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Abstract

UB3LYP computation including dispersion and toluene solvation has been carried to elucidate the mechanisms of alkene
hydrogenation catalyzed by bis(imino)pyridine iron dinitrogen complex (*"PDI)Fe(N,),, which has low stability towards N,
dissociation. The coordinatively unsaturated complexes, (iP "PDI)Fe(N,) and (iP PDI)Fe(1-C4Hg), favor open-shell singlet ground
states. On the basis of our computations, we propose a new mechanism of 1-butene coordination and hydrogenation after N,
dissociation. The hydrogenation of 1-butene undergoes a concerted open-shell singlet transition state involving H, dissociation,
C-H bond formation and C=C bond elongation, as well as the subsequent C-H reductive elimination. In the whole alkene
hydrogenation, the H-H bond cleavage is the rate-determining step.

Keywords Alkene hydrogenation - Fe complexes - DFT - Mechanism - Homogeneous catalysis

Introduction

Hydrogenation of alkenes catalyzed by homogeneous transi-
tion metal compounds is one of the widely studied reactions in
modern chemistry [1]. This powerful transformation has been
widely applied in commercial processes for pharmaceutical,
fine, and commodity chemical synthesis [2—6]. Since the dis-
covery of the Wilkinson catalyst (Ph3P);RhCl over half a cen-
tury ago [7, 8], the most commonly employed protocols in-
volve the use of catalysts based on precious metals like
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rhodium, iridium, and ruthenium [9-13]. Alternatively,
earth-abundant base iron catalysts have been developed by
several laboratories during the past few decades [14, 15].

One interesting type of hydrogenation catalysts is the aryl-
substituted bis(imino)pyridine transition metal (PD)M com-
plexes [PDI = 2,6-(R'N=CR?),CsH;N; R' = alkyl, aryl, amino;
R”=H, Me]. Initial studies by Brookhart and Gibson revealed
that Co(II) and Fe(II) complexes containing (imino)pyridine
ligands with bulky aryl substituents at the imine position are
highly active and long-lived for ethylene polymerization [16,
17]. Among different hydrogenation catalysts, cobalt and rhodi-
um bis(imino)pyridine complexes have been utilized for the
hydrogenation of mono- and disubstituted olefins [18].

The first bis(imino)pyridine iron bis(dinitrogen) complex
("P"PDI)Fe(N,), [P"PDI=(2,6-(2,6-'Pr,-
CgH3N=CMe),CsH;N)] (Scheme 1) was reported by Chirik
et al. [19] They found that (PPDI)Fe(N,), is an effective pre-
catalyst for olefin hydrogenation, like 1-hexene, under ambi-
ent temperature and one atmosphere H, pressure with high
turnover frequencies. Later, Chirik et al. [20], prepared the
phenyl-substituted bis(imino)pyridine iron bis(dinitrogen)
complex (‘P"PhPDI)Fe(N,), [P"PhPDI = 2,6-(2,6-'Pr»-
CgH3N=CPh),CsH3;N] and demonstrated that this phenyl-
substituted catalyst (P'PhPDI)Fe(N,), is more productive than
(P'PDI)Fe(N,), for 1-hexene hydrogenation, but inferior for
the traditionally more hindered substrates like cyclohexene
and (+)-(R)-limonene. In addition, complex (P'PDI)Fe(N,),
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Scheme 1 Bis(imino)pyridine iron dinitrogen complexes used for alkene
hydrogenation by Chirik et al.

can be used for the hydrogenation of aryl azides to the corre-
sponding anilines [21]. The catalytic performance of
(P'PDI)Fe(N,), on the hydrogenation of a range of substituted
alkenes, such as amino- and oxygen-substituted alkenes, have
been explored by Chirik et al. [22] The new dimeric, aryl-
substituted bis(imino)pyridine iron dinitrogen complexes
were synthesized and characterized [23, 24]. Compared with
the original complex (‘P"PDI)Fe(N,),, complex
[MPDI)Fe(N,)]x(112-N,) offers dramatically improved activ-
ity for the hydrogenation of ethyl-3-methylbut-2-enoate [23,
24]. Despite the exploration of iron catalysts with the redox-
active bis(imino)pyridine ligand or the weak-field ligand, the
catalytic reaction pathways still remain unclear due to the
short lifetime of catalyst and intermediates. Redox-active li-
gands may occur in several different formal oxidation states
when bound to the first row transition metals [25]. The spin
state crossing (“two-state reactivity”) is necessary when there
are different spin states in catalysts and intermediates [26].
When spin-orbit coupling is sufficient to allow the mole-
cule(s) to traverse between the potential energy surfaces
(PES) within a reaction, spin state changes can occur [27]. A
recent report shows that bis(imino)pyridine iron alkyl com-
plexes have a high-spin iron(II) center, which is antiferromag-
netically coupled to chelate radical anions [28].

