
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
2/

27
/2

02
5 

1:
39

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Dehydrogenation
aSchool of Chemistry and Chemical Enginee

Shanda Road, Jinan 250100, China. E-mail
bCollege of Chemistry, Beijing Normal Uni

100875, China

† Electronic supplementary information (
spectroscopic data and crystallographic d
and crystallographic data in CIF or
10.1039/d0sc06787c

Cite this: Chem. Sci., 2021, 12, 2885

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th December 2020
Accepted 2nd January 2021

DOI: 10.1039/d0sc06787c

rsc.li/chemical-science

© 2021 The Author(s). Published by
of iron amido-borane and
resaturation of the imino-borane complex†
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and Wenguang Wang *ab

We report on the first isolation and structural characterization of an iron phosphinoimino-borane complex

Cp*Fe(h2-H2B]NC6H4PPh2) by dehydrogenation of iron amido-borane precursor Cp*Fe(h1-H3B–

NHC6H4PPh2). Significantly, regeneration of the amido-borane complex has been realized by

protonation of the iron(II) imino-borane to the amino-borane intermediate [Cp*Fe(h2-H2B–

NHC6H4PPh2)]
+ followed by hydride transfer. These new iron species are efficient catalysts for 1,2-

selective transfer hydrogenation of quinolines with ammonia borane.
Because of relevance to H2 storage1–10 and hydrogenation
catalysis,11–15 metal amine-borane complexes16–18 and their
dehydrogenated forms, such as amino-boranes20–22 and imino-
boranes4 are arising as a signicant family in organometallic
chemistry. In transition metal-catalyzed dehydrocoupling of
amine-boranes and related transfer hydrogenations, the inter-
actions between the metal and the borane fragment are essen-
tial to dehydrogenation and the consequent
transformations.16–20 Specically, amino-borane complexes
containing a M–H2B]NR2 moiety are the primary dehydro-
genated species and are oen identied as a resting point in the
catalysis (Scheme 1a).20–22 Management of reversible dehydro-
genation–regeneration reactions on a M–BH2]NR2 platform
could provide a strategy with which to design efficient catalysts
capable of operating sustainable syntheses.

Wider exploration of metal amino-borane chemistry is
challenging since M–H2B]NH2 species are very reactive toward
H2 release. In 2010, Aldridge et al. reported the isolation of
[(IMes)2Rh(H)2(h

2-H2B]NR2)] and [(IMes)2Ir(H)2(h
2-H2B]

NR2)] from the metal-catalyzed dehydrogenation of R2-
HN$BH3.21a At the same time, Alcaraz and Sabo-Etienne re-
ported the preparation of (PCy3)2Ru(H)2(h

2-H2B]NHnMe2�n) (n
¼ 0–2) complexes22a by the dehydrogenation of amine-boranes
with the corresponding ruthenium precursors. Subsequently,
a straightforward synthesis of Ru, Rh, and Ir amino-borane
complexes by reaction of H2B]NR2 (R ¼ iPr or Cy) with the
bis(hydrogen) complexes of M(H)2(h

2-H2)2(PCy3)2 or
ring, Shandong University, No. 27 South
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[CpRu(PR3)2]
+ fragments was developed.21b,22b Turculet et al.

have shown that the ruthenium-alkoxide complex is able to
activate H3B$NHR2 producing hydrido ruthenium complex.23

Notably, Weller and Macgregor found that dehydrocoupling of
ammonia-borane by [Ph2P(CH2)3PPh2Rh(h

6-C6H5F)] affords a m-
amino-borane bimetallic Rh complex, in which the simplest
H2B]NH2 moiety is trapped on a rhodium dimer.20a

Although iron-catalyzed dehydrocoupling of amine-boranes
has attracted great interest,24–29 iron amine-borane complexes,
their dehydrogenated derivatives, and especially the catalysis
relevant to organic synthesis are largely unexplored. Recently,
Kirchner et al. reported a pincer-type iron complex generated by
protonation of the borohydride iron complex (PNP)Fe(H)(h2-
BH4) with ammonium salts.30 Inspired by earlier research onM–

H2B]NR2 chemistry, we intended to establish the reversible
conversions of amino-borane complexes and their dehydro-
genated forms in a synthetic piano-stool iron system. Herein,
we report dehydrogenation of iron amido-borane complex
Cp*Fe(h1-H3B–NHC6H4PPh2) (2) (Cp* ¼ Me5C5

�) to the imino-
borane complex Cp*Fe(h2-H2B]NC6H4PPh2) (3), and
Scheme 1 Schematic representation of metal-based amine-borane
dehydrogenation.
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Fig. 1 2H NMR spectra for dehydrogenation of d-2 to d-3.
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resaturation of the imino-borane by stepwise protonation and
hydride transfer (Scheme 1b). This new class of iron species is
capable of catalyzing 1,2-selective transfer hydrogenation of
quinolines with H3N$BH3.

To synthesize the iron amido-borane complex, a new
monomer, the iron tetrahydridoborate precursor Cp*Fe(h2-
BH4)(NCMe) (1), was prepared in situ by the reaction of
[Cp*Fe(NCMe)3]PF6 with Bu4NBH4 in acetonitrile at room
temperature for 5 min. Such ferrous borohydrides have been
documented only rarely,31 since they are prone to form poly-
nuclear iron borate clusters.32,33 The 11B NMR spectrum of the
reaction solution shows a quintet at d 15.4 (JBH ¼ 88 Hz) for the
BH4

� ligand of 1, and this stands in contrast to the signal at
d �32.0 observed for Bu4NBH4. Upon storing the reaction
mixture at �30 �C overnight, single crystals suitable for X-ray
diffraction were obtained. Crystallographic analysis conrmed
the structure of 1 as a piano-stool iron tetrahydridoborate
compound (ESI, Fig. S1†).

