists for the insertion of the metal
ion into the C-N bond of allylamine?!

In this publication, we employ density functional theory
(DFT) to investigate the reaction mechanisms of*Geith
allylamine. This includes a complete illustration of all possible
competing pathways for producing products vialg, C—C,

The gas-phase interaction of transition metal cations with
organic and bioorganic compounds is one of the most important
topics during the past years due to the importance of such
systems in several fields® Very often, metal cation association
is accompanied by significant bond activation effects, which
lead to specific fragmentations that are often of analytical
utility.”~11 Furthermore, these interactions are crucial in many
biological processes, and as a consequence, many efforts_ h.aVRI—H, and C-H activations on the triplet potential energy
been devoted to the formation, intrinsic properties, and reactivity

. . . 5 surface (PES).
of organometallic complexes of biological relevaiée> A
promi_sing approach to these problems can be_ done in the, Computational Details
combined gas-phase theergxperiment studies, which have the o _ e
advantage of providing information on the intrinsic reactivity ~ DFT in its three-parameter hybrid B3LYP functioffal®
of organometallic systems, without interference from meditfn.  together with the 6-31t+G(d,p) basis set was employed in

The allylamine functionality is found in a wide range of the structural optimization for all the reactants, products,
biologically active compound$,1” and allylamines are also intermediates, and transition states involved in the reactions

valuable synthetic intermediates for the preparation-oénd under consideration. This approach is known to yield reliable
B-amino acidéalkaloids!8>-¢and aza-carbohydrate derivativés. geometries for a wide variety of systems, including transition
The formation and properties of poly(allylamirenetal ion metal containing systents®27"2 The harmonic vibrational

complexes in solution have been reported in the literafite. frequencies of the optimized stationary points were calculated
Surprisingly, similar studies considering the structure and energy &t the same level to estimate the zero-point energies (ZPE) that
of allylamine-metal complexes in the gas phase are sc#rce, are included in all cited relative energies, to characterize the
and the first experimental results of the gas-phase reactionsStationary points on the PES as local minima or transition states,
between allylamine and ions derived from Co(GQQp have and to generate the force constants needed for intrinsic reaction
been published in the early 1988sThe products associated ~C¢oordinate (IRC) calculatior, which were performed to

with NHs, NH,, CoH,, and B elimination in the chemistry of identify _pathvya_ys between the transition states an_d their
allylamine with Cd™ suggest the molecule actually reacts Connecting minima. For each structure obtained in this way,

analogously to-propylamine, i.e., via bind alkene eliminatiof: 24 the single-point energy was computed using the B3LYP method
with a larger basis set of 6-3315(2df,2pd). Electron configura-

*To whom correspondence should be addressed. E-mail: wyguo@ tions as well as doneracceptor stabilizations employed in the
hdpu.edu.cn. discussion were computed in the natural bond orbital analysis
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TABLE 1: Calculated and Experimental Binding Energies
(in kcal/mol) at 0 K for Some Representative Species
Involved in the Reactions of Ca with Allylamine

calcd

species expt method-1 method 2°

Co—H 457+ 1.4 404 (-53+1.4) 40.9 4.8+ 1.4)
Co'—CH, 747+14% 729(-1.8+14) 733(1.4+1.4)
Co*—CH; 48.4+0.9 49.1(0.7£0.9) 49.5(1.1+0.9)

Figure 1. Optimized geometries and selected structural parameters

201752:2 ‘1326: g 21 3‘51'3 1.4+ 2) ‘gi(z']i 2) for allylamine @A) and the allylamine Co" complex. Bond lengths

P 0" ~Lala 3+ 2. ) ) are in angstroms and bond angles in degrees.

[Co"—CaHs) 46.4+ 4.2 50.0(3.6+£4.2) 49.7(3.3:4.2)

2| +_

4[C°+ CaHis] 56.5(10.1£4.2)  49.5(3.1-4.2) These facts validate the ability of the chosen level of theory to
[Co"—NHy] 60.7+£2.19 68.3(7.6+£2.1) 67.8(7.12.1) - N

2[Co*—NH;] 29.2 334 describe the features of the [Co, N3, &7]" PES.