Although previous work proposed a plausible mechanism
(Scheme 2) [19], the detailed kinetic information and crucial
intermediates were unclear. It is proposed that the initial step is
the generation of the active catalyst via N, dissociation, fol-
lowing by 1-butene coordination. In path I, direct H, oxidative
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Scheme 2 Proposed mechanism of butene hydrogenation with [Fe](N>),,
[Fe] = (P"PDI)Fe [19]
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addition to the Fe center of (""PDI)Fe(CH, = CHCH,CH;)
leads to iron(Il) dihydride complex (P'PDI)Fe(H),(CH, =
CHCH,CHj;) and the next step is the stepwise transfer of hy-
dride ligand to 1-butene and butyl ligands. In path II, the
isomerization of 1-butene catalyzed by (*"PDI)Fe takes place
to form 2-butene-coordinated iron complex and the next step
is the stepwise transfer of hydride ligand to 2-butene and 2-
butyl ligands. To elucidate the alkene hydrogenation mecha-
nism catalyzed by (P*PDI)Fe(N,),, we carried out detailed
density functional theory calculations. Possible reaction paths
including closed-shell singlet, open-shell singlet, and open-
shell triplet states were investigated comprehensively, in order
to identify different pathways of H, oxidative addition and
obtain the insights into the reaction mechanism of olefin hy-
drogenation. These insights should be helpful for the under-
standing into the catalytic activity of low-oxidation-state iron
complexes.

Computational details

Geometry optimizations were performed at the level of
UB3LYP density functional theory [29-31], which was
adopted in previous works on the detailed mechanisms of
alkene polymerization and oligomerization process initiated
by bis(imino)pyridyl-iron catalysts [32] and N-H insertion
reactivity of iron porphyrin carbene [33]. We used the real
(P'PDI)Fe(N,), complex without any simplifications as pre-
catalysts and 1-butene as substrate. The validity of our treat-
ment has been established in the previous study of similar
systems and it is not expected to affect the mechanistic results
[34, 35]. The iron atom was performed with the effective core
potential based LANL2DZ basis set [36] and the 6-31G(d)
basis set was used for all other atoms [37, 38]. This basis set
is denoted as BSI. The harmonic vibrational frequencies were
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calculated at the same level to characterize the nature of the
stationary points as true minima without imaginary frequen-
cies or authentic transition states with only one imaginary
frequency. Especially, the validity of transition states was con-
firmed by intrinsic reaction coordinate (IRC) computation and
the connectivity between stationary points was established
[39, 40]. All complexes in the open-shell singlet were calcu-
lated by using the symmetry-broken method as used in previ-
ous studies [41-43]. Natural bond orbital (NBO) analysis has
been explored to provide natural population analysis (NPA)
charges [44].

To confirm the reliability of the chosen theory level, we
made specific search on geometry optimization and energy
computations (Fig. S1). The computed bond distances of
(P'PDI)Fe(N,), at B3LYP/BSI and B3LYP/BSII (BSII de-
notes the combination of LANL2DZ for Fe and 6-31+
G(d,p) for other atoms) differ very slightly (Table S1), and
they are in good agreement (> 97%) with the available data
from X-ray structure diffraction analysis (Table S2). To save
computing costs, we used B3LYP/BSI to optimize the struc-
tures of all intermediates and transition states at first and
then refined the energies with B3LYP/6-311++G(d,p)//
B3LYP/BSI and B3LYP-D3/6-311++G(d,p)//B3LYP/BSI
single-point energy calculations with solvent effects
accounted by the conductor-like polarizable continuum mod-
el (CPCM) [45] and polarizable continuum model (PCM)
[46, 47]. The dielectric constant (¢) of the polarizable medi-
um toluene was set to 2.379, which was the solvent used in
related experiments. The final B3LYP-D3 (with PCM)/6—
311++G(d,p)//B3LYP/BSI electronic energies were added
to the Gibbs free energy correction calculated at B3LYP/
BSI level to obtain the final presenting Gibbs free energy
in solution. The functional B3LYP-D3 shows good perfor-
mance due to its inclusion of dispersion effects [48, 49]. In
addition, we have compared M06 and B3LYP functional
(Table S5) to reevaluate the relative energy and found that
for 3a the single-point M06/6-311++G(d,p) or M06-2X/6—
311++G(d,p) energies including dispersion and toluene sol-
vation are close to that B3LYP-D3; and for the dissociation
of N2 from (P'PDI)Fe(N,),, the B3LYP-D3 method is best
(Table S4). Although the thermal and entropy contributions
to the Gibbs free energy were incorporated from the gas
phase frequency calculations at 1 atm pressure and 298 K,
the entropy contribution was overestimated from the gas-
phase calculations, especially for the cases where the num-
bers of reactant and product molecules are different, i.e.,
correction is added to the free energies according to the free
volume theory. For one-to-one or two-to-two transformation,
no correction was made. For two-to-one (or one-to-two)
transformation, a correction of — 1.89 (or 1.89) kcal/mol
was made at the temperature of 298.15 K [50].

