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Iron-catalysed hydroboration of non-activated
imines and nitriles: kinetic and mechanistic studies+
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Iron-catalysed hydroboration of imines and nitriles has been developed under low catalyst loading (1 mol%)
in the presence of HBpin. A wide scope of substrate was found to smoothly undergo hydroboration,
including electron releasing/withdrawing and halogen substitution patterns and cyclic substrates which
all afforded the corresponding amines in good to excellent yields. Dihydroboration of nitriles was
achieved conveniently under solvent free and additive free conditions. Promisingly, this catalytic system
is also capable of the hydroboration of challenging ketimine substrates. Preliminary kinetic analysis of
imine hydroboration reveals a first-order dependence on catalyst concentration. Both HBpin and 4-
fluorophenyl-N-phenylmethanimine (1b) appear to exhibit saturation kinetics with first order dependence
up to 0.5 mmol HBpin and 0.75 mmol imine, respectively. Temperature-dependent rate experiments for
imine hydroboration have also been explored. Activation parameters for the hydroboration of "PhC=
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Introduction

Amines and their derivatives are found extensively in nature:
proteins, nucleic acids and alkaloids contain the amine func-
tionality. Amines are also key synthetic intermediates in the
synthesis of bactericides, herbicides, rubber accelerators and
many clinically applied drugs.' A wide range of methods have
been reported for the preparation of amines; the reduction of
nitrogenous compounds using stoichiometric amounts of
alkaline metal hydrides, LiAlH, or NaBH,,*” hydrogenation®®
catalysed by precious metals in the presence of either pressur-
ized H, or via hydrogen transfer® and hydrosilylation."
Hydroboration is an important transformation used to synthe-
size a wide variety of valuable products of industrial significance
such as commodity and fine chemicals, agrochemicals and
materials."*™* Thus it is unsurprising that catalytic hydro-
boration of nitriles,**?° carbodiimides®* and imines*™® are
common methods used to prepare amines. Many experimental
protocols have been studied;* catalysts employed in imine
hydroboration range from main group elements,**** precious-
metals®*¢ and, rare earth metals.**”

The first report of imine hydroboration catalysed by a tran-
sition metal was by Baker and Westcott and used a bidentate
phosphine ligated gold(i) complex (5 mol%) and catecholborane
in 1995.*® In 2001, the Westcott group reported a rhodium

Department of Chemistry & Biochemistry, Texas Tech University, Lubbock, Texas
79409, USA. E-mail: michael.findlater@ttu.edu

t Electronic supplementary information (ESI) available: Full experimental details
and NMR spectra. See DOI: 10.1039/d1ra02001c

15284 | RSC Adv, 2021, 11, 15284-15289

NPh (1b) were determined from the Eyring and Arrhenius plots with AS™, AH™, and E, values of
(+£0.3) e.u., 12.95 (+£0.04) kcal mol™, and 15.22 (+0.09) kcal mol™?, respectively.

—28.69

catalysed hydroboration of allylamine in the presence of
HBcat.*® Select examples of complexes capable of effecting
catalytic imine hydroboration are shown in Fig. 1.

In 2009, Clark and co-workers reported a boron-substituted
hydroxycyclopentadienyl ruthenium hydride -catalyst with
a limited substrate scope, three examples of aldimines, in
hydroboration chemistry employing HBpin.** Similarly, another
ruthenium-based system capable of aldimine hydroboration
was reported by Gunanathan in 2016 with a slightly broader
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Fig. 1 Select (pre)catalysts reported in the literature for imine hydro-
boration and this report.
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substrate scope.** A fascinating dual-catalytic system was
recently reported by the Zhu group. In this protocol, an inverse
imine hydroboration (where boron adds to the carbon of the
C=N double bond) was achieved through cooperative organo-
catalysis and photocatalysis.®*®* The Eisen group reported
a thorium-catalysed hydroboration of aldimines with a broad
substrate scope, however, this catalyst proved unsuccessful in
ketimine reduction.’” While, there are several reports of cata-
lytic imine hydroboration employing transition metals, first-row
metal catalysis is still underdeveloped. In 2016, Gordon and co-
workers demonstrated the catalytic hydroboration of imines
with pinacolborane employing Ni(bpy)(cod) (bpy = 2,2-bipyr-
idine, cod = 1,5-cyclooctadiene), as catalyst (in benzene) at
room temperature with relatively low catalyst loadings.
However, the substrate scope was very limited.*®

