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Theoretical insights into the reaction of Cp*(Cl)
Hf(diene) with isonitriles}

Ming-Ran Du,}? Xiang-Biao Zhang, & *? Sheng-Meng Sit? and Lei Wang*®

The migratory insertion of isonitriles into a metal-C bond is a potentially important method for C-C bond
construction in organic and pharmaceutical syntheses. In this context, the reaction mechanism of Cp*(Cl)
Hf(diene) (Cp* = pentamethylcyclopentadienyl) with isonitriles was studied using density functional theory
calculations. Hf-imido complexes and a-methylene cyclopentenimines are the confirmed products for
N-tert-butyl- or N-1-adamantyl-substituted isonitriles. They are also the thermodynamically favored
products of N-2,6-dimethylphenyl (Ar)-substituted isonitriles. The B-H elimination reaction pathway is
responsible for the formation of a-methylene cyclopentenimines. Its elementary reactions include the
isomerization of Cp*(ClHf(diene), migratory insertion of the first isonitrile into the Hf-C bond, C-C
reductive elimination, B-H elimination, migratory insertion of the second isonitrile into the Hf-H bond,
C-C reductive coupling, addition of a Hf—H bond, and fragmentation of the six-membered hafnacycle. For
methyl-, ethyl-, and Ar-substituted isonitriles, the kinetically favored products are diazahafnacyclopentanes
("o complexes”). These are formed via an isomerization reaction pathway that comprises isomerization of
the Hf complex, C-C reductive coupling, and insertion of a C=N bond. The effects of different
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Introduction

Hf complexes have attracted considerable attention from
chemists owing to their unique reactivities in alkene/olefin
polymerization and copolymerization,*™ Friedel-Crafts reac-
tions,” activation of small molecules such as N, and CO,,*” ring-
opening polymerization of cyclic esters,® epoxidation,’ and
other important organic reactions.'®** Chirik et al. prepared
a base-free dihafnocene p-nitrido complex via CO-induced
dinitrogen cleavage. They proved that this complex could
serve as a versatile platform to construct N-C bonds via reac-
tions with activated alkynes, organonitriles, CO,, isocyanates,
Me;Sil, and alkyl triflates.® On the other hand, [1,4]-addition of
CO to enynes and dienes is very useful in synthesis.”® As
potential replacement of CO, isonitriles could react with radi-
cals, electrophiles, and nucleophiles.’*>* There are several
advantages for using isonitriles over CO. For example, isonitrile
reactions do not require high pressures, and the reactivities of
isonitriles can be easily modulated by introducing different-
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substituents on the isonitrile nitrogen on the main elementary reactions are discussed.

sized electron-donating/withdrawing substituents to the iso-
nitrile nitrogen.

Currently, the migratory insertion of isonitriles into metal-C
bonds is becoming a potentially important method for the
construction of C-C bonds.?®?® The resulting iminoacyl and
metallaaziridine complexes have also been proven to be versa-
tile intermediates in numerous transition metal-promoted
stoichiometric and catalytic transformations. Xie et al. have
reported the migratory insertion of isonitriles into Ta-C bonds.
They suggested that alkyl and aryl isonitriles exhibit different
reactivity patterns, and that the reaction products depend on
the type and stoichiometry of these isonitriles.?*** Norton et al.
described the migratory insertion of isonitriles into Zr-C bonds.
They revealed the reversibility of migratory insertion of tert-
butyl (¢Bu) isonitrile.>* The migratory insertion of isonitrile into
titanacyclobutane complexes bearing two Cp* (Cp* = pentam-
ethylcyclopentadienyl) moieties provides a pathway for the
stereocontrolled synthesis of valuable organic cyclo-
butanimines.>® Recently, Norton et al. reported the reaction of
Cp*(CDOM(2,3-dimethylbutadiene) (M = Ti, Mla; M = Hf, 1a)
with isonitriles.”” The reaction of Mila with N-fBu- and
N-1-adamantyl (1-Ad)-substituted isonitriles afforded the bis-
inserted titanaaziridines at room temperature. Under an
elevated temperature and in the presence of pyridine, the tita-
naaziridine fragments formed the complex cyclic a-methylene
cyclopent-3-enimines and Ti imido complexes, while the reac-
tion of 1a with N-2,6-dimethylphenyl-substituted isonitrile
(ArNC) generated a diazahafnacyclopentane with Ar groups
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(“c complex”). They pointed out that group 4 metals do mediate
the cycloaddition of isonitrile to 2,3-dimethylbutadiene, and the
product structure depends upon the nature of the metal.
However, the reaction of 1a with isonitriles in the presence of
pyridine has not been investigated. Ballmann et al. proved that
for the reaction of Hf complexes with isonitriles, the steric
effects of different ligands influence the product formation.*
In order to expand the application of Hf complexes to C-C
bond formation, a comprehensive and unambiguous under-
standing of the reaction pattern of 1a with isonitriles is
required. In this work, density functional theory (DFT) calcu-
lations were performed for the reactions of 1a with isonitriles
bearing tBu, methyl (Me), ethyl (Et), Ar, and 1-Ad groups to
answer the following questions: (1) whether o-methylene
cyclopentenimines and Hf imido complexes can be produced
via the reaction of 1a with isonitriles in the presence of pyridine;
(2) if yes, what is the detailed mechanism for their formation;
(3) what is the detailed mechanism for the formation of dia-
zahafnacyclopentanes; and (4) the effects of substituent groups
on the nitrogen of isonitrile in terms of the reaction
mechanisms, and how these substituent groups influence the
competition between the afforded products (dia-
zahafnacyclopentanes and o-methylene cyclopentenimines).