In the reaction pathways, the species with OS denotes the
open-shell singlet, such as ©52a, and the 3 denotes the triplet

state, such as *2a. The “guess = alter” keyword was employed
to obtain the open-shell singlet electronic structures. The wave
function stability has been performed on all open-shell sin-
glets by using a “stable = opt” calculation [51, 52]. The wave
function of all open-shell singlets is stable and the <S2>
values have been given in Table S6 to show the spin contam-
inations. Table S6 shows the energy changes upon Yamaguchi
correction [53] for the open-shell singlet species. The correc-
tion stabilizes the open-shell singlet species, but the annihila-
tion of the spin contamination is incomplete in these species.
In order to consider all possible open-shell singlet solutions, a
spin-unrestricted broken-symmetry (BS) model was investi-
gated using the fragment guess feature. In the BS calculations,
we defined three fragments for all species; Fe/Fe-H, PDI, and
N,/C4Hg. In BS(m,n) formulation, m is the number of elec-
trons on the Fe center, and » is the number of electrons on the
PDI fragment; and both types of electrons couple in an anti-
ferromagnetic way. Two different BS approaches, BS(1,1)
corresponding to the antiferromagnetic coupling between Fe'
(d’, Sge = 1/2) and the PDI doublet anion ligand (PDI ", Spp; =

1/2) as well as BS(2,2) corresponding to the antiferromagnetic
coupling between Fe"" (d°, Sg.=1) and PDI triplet dianion
ligand (PDI*", Sppr= 1), were carried. It is found that both
BS approaches converged to the one solution, which is the
same as obtained using “guess = alter”. It is noted that most
of the open-shell singlets have the same energy by using two
methods except for ®®5a and ©S5b. The relative energies of
0552 and ©55b using “guess = fragment” are slightly lower
than those using “guess = alter” (— 8.80 vs. — 12.11 kcal/mol;
and — 10.00 vs. —13.97 kcal/mol before Yamaguchi correc-
tion, respectively). All calculations were performed with the
Gaussian 09 software package [54].

Results and discussion

Catalyst activation as well as H, and 1-butene
coordination

The optimized molecular structure of the real catalyst
(P'PDI)Fe(N>), [1-(N,),] in singlet state has a distorted square
pyramid with one N ligand completing the fourth site of the
basal plane, while the other N, ligand occupies the apical
position. This is in full agreement with the single crystal struc-
ture of 1-(N,); [19]. Similar to the previous suggested electron
structure for 1-(N,),, the BS(1,1) solution is 2.63 [11.66] kcal/
mol more stable than the closed-shell singlet [S5]. Attempts to
optimize the triplet and quintet states of 1-(N), led to the
dissociation of one N, ligand, indicating the instability of
1-(N;), in high spin states. The obvious difference between
the susceptibility of the open-shell singlet and that of the
closed-shell singlet is that a closed-shell singlet is usually
diamagnetic, except when the temperature-independent
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paramagnetic interactions with relatively high energy excited
states are strong enough, whereas the open-shell singlet is a
temperature-independent paramagnet [56]. For the open-shell
singlet, the spin is zero, but the orbital angular momentum is
not. Therefore, the calculated open-shell singlet electronic
structure for 1-(N;), is antiferromagnetic, which is consistent
with the paramagnetic 1-(N,), in solid state examined by the
SQUID data from 4 to 300 K [19]. Our calculations show that
O51(N,), has spin density at Fe (p = 0.954) and the PDI frag-
ment (p =— 0.858). The NMR spectroscopy of 1-(N,), shows
the dynamic coordination and dissociation of N, ligand from
1-(N2), [19]. We looked back to the SQUID data for 1-(N,), in
the original paper of Chirik [19]. We analyzed the xT-T figure
and endued that the paramagnetism in the high temperature
region (above circa 30 K) is originated from 1-N, and the
antiferromagnetism in the low temperature region is originat-
ed from 1-(N,),. The Weiss constant (0) fitted out with Curie-
Weiss law has a small negative value of — 0.64(2), which ruled
out the diamagnetic behavior in the low-temperature region.
Based on our calculations, 1-(N,), has an open-shell singlet
ground state, which verified the antiferromagnetism in the low
temperature. Therefore, the description of the diamagnetic
ground state of 1-(N;), in the later paper of Chirik is probably
not correct [55].

Fig. 1 Free energies (AG,
kcal/mol) for N, dissociation
from (""PDI)Fe(N,),, followed
by H, or 1-butene coordination/
replacement. The Yamaguchi
correction for the open-shell sin-
glet species is given in square
brackets

Prior to catalysis, the pre-catalyst needs to discard one or
two N, ligands to form the coordinatively unsaturated and
active species; (P"PDI)Fe(N,) [1-N,] or (P'PDI)Fe [1].
Experimentally, it is found that (iPrPDI)F e(N,), in toluene
undergoes N, dissociation and forms equilibrium between
(‘’"PDI)Fe(N,), and (‘P'PDI)Fe(N,), in favor of
(P'PDI)Fe(N,). The dissociation of the first N, ligand from
1-(N,), into the singlet state (1-N,) is endergonic by
14.04 kcal/mol, while exergonic into the triplet state (3 1-N,)
by 2.08 kcal/mol and the open-shell singlet state (°®1-N,) by
3.71 [5.80] kcal/mol (Fig. 1), indicating the low thermody-
namic stability of 1-(N,), as well as the preference of
(P'PDI)Fe(N,) as well as the possible equilibrium between
(P"PDI)Fe(N,), and (P'PDI)Fe(N,).

