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ABSTRACT: The mechanism of directed hydrogenation of
hydroxylated alkene catalyzed by bis(phosphine)cobalt dialkyl
complexes has been studied by DFT calculations. The possible
reaction channels of alkene hydrogenation catalyzed by
catalytic species (Op, Op, and 0) were investigated. The
calculated results indicate that the preferred catalytic activation
processes undergo a 1,2 alkene insertion. Op and O prefer the
hydrogen elimination mechanism with an energy barrier of 9.5
kcal/mol, and Oy prefers the reductive elimination mechanism
with an energy barrier of 11.0 kcal/mol. The second H,
coordination in the o bond metathesis mechanism needs to
break the agostic H*—C bond of metal—alkyl intermediates
(21p and 2,7), which owns the larger energetic span compared
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to the reductive elimination. This theoretical study shows that the most favorable reaction pathway of alkene hydrogenation is
the 8 hydrogen elimination pathway catalyzed by the planar (dppe)CoH,. The hydrogenation activity of Co(II) compounds with
redox-innocent phosphine donors involves the Co(0)—Co(Il) catalytic mechanism.

B INTRODUCTION

The catalytic hydrogenation of unsaturated compounds is one
of the earliest research fields in homogeneous catalysis.
Exploring the most effective methods for the preparation of
single enantiomer compounds is a growing field, especially in
the pharmaceutical and agrochemical industries."” Whereas
traditional homogeneous asymmetric hydrogenation catalysts
are based on precious metals, such as iridium, rhodium, and
ruthenium, there is an increase in efforts to develop catalysts
based on more abundant metals.” Catalysts containing iron and
cobalt are attractive candidates due to their obvious advantages
of being easily accessible, versatile, and environmentally
friendly. Cobalt-containing complexes have been reported as
effective catalysts for homogeneous hydrogenation. Studies by
Pregaglia,4 Ohgo,S Pfaltz,’ Corma,” Shainyan,® Budzelaar,”
Chirik,"® Hanson,"" and Peters'> were reported to support the
potential of ligand-assisted cobalt complex for the catalytic
hydrogenation of olefinic compounds.

Chirik et al. devised a high-throughput process to develop a
class of highly enantioselective cobalt-based hydrogenation
catalysts containing chiral bidentate bis(phosphines) for the
hydrogenation of both functionalized and unfunctionalized
alkene substrates.” Later, achiral analogues of these complexes
with readily available bidentated phosphine ligands were
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reported for the directed hydrogenation of hydroxylated
alkenes as shown in Scheme 1, which features exclusively

Scheme 1. Directed Alkene Hydrogenation with
Bis(phosphine)cobalt Dialkyl Complexes
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metal-centered reactivity with cobalt.'* Unlike those in precious
metal chemistry, most base metal alkene hydrogenation
catalysts are readily deactivated by acidic hydroxyl function-
ality."> The mechanism for alkene hydrogenation catalyzed by
the planar, low-spin bis(phosphine)cobalt(II) dialkyl complexes
involves initial hydrogenolysis of the alkyl groups to release
SiMe, observed by NMR spectroscopy, but the geometry of
(diphosphine)CoH, is still unknown, which also makes details
of the subsequent alkene insertion and catalyst regeneration
uncertain. Due to the inherent thermal instability of Co—(H,),
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Figure 1. Free energy profiles of initial hydrogenolysis of bis(phosphine) cobalt(II) dialkyl complex (2Si) (H atoms are partly hidden, energy units:

kcal/mol).

there are few studies of its use in catalytic transformations.'®
The existence of Co(0) species was provided by the isolation of
(dppe)Co(COD), and it is important to unveil the nature of
Co(0) species formation and catalytic activation in this system.

Intrigued by the various pathways of alkene hydrogenation
and high efliciency of this catalytic system, herein we used a
density functional theory (DFT) calculation to elucidate the
catalytic mechanism of the directed hydrogenation of
hydroxylated alkene (3-methylbut-2-en-1-0l) catalyzed by
bis(phosphine)cobalt dialkyl complexes. In this study, we
focused on the following critical issues: (i) the initial species of
the catalytic activation and possible reaction channels; (ii) the
alkene regioselectivity of 1,2 insertion vs 2,1 insertion; (iii)
mechanisms involving reductive elimination, o bond metathesis,
and f elimination; and (iv) the preferred catalytic activation
process. To the best of our knowledge, this is the first detailed
theoretical study on the mechanism of the directed hydro-
genation of hydroxylated alkene catalyzed by bis(phosphine)
cobalt dialkyl complexes.