Another base metal catalysed imine hydroboration was re-
ported by the Zhang group in 2018, a Co(u) coordination poly-
mer was employed as precatalyst, though this system was also
effective with only a limited range of substrates.*’ Very recently
an iron catalyst was employed in enantioselective hydro-
boration of N-alkyl imines with a chiral bis(ox-
azolinylmethylidene)isoindoline pincer ligand by the Gade
group. Asymmetric catalysis employing various acyclic N-alkyl
imines afforded a-chiral amines in excellent yields.** The
Schmidt group recently reported a cationic [(iminophosphine)
nickel(allyl)]" complex in the hydroboration of N-allylimines
(5 mol%). However, no successful hydroboration of ketimine is
reported by this catalyst.*” Significantly, across all reports there
have been limited examples of successful application of
hydroboration strategies employing ketimine substrates;
strongly indicating an ongoing need for more active/selective
catalysts to be developed. The low abundance, high cost and
toxicity of precious metal elements has prompted the catalytic
community to focus heavily on an examination of the use of
base metals in catalysis.”® Our group has a long standing
interest in employing earth abundant metal catalysts in a variety
of transformations such as aldehyde and ketone hydro-
silylation,* imine hydrosilylation,"* alkene and alkyne hydro-
boration,* ester and amide reduction.***” Iron has emerged as
a leading candidate in 1st-row metal catalysis as it is the most
abundant transition metal and the fourth most abundant
element in the Earth's crust, it is environmentally benign, cost
effective and has long-term commercial availability.*® Given the
scarce number of literature reports in iron catalysed imine
hydroboration, coupled with a lack of success with ketimine
substrates specifically, we decided to study the application of
iron systems in imine hydroboration.

Results and discussion
Catalytic hydroboration of imines

Initially, we examined the catalytic hydroboration of imines
using N-benzylideneaniline (1a) as our model substrate.
dPPBIANFe(Tol) is readily prepared following the reported liter-
ature procedure.** Hydroboration of 1a proceeded smoothly, as
judged by "H NMR. As a control, the hydroboration reaction was
repeated in the absence of “PPBIANFe(Tol) and yield of 10% was
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observed (Table S1t). A range of different iron salts, from
commercially available to synthesized complexes, was tested in
catalysis and showed little to moderate activity (Table 1). In the
interests of disclosure, use of Fe(OTf); revealed similar catalytic
activity as “PPBIANFe(Tol). However, our prior experience with
dPPBIANFe(Tol) and the synthetic modularity afforded by this
ligand persuaded us to choose this precatalyst for further study.
The use of an activator (NaO‘Bu) in conjunction with “PPBIAN-
Fe(Tol) resulted in a modest improvement in yield. A number of
reaction variables were screened in an effort to optimize
product yield: catalyst loading, temperature, solvent and, acti-
vator. Ultimately, employing toluene and NaO'Bu as the reac-
tion solvent and activator, respectively, allowed us to maximize
the yield of amine product (2a) to 97% (Tables S2-S47). Finally,
the reaction was found to be equally effective employing cat-
echolborane (HBcat), the hydroboration product being isolated
in 90% yield. However, a diminished yield (45%) was obtained
when a sterically encumbered borane ((9-borabicyclo[3.3.1]
nonane)) was used. With optimized conditions in hand, we
screened a variety of aldimine and ketimine substrates, which
were easily accessed using well established literature proce-
dures.' N-1-Diphenylethan-1-imine (1¢) was cleanly converted
to amine product (2¢, 84%) at low catalyst loading (1 mol%)
within 1 h.

Encouraged by the successful conversion of a ketimine
substrate employing PPBIANFe(Tol), we decided to examine
more ketimine substrates. Substitution patterns ranging from
electron-releasing, withdrawing, heteroatom and sterically
hindered groups were studied. Excellent product yields of more
than 90% (within ~2 h) were obtained when employing
substrates which feature electron withdrawing groups (2e, 2f,
2k). Similarly, a more electron-rich substrate (2d) also afforded
product in very good yield (88%). A thiophene-based ketimine
substrate (2g) was also found to perform well under optimized