Computational details

All calculations were performed using the Gaussian 09 program
package.*® Molecular structures were optimized by the B3LYP/
BS1 method.***" Benzene was experimentally adopted as the
reaction medium.?” Thus, benzene solvent effects were taken
into account by invoking the polarizable continuum model
(PCM) solvation method.** In BS1, the Hf and Cl atoms were
described by the LANL2DZ basis sets and improved with a set of
f- or d-polarization functions (« = 0.784 for Hf; & = 0.640 for Cl)
with effective core potentials (ECP).>**” Other atoms were rep-
resented by the 6-311+G(d,p) basis sets, except for the atoms on
the ¢tBu, Me, Et, Ar, and 1-Ad substituent groups that were
described by 6-31G basis sets.?®**° This theoretical model has
proven to be reliable, affording results that were in good
agreement with the experimental data [ESIf]. Additionally,
frequency calculations were performed to confirm the calcu-
lated species as minima (no imaginary frequency) or transition
states (only one imaginary frequency), and to provide thermo-
dynamic corrections at 101 325 Pa and 298.15 K. Moreover,
intrinsic reaction coordinate (IRC) calculations were carried out
to ensure that the afforded transition states were correctly
connected to the intended intermediates.*" Finally, more accu-
rate energies were calculated using the 6-311G(d,p) basis sets
instead of the 6-31G basis sets. Corrected Gibbs free energies
were used to describe the free-energy profiles of the reaction.