B COMPUTATIONAL METHODS

All calculations were performed on experimental full-size dppe systems
using the Gaussian 09 program package.'” The geometries of all
structures reported in this paper were optimized without any
symmetry constraint at the B3LYP/BSI level. BSI was denoted as
the effective core potential by Hay and Wadt with a double-{ basis set
(Lanl2dz) for Co and 6-31G* for all of the other atoms.'® The B3LYP
method was found to be reliable for the catalytic mechanistic studies of
the transition-metal complexes.'” In order to verify the reliability of
use of the B3LYP method, all structures in the first part of the
initiation of active species were also reoptimized with a suitable
dispersion corrected functional (wB97X-D) as shown in Figure S1 and
Table S1. Frequency calculations were carried out for each transition
state (TS) owning one imaginary frequency. Intrinsic reaction
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coordinate calculations along the whole pathway were performed in
order to unveil more details around transition states and the
corresponding intermediates. Atomic polar tensor charges are
presented to describe the charge population because experimental
evaluation of density functional charge schemes found that the
commonly used Mulliken charge analysis was generally deficient.”’
The polarizable continuum model®’ was employed to compute
potential energy (EEY) and nonelectrostatic interaction energy
(AE,oneleet) in the solvent (toluene) where gas-phase optimized
structures were employed. The Gibbs energy (G5, in toluene is
provided to discuss the reaction profile. In a bimolecular process, such
as the alkene coordination and H, addition, the entropy change must
be taken into consideration because the entropy considerably
decreases in the process. In this case, Go; must be evaluated as follows

G2

sol —

= ET + PAV — T(S{ + S? + §))

=Hy— T(S) + 8+ 8))

0 0 0

= Esol + Etherm - T(Sr + SV + St)
t 0 0 0
= E;gs + Esl:)? + Enonelect + Etherm - T(Sr + Sv + St)

where AV is 0 in solution, E, is the potential energy with zero-point
energy correction in solvent, Eg, represents the zero-point vibrational
energy in the gas phase, Eg.p is the thermal correction by
translational, vibrational, and rotational movements, and S°, S? and
S? are rotational, vibrational, and translational entropies, respectively.
In general, the Thacker—Tetrode equation is used to evaluate
translational entropy S. In solution, however, the usual Thacker—
Tetrode equation cannot be directly applied to the evaluation of S
because S is suppressed very much in solution.”” In this context, we
evaluated the translational entropy with the method by developed by
Whitesides et al.** All corrected Gibbs energies calculated at 298.15 K
were shown in the energy profile discussed below. For each minimum,
doublet and quartet spin states have been considered, and the doublet
spin states are always the most stable by 3—10 kcal/mol except for
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Figure 2. Proposed reductive elimination mechanism for the alkene hydrogenation catalyzed by bis(phosphine)cobalt complexes.
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Figure 3. Free energy profiles of the reductive elimination mechanism for prenyl alcohol hydrogenation catalyzed by the vertical (dppe)CoH,, Oy

(path 11) (H atoms are partly hidden, energy units: kcal/mol).

bis(phosphine)cobalt(0) complex 0. All relative energies of stationary
points along the reaction pathway are relative to 2Si ((dppe)Co-
(CH,SiMe,),). The Cartesian coordinates of all optimized structures
are presented in the Supporting Information.