On the potential energy surface, *1-N, and °%1-N, are
much more stable than 1-N, by 16.12 and 17.73 [19.82]
kcal/mol at ambient temperature (298.15 K), close to
16.0 kcal/mol reported by the Chirik’s group [55]. Such ener-
getic changes also have been found by using different
methods (Tables S3 and S4). The scene of spin-forbidden
ligand dissociation is very common in organometallics
[57-59]. To afford *1-N, the spin-change should take place.
As shown in Fig. 2, 31-N, involves spin density at Fe(I) (p=
1.238) and PDI" (p=0.779); and ®®1-N, has spin density at
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........ 1-(H),; 23.45
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Fig. 2 Spin densities of the open-shell singlet ©31-N, and triplet >1-N,

Fe (p=1.358) and the PDI fragment (p =— 1.182). This indi-
cates the contribution of antiferromagnetic coupling between
Fe(I) and a diradical dianion PDI*", in agreement with the
study on the multireference electronic structure of (PDI)FeN,
[60]. The calculated stability of ®$1-Nj is in line with that of
the (*"EtPDI)FeN, and (*'iPrPDI)FeN, complexes [55]. The
recent multireference study on the different spin states of the
PDI-ligated Fe complexes show that the BS(4,2) septet,
BS(3,1) quintet, and BS(3,1) triplet states with p(Fe) > 3 are
not only higher in energy than the triplet and open-shell singlet
BS(1,1) but also have the Fe-N bond distance significantly
longer than the experimentally determined value [60]. Thus,
we did not further consider the high spin states on the Fe
center.

Without alkene or H, coordination, the dissociation of the
second N, ligand from *1-N,/?%1-N, into the triplet state *1 or
the singlet 1 is endergonic by 18.94/20.57 [22.66] or 34.70/
36.33 [38.42] kcal/mol, respectively, indicating the high ther-
modynamic stability of *1-N, and °%1-N,. The open-shell
singlet for 1 cannot be obtained. Furthermore, we computed
the coordination of H, and 1-butene (1-C4Hg) to *1-N, and
OS1-N,. Our results show that 1-butene coordination to >1-
N,/%%1-N, to form 1-(N,)(1-C4Hy) is endergonic by 16.15/
17.78 [19.87] kcal/mol and H, coordination to *1-N»/?51-N,
to form 1-(N,)(H,) is endergonic by 15.35/16.98 [19.07]
kcal/mol.

To show the participation of substrates in promoting the
activation of *1-N, and °51-N,, we computed the substitution
of N, in *1-N,/°1-N, by H, and 1-butene (1-C4Hg). The
substitution of N in 31-N,/°51-N, by 1-butene to form the
singlet state 1-(1-C4Hy), triplet state 31-(1-C4H{.;) and open-
shell singlet state ©S1-(1-C4Hg) is endergonic by 21.52/23.15
[25.24], 21.84/23.47 [25.56], and 5.59/7.22 [-5.43/-1.71]
kcal/mol, respectively, indicating that 1-butene prefers N,
substitution to form the open-shell singlet state ©51-(1-
C4Hjg) rather than the coordination to form the singlet
1-(N,)(1-C4Hg). The substitution of N, in *1-N»/?51-N, by
H, to form the singlet state 1-H,, triplet state 31-H, and the
open-shell singlet state ©>1-H, is endergonic by 28.61/30.24
[32.33], 9.74/11.37 [13.46], and 12.62/14.25 [2.83/6.55]
kcal/mol, respectively, indicating that H, prefers N,

substitution to form the triplet state *1-H, (the open shell
singlet ®51-H, after Yamaguchi correction) rather than coor-
dination to form the singlet 1-(N,)(Hy). It also shows that N,
substitution by 1-butene to form the open-shell singlet state
051-(1-C4Hg) is more favored than N, substitution by H, to
form the triplet state *1-H, by 4.15 [15.17] kcal/mol and to
form ?%1-H, by 7.03 [8.26] kcal/mol.

In the geometry of *1-H,, the H, ligand coordinates to the
Fe center in 7" fashion vertically with respect to N-Fe-N plane
and forms a distorted square planar coordination sphere,
where the H, ligand has molecular coordination as indicated
by the H-H distance of 0.825 A, which is slightly elongated as
compared with free H, molecule (0.743 A). In 1-H,, the H,
ligand lies on the equatorial plane of N-Fe-N.
Thermodynamically, *1-H, is more stable than 1-H, and
OS1.H, by 18.87 and 2.88 kcal/mol (°S1-H, is more stable
than 1-H, and 31-H2 by 25.78 and 6.91 kcal/mol after
Yamaguchi correction), respectively. In addition, the
dihydride complexes *1-(H), and 1-(H), from H, oxidative
addition are less stable than *1-H, by 6.56 and 15.79 kcal/mol
(less stable than ©S1-H, by 13.47 and 22.70 kcal/mol after
Yamaguchi correction), respectively. All these indicate that
the stable intermediates *1-N, and ©51-N, are afforded at the
initial stage of reaction and the next step should be 1-butene
substitution with the formation of open-shell singlet state
051-(1-C4Hg) in the environment of 1-butene and H,. This
supports the reaction intermediate (‘""PDI)Fe(CH, =
CHCH,CHs;) suggested by Chirik and coworkers [19].