Co'—NHs;  55.1+3.8" 52.9(224+3.8) 52.2(2.9+3.8) Spin contamination was also checked for all the DFT
C3Hs—NH; - 621 61.9 solutions. Listed in Table S1 as Supporting Information are
NH;—H 107.3£ 0.3 103.7 (-3.6+ 0.3) 104.0 3.3+ 0.3) [FOvalues before annihilation together with calculated total

g:zﬂﬁ;:‘ gg'éi 29 gé'g E:‘ll's)i 2.5) 3?'2 ggi)i 2.5) energies and ZPEs for all the species under study. It can
' ' ' ’ ' be seen that in some cases the deviatiofi®ifiis larger than
aB3LYP/6-31H+G(d,p).P Values in the parentheses are error bars  10%,. Taking into account that in DFT the value @is
of BDEs expected at the chosen levels of theory and were Obt?ji;‘ed byunderestimatef: some instability in the wavefunction should

subtracting the experimental value from the calculated BOESLY be checked and correctétWe made a stability te¥t for

6-311+G(2df,2pd)//6-31%+G(d,p). ¢ Reference 34¢ Reference 35. . S )
fReference 369 Reference 37" Reference 38.Reference 39.Ref- the geometries whose deviation &Llis larger than 5%, and

erence 40. we found that the wavefunction of most structures are stable,

with the exception of the structure ofCoGHs™, 5, 2CoGHs ™,

and Co(NCH,CHCH,), where an internal instability was
(NBO) schemé! We also detected the values @ Ifor all detected for each of the DFT wavefunctions. For the former
the calculated species to evaluate if spin contamination cantwo, these unstable wavefunctions were then optimized, and on
influence the quality of the results. For species with large spin the basis of the optimized wavefunctions, the structures were
contamination, the internal and external stability of the DFT reoptimized and the single-point energies were calculated in
solution was calculated with the help of Hermitian stability order to give more reliable results. However, for the later two,
maxtricesA andB.32 All of the calculations were carried out the optimization of wavefunction does not result in any

using the GAUSSIAN 03 packageé. remarkable changes in the results because the wavefunctions
are nearly optimized.
3. Results and Discussion 3.2. Molecular Reactant and Encounter Complex.An

exhaustive analysis of the allylamine conformations has identi-

For transition metal containing systems, the possible crossingfied five isomers with an almost identical energy for the
between surfaces corresponding to different spins should bemglecule due to different orientations of the two functional
taken into account. We have probed the first excited sitite groups® In the present work, these conformers of allylamine
quintet state-for several important reaction paths accompanying are also located with the largest stabilization difference of 1.5
the Co™ + a"ylamine reactions and found that this surface lies kcallmol, Suggesting the coexistence of the isomers in the
systematically higher than the triplet one (see Figure S1 in gas phase. For convenience, the most stable structure of
Supporting Information), suggesting that indeed no crossing ajlylamine is selected in the discussioAA; see Figure 1).
takes pla_ce between the surfaces. Thus we only focus our studystryctures and relative energies (with respecAfo) for the
on the triplet surface (the ground surface). other conformersAA1—AA4) are given as Supporting Infor-

In the following sections, we will first establish the accuracy mation (Figure S2).
that can be expected from the levels of theory chosen for the In spite of these different conformations of the molecule, only
Co'/allylamine system. Then, we will examine the title reactions one structure was found for the Qallylamine) complex:1,
in detail, including geometries of various stationary points and as shown in Figure 1. This encounter complex is featured by a
PES profiles for all possible product channels. C; symmetry and a multicenter association ofGmith N, C?,