B RESULTS AND DISCUSSION

Initiation of the Active Species. The beginning of our
investigation focused on the hydrogenolysis of the precatalyst
28i, (dppe)Co(CH,SiMe,),. The mechanism and correspond-
ing energy profiles for alkene hydrogenation catalyzed by the
planar, low-spin bis(phosphine)cobalt(II) dialkyl complexes
involves initial hydrogenolysis of the alkyl groups to release
SiMe, as shown in Figure 1. To give the first SiMe, a
metathesis-type proton transfers to form Co—H in 1Siy with a
barrier of 21.1 kcal/mol via TS2Si, which is exergonic by 33.0
kcal/mol to form the vertical hyride complex 1Siy. To perform
the second hydrogenolysis, two possible pathways lead to the
active species ((dppe)CoH,, such as Op, Op): the first pathway
is shown by a dashed line via a geometrical transformation from
the vertical 1Siy to the planar 1Sip (1Siy — 1Sip, — 0p — Op);
the second pathway is shown by a solid line via a direct
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hydrogenolysis from 1Siy to 0p with a realizable energy barrier
of 1.9 kcal/mol (1Siy — 0p — Op). In the first pathway,
although the geometrical transformation from the vertical 1Siy
to the planar 1Si, owns a facile energy barrier of 1.2 kcal/mol
and planar 1Sip is more stable than 1Siy, it is very difficult for
1Sip to form Op with an energy barrier of 26.3 kcal/mol.
Therefore, the active (diphosphine)CoH, is the most possibly
obtained from two successive hydrogenolyses without geo-
metrical transformation, and the planar dihyride complex 0y is
presumed to be not the only active species in the catalytic
reaction, which could transform into the vertical O; via TSO_p
with a barrier of 15.7 kcal/mol. Both hydrogenolysis products
of (diphosphine)Co(CH,SiMe;),, O and Op, as well as the
intermediates in the hydrogenolysis process are the most stable
initial active species on the doublet surface. Exceptionally,
bis(phosphine) cobalt(0) complex 0 on the quartet surface as
its ground state is generated from reductive elimination of 1Sip
on the doublet with a barrier of 13.8 kcal/mol, and the energy
of 0 on the doublet state (0) is 4.3 kcal/mol higher than 0 on
the quartet state (0%). The energies of products of
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Figure 4. Free energy profiles of reductive elimination mechanism for prenyl alcohol hydrogenation catalyzed by the planar (dppe)CoH, 0p (path

2p) (H atoms are partly hidden, energy units: kcal/mol).

(diphosphine) Co(CH,SiMe;), on the quartet state are listed in
the Supporting Information.

Alkene Regioselectivity and Reductive Elimination
Mechanism. To investigate the unclear catalytic process of
alkene hydrogenation catalyzed by (diphosphine)CoH,, all
suitable computational strategies and all possible starting
assemblies of bis(phosphine)cobalt complexes have been
employed to explore the mechanism of the alkene hydro-
genation. 3-Methylbut-2-en-1-ol is the calculated alkene. First,
the reductive elimination mechanism was proposed as shown in
Figure 2. The catalytic cycle could begin from the vertical Or,
the planar Op, and bis(phosphine) cobalt(0) complex 0. An
overall mechanism of the alkene hydrogenation with 0y mainly
consists of four steps as shown in Figure 2 (path Ly in blue):
alkene coordination (0 — 1p), alkene insertion (1 — 2p),
reductive elimination (27 — 0), and catalyst regeneration (0 —
0p). The alkene hydrogenation pathway beginning with 0p is
different from the one starting with Op as shown in Figure 2
(path 2; in black). The major differences between path 1y and
path 2;, are in the sequence of the alkene insertion step and the
reductive elimination step. The planar 0, needs an isomer-
ization into the tetrahedral shape (diphosphine)CoH, (1p),
which leaves the site for the alkene coordination with Co(II)
center. After the insertion of alkene into the Co—H bond to
form 2p, the tetrahedral shape changes back to the planar
geometric 3p, which is an advantage for the hydrogen transfer
to the carbon in the reductive elimination process (3p — 0).
Then Co(0) species 0 is obtained, which interacts with the
alkane weakly. At last, the catalyst 0y is regenerated from 0 in
the presence of H, in a spontaneous exothermic process as
shown in Figure S2. The presumed Co(0) cycle starts with 0,
and there are two possible initial steps: the addition of alkene
substrate or that of H,. The former is strongly preferred to give
1°. After alkene coordination, 1° bonds with H, to form 1p as
shown in Figure 2 (path 3, in green).

Figures 3 and 4 show the free energy profiles (paths 11 and
2p) of prenyl alcohol hydrogenation catalyzed by the vertical Oy
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and the planar 0p, respectively, and the modes of alkene
insertion into the cobalt—hydride species, 1,2-alkene insertion
(anti-Markovnikov addition) and 2,1-alkene insertion (Mar-
kovnikov addition), were considered. As shown in Figure 3,
prenyl alcohol coordination from Oy to 1y is exergonic by 4.0
kcal/mol, and subsequent 1,2-alkene alkene insertion from 1y
to 2,7 and 2,1-alkene insertion from 1y to 2,y are facile steps
with low barriers of 0.3 and 2.7 kcal/mol, respectively, which
are the regioselectivity-determining steps for alkene hydro-
genation catalyzed by the vertical (dppe)CoH,. Next, hydrogen
bonding with Co atoms in 2,7 and 2,y transfers to the carbon
along with the Co—C bond, and the energy barriers of the
reductive elimination step for both the 1,2 insertion pathway
and the 2,1 insertion pathway are 11.0 and 10.3 kcal/mol,
respectively.