Results and discussion
Mechanism of the reaction of 1a with tBuNC

The proposed mechanisms for the reaction of 1a with tBuNC to
access a-methylene cyclopentenimine and diazahafnacyclopentane
are illustrated in Scheme 1. The reaction pathways in Scheme 1(a)
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were calculated first. With a free-energy barrier of 58.6 kJ mol
[Fig. 1(a)], 1a isomerizes to 1b via TS1a-1b; this reaction is ender-
gonic by 25.1 k] mol~". While the 2,3-dimethylbutadiene ligand in
1a coordinates in a “supine” m-fashion (Fig. 2), the same ligand in
1b coordinates in a “prone” m-fashion.” The two Hf-C(terminal)
diene distances (1a, HE-C' = 2.25 A, Hf-C* = 2.25 A; 1b, Hf-C' =
2.24 A, Hf-C* = 2.24 A) differ from the two Hf-C(internal) diene
distances (1a, Hf-C* = 2.50 A, Hf-C® = 2.50 A; 1b, Hf-C* = 2.54 A,
Hf-C* = 2.54 A). tBuNC coordinates to 1b with the end-on C atom
to afford 2a. This makes the electronic energy of the system
decrease by 21.6 kJ mol *, and the Gibbs free energy of the system
increases by 38.1 kJ] mol ' due to the loss of entropy (—171.2 J
mol ™! K™Y). The Hf-C(terminal) diene distances (Hf-C* = 2.37 A,
Hf-C* = 2.45 A) in 2a are longer than those in 1b. The structure of
2a maintains the coordinated C=C -bond, and the two Hf-
C(internal) diene distances (Hf-C* = 2.45 A, Hf-C* = 2.50 A) exhibit
a stronger interaction between the Hf center and the C=C m-bond
than that observed in 1b. The C=C double bond distance of the
butadiene fragment (C>~C* = 1.41 A) in 2a is longer than those in
1a and 1b. Subsequent migratory insertion of tBuNC into the
neighboring Hf-C bond requires 35.2 k] mol ™" to furnish 3a with
an uncoordinated N atom, and this is slightly endergonic by
2.1 k] mol . As the C-C o-bond (C°~C* = 1.92 A) begins to form in
TS2a-3a, one Hf-C(terminal) diene distance (Hf-C* = 2.60 A)
becomes longer. Moreover, the end-on C atom of tBuNC begins to
transition from an sp hybridization to an sp” state, accompanied by
bending of the tBuNC moiety. In the “supine” oriented 3a, the C=C
7 double bond moiety is repelled out of the Hf center. This is
suggested by the Hf-C? (2.71 A) and Hf-C? (3.06 A) distances. Since
tBuNC directly coordinates to 1a [Fig. 1(a)] and is subsequently
inserted into the Hf-C bond to generate 3d, the system requires
112.6 kJ mol " of free energy. This is 14.2 k] mol " larger than that
required for the favored reaction pathway mentioned above. These
results indicate that the isomerization of 1a to 1b is indispensable
to decrease the free-energy barrier for the insertion to occur. The
calculated free-energy barrier for the insertion of {BuNC into the
Hf-C bond in 2a is much lower than the 64.5 kJ mol * required for
the migratory insertion of tBuNC into the Pd(m)-C bond reported by
Yan et al>* In turn, the latter is much lower than the 102.1 kJ mol™*
required in 2b. Subsequently, the N atom coordinates to the Hf
center to afford 3b, and this reaction is highly exergonic
(58.6 k] mol ). The large exergonicity stems from the higher
stability of 3b (having a 14-valence-electron configuration) when
compared to that of 3a (12-valence-electron configuration). The
coordination process of the N atom easily takes place and only
requires a free-energy barrier <3.8 k] mol . Up to this point, the
migratory insertion of the first ZBuNC is complete and the process is
reversible. This is consistent with the reversibility observed for the
insertion of ¢tBuNC into the Zr-C bond.**

With a free-energy barrier of 33.1 k] mol ' [Fig. 1(b)], 3b
isomerizes to 3c via TS3b-3c¢. An increase in tension leads to an
endergonicity of 25.1 k] mol*. C-C reductive elimination from
3c generates 4 through TS3c-4. This process involves Hf-C bond
breaking and C-C bond formation, and it needs to overcome
a free-energy barrier of 90.4 k] mol™' and is endergonic by
27.6 k] mol " In 4, there is a strong agostic interaction between
the Hf center and C-H bond. This is indicated by the lengths of

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Proposed mechanisms for (a) the formation of N-tert-butyl (tBu)-substituted a-methylene cyclopentenimine and (b) formation of

diazahafnacyclopentane 18.

the Hf-H' (2.01 A) and C'-H" (1.26 A) bonds. Subsequent B-H
elimination rapidly occurs to furnish the Hf hydride 5. In 5, the
newly formed C=C 7 double bond conjugates with another of
its kind, and the Hf-C bond is completely broken. The conju-
gation and the release of tension in the three-membered ring
make 5 relatively stable, causing the system to be highly exer-
gonic (81.6 k] mol ). In 5, the distance between the Hf center
and newly formed 7 double bond moiety (Hf-C® = 2.63 A, Hf-C*
= 2.96 A) indicates that there is almost no interaction between
them. The coordination of 5 with the second ¢tBuNC generates
6a with an endergonicity of 43.5 k] mol™". The coordination
makes the electronic energy and entropy of the system decrease
by 4.9 k] mol~ " and 146.9 ] mol " K™, respectively. Compound