3.1. Calibration. In order to evaluate the general reliability and G of the molecule R = 2.115, 2.116, and 2.171 A,
of the levels of theory chosen, we carried out a study with a respectively), suggesting the comparable interactions of the
comparison of experimentally known binding energies (BBHE) metal with both the allylicz and amido lone-pair orbitals.
with results from the B3LYP calculations for a set of repre- Correspondingly, the metalallylamine BDE is calculated to
sentative species relevant to the title reactions. Table 1 collectsbe as large as 69.8 kcal/mol at the B3LYP/6-3G(2df,2pd)//
the theoretically predicted BDEs and the most reliable experi- 6-311++G(d,p) level. When attaching to Cpall the skeleton
mental data for these species. Given in the parentheses are errdsonds of allylamine are stretched (%% for G—C?and C—
bars for the calculated BDEs expected at the employed levelsN, and~1% for Ct—C? see Figure 1) and thus weakened. The
of theory, which are obtained from the subtraction of the strong multicenter association of the complex may provide an
calculated BDEs by the experimental values. As shown in Table explanation for G-N and C-C activations, which give rise to
1, in most cases theoretical values are in good agreement withthe corresponding products, i.e., the NINH,, and GH; loss
experimental findings. Although the errors of some parameters as observed in the gas-phase experim&nts.
calculated at the B3LYP/6-3#1+G(d,p) level are as large as To gain a deep insight into the above-mentioned structure,
5.3+ 1.4 to 10.1+ 4.2 kcal/mol, the B3LYP/6-31G(2df,- NBO analysis was carried out dh The valence electrons of
2pd)//6-311+G(d,p) values agree well with the experimental Co" are distributed as (ag?(ad)?(ad?)?(ady)*(ade—y2)* to
findings in most cases except GIH; (7.1 &+ 2.1 kcal/mol). maintain the®F character, leading to #\; ground state of the
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TABLE 2: Possible (1-1 through 4-8) and Unobserved (1-1
through 3-1') Products Together with the Calculated
Reaction Energies (in kcal/mol) 4 0 K Associated with the
NH3, NH5, CoHs, and Hs Loss in the Reactions of Co with
Allylamine

products method®l method 2
(1-1) Co"CsH,4 + NH3 —31.1 —23.4
(1-2) c-Co"CsHa + NHs -4.8 25
(1-1') Co*NH3 + CsHs ~38.0 -38.2
(1-2) CO*NH3 + ¢-CzH, —-11.8 —~11.6
(2-1) 2Co*CHs + NH, 5.6 12.5
(2-2) C-2C0+C3H5 + NH» 43.3 41.9
(2-3) *Co"C3Hs + NH; 12.1 12.2
(2-4) c-*Co*CaHs + NH 33.7 36.0
(2-1') 2Co"NH; + C3Hs 32.8 28.6
(2-2) 2Co*NH, + ¢-CaHs 64.3 59.8
(2-3) “Co*NH, + CsHs -6.2 -5.9
(2-4) “Co*NH, + c-CzHs 25.3 25.4
(3-1) Co"NH2CHs + CH» —23.7 —23.7
(3-2) Co"H(NH.CH,) + CH> 0.6 0.5
(3-2) Co*CyHz + CHsNH; —12.2 —12.8
(4-1) Co*(NHCHCHCH,) + H, —49.7 475
(4-2) Co*(NH,CH,CCH) + H. -32.0 -31.8
(4-3) Co*(NH,CHCCH) + Ha -31.9 -30.3
(4-4) Co*(NCH,CHCH,) + H. 16.9 20.0
(4-5) Co*(NHCH,CCH,) + H. 4.9 6.8
(4-6) Co*(NHCH,CHCH) + H. -5.8 —4.4
(4-7) Co*(NH,CH,CHC) + H, -5.8 -21
(4-8) Co*(NH,CHCHCH) + H. -23.0 —-20.4

a B3LYP/6-311++G(d,p).? B3LYP/6-311+G(2df,2pd)//6-
311++G(d,p).

complex. The multicenter structure @ffavors not only the
donation of the lone pair on Nhf) into the metal 4s orbital
(AE: 31.9 kcal/mol) but the well-known DewaChatt model
for the association of transition metal ions with alkenes &tso,
i.e., electron donation from thec2c® orbital to the metal 4s
orbital (AE: 41.9 kcal/mol) as well as that from the metgjdy,
mixture orbital to thesr* c2c3 orbital (AE: 26 kcal/mol). It is
these donoracceptor interactions that result in the strong
association of Ct-allylamine and the weakening of the skeleton
bonds of allylamine as well.

3.3. Gas-Phase Reaction Mechanism3he ion cyclotron

Ma et al.

NH, bond (BDE: 67.8 kcal/mol) that is stronger than thgi&-
NH2 bond (BDE: 61.9 kcal/mol).