As shown in Figure 4, the C=C bond of prenyl alcohol
binds to the tetrahedral shape (diphosphine)CoH, to form
alkene-coordinated intermediates 1;,, and 1,p, which are
endergonic by 10.5 and 6.1 kcal/mol in 1,2 insertion mode
and 2,1 insertion mode, respectively. Subsequent prenyl alcohol
insertion in Co—H bond from 1,p to 2;p and from 1,; to 2,p is
an accessible step with a barrier of 2.2 and 11.3 kcal/mol,
respectively. In consideration of the significant step related to
the alkene regioselectivity, the striking energy barrier difference
of two modes of alkene insertion implies that 1,2 alkene
insertion is preferred in the alkene hydrogenation pathway
beginning with Op as the same as the process catalyzed by the
vertical (dppe)CoH, Oy. However, the pathway starting form
0p contains a geometric rearrangement from 2p to the planar 3;
with a barrier of 7.1 kcal/mol in the 1,2 insertion pathway and
19.0 kcal/mol in the 2,1 insertion pathway. After undergoing a
geometric rearrangement to facilitate hydrogen transfer, the
reductive elimination from 3p to 0 is a slightly difficult step to
climb with barriers of 12.4 and 11.6 kcal/mol in the 1,2
insertion pathway and 2,1 insertion pathway, respectively,
which is 1.4 and 1.3 kcal/mol higher than the corresponding
reductive elimination in alkene hydrogenation pathway
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beginning with Or. The rate-determining steps catalyzed by the
planar (dppe)CoH, Op, are the reductive elimination with the
barrier of 12.4 kcal/mol for the 1,2 insertion pathway and
geometric rearrangement with the barrier of 19.0 kcal/mol for
the 2,1 insertion pathway, respectively. Therefore, the larger
steric hindrance in the 2,1 insertion pathway mainly contributes
to the energy-costing geometric rearrangement. As the TOF-
determining transition states (TDTS) for the preferred 1,2
insertion mode, the peak TS2,y in path 1y is higher than the
peak TS2—3,, in path 2, on the reductive elimination
mechanism. Therefore, path 2, should be more favorable due
to the larger energetic span of path 1 based on the energetic
span model proposed by Shaik et al.”*

As shown in Figure 5, in the pathway involving 0, which is
generated from reductive elimination of 18ip (2,1, 2,1, 31p, and

Figure 5. Co(0) species formation and catalytic activation in this
system.

3,p) and contains an open coordination site, the catalytic
activation could begin with either alkene coordination or H,
coordination with exergonicity of 17.1 or 15.6 kcal/mol,
respectively. Then 1° undergoes the step of H, coordination to
form 1,5 and 1,p, which are endergonic by 12.0 kcal/mol in the
1,2 insertion mode and 7.6 kcal/mol in the 2,1 insertion mode.
Therefore, the bis(phosphine)cobalt(0) complex coordinated
with substrate could be separated and characterized in the
experiment due to thermodynamic stability, which is also
regarded as the precatalyst for alkene hydrogenation.'*

o Bond Metathesis Mechanism. In an attempt to search
for the more accessible energy barrier than that of the reductive
elimination mechanism, o bond metathesis mechanism
involving H, coordination and heterolytic H, activation is
investigated in the process of prenyl alcohol hydrogenation

catalyzed by (dppe)CoH,, which gives the similar outcome
with the reductive elimination followed by oxidative addition.””
As shown in Figure 6, 21y, 22, 2;p, and 2, lie on the crossing
of the reductive elimination mechanism and ¢ bond metathesis
mechanism, which are followed by the insertion of coordinated
alkenes into Co—H bond. After H, coordination, 4,1, 4,1, 41p,
and 4,p are obtained, whose strong proton donor character
encourages proton transfer to the alkyl group. Then the alkyl
group takes the proton and the H- goes to the metal to
regenerate the catalyst, which are liberated by heterolytic
activation of H,.