This journal is © The Royal Society of Chemistry 2017

6a satisfies the 14-valence-electron configuration. Subsequently,
tBuNC is inserted into the Hf-H bond to afford 7a. The
formation of 7a requires the free-energy barrier of 22.2 k] mol ™
and is exergonic by 78.2 k] mol . TS6a-7a belongs to an early
transition state where the length of its Hf~H bond is increased
by only 0.06 A. In 7a, the N atom is coordinated to the Hf center.
Compound 7a is converted to 8a via TS7a-8a. This C-C reductive
coupling reaction requires a free-energy barrier of 79.9 k] mol
and is endergonic by 30.5 k] mol~". TS7a-8a belongs to a late
transition state with a forming C-C bond (1.99 A) in length.
Clearly, 7a is the most stable species in the overall tBuNC bis-
insertion process, its formation requires the free-energy barrier
of 122.2 k] mol " and is exergonic by 56.9 k] mol ™", and C-C

RSC Adv., 2017, 7, 44979-44989 | 44981
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reductive elimination is rate-determining. The fused metal-
labicyclic hafnaaziridine 8a is an important intermediate.
Unfortunately, it cannot be experimentally observed because its
formation is thermodynamically unfavorable.

The coordination of tBuNC to 3b [Fig. 1(b)] and the subse-
quent migratory insertion into the Hf-C bond to generate
bis(iminoacyl) hafnacycle 7b need to overcome a free-energy
barrier of 146.5 k] mol™"; this value is so high that the reac-
tion does not proceed.

Compound 8a undergoes B-H elimination to afford Hf
hydride 9 via TS8a-9 [Fig. 1(c)], the system requires
100.9 k] mol * and is endergonic by 5.1 k] mol . In TS8a-9, the
Hf-H bond is almost formed, and the length of the breaking
C-H bond is 0.25 A longer than that of 8a (Fig. 2); moreover, the
Hf-C bond begins to break. Hf hydride 9 comprises a 14-
valence-electron configuration. The ketimine N atoms retain n’
bonding with the Hf center, while Hf-C is completely broken.
Compound 9 overcomes a free-energy barrier (30.1 k] mol ™)
and isomerizes into 10, the system is endergonic by
27.6 k] mol . The two Hf-N bond lengths in 10 differ by 0.26 A
from each other. With a free-energy barrier of 31.4 k] mol ", 10
undergoes the addition of a Hf-H bond across its 1,5-dia-
zapentadiene double bond and is converted to the six-
membered hafnacycle 11; the reaction is exergonic by
75.4 k] mol™'. TS10-11 is an early transition state with
a breaking Hf-H bond slightly longer than that of 10. Addi-
tionally, the length of the C-H bond being formed is 1.90 A,
which is much longer than the usual C-H bond. The length of
Hf-H (2.33 A) in 11 indicates that there is a strong agostic
interaction between the Hf center and the newly formed C-H o-
bond. Through TS11-12, 11 fragments into Hf imido complex 13
and o-methylene cyclopentenimine 14. The system requires
a free-energy barrier of 77.5 k] mol ' and is endergonic by
9.2 k] mol™". In TS11-12, the Hf-N and C-N bonds begin to
break, and their lengths are increased by 0.19 A and 0.78 A
relative to 11, respectively. The length of Hf-H in TS11-12 is
shortened by 0.02 A, indicative of a stronger agostic interaction
than that observed in 11. Compound 13 is trapped by pyridine
to generate 15 with an exergonicity of 56.1 k] mol ™.

According to the y-H elimination reaction pathway [Scheme
1(a)], the calculations show that while the Hf-C bond in 8a is
broken, the H atom spontaneously transfers to the Hf center
and 8a is directly converted to Hf hydride 16 [Fig. 1(c) and 2];
and the hypothesized non-hydride 16’ [Scheme 1(a)] is not ob-
tained. The Hf-C bond requires 123.1 k] mol " to break, a value
that is larger than the 100.9 k] mol™" required for B-H elimi-
nation from 8a. Thus, the y-H elimination reaction pathway is
ruled out.

Fig. 1 illustrates that 7a is a crucial intermediate. The
formation of N-tBu-substituted a-methylene cyclopentenimine
13 and Hf imido complex 15 requires the free-energy barrier of
131.4 k] mol " and is exergonic by 116.0 k] mol™', and B-H
elimination from 8a is rate-determining.