Table 1 Optimization of hydroboration conditions employing various

iron salts®
g L

N 1 mol % 9PPBIANFe(Tol)
©AN + HBpin ©/\H
Silica/ Hexanes

1a 2a
Entry [Fe] Yield” (%)
1 94PPBIANFeCl, 14
2 Fe(CO)s 54
3 9dPPBIANFe(Tol) 87
4 Fe(acac) 65
5 FeCl,-Bpy <10
6 Fe(OTf); 84
7° dPPBIANFe(Tol) 97

¢ Reaction conditions: 1a (0.5 mmol), [Fe] (1 mol%), HBpin (1.5 equiv.),
THF, 70 °C, 20 h. ° As determined by "H NMR employing mesitylene as
internal standard. ¢ Optimized conditions: 1a (0.5 mmol),
dPPBIANFe(Tol) (1 mol%), HBpin (1.5 equiv.), NaO‘Bu (2 mol%),
toluene, 70 °C, 1 h.
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reaction conditions, achieving good conversion (88%) in only
1 h. Finally, substrates which feature an enlarged steric profile
(2h, 2j) were also examined and revealed to be more recalcitrant
substrates. Increased reaction times were required, and lower
overall yields were observed. Moreover, to demonstrate the
convenience of our approach, we have isolated reaction prod-
ucts as their ammonium salts following treatment with 1 M HCI
in diethyl ether. Three examples are presented, 2a, 2b and 2g,
affording isolated yields of 85, 65 and, 75%, respectively
(Scheme 1). Moreover, a gram scale reaction of 1a was carried
out to demonstrate the synthetic applicability of this protocol.
An isolated yield of 90% was obtained as ammonium salt
(Scheme 1c).

Catalytic hydroboration of nitriles

We expanded our hydroboration studies to include nitriles,
employing benzonitrile (3a) as a model substrate.**2*74° Thus,
exposure of 3a to “PPBIANFe(Tol) (1 mol%) and 2.5 equiv. HBpin
afforded diborylated amine (4a) in 98% conversion within 3.5 h.
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Scheme 1 Hydroboration of imines and their subsequent conversion
to secondary amines. Reaction conditions: imine (0.5 mmol), HBpin
(1.5 equiv.), “PPBIANFe(Tol) (0.005 mmol), NaO'Bu (0.01 mmol) at 70 °C
in toluene; conversions were determined by *H NMR employing
mesitylene as internal standard. °lsolated yield as ammonium salt in
parentheses. “Scale-up reaction of catalytic hydroboration of N-
benzylideneaniline; isolated yield as ammonium salt.
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The reaction was carried out under solvent- and additive-free
conditions under mild (RT) conditions. A small scope of
substrate was explored, and the reaction was found to tolerate
both electron-releasing and withdrawing substituents. Bromo-
and chloro-substitution were tolerated and aliphatic (cyclic)
substrates all afforded diborylated amines in good to excellent
yields. Substrates with electron-withdrawing functional groups
(-F, —Cl, -Br) on the backbone were well tolerated and yields
ranging from good to excellent (81-95%) were obtained within 2
to 3 h at 70 °C (4b-4d). A nitrile substrate with an electron
releasing group (-OMe) afforded product in 99% yield within
6 h at 70 °C (4e). Cyclohexanecarbonitrile also afforded the
corresponding diborylated product (4f) in 83% yield in 6 h
(Scheme 2). Following a similar procedure as employed in the
isolation of imine hydroboration products, the treatment of
nitrile hydroboration products with 1 M HCI (ether) facilitated
easy isolation of the corresponding ammonium salts. Two
substrates were chosen to demonstrate the utility of this
approach, 4b and 4d were isolated in 84 and 77% yields,
respectively.

Preliminary mechanistic study of imine hydroboration

To gain insight into the mechanism of imine hydroboration
including possible modes of activation of the precatalyst
dPPBIANFe(Tol), we conducted a series of experiments. Thus,
stoichiometric reactions to generate plausible reaction inter-
mediates, preliminary study of reactions kinetics including
temperature-dependent reaction rate experiments were per-
formed. Reactions between “PPBIANFe(Tol) and model imine 1a
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Scheme 2 Catalytic hydroboration of nitriles to diboryl amines.
“Reaction conditions: nitriles (0.25 mmol), HBpin (2.5 equiv.),
dPPBIANFe(Tol) (0.0025 mmol) at 70 °C; yields were determined by *H
NMR employing mesitylene as internal standard. PReaction was carried
out at room temperature. Clsolated yield as ammonium salt in
parentheses.
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Fig. 2 Plot of initial reaction rates (3p/dt) vs. “°PBIANFe(Tol).