The corresponding free energy profiles of the o bond
metathesis mechanism for prenyl alcohol hydrogenation
catalyzed by (dppe)CoH, are shown in Figure 7. In the
pathway catalyzed by the planar (dppe)CoH,, the equatorial
coordination of H, to form 4,p and 4,p is endergonic by 5.5
and 9.5 kcal/mol, respectively. Then H' in 4,5 and 4,p transfers
to the carbon along with the axial Co—C bond with barriers of
8.7 and 7.5 kcal/mol, respectively. The alkane is obtained with
planar (dppe)CoH, regenerated via TS4,p and TS4,p, which
are largely exergonic by 45.7 and 51.9 kcal/mol, respectively.
The rate-determining step of ¢ bond metathesis mechanism
catalyzed by the planar (dppe)CoH, of 1,2 insertion mode and
2,1 insertion mode are the H, activation step with a barrier of
14.2 and 17.0 kcal/mol, respectively. Similarly, in the pathway
catalyzed by the vertical (dppe)CoH,, the axial coordination of
H, to form 4, and 4,y is endergonic by 8.4 and 6.5 kcal/mol,
respectively. Then H' in 4,1 and 4,1 transfer to the carbon
along with the equatorial Co—C bond with barriers of 4.5 and
9.5 kcal/mol, respectively, and the alkane is obtained with the
original vertical (dppe)CoH, regenerated via TS4,1 and TS4,y,
which are exergonic by 27.7 and 34.0 kcal/mol, respectively.
The rate-determining step of the o bond metathesis mechanism
catalyzed by the vertical (dppe)CoH, of 1,2 insertion mode and
2,1 insertion mode is the H, activation step with barriers of
12.9 and 16.0 kcal/mol, respectively. Similar to the reductive
elimination mechanism, 1,2 alkene insertion is preferred in the
o bond metathesis mechanism of alkene hydrogenation
catalyzed by both vertical and planar (dppe)CoH,. However,
as the TDTS for preferred 1,2 insertion mode, the energies of
TS4,p and TS4,; in the ¢ bond metathesis mechanism are
much higher than those of TS2-3;p and TS2,y in reductive
elimination mechanism. Therefore, the energetic span of the o
bond metathesis mechanism is larger than that of the reductive
elimination mechanism, and the reductive elimination mecha-
nism is still preferred to the ¢ bond metathesis mechanism in
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2707

DOI: 10.1021/acs.joc.7b00016
J. Org. Chem. 2017, 82, 2703-2712


http://dx.doi.org/10.1021/acs.joc.7b00016

The Journal of Organic Chemistry

Oy + alkane
0, + alkane T>57 4
=721 ’
Figure 7. Free energy profiles of o bond metathesis mechanism for prenyl alcohol hydrogenation catalyzed by (dppe)CoH, (H atoms are partly
hidden).
# Ph * Ph \( *
N Ph M. Ph\FL _rOH
\F’\C / P>col [ col |
A~ S\ OH M
P N \
Ph ppn oMo Fl'h P by 1 o Ph \{/ Pt ph
Ph, . N TS4
ula\ N TS3R¢p e /Hy TS3gep P RIP
Co : oL ) [ Co” “OH
EP/ Sp N / p” \H
P} P bn by P |
Ph OH Ph
3. 3rip 4rip
0 + alkane
* *
T X e e .
Y P~ H N
P~ Co---- P~
Cor -
C S5 o [P A LOH ( ce /,kOH
P H P /
/L H P pn A H
o P P ph onPh Ph Ph /L PH ph
\ TS2R NPT TS PN
P ~co 1T P\C : ( P ~c f TS3gqr
0 - O
Er=' 7] oM (p AL [p 7| on
/L H /1 OH /L H
PH ph P pn H PH ph
27 2rir 3riT
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the favorable 1,2 insertion mode of prenyl alcohol hydro-
genation catalyzed by (dppe)CoH,.