There are three proposed reaction mechanisms for the
formation of diazahafnacyclopentane 18 [Scheme 1(b)]. (1) In
the insertion reaction pathway, 8a is converted to 17 through
the formation and breaking of the Hf-C bonds. Subsequently,

RSC Adv., 2017, 7, 44979-44989 | 44983
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a C=N moiety is inserted into the Hf-C bond in 17 to generate
18. (2) In the isomerization reaction pathway, 7a first isomerizes
into 7¢ that in turn undergoes C-C reductive coupling to afford
8b. This compound is converted to the target compound 18 via
the insertion of the C=N moiety into the Hf-C bond. (3) The
C-C coupling reaction pathway involves the non-hydride 16'.
However, the above discussion indicates that Hf hydride 16
instead of 16’ is produced after the breaking of the Hf-C bond in
8a. Thus, this reaction pathway is unfeasible. The calculated
free-energy profiles of the insertion and isomerization reaction
pathways are shown in Fig. 3. The results show that the isom-
erization reaction pathway is kinetically more favorable than
the insertion one (Fig. 3) but requires high free-energy barrier
(146.1 k] mol "), and the reaction is endergonic by
39.3 k] mol™" [with reference to 7a; Fig. 3(b)]. This analysis
demonstrates that for tBuNC, the diazahafnacyclopentane (18)
formation is kinetically and thermodynamically unfavorable
compared to the a-methylene cyclopentenimine (15) formation.
However, in the experiment of Norton et al., the dia-
zahafnacyclopentane 18 was characterized by NMR spectrum.*”
The inconsistency between the calculation result and experi-
ment could be due to influences of ligands (such as PMe;), and
these influences were not taken into account in our study. In
addition, the B-H elimination from 8b is also unfavorable
because the required free energy is too high [146.5 k] mol %;

Fig. 3(b)].

Effects of substituent groups on the mechanisms and
products

In order to reveal the effects of isonitrile N-substituent groups
on the reaction mechanisms and products, the energetic
profiles of the reactions using MeNC, EtNC, ArNC, and 1-AdNC
instead of tBuNC were calculated (Fig. S1-S5t). The main
calculated results are summarized in Scheme 2.
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The bis-insertion reaction of MeNC [Scheme 2(a)] reveals
a number of differences. (1) The coordination of MeNC to 1b
and hydride 5Me is endergonic by 35.2 and 20.1 kJ mol
respectively, and these values are less than that observed in
tBuNC. (2) The migratory insertion of MeNC into the Hf-C bond
in 2aMe directly affords the N-coordinated six-membered haf-
nacycle 3bMe, overcoming a free-energy barrier of
18.8 k] mol ™% the reaction is exergonic by 72.4 kJ mol . (3)
Compared to tBuNC, for MeNC the isomerization of the Hf
complex 3bMe, C-C reductive elimination, migratory insertion
into the Hf-H bond in 6aMe, and C-C reductive coupling
require less energies (25.5 vs. 33.1, 79.2 vs. 90.4, 16.7 vs. 22.2,
and 73.7 vs. 79.9 k] mol ™', respectively). Moreover, the isom-
erization and reductive coupling reaction steps are less ender-
gonic (15.4 vs. 25.1 and 11.7 vs. 30.5 k] mol , respectively)
while MeNC insertion into the Hf-H bond in 6aMe is more
exergonic (91.3 vs. 78.2 kJ mol ). Additionally, while C-C
reductive elimination for tBuNC is endergonic, this reaction is
exergonic by 16.7 k] mol ™" in MeNC. These differences are all
attributable to the smaller steric effects exhibited by the Me
group than that by the ¢Bu group. (4) Finally, B-H elimination
from hydride 4Me requires 47.3 k] mol ' to proceed; this is
much larger than the value observed for tBuNC. This step is
exergonic by 45.6 k] mol~". Unlike the hydride 4, there is no
strong agostic interaction between the Hf center and the C-H
bond in 4Me, which is responsible for the higher free-energy
barrier for the B-H elimination. With a free-energy barrier of
117.7 k] mol ! and an exergonicity of 33.0 k] mol™ ', 8aMe
undergoes B-H elimination and is converted to hydride 10Me.
The two Hf-N bond lengths (Hf-N" = 2.30 A and Hf-N* = 1.98
A) in 8aMe are shorter than those in 8a. This indicates that the
electron density of the Hf center in the former is higher.
Furthermore, the Hf-C bond length (2.22 A) in 8aMe is longer
than that of 8a (2.20 A). These factors led us to determine that
the required free-energy barrier for f-H elimination from 8aMe
is larger than that from 8a. Compared to B-H elimination, the