1-Butene hydrogenation

Considering that the spin state pre-equilibrium is established
between ©51-N, and *1-N, due to the small energy difference
(1.63 [3.72] kcal/mol), we computed the open- and closed-
shell singlet states as well as triplet states for all intermediates
and transition states. As shown in Fig. 3 and Fig. S2, the open-
shell singlet 951-(1-C4Hg) exhibits anti-ferromagnetic cou-
pling between the unpaired d-electron of Fe (p=1.596) and
the PDI fragment (p =— 1.417), with a charge distribution as
Fe(+])-(PDI)' . The triplet *1-(1-C4Hg) involves a high-spin
Fe(I) (p=1.260) and PDI" (p=0.849).

Firstly, H, coordination to 051-(1-C,4Hg) forms the open-
shell singlet complex [Fe](H,)(1-C4Hg) (°52) in distorted
square pyramid coordination sphere. There are two possible
conformers, one with the C, carbon close to H, ligand (OSZa);
and one with C, carbon close to H, (°S2b). As expected, H,
coordination to ©51-(1-C4Hg) to form ®52a and “2b is end-
ergonic by 11.50 [17.03] and 13.46 [18.84] kcal/mol. The
closed-shell singlet and triplet states are higher in energy than
the open-shell singlet state (Fig. 4 and Fig. S3). It is noted that
only molecular coordinated H, complexes are found in ©52a/
2a and ©52b/2b; and it is not possible to find any
dissociatively coordinated dihydride complexes from the
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Fig. 3 Free energies (AG, Open-shell Singlet (S = 0)

kcal/mol) of complex 1-(1-C4Hg)
including geometric parameters,
NBO charges (q) and Mulliken
spin densities of iron. The
Yamaguchi correction for the
open-shell singlet species is given
in square brackets

054-(1-C4Hg) (0.00)
d(Fe-Cy): 2.087
d(Fe-C,): 2.221

Jre: 0.532
qcq: —0.496
Jco: -0.285

pre: 1.596

directly oxidative addition, different from the proposed
iron(I) dihydride complex (CH, = CHCH,CHj)[Fe](H), by
Chirik et al. [19]. Previous experiments showed that the pyr-
idine bis(phosphine) iron(Il) dihydride complexes were pre-
pared from hydride addition [61, 62]. The electron-
withdrawing redox-active bis(imino)pyridine disfavors H, di-
rect oxidative addition H, to iron(0), while the electron-
donating pyridine bis(carbene) ligand enables H, oxidative
addition to iron(0) [63].

Closed-shell Singlet (S = 0)

1-(1-C4Hg) (15.93/[26.95])

d(Fe-C,): 2.097
d(Fe-Cy): 2.045

Qre: 0.104
Qcq: —0.452
2! -0.237

pre: 0.000

From complex ©5

g——-ﬂ.\

Triplet (S = 1)

31-(1-C4Hg) (16.25/[27.27])
d(Fe-C,): 2.093
d(Fe-Cy): 2.140

Qre: 0.621
gcq: —0.568
Jco: -0.337

pre: 1.260

2a, we computed 1-butene hydrogena-

tion (Fig. 4). At first, we located the open-shell singlet transi-
tion state [°STS(2a/3a)] for 1-butyl formation with hydrogen
attacking the C, carbon, i.e.; a transition state for H-H disso-
ciation (1.120 A) and C—H bond formation (1.543 A) as well
as C=C double bond elongation (1.434 A). Since H, coordi-
nation and H-H bond cleavage take place concurrently,
O5TS(2a/3a) is a multi-bond concerted transition state [64].
For comparison, we further optimized 2a, TS(2a/3a), and 3a

$
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Fig. 4 Free energy profiles (AG, kcal/mol) along the path with H, coordination and 1-butene hydrogenation (the black lines are for closed-shell singlet
states; the blue lines are for open-shell singlet states). The Yamaguchi correction for the open-shell singlet species is given in square brackets
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in toluene and found that structural parameters of these species
in gas phase and toluene are almost the same.

The hydrogenation of 1-butene affords 1-butyl complex
3a, in which the 1-butyl ligand agostically interacts with the
Fe center. In 3a, the Fe:*H—C agostic bond is 1.810 A, and the
C=C double bond is elongated to 1.498 A as well as the
dissociated H-H distance is 1.925 A. We searched for the
open-shell singlet state for 3a, but it collapsed to the closed-
shell singlet. Starting from complex ©52a, 1-butene hydroge-
nation affording 1-butyl complex 3a is exergonic by 2.92 kcal/
mol (however, it is endergonic by 3.57 kcal/mol after
Yamaguchi correction), and the associated barrier is only
0.03 [3.37] kcal/mol, indicating that the o-bond metathesis
between the bound H, and 1-butene takes place easily. This
is similar to the fact that the o-bond metathesis between the
bound H, and Ir-ethyl moiety overcomes relatively low ener-
getic span in the iridium-catalyzed alkene hydrogenation [65],
and iron dialkyl complexes have been reported [66, 67].
Noticeably, the closed-shell singlet [TS(2a/3a)] and triplet
state [*TS(2a/3a)] transition states are 1.47 [3.62] and 16.74
[18.89] kcal/mol above the open-shell singlet transition state
OSTS(2a/3a), respectively. The triplet 1-butyl complex *3a is
less stable than 3a by 17.24 kcal/mol. On the basis of our
calculations, the C=C bond activation and hydrogenation oc-
curs through the open-shell singlet state path, and the overall
barrier is 15.04 [12.89] kcal/mol.