(1 and 3 equiv. of the imine), were carried out at both room
temperature and 70 °C; we concluded that “PPBIANFe(Tol) by
itself, does not appear to react directly with imine substrate
even after prolonged exposure at elevated temperature
(Fig. S81). Moreover, stoichiometric reaction of PPBIANFe(Tol)
with HBpin at either room temperature or 70 °C did not afford
any detectable new product(s), as evidenced by in situ moni-
toring employing "B NMR spectroscopy. However, upon addi-
tion of stoichiometric amounts of NaO’Bu to the same reaction
mixture we observed complete consumption of HBpin. The
signal attributed to HBpin at 6 27 ppm in the ''B NMR spectrum
disappeared, followed by the formation of a new signal at
6 20 ppm (Fig. S9f). This result can be interpreted as the
requirement of precatalyst activation employing NaO‘Bu to
form an active catalyst either via direct interaction with
HBpin,™ then subsequent reaction with “PPBIANFe(Tol) or
a synergistic effect of all three species. Alas, our attempts to
isolate organometallic species from stoichiometric reactions
were unsuccessful. Preliminary kinetic analysis of the catalytic
hydroboration reaction was performed by observing the disap-
pearance of 4-fluorophenyl-N-phenylmethanimine (1b) which is
conveniently monitored using '°’F NMR spectroscopy (Fig. S17).
A plot of the initial rate of the disappearance of 1b exhibits
a first-order dependence on the catalyst (Fig. 2). While varying

30

®50°C ®60°C ©70°C @80°C

20

Reaction progress

0 50 100 150 200 250 300 350 400

Reaction Time (min)

Fig. 3 Reaction profile of catalytic hydroboration of 4-fluorophenyl-
N-phenylmethanimine with HBpin using 9°PBIANFe(Tol) as catalyst at
different temperatures.
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the concentration of either HBpin or 1b appeared to reveal
saturation kinetics, whereby the reaction is first order in both
HBpin and imine (1b) only up to 0.5 and 0.75 mmol respectively
(Fig. S2 and S47).

The reaction profile of catalytic hydroboration of 4-fluo-
rophenyl-N-phenylmethanimine at different temperatures is
depicted in Fig. 3. Activation parameters for the hydroboration
of FPhC=NPh were determined from the Eyring and Arrhenius
plots with AS™, AH™, and E, values of —28.69 (+0.3) e.u., 12.95
(40.04) kecal mol ™', and 15.22 (£0.09) keal mol ', respectively
(Fig. S6 and S71). The negative activation entropy indicates that
the rate-determining step involves an associative process and
AH” and AS™ data are consistent with concerted bond-cleavage
and bond-formation process with an organized four-centered
transition state, respectively. Data obtained at 70 °C appears
to show anomalously high reaction rates. Multiple kinetics runs
at this same temperature showed the same data; we are still
investigating the cause.

On the basis of both our preliminary studies and previous
reported literature, a plausible hydroboration mechanism is
proposed for the reaction of PPBIANFe(Tol) and PhC=NPh (1a)
in the presence of HBpin (Scheme 3). The first step in the
catalytic cycle is loss of toluene from PPBIANFe(Tol) concomi-
tant with generation of a new HBpin complex. Exposure of this
species to imine substrate produces an iron(boryl)(amine) after
insertion of the C=N bond into an iron-hydride. Reductive
elimination of the aminoborane product followed by rebinding
of the toluene-cap would close the catalytic cycle.

Conclusions

In conclusion, the rapid hydroboration of imines to the corre-
sponding secondary amines have been developed using
IPPBIANFe(Tol) as precatalyst in the presence of HBpin.
Hydroboration products can be conveniently isolated as the
corresponding ammonium salts via treatment with HClasa 1 M

RSC Adv, 2021, 11, 15284-15289 | 15287
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solution in diethyl ether. To the best of our knowledge, this
catalyst has the highest TOF (198 h™') amongst previously re-
ported transition and rare earth metal complexes to carry out
the efficient hydroboration of imines. Moreover, this catalytic
system proved capable of the reduction of ketimine substrates
in good to excellent yields, which are considered more chal-
lenging substrates to reduce. In addition, “PPBIANFe(Tol) was
found to be an effective precatalyst in the hydroboration of
nitriles under solvent free and additive free condition to form
diboryl amines with excellent yields.
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