(Bu
|
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Bu” Q —_ P y &
/ o208 TN H
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Fig. 3 Free-energy profiles for the formation of diazahafnacyclopentane 18 via (a) the insertion reaction pathway and (b) the isomerization
reaction pathway and the free-energy profile for B-H elimination from Hf complex 8b. The electronic energies (above) and Gibbs free energies

(below) are given in kJ mol ™.
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Scheme 2 Summary of the calculated reaction pathways and results for (a and b) Cp*(C)Hf(2,3-dimethylbutadiene) (1a) with N-R-substituted
isonitriles (values denote Gibbs free energies in kJ mol™! and values in italics are the activation free-energy barriers for elementary reactions), (c)
for 1,2-H shift in 3bAr and ArNC insertion into the Hf—C bond in 21 [the electronic energies (in parentheses) and Gibbs free energies (outside
parentheses) are given in kJ mol™].

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 44979-44989 | 44985


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08981c

Open Access Article. Published on 20 September 2017. Downloaded on 7/11/2025 11:30:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

breaking of the Hf-C bond in 8aMe is kinetically unfavorable
because it requires 125.6 k] mol™" to overcome the free-energy
barrier. Subsequent addition of a Hf-H bond in 10Me over-
comes the free-energy barrier of 82.0 k] mol™" to afford the six-
membered hafnacycle 11Me, and this step is exergonic by
45.2 k] mol~*. Compared to 10, the configuration of 10Me does
not favor the addition of a Hf-H bond. In 11Me, there is no
agostic interaction between the Hf center and the C-H bond.
This is ascribed to the smaller steric effect of the Me group on
the nitrogen atom that renders the structure of six-membered
hafnacycle 11Me more planar. With pyridine, the fragmenta-
tion of 11Me to Hf imido complex 15Me and N-Me-substituted
a-methylene cyclopentenimine 14Me is thermodynamically
unfavorable, because the system is endergonic by 37.6 kJ mol .
The six-membered hafnacycle 11Me requires 129.4 k] mol " to
form and is exergonic by 196.7 k] mol ', thus it is a possible
product.

In the formation of diazahafnacyclopentane 18Me, the
isomerization reaction pathway is kinetically more favorable
than the insertion reaction pathway (Fig. S2 in ESI}). The
isomerization of the Hf complex 7aMe, C-C reductive coupling,
and insertion of C=N into the Hf-C bond in 8bMe require less
energies [36.9 vs. 59.4, 52.8 vs. 72.0, and 36.4 vs. 67.4 k] mol *,
respectively; Scheme 2(b)] than the corresponding reaction
steps for ¢tBuNC. Moreover, the C-C reductive coupling is
slightly exergonic (0.8 k] mol™"). This differs from the ender-
gonicity (30.6 k] mol™') of the corresponding reaction for
tBuNC. The insertion of a C=N bond is more exergonic
(42.3 k] mol ™) relative to that of tBuNC (39.4 k] mol ). For
MeNC, the formation of diazahafnacyclopentane 18Me is
kinetically favorable, overcoming a free-energy barrier of
94.6 k] mol " and is exergonic by 141.5 k] mol .