After 3a, the C—H reductive elimination was considered.
Since H; and C, atoms in 3a are on different sides of the N-Fe-
N plane, the H; atom cannot attack the C; atom directly; and
therefore 1-butyl rotation is indispensable. However, attempts
to locate a transition state for 1-butyl clockwise rotation
around the Fe-N,yrigine axis failed. On the basis of the rotated
1-butyl ligand, we located species 4a, which is less stable than
3a by 5.38 kcal/mol. It is worth noting that a potential energy
surface scan from 3a is uphill, indicating that no transition
state exists. Interestingly, the open-shell singlet ®>4a and the
triplet state *4a are more stable than its singlet 4a by 7.09
[9.12] and 12.99 kcal/mol. We also located the authentic trip-
let three-center transition state *TS(4a/5a) between *4a and
35a. Compared with the close-shell singlet transition state
TS(4a/5a) and the triplet transition state *TS(4a/5a), the
open-shell singlet transition state ®>TS(4a/5a) has the lowest
energy, indicating that the C-H reductive elimination occurs
via the open-shell singlet state path with low barrier of
0.65 kcal/mol. From 3a, the open-shell singlet state is below
the triplet and closed-shell singlet states. Here, the 1-butyl
hydrogenation from 4a proceeds via the open-shell singlet
pathway, which is different in the styryl ligand hydrogenation
catalyzed by triplet (TPB)Fe(u-H)(H) [68]. Based on the sin-
glet and the triplet potential energy surfaces (PES), from 3a,
the weaker 1-butyl ligand dissociation or rotation features no
spin acceleration [69]. Finally, one molecular C4Hg enters the
coordinate site of iron and the 1-butane releases. The

geometries of the closed-shell singlet intermediates and tran-
sition states are displayed in Fig. S4.

We investigated another alkene hydrogenation but it needs
overcoming relatively higher barrier (Fig. S5 and S6). Starting
from the less stable ©52b, we computed the transition state
TS(2b/3b) for 2-butyl formation with hydrogen attacking
the C; carbon, and the barrier is 18.23 [29.25] kcal/mol,
higher than that of 1-butyl formation (11.53 [20.40] kcal/mol).
In addition, 3a is more stable than 3b by 8.83 kcal/mol. This
indicates that 3a formation is more favored kinetically and
thermodynamically than 3b formation. Nevertheless, we com-
puted the subsequent reaction for 3b. The difference is that
three states for 3b almost have the same high energy and the
same geometric feature. From 3b, the triplet states lie below
the closed- and open-shell singlet states (the open-shell singlet
states STS(4b/5b) and ©55b lie below the corresponding
closed- and triplet states after Yamaguchi correction). The C-
H reductive elimination takes place via *TS(4b/5b) with an
moderate barrier of 10.60 kcal/mol (via ©STS(4b/5b) with an
moderate barrier of 6.66 [1.73] kcal/mol after Yamaguchi cor-
rection), which is higher than that (0.65 kcal/mol) along the
path initiated by species ®*4a. Thus, the path along with 2a is
more favorable than the path along with 2b. All computational
details are listed in the Supplementary material for
comparison.

Previous studies on the Pt- and Rh-catalyzed
hydrosilylation of alkenes show that ethylene coordination
with the Pt(II) or Rh(IT) center can lower the barrier of Si—C
or C—H reductive elimination [70-72]. Thus, we explored H,
or Ny-promoted C—H reductive elimination (Fig. S7). It was
found that the coordination of one molecular N, or H, to the
Fe center of 3a by breaking the agostic interaction is ender-
gonic by 8.97 or 13.25 kcal/mol, respectively; and the subse-
quently promoted transition state for C—H reductive elimina-
tion is higher than that of ®TS(4a/5a) by 9.70 [12.71] and
15.38 [18.39] kcal/mol, respectively. Such energy increase
rules out the promotion effect for additional N, and H, coor-
dination, different from the fact that the oxidative cleavage of
the H, to form Ir-H bond occurs before the C—H reductive
elimination [73].

1-Butene isomerization and H, addition

Since N, substitution by 1-butene to form the open-shell sin-
glet state 051(1-C4Hj) is more favored than N, substitution
by H, to form the triplet state *1-H, by 4.15 kcal/mol (to form
the open-shell singlet state ®1-H, by 8.26 kcal/mol after
Yamaguchi correction), we computed the potential energy sur-
face according to the proposed isomerization and hydrogena-
tion path for comparison (Fig. 5 and Fig. S8). Due to the
planar geometry of 1-N,/9%1-N,, the incoming 1-butene
may attack the axial site to form 1-(N,)(1-C4Hg) or directly
replace the N, ligand to form 1-(1-C4Hg); and the former is
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Fig. 5 Free energy profiles (AG, kcal/mol) along the path with 1-butene isomerization and hydrogenation (the black line is for closed-shell singlet; the
blue line for open-shell singlet). The Yamaguchi correction for the open-shell singlet species is given in square brackets

found endergonic by 17.78 [19.87] kcal/mol, while the latter is
found endergonic by 7.22 kcal/mol (exoergic by 1.71 kcal/
mol after Yamaguchi correction) to form OS1-(1-C4H8) and
endergonic by 23.15 [25.24] kcal/mol to form 1-(1-C4Hg).
Obviously, the reaction undergoes the replacement of N, in
O51-N, by I-butene to form ©1-(1-C4Hg). The Fe--H-C
agostic interaction in 1-(1-C4Hg) (Fe'-*H-C distance is
1.880 A) enables the C-H bond activation and the subsequent
isomerization, as reported in the bifunctional ruthenium-
catalyzed alkene isomerization via similar agostic Ru-"H-C
intermediate [74]. Moreover, we found that the geometry of
081-(1-C4Hg) is also in favor of 1-butene isomerization.
Complex 951-(1-C4Hg) dominates the reaction due to its rel-
atively high stability over 1-(1-C4Hyg).