Loss of NH; and NH is found to follow the G-N activation
of allylamine with Cd through two mechanisms, i.e., direct
p-H migration and cyclizatiorhydrogen migration, whose
PESs are shown in Figures 2 and 3, respectively, together with
the schematic representations of the involved structures. For
simplification, the information about these geometries is given
as Supporting Information (see Figure S3). We can find that
the reaction generally proceeds from the encounter comrplex
followed by the oxidative addition across the—® bond
by the metal ion to form the €N insertion specie® via
saddle pointTS;—,. This probability involves a low-energy
pathway as reflected by the relative stabilities of the transition
state and minimum involved-41.4 and—58.5 kcal/mol for
TS:-» and2, respectively) due to the strong bonding of'Co
allylamine as well as the strong Ceallyl and Co —NH,
bonds as discussed above. On the other hand, such a proc-
ess is also dynamically favored by two other factors: (1) the
position of Cd™ in 1, which is found to be located just above
the C—N bond, and (2) the €N stretching vibration, which is
expected to be excited in the process oftCiinding to
allylamine. In other words, in the Co+ allylamine reactions
C—N activation is favorable both energetically and dynamically,
which explains the experimental findingsOnce structure is
formed, two alternative mechanisms could lead to the elimina-
tion of NHs, which will be discussed one by one in the following
sections.

(a) Directp-H Migration Mechanism. As shown in Figure
2, proceeding along this reaction coordinate, a one-step,
concerted 3-H migration can carry2 to a dicoordinated
ammonia-Co"—propadiene complex3] through a higher
energy barrier TS;-3) lying still ~20 kcal/mol below the
entrance channel. One feature3is the overallCs symmetry
with the symmetry plane defined by-NCo™—C'—C8. Owing
to the strong interaction of Cowith both of the connected
ligands, the new intermediate is quite stable, lying 71.2
kcal/mol below the entrance channel and constituting the global
minimum of the [Co, N, G, H7]"™ PES. Direct dissociation

resonance (ICR) spectrum reported in ref 21 shows four neutral ©f 3 could give rise to CogH,™ + NHs (productl-1), which

eliminations corresponding to NHNH,, C;H,, and H in the
gas-phase reactions of Cwith allylamine. Table 2 tabulates

is 23.4 kcal/mol lower in energy than the separated re-
actants.

all possible products for these observed eliminations (products (b) Cyclization-Hydrogen Migration Mechanism. From

1-1 through4-8) together with the unobserved products (prod-
ucts1-1 throughl-3) for comparison. Also given in the table
are reaction energie\E) calculated at both the B3LYP/6-
311++G(d,p) and B3LYP/6-311G(2df,2pd)//6-31F+G(d,p)

Figure 3, we can find that this mechanism implies a cyclization
of the allyl group of2 for forming the dicoordinated cyclopro-
pyl—Co"—amino complexs via TS,—s, in which the new ¢&—

C3 bond is shortened to 2.036 A. ComplBxs 27.8 kcal/mol

levels for these products. In the following we shall present a less stable tha@, and the energy barrier of tf=— 5 transfer

systematic survey of the [CAA]™ PES to find the gas-phase

reaction mechanisms associated with all these products.
3.3.1. Loss of Ngland NH. In the reactions of Cb with

propylamine, prohibition of Cbinsertion into the polar EN

is 36.5 kcal/mol. The subsequent reaction path frénis
analogous to the dire@dH migration mechanism as discussed
above, involving a concerted H migration transition stat®;—s.

The difference exists in that in this case the migrating hydrogen

bond is indicated by the absence of the corresponding products atom comes from the %€l group and, more importantiif;Sss

which was supposed to be a result of a very weak-QgH,
bond (<18.7 kcal/mol}??23 However, Clemmer et al. found a
value of 60.7+ 2.1 kcal/mol for the Cb—NH, BDE 3" and we
calculated it to be 67.8 kcal/mol using the B3LYP method (Table
1). Interestingly, evidence exists in the insertion of*Goto
the C—N bond of allylamine: products of NHand NH; were
experimentally observet}:?? It was supposed that this may be
because the Co-allyl bond alone is stronger than the-Gl
bond of allylamine, and insertion could occur even if the"Co
NH, bond is very weak? But according to our calculations, it
is not the Co—allyl bond (BDE: 49.7 kcal/mol) but the Ce-

lies 5.6 kcal/mol above the entrance channel and is 25.2 kcal/
mol less stable thai'S,-3, indicating this mechanism is less
favorable than the dire@H migration mechanism. The forward
product fromTSs—¢ is intermediates, a product-like complex
betweenc-CoGH, ™ and NH, which would eventually dissoci-
ate intoc-CoGH4* + NH3 (1-2).