p Hydrogen Elimination Mechanism. Isomerization is
often a branched pathway in the alkene hydrogenation, and
many transition-metal complexes are capable of catalyzing the
1,3-migration of hydrogen substituents in alkenes, in which
there is the net effect of moving the C=C group along the
chain of the molecule. Two mechanisms are most commonly
found: the first proceeds via alkyl intermediates and the second
by #*-allyls. The second mechanism involves allyl intermediates
and is adopted by those metal fragments that have two 2e
vacant sites but no hydrides. In our system, the Co—H bond
and a vacant site are available for the alkyl route, so the alkyl
intermediate may undergo f hydrogen elimination before it has
a chance to reductively eliminate. In the six metal—alkyl
intermediates (211, 251, 21p, 22p) 31, and 35p), 3;p and 2,1 keep
a better balance between the catalytic activation and
thermodynamic stability, which are at the crossing of the
reductive elimination mechanism and f hydrogen elimination
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mechanism. As shown in Figure 8, the metal—alkyl
intermediates 3,p and 2,y are converted into a hydridemetal
alkene complex 3g;p and 2,1 via B hydrogen elimination,
which are the reverse of alkene (E)-3-methylbut-1-en-1-ol
insertion and (Z)-3-methylbut-1-en-1-ol insertion, respectively.
In the other alkene insertion manner, (E)-3-methylbut-1-en-1-
ol inserts in the Co—H bond from 3g;p to 4g;p, and (Z)-3-
methylbut-1-en-1-o0l inserts in the Co—H bond from 2,1 to
3rir- The new metal—alkyl intermediates 4g;p and 3g;p are
obtained, which are followed by reductive elimination as the
process discussed above.

The corresponding free energy profile of the S hydrogen
elimination mechanism starting from 2,1 and 3,p is shown in
Figure 9. The hydrogen bonding with the SC atom in 2,y
transfers to the Co atom along with the Co—aC bond, and the
energy barrier of the 8 hydrogen elimination step is 15.8 kcal/
mol, which is exergonic by 16.3 kcal/mol to give 2g,r. The
corresponding energy barrier of the f hydrogen elimination
step from 3,p to 3g;p is 9.5 kcal/mol with an exergonicity of 1.5

DOI: 10.1021/acs.joc.7b00016
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Figure 10. Reaction network of prenyl alcohol hydrogenation catalyzed by bis(phosphine)cobalt dialkyl complex. Path A in black route denotes the
pathway of catalytic species formation, path B in purple route denotes the pathway of reductive elimination mechanism, path C in magenta route
denotes the pathway of 6 bond metathesis mechanism, path D in red route denotes the pathway of # hydrogen elimination mechanism, and path E in
green route denotes the Co(0) pathway. The values in parentheses under stationary points are free energies relative to the precatalyst, units: kcal/

mol.

kcal/mol. In fact, (E)-3-methylbut-1-en-1-ol is easier to
generate from 3,p than (Z)-3-methylbut-1-en-1-ol from 2y,
and subsequent alkene insertions from 2p;y to 3g;r and from
3grip to 4gyp are facile steps with low barriers of 4.6 and 2.8
kcal/mol, respectively. The energy barriers of reductive
elimination from 3g;1 and 4g;p to 0 are 7.2 and 8.7 kcal/
mol, respectively. Therefore, there is a competition between the

B hydrogen elimination with the TOF-determining TS3g;p of
—32.9 kcal/mol and the directly reductive elimination with
TOF-determining TS3,p of —34.1 kcal/mol. The # hydrogen
elimination is preferred with the rate-determining barrier of 9.5
kcal/mol from 3;p to 3g;p in the prenyl alcohol hydrogenation
catalyzed by planar (dppe)CoH,. However, the reductive
elimination mechanism is still favorable with the TOEF-
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Figure 11. ELF analyses of agostic bond characteristics in 2;p and 2;.
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determining TS2; of —31.6 kcal/mol in the prenyl alcohol
hydrogenation catalyzed by the vertical (dppe)CoH,.

Preferred Catalytic Activation Process. Taking a
panoramic view of different mechanisms based on the
calculated results above, the reaction network of prenyl alcohol
hydrogenation in the preferred 1,2 alkene insertion mode
catalyzed by bis(phosphine)cobalt dialkyl complex is summar-
ized in Figure 10. Path A in the black route denotes the
pathway of catalytic species formation, path B in the purple
route denotes the pathway of reductive elimination mechanism,
path C in the magenta route denotes the pathway of the ¢ bond
metathesis mechanism, path D in the red route denotes the
pathway of the  hydrogen elimination mechanism, and path E
in the green route denotes the Co(0) pathway. Compound 2,
is at the crossing of paths B and C, 3, is at the crossing of
paths B and D, and 2,y is at the crossing of path B, C, and D.
The bold routes denotes the preferred pathway of the catalytic
activation process. On account of the free energy profile
discussed above, path B (f hydrogen elimination mechanism)
and path D (reductive elimination mechanism) starting from 0p
and 0 are the preferred competitive pathway in the prenyl
alcohol hydrogenation catalyzed by the bis(phosphine)cobalt
dialkyl complex. That is, the hydrogenation activity of Co(II)
compounds with redox innocent phosphine donors involves
Co(0)—Co(Il) catalytic mechanisms.