From 1-(1-C4Hg), the shift of the agostic H; to the Fe
center, leading to the n’-allyl hydride species (1°-
C4H-)[FelH (6a), takes place via the authentic transition state
TS(1-(1-C4Hg)/6a). This scene appeared in the olefin isomer-
ization reaction [74]. One can see that the Fe—H; bond in
TS(1-(1-C4Hg)/6a) is obviously shortened (1.556 A) with re-
spect to the length of Fe-~HC agostic value (1.880 A). The
imaginary frequency of TS(1-(1-C4Hg)/6a) displays the de-
sired displacement orientation. Similar n*-allyl intermediates
have also been found in other iron carbonyl [75, 76] and
palladium-catalyzed [77, 78] alkene isomerization reactions.
This transformation process (1-(1-C4Hg) — 6a) has a barrier
of 3.31 kcal/mol, lower than that (8.7 kcal/mol) catalyzed by
Fe(CO); fragment [79]. The conversion of 1-(1-C4Hg) to 6a is
predicted to be endergonic by 0.55 kcal/mol. For the

@ Springer

isomerization reaction, the n*-allyl ligand has to rotate in such
a way where the C; carbon and the hydride should be close at
the same side. We tried to locate the transition state for the 1>
allyl ligand rotation, but failed. Only the conformer 6b was
obtained. From 6a, the shift of H; to C; atom occurs easily
through the transition state TS(6b/1-(2 t-C4Hg)) with very
low barrier of 2.49 kcal/mol, and leads to the frans-2-bu-
tene-coordinated complex 1-(2 t-C4Hg). In 1-(2 t-C4Hg), the
trans-2-butene is stabilized by the Fe*H—C agostic interac-
tion in the vacant axis site and the Fe-HC distance is 1.857 A.
The trans-2-butene coordinated complex 1-(2 t-C4Hy) is less
stable than ©51-(1-C,Hyg) by 16.28 [27.30] kcal/mol. We
found that the release of trans-C4Hg from 1-(2 t-C4Hg) is only
exoergic by 3.14 kcal/mol and the whole 1-butene isomeriza-
tion is an endergonic process (Fig. 5).

Fortunately, we obtained all the stationary points along the
open-shell singlet path (Fig. 5). From ?%1-(1-C,Hg), the H-
shift transition state ®STS(1-(1-C4Hg)/6a) is slightly more
stable by 1.03 [5.07] kcal/mol than TS(1-(1-C4Hg)/6a). The
first H-shift barrier is 18.21 [29.23] kcal/mol, higher than that
(8.7 kcal/mol) catalyzed by Fe(CO); fragment [79]. The hy-
drogen transfer from Fe to the terminal carbon takes place via
the open-shell singlet transition state *STS(6b/1-(2 t-C4Hyg))
with barrier of 1.72 kcal/mol. Especially, the open-shell sin-
gletadduct 0512 t-C4Hj) is more stable than the closed-shell
singlet 1-(2 t-C4Hg) by 15.41 [19.58] kcal/mol. The isomeri-
zation of 1-(1-C4Hg) to 1-(2 t-C4Hg) should be accomplished
with C4Hg entering. One C4Hg molecule coordinates to Fe and
trans-C4Hg releases with an exergonic energy of 19.25 kcal/
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mol. The open-shell singlet state path is more favorable ther-
modynamically and the closed-shell singlet mechanism can be
ruled out. This is different from the fact that the closed singlet
alkene-coordinated iron complex Fe(CO);(m°—1-hexene) fa-
vors the alkene isomerization [79].

For the triplet state pathway, unfortunately, the crucial H-
shift transition state could not be located by our much effort.
This is not surprising because the C=C double in *1-(1-C,Hyg)
(Fig. 4) is nearly in the distorted square planar plane and the
methylene -CH,- in C4Hg is very far from the Fe center and
not available for C-H bond activation and subsequent isomer-
ization. The following triplet stationary points have been lo-
cated and they are much less stable than the singlets (Fig. S8).
Thus, the triplet mechanism for alkene isomerization can be
ruled out.