Conclusions similar to those for MeNC were reached for the
EtNC substrate. The electronic effects of the substituent on the
isonitrile nitrogen on some main elementary reactions were
examined. Thus, compared to MeNC, (1) the required free-
energy barrier for the migratory insertion of EtNC into the
Hf-C bond slightly decreases [16.8 vs. 18.8 k] mol *; Scheme
2(a)]. Moreover, the formed intermediate 3aEt features an
uncoordinated N atom that is related to the relative larger size
of the Et moiety. The required free-energy barrier for the C-C
reductive elimination increases (85.4 vs. 79.2 k] mol ). (2) In
the B-H elimination reaction pathway, the required energies for
B-H elimination and the addition of a Hf-H bond decrease
(108.8 vs. 117.7 and 74.5 vs. 82.0 k] mol ™, respectively). (3) In
the isomerization reaction pathway, isomerization of the Hf
complex 7aEt and insertion of the C=N bond in 8bEt both
overcome higher free-energy barriers [39.4 vs. 36.9 and 42.2 vs.
36.4 k] mol ", respectively; Scheme 2(b)] while C-C reductive
coupling in 7cEt requires a slightly reduced free energy (50.3 vs.
52.8 k] mol™"). These differences are ascribed to the ethyl
moiety that renders the Hf center more electron-rich, thus
influencing the reactivities of the Hf complexes. According to
the shape of the MeNC free-energy profiles (Fig. S2 in ESIY), it
can be inferred from Fig. S3 in ESIt that in the case of EtNC, the
formation of six-membered hafnacycle 11Et requires
122.2 k] mol ™" and exhibits an exergonicity of 182.5 k] mol .
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Furthermore, the formation of diazahafnacyclopentane 18Et
overcomes a lower free-energy barrier (102.6 k] mol™') and is
less exergonic (122.2 k] mol ™).

In the bis-insertion reaction of ArNC, the electron-
withdrawing characteristics of the Ar moiety lead to an
increase in the free-energy barrier for the insertion of ArNC into
the Hf-C bond in 2aAr, compared to that of EtNC [26.0 vs.
16.8 k] mol™'; Scheme 2(a)]. The formed 3aAr is a N-
uncoordinated six-membered hafnacycle. The isomerization of
N-coordinated hafnacycle 3bAr requires less free-energy
(15.0 k] mol™') and is less endergonic (4.6 kJ mol )
compared to the values observed for tBuNC and MeNC. These
differences are related to the expanded conjugation of the w
electrons for ArNC. C-C reductive elimination from 3cAr over-
comes a free-energy barrier of 82.0 k] mol" and directly forms
Hf hydride 5Ar, and this step is exergonic by 62.4 k] mol . The
required free energy ranges between 90.4 k] mol ' for tBuNC
and 79.2 k] mol ™! for MeNC. The insertion of ArNC into the Hf-
H bond in 6aAr overcomes a higher free-energy barrier
(30.6 k] mol™") and is much less exergonic (41.4 k] mol ")
compared to that observed for tBuNC and MeNC. This is
attributed to the more electron-deficient Hf center in the case of
ArNC. The required free-energy barrier for C-C reductive
coupling in 7aAr is 3.7 k] mol " higher than that of MeNC, and
2.5 k] mol " lower than that of {BuNC. The shape of the free-
energy profile for the pathway leading to a-methylene cyclo-
pentenimine 14Ar [Fig. S4(b) in ESIf] resembles that of tBuNC.
However, the electron-withdrawing characteristics of the Ar
group lower the free-energy [63.7 k] mol™'; Scheme 2(a)]
required for B-H elimination. Moreover, addition of the Hf-H
bond in 10Ar requires more free energy (53.1 k] mol ") for ArNC
than for tBuNC. Similar to MeNC and EtNC, there is no agostic
structure present in the Hf-H bond addition product 11Ar.
Because -electron delocalization stabilizes the transition state
during the fragmentation of 11Ar, this step requires less free
energy (63.7 k] mol ') for ArNC than for tBuNC and MeNC. In
addition, when Ar replaced the tBu group in TS8a-16, the
afforded TS(9'-18)Ar was calculated [Fig. S4(b) in ESIt]. This was
proved to be connected to the Hf hydride 9Ar and dia-
zahafnacyclopentane 18Ar; however, the required free energy
(156.6 k] mol ") is too high. The free-energy profile for the
isomerization = reaction  pathway leading to  dia-
zahafnacyclopentane 18Ar exhibits similar traits to those of
MeNC and EtNC. The C-C reductive coupling in 7cAr and the
insertion of C=N in 8bAr require lower energies [44.8 and
34.8 k] mol ™", respectively; Scheme 2(b)]. The Ar moiety is an
electron-withdrawing but bulkier group. However, its orienta-
tion in the Hf complexes can efficiently avoid strong repulsions
with other groups. This leads to ArNC reactivities that are
similar to those of tBuNC as well as MeNC and EtNC. For ArNC,
the formation of o-methylene cyclopentenimine 14Ar and Hf
imido complex 15Ar overcomes a free-energy barrier of
109.7 k] mol™" and is exergonic by 171.2 kJ mol~" while the
formation of diazahafnacyclopentane 18Ar requires
106.3 k] mol " and is exergonic by 83.7 k] mol '. Dia-
zahafnacyclopentane 18Ar has been experimentally produced
and characterized by X-ray crystallography.”” Based on the NMR