Itis very clear that the more possible mechanism of thg NH
loss occurs through an initial €N activation followed by a
concerteB-H shift and then a nonreactive dissociation (mech-
anism “a”), in accordance with the well-knowf-H shift
mechanism proposed by Allison et?&lOur calculations indicate
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Figure 2. Energy profile for the diregs-H migration mechanism for the loss of Nidnd NH. Numbers refer to the relative stability (in kcal/mol)
with respect to thédA + Co" entrance channel evaluated at the B3LYP/6-BG12df,2pd)//6-31%++G(d,p) level and includes ZPE corrections.

} % + ('-C;Hi

L6987

2-2
59.8

3
+¢-C3H;

+e-C3H,

Figure 3. Energy profile for cyclizatior-hydrogen migration mechanism for the loss of Nikhd NH. Energies follow the same notation as in

Figure 2.

that the activation barrier of the-H shift process is higher than
that for the initial C-N activation. However, this mechanism
is still the most favorable among all the Ce- AA reactions,

expected to be excited readily in the above-mentioned conver-
sion processes. Otherwise, a complete description of the
experimental observation would require dynamical calculations

since all the minima and transition states involved lie energeti- that are out of the scope of this article.

cally far below the entrance channel.

NH elimination must occur accompanying the loss ofdNH

It is important to note that although the alternative loss of For both the above-mentioned mechanisthand5 could lead

CsHy from 3 and 6 (leading to productsl-1' and 1-2,
respectively) is energetically preferable to these;idses, the
products were not detected in the ICR experinfénAs a
plausible explanation, the multicenter coordinate of* @dth
C3H4 may hinder the excitation of the Ce-C3H, bond. On
the other hand, the Ge-NH; and Co—NH, bonds are

to the NH elimination products directly. Also, the products
could arise from specie which is formed readily by a nearly
barrier-free internal rotation of the Nkjroup of2 that stabilizes
the system by only 0.4 kcal/mol. Bothand4 would decompose
eventually into the Nk loss product CogHs™ in its doublet
and quartet states (i.€;1 and2-3), which are endothermic by
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c?
Co™ + AA
0.0

Figure 4. Energy profile for the loss of £1,. Energies follow the same

12.5 and 12.2 kcal/mol, respectively, from the separated
reactants. The alternative Nitbss products-CoGHs™ + NH;
could be produced frorb, but they are strongly endothermic
(by 41.9 and 36.0 kcal/mol for produc®s2 and 2-4, respec-
tively; see Table 2 or Figure 3).

3.3.2. Loss of gH,. PES for this elimination is given in Figure
4 together with the schematic representations of the involved

Ma et al.

notation as in Figure 2.

dissociation 0P could also give rise to produ8t2. The third
reaction channel involves a subsequent shift of the metal H of
8 that largely stabilizes the system (by 46.8 kcal/mol), leading
to the very stable methylamire€Cot—ethyne complex %0).
This process implies an energy barrier of 9.8 kcal/mM&g(10),

lying 7.7 kcal/mol below the entrance channel and constituting
the highest energy barrier for all the K loss channels.

structures, and the information about these geometries is givenNonreactive dissociation of (GNH2)Cot—C;H, (10) would

as Supporting Information (see Figure S4). Thel£elimination
channels follow initial CG-C activation. Along this branch,
encounter complex is followed by intermediat&, in which