Having ©%1-(2 t-C4Hy) in hand, we computed the following
hydrogenation steps. Starting from ?%1-2 t-C4Hg), one H,
coordination in n* fashion affords the dihydrogen complex
(C4H8)[Fe](772—H2) 08y (Fig. 6). The formation of 957 is ender-
gonic by 14.99 [26.01] kcal/mol; indicating that H, coordina-
tion is not favorable thermodynamically. As in case of
OSTS(2a/3a), we found a concerted open-shell singlet transi-
tion state for H, breaking and C-H formation via the transition
state ©STS(7/8) for the formation of hydride and 2-butyl com-
plex 8. Along the triplet state surface (Fig. S10), the transition
state *TS(7/8) for the hydrogen shift in the H-H cleavage pro-
cess and intermediate *8 are much higher in energy than the
singlets. The final reductive elimination with the formation of
butane from 8 has almost no barrier and is exergonic. It is worth
noting that the energy of the open-shell singlet transition state
OSTS(9/10) is lower than that of TS(9/10) and *TS(9/10) by
6.06 and 1.92 kcal/mol, respectively. As shown in Fig. S10, the
triplet intermediates involved in the C-H reductive elimination

Fig. 6 Free energy profiles (AG, et

kcal/mol) for 2-trans-butene N Fe :H N:'.“\\N

hydrogenation (the black line is ( //'\ ( Fe.

for closed-shell singlet; the blue Hc—C CHs C/C{'/ A

line is for open-shell singlet). The e
051.(2t:C,Hy) 0s7

Yamaguchi correction for the
open-shell singlet species is given

) 7
in square brackets
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lie below the closed- and open-shell singlet states. This indi-
cates that the spin crossing might take place from 8 to *9 due to
the spin-orbit coupling and the triplet mechanism is in compe-
tition with the open-shell singlet mechanism in the C-H reduc-
tive elimination. On the potential energy surface, the first step
of H, coordination and insertion is unfavorable due to the
higher barrier of 18.21 [25.19] kcal/mol (11.53 [20.40] kcal/
mol in the direct hydrogenation of alkene) relative to ©51-(1-
C4Hg). Therefore, the reaction path of 1-butene coordination
and hydrogenation is more favorable kinetically.

On the basis of our computations, we wish to propose a
simplified reaction mechanism of alkene hydrogenation by
using bis(imino)pyridine iron dinitrogen complex
(P'PDI)Fe(N,), under one atmosphere of H, (Scheme 3).
Due to the low thermodynamic stability of the parent com-
plex, the initial step is the N, dissociation, which generates
intermediate (iP "PDI)Fe(N»). In the catalytic cycle, the first
step should be the replacement of N, by alkene to form the
active species (P"PDI)Fe(1-C4Hg). The next step is H, coor-
dination to form (M°PDI)Fe(H,)(1-C4Hg). Subsequently, al-
kene hydrogenation undergoes a concerted open-shell singlet
transition of H, dissociation and C-H bond formation as well
as C=C bond elongation, which results in the formation of the
alkyl complex. The last step is the reductive elimination of the
formed alkane. In the whole alkene hydrogenation, the open-
shell singlet state reaction path is viable, and the H-H bond
cleavage is the rate-determining step with barrier of 11.53
[20.40] kcal/mol. Our proposal differs from the mechanism
of Chirik et al., where H, coordination is oxidative with the
formation of dihydride alkene complex. Our results also show
that the proposed alkene coordination and isomerization
followed by H, oxidative addition is not favorable due to the
high effective barrier.

+ H t
—=n -

S \F \
5 ~cH— CH CoH
N ( g CH—C,H; > / 2Hs
N/ —~CH ®
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.

Scheme 3 Simplified catalytic cycle for alkene hydrogenation by
bis(imino)pyridine-iron catalysts

[Fe](H)(1-CoH4R)
open-shell singlet

Conclusions

We performed UB3LYP density functional theory computa-
tion to elucidate the mechanism for alkene hydrogenation cat-
alyzed by bis(imino)pyridine iron dinitrogen complex
(P'PDI)Fe(N,),, where the solvation effect of toluene and dis-
persion effect were included. We found several very interest-
ing points regarding the catalysis steps; different spin states
are shown to take place and crossover of several paths is not
possible. The redox-active pyridine(diimine)-chelate iron
complex shows the characteristic feature of the cooperative
electron flow with the ligand and the iron metal in alkene
hydrogenation.

(a) The bis(imino)pyridine iron dinitrogen complex,
(P'PDI)Fe(N,),, is unstable toward N, dissociation
and the unsaturated complex, (P'PDI)Fe(N,), favors
open-shell singlet ground state, which is in close energy
with the triplet state, while the corresponding closed
singlet state is unstable and high in energy.

(b) The dihydrogen complex (*"PDI)Fe(H,) favors triplet
state ground state (however, the open-shell singlet is the
ground state after Yamaguchi correction); and the
dihydride complex from H, oxidative addition is unsta-
ble and high in energy.

(¢) The formation of the dihydrogen (P*PDI)Fe(H,) com-
plex is more endergonic than that of 1-butene complex
(P"PDI)Fe(1-C4Hg) in the open-shell singlet state. This
is in agreement with the proposal in literature.

(d) Starting from (P"PDI)Fe(H,)(1-C4Hg), 1-butene hydro-
genation takes place via a concerted open-shell singlet
transition state involving H-H dissociation, C-H bond
formation and C=C double bond elongation. This reac-
tion path is kinetically much more favorable than the
alternative reaction path following 1-butene isomeriza-
tion and H, coordination as well as hydrogenation.
From 1-(1-C4Hjg) the open-shell singlet path is generally

@ Springer

low in free energy to become a more viable reaction
channel. In the whole alkene hydrogenation, the H-H
bond cleavage is the rate-determining step with barrier
of 11.53 [20.40] kcal/mol.
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