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08981c

Open Access Article. Published on 20 September 2017. Downloaded on 7/11/2025 11:30:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

18'Ar

Chart 1

spectrum, Teuben et al. proposed that 18'Ar (see Chart 1) was
afforded in the reaction of 1a with 2ArNC through a 1,2-H shift
in 3bAr followed by the second ArNC insertion into the Hf-C
bond.* The calculated results show that 1,2-H shift in 3bAr
requires the free-energy barrier of 157.5 k] mol " [Scheme 2(c)],
and that the apparent activation free energy for the pathway to
18'Ar as proposed by Teuben et al is not less than
177.2 k] mol . Thus, compared to 18Ar, the formation of 18'Ar
is kinetically unfavorable.

For 1-AdNC, the calculated reaction free-energy profiles are
similar to those of tBuNC (Fig. S5 in ESIt). Fig. S5(a)—(c) in ESI{
suggest that N-1-Ad-substituted a-methylene cyclopentenimine
14Ad and Hf imido complex 15Ad can be experimentally affor-
ded: their formation requires 126.8 k] mol " and is exergonic by
112.2 k] mol .

Conclusions

The migratory insertion of an isonitrile into a metal-C bond is
becoming an increasingly important method for the construc-
tion of C-C bonds in organic and pharmaceutical syntheses. In
this work, we theoretically studied the reaction of Cp*(Cl)
Hf(2,3-dimethylbutadiene) with isonitriles using DFT calcula-
tions. Reaction mechanisms for tBuNC, MeNC, EtNC, ArNC,
and 1-AdNC were proposed and discussed. Unlike the reaction
of Cp*(CD)Ti(2,3-dimethylbutadiene) with isonitriles, the fused
three-five metallabicyclic bis-insertion product (hafnaazir-
idines) predicted in our study could not be experimentally
observed, because their formation is thermodynamically unfa-
vorable. For the bulky group (¢Bu and 1-Ad)-substituted iso-
nitriles, the formation of a-methylene cyclopentenimines and
Hf imido complexes was both kinetically and thermodynami-
cally favorable. These reactions exhibited a free-energy barrier
of >126 k] mol ! and were exergonic by ~112 k] mol ™. For the
smaller MeNC and EtNC, the formation of six-membered haf-
nacycles was thermodynamically more favorable (free-energy
barrier of ~122 kJ mol'; exergonicity >182 k] mol )
compared to the formation of the corresponding a-methylene
cyclopentenimines and Hf imido complexes. On the other
hand, the diazahafnacyclopentanes were the kinetically favored
products, with a free-energy barrier of formation <105 kJ mol ™"

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

and exergonicity of <142 kJ mol '. The Hf imido complex and
the a-methylene cyclopentenimine were the thermodynamically
favored products for the electron-withdrawing Ar-substituted
isonitrile, and the reaction required 109.7 k] mol™' and was
exergonic by 171.2 k] mol™'. On the other hand, dia-
zahafnacyclopentane was the kinetically favored product with
a lower formation free-energy barrier of 106.3 k] mol™* and an
exergonicity of 83.7 k] mol~'. Moreover, in the formation of o-
methylene cyclopentenimines and hafnacycles, the p-H elimi-
nation reaction pathway was found to be dominant. This reac-
tion comprises several elementary reaction steps including: the
isomerization of Cp*(Cl)Hf(2,3-dimethylbutadiene), migratory
insertion of the isonitrile into a Hf-C bond, C-C reductive
coupling, migratory insertion of isonitrile into Hf-H bond, -H
elimination, addition of a Hf-H bond, and fragmentation.
Finally, an isomerization reaction pathway was found to be
responsible for the formation of diazahafnacyclopentanes. This
pathway comprises the isomerization of the Hf complex, C-C
reductive coupling, and C=N bond insertion as elementary
reactions.
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