As the crossing points of different mechanisms, it is essential
to understand the orientation of the metal—alkyl intermediates.
The electron localization functions (ELFs) in the Co—aC—jC
plane of 2, and 2, are plotted in Figure 11, which clarifies the
chemical bonding around cobalt atom using Multiwfn
software.”® The ELF is normalized between 0 (zero localization,
blue areas) and 1 (strong localization, red areas) with the value
of 1/2 corresponding to a free electron gas behavior. It is
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observed that the regions with Co—H?, Co—aC, and Co—fC in
2,p and 2,y are almost the same, which indicates the H*—4C in
2;p and 2,7 bonds to the cobalt center in an agostic fashion
rather than classical alkyl mode. Therefore, the H, coordination
in ¢ bond metathesis mechanism needs to overcome the
electron effects and steric effects of the agostic H*—C bond,
which could be the origin of the larger energetic span in
comparison to the reductive elimination in the prenyl alcohol
hydrogenation catalyzed by both the planar and vertical
(dppe)CoH,.

The most obvious difference of the preferred mechanism
from different initial active species is that Op and O prefer the
hydrogen elimination mechanism and O prefers to the
reductive elimination mechanism. The geometry similarity of
transition states is that both TS2,r and TS3;p on reductive
elimination contain a Co—aC—H! three-membered ring, and
TS2R;1 and TS3R;, on f hydrogen elimination contain a
Co—aC—pC—H? four-membered ring. As shown in Figure 12,
the smallest dihedral angles of Co—aC—fC—H? in 2,1 and 3,p
are 49.8° and 45.3° respectively, and the corresponding

@-.

"

Figure 12. Dihedral angle of Co—aC—pC—H? and distance of Co—H>
in 2,7 and 3,p. (Only the core parts are displayed.)
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distances of Co—H? in 2,1 and 3;p are 3.219 and 2.871 A,
respectively. Therefore, the higher energy barrier of # hydrogen
elimination starting from 2,; stems from the larger dihedral
angle of Co—aC—pC—H? and larger distance of Co—H? than
that of reductive elimination. However, the larger Co—aC—H!
ring strain of TS3,p on reductive elimination contributes to the
higher energy barrier than that of § hydrogen elimination. The
dihedral angle of Co—aC—pBC—H? the distance of Co—H?, and
the Co—aC—H' ring strain of the 2;; and 3, determine the
preferred catalytic pathway together.

B CONCLUSION

The mechanism of directed hydrogenation of hydroxylated
alkene catalyzed by bis(phosphine)cobalt dialkyl complexes has
been studied by DFT calculations. The active (diphosphine)-
CoH, with planar structure is most possibly obtained from two
successive hydrogenolyses without geometry transformation.
The planar dihyride complex 0p is presumed to be not the only
active species in the catalytic reaction, which could transform
into the vertical Op via TSOp_p with a barrier of 15.7 kcal/mol
on the doublet surface. Co(0) species formation and catalytic
activation were confirmed on the quartet state. The
experimentally identified and characterized bis(phosphine)-
cobalt(0) complex can be accounted for using the pathway
involving intermediate 0. On the basis of the investigation of
three different mechanisms (reductive elimination, ¢ bond
metathesis, and f elimination mechanism), the preferred
catalytic activation process undergoes the 1,2 alkene insertion
mode. Op and O prefer to the S hydrogen elimination
mechanism with a barrier of 9.5 kcal/mol. H, coordination in
the o bond metathesis mechanism needs to overcome the
electron effects and steric effects of the agostic H*—fC bond of
2,p and 2,1, which is the origin of the larger energetic span in
comparison with the reductive elimination. The hydrogenation
activity of Co(II) compounds with redox-innocent phosphine
donors involves the Co(0)—Co(II) catalytic mechanism.
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