Co" has inserted into the '&C2 bond of allylamine. This
possibility involves saddle pointS;—7 which is 7.3 kcal/mol
higher in energy than the-€N insertion transition statéfG;-»)

but still lies 34.1 kcal/mol below the entrance channel.
Moreover, the new intermediafeis also rather stable-(40.1
kcal/mol). Thus, this €C activation process is also possible.
Subsequently, #-H migration process that destabilizes the
system by 22.6 kcal/mol would take place #rconverting into
species8, which is featured by a tricoordination of Cavith

the hydrogen, acetylene, and aminomethyl groups. It is worthy
to note that such a tricoordinated structure is not found as a
minimum in the above-mentioned NHbss pathways as well
as in the decarbonylation of acetaldehyde by*&dhe 5-H
migration process involves transition staiS;-g, which can

account for Co(NH,CHg) + C;H, (3-1), which is exothermic

by 23.7 kcal/mol with respect to the entrance channel. The
alternative dissociation df0into CoGH,* + methylamine 3-

1) is energetically 10.9 kcal/mol less favorable than thel.C
elimination channel, in accordance with the fact that no
methylamine loss products were observed in the ICR experi-
ment?!

3.3.3. Loss of K (a) “Direct” Mechanisms. The direct
mechanisms for KHloss from two adjacent Xpgroups through
multicenter transition states have been established for alkane
dehydrogenation reactiottsand ethylenediaming- Cu* reac-
tions$ For the allylamine+ Co" reactions, in principle, three
different mechanisms can be envisaged: the two eliminated
hydrogen atoms come respectively frofNG C1C?, and CC8.

The schematic representations of the involved structures together
with the PES for these product channels are given in Figure 5,
and the information about these geometries is given as Sup-

be described as a late transition state, since its geometry is quitgporting Information (see Figure S5). Even though the final

similar to that of8. Although TS7—g has been confirmed to be
the true first-order saddle point by IRC calculations, it is
computed to lie 0.6 kcal/mol belo® when ZPE corrections
are included. This is due to the fact that the reported energies
are obtained from single-point calculations with the larger
6-311G(2df,2pd) basis set at the optimized B3LYP/6-3#1G-

(d,p) geometries.

Three possible exit channels could proceed fr8mby
decompositions and rearrangements. The first one is 8hat
directly decomposes into products Gt(NH,CH,) + C,H; (3-

2), which is almost thermoneutral from the separated reactants.
The second one involves an intrarotation of the,RH, group

for 8 rearranging to a nearly isoenergetical spedesia saddle
point TSg—g with an energy barrier of 7.4 kcal/mol. A direct

products are quite stable, the energy barrigi$; {p1, TS1-p2,
andTS;-pz for CIN, CIC? and CC?® mechanisms) are too high,
located above the entrance channel by 18.3, 34.2, and 40.4 kcal/
mol, respectively.

(b) “Carrier” Mechanisms. Very often, transition metal cations
act as “carriers” of hydrogen atoms in isomerization proce%ses.
It can be envisaged that the reductive elimination gfddn
proceed via insertion of the metal ion into the-N and/or C-H
bonds and isomerization of the insertion species by a subsequent
hydrogen transfer.

Let us consider first the NH activation channels. The
schematic representations of the involved structures together
with the PES involved in these product channels are given in
Figure 6, and the information about these geometries is given
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Figure 5. Energy profile for the reaction mechanisms corresponding to the direct lossfodril adjacent XH groups. Energies follow the same
notation as in Figure 2.
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Figure 6. Energy profile for the “carrier” mechanism for the loss of id which initial N—H activation takes place. Energies follow the same
notation as in Figure 2.

as Supporting Information (see Figure S6). TheH\insertion abstraction process to form the @bl),(NCH,CHCH,) dihydro
species11) may be reached by the metal ion oxidative addition intermediate]2), arearrangement process leading to€g)(NCH,-
across one of the two NH bonds of the encounter compléx CHCH,) (13), and a nonreactive dissociation to give rise to H
This process involves a “late” transition staleS{-11) that lies + Co"(NCH,CHCH,) (4-4). This reaction pathway is identified
only 1.3 kcal/mol abové1or 21.0 kcal/mol below the separated as a high-energy channel because both the involved transition
reactants. Oncél is reached, four possible mechanisms can states [Si1-12 and TS;»-13) and the dihydro-compleg?2 are

be envisaged depending on from where the second shifted Hlocated in a flat altiplano region~34 kcal/mol above the
comes (i. e., €&C23 or N). The first pathway involves a  entrance channel) on the PES. The three other pathways are
subsequent H shift from the N center, which includes a H analogous to each other, i.e., involving a concerted H migration
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Figure 7. Energy profile for the “carrier” mechanism for the loss of id which initial C—H activation takes place. Energies follow the same
notation as in Figure 2.

from the different C atom il 1 to form a molecular-hydrogen  dissociates directly into C¢CCHCH,NH,) + H, (4-7) without
complex (4, 15, or 16) via a high-energy barrier (10.9, 11.2, an activation barrier. The 3,1slimination channel froni7
and 14.5 kcal mol' above the entrance channel f68;1-14, involves a subsequent 1-H migration to form intermeditde
TS11-15 and TSi1-16, respectively). Nonreactive dissociation via a six-membered-ring transition stafESi7-19, Which lies
of these molecular-hydrogen complexes would give rise to 6.8 kcal/mol belowT S;7-1g or 7.6 kcal/mol above the entrance
dehydrogenation productd-l, 4-5, and4-6). Note that thel channel. Similar td.8, speciesl9is also a direct precursor of
— 11 — 14 — 4-1 pathway is just the dehydrogenation the dehydrogenation products: G@HCHCHNH,) + H; (4-
mechanism proposed earlier for the reactions of @dth 8), which is calculated to be 20.4 kcal/mol exothermic from
allylamine22 which is not identified as a low-energy route in the separated reactants.
spite of the strong exthermicity of the resulting products (see  Now we consider the initial 2-€H migration mechanisms.
Figure 6). The 2-G-H insertion species2() featured by an overalCs
Now we turn to the other “carrier” mechanisms which involve symmetry can be formed through transition stE82_,0, which
initial C—H activations. The schematic representations of the is 1.8 kcal/mol lower than the connecting minimu0) due
involved structures for these product channels are given in to the ZPE effects. OncR0 is formed, two different channels
Figure 7 together with the corresponding PES, and the informa- noted as 2,1- and 2,3zHliminations could also proceed. The
tion about these geometries is given as Supporting Information 2,1-H, elimination involves a subsequent 1-H migration (from
(see Figure S7). Two alternative mechanisms corresponding toC?) via transition statd Syo-»1, Which assumes a much higher
initial 3- and 2-C-H activations were identified. energy barrier (29.3 kcal/mol above the separated reactants).
For the initial 3-C-H activation mechanisms, also starting Therefore, this channel is energetically unfavorable. The exit
from adductl, one can reach a five-membered hydride complex, channel o21is a simple dissociation into C¢CH,CCHNH,)
intermediatel 7, formed by Cd insertion into one €H bond + Hy (4-3). The last and most important channel is 2,3-H
of the terminal CH group. The probability involves transition  elimination, which is feasible to take place as the hydrogen
stateTS;-17, which is 16.8 kcal/mol lower in energy than the attached to Cois close enough to the H atom of the terminal
corresponding transition state for initiaH¥H insertion 'S;-11). CH, group. This possibility involves a low-energy barrier
Similar to the later one, this saddle point occurs very late on (TSz0-22), lying 7.7 kcal/mol below the separated reactants. The
the reaction coordinate and bears already great structuralforward product fromTSy-2, is intermediate22, a product-

similarity to the new structurd7. After 17 is formed, two like complex whose exit channel is G@HCCHNH,) + H;
different channels noticed as 3,3- and 3 dedfiminations could (4-2). The exothermicity of this dehydrogenation product is
be proceeded. The 3,3;ldlimination pathway froni7 involves computed to be 31.8 kcal/mol.

a four-centered transition stat€S;7-1g, in which the second In summary, 11 different pathways falling into the two

3-H migration is taking place as reflected by the bond lengthen- catagories of “direct” and “carrier” mechanisms could lead to
ing of the breaking &H bond (1.376 A) as well as that of the  the loss of H from allylamine. Most of these mechanisms
forming H—H bond (1.132 A). The energy barrier of this process involve at least one high-energy barrier located above the Co
lies 14.4 kcal/mol above the entrance channel, much higher than+ AA entrance channel. From Figure 7, it is clear that the 2,3-
the initial 3-C—H activation (by 53.1 kcal/mol). The forward H, elimination mechanism is the most favorable because it is
product ofTS;7-1gis the molecular-hydrogen complég, which the only pathway in which all the involved minima and transition
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