Addition of phosphinoamine ligand 1,2-Ph2PC6H4NH2 to
a solution of 1 in acetonitrile caused an instantaneous color
change from deep blue to dark brown (Scheme 2). ESI-MS
studies indicated the production of the iron amido-borane
compound (2) with m/z ¼ 481.1793 (calcd m/z ¼ 481.1770),
which was isolated in 87% yield. NMR spectra showed a boron
resonance at d �17.5, and a phosphorus resonance at d 85.9.
The 1H NMR spectrum exhibits a characteristic hydride signal
at d �13.98, which is assigned to the bridging hydride Fe–H–B.
Owing to exchange between the hydrogen atoms at the boron,34

the terminal B–H resonances in the 1H NMR spectrum are very
broad and are obscured by the distinct Cp* signals. To assign
the B–H hydride signals, the deuterated compound Cp*Fe(D3B–
NHC6H4PPh2) (d-2) was synthesized from Cp*Fe(BD4)(NCMe).
In addition to the Fe–D–B signal at d �13.98, the 2H NMR
spectrum of d-2 displayed discrete peaks at d 2.23 and 0.19 for
the terminal B–D hydrides (Fig. 1).

When a C6H6 solution of 2 was held at 50 �C for 6 h the
dehydrogenated imino-borane compound (3) was produced in
92% yield. The ESI-MS spectrum of 3 has a strong peak at m/z
479.1626 (calcd m/z ¼ 479.1637) which can be compared to the
peak at m/z ¼ 481.1793 for 2. The isotopic distributions match
well with the calculated values (see Fig. S3†). GC analysis shows
that the reaction produced H2 nearly quantitatively (see
Fig. S4†). In solution, the 31P NMR spectrum of 3 displays
a sharp signal at d 71.9, in contrast to the peak at d 85.9 for 2.
The 11B resonance shis signicantly, from d �17.5 for 2 to
d 42.7 for 3 (Fig. S16†), and is particularly diagnostic of a three-
coordinate boron atom.21,35 This result indicates the B]N
Scheme 2 Synthetic route to imino-borane complex.

2886 | Chem. Sci., 2021, 12, 2885–2889
double bond character in the dehydrogenated form of the
amido-borane complex. In the 1H NMR spectrum, the Fe–H–B
signal was observed at d �17.91 with the integral of 2H, and no
characteristic signal for a terminal B–H hydride was found. To
conrm the formation of an imino-borane compound, the
hydrogen decoupling was also carried out with compound d-2
andmonitored by 2H NMR spectra. Only a deuterium signal was
observed at d�17.91 for Fe–D–B, indicating the formation of d-3
(Fig. 1). When the dehydrogenation was conducted in a J-Young
tube in C6D6, a characteristic triplet corresponding to HD
appeared at d 4.43 (JHD ¼ 45 Hz) in the 1H NMR spectrum
(Fig. S18†).36

The structures of 2 and 3 were veried by X-ray crystallo-
graphic analysis (Fig. 2). Consistent with NMR spectroscopic
analysis, the BH3 moiety in 2 is stabilized by one of the B–H
bonds binding at the Fe–NH unit to form an Fe–H–B–N four-
membered metallacycle. This metal–ligand cooperative
bindingmode increased the B–Hbond length in the bridging B–
H(1) bond to 1.362 Å vs. 1.129 Å and 1.121 Å for the two terminal
B–H bonds. The B–N bond length of 1.545(3) Å in 2 is slightly
shorter than that in H3B$NH3 (dB–N ¼ 1.58(2) Å).37 Crystallo-
graphic analysis of 3 conrmed an imino-borane complex with
a Cp*Fe(h2-H2B]NC6H4PPh2) framework. Aer dehydrogena-
tion of 2, striking structural changes were observed. The N atom
Fig. 2 Solid-sate structure (50% probability thermal ellipsoids) of (a)
complex 2 and (b) 3. For clarity, hydrogen atoms of Cp* and phenyl
rings are omitted.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Solid-state structures of (a) complex [3H]+ and (b) [3H(PPh3)]
+.

For clarity, counterion [BArF4]
�, hydrogen atoms of Cp* and phenyl

rings have been omitted.
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has been become detached from Fe, while the BH2 fragment
acts as a bis(s-borane) ligand coordinated to the metal
center.21–23 The B–N bond distance of 1.455(5) Å in 3 is shorter
by 0.09 Å than that in 2, and is close to that reported for the
cyclic trimer borazine (1.4355(21) Å).38 Combined with the NMR
results, the B–N bond length in 3 suggests some double bond
character.21,22 As the imino-borane fragment is tethered in the
coordination sphere, the boron center adopts a quasi-
tetrahedral geometry, and the B–N bond appears to be
partially sp3 hybridized. Dehydrogenation of the amido-borane
complex also caused the decrease of the Fe/B distances from
2.223(3) Å to 2.026(4) Å which is shorter than the sum of the
covalent radii of Fe and B atom (2.16 Å), indicating that the
borane and the metal are bonded.

Notably, the amido-borane compound 2 can be regenerated
by stepwise protonation of 3 and transfer of a hydride (Scheme
3). Complex 3 reacts readily with H(Et2O)2BAr

F
4 in C6H5F. The

reaction solution was analyzed by ESI-MS spectroscopy, which
showed an ionic peak at m/z ¼ 480.1726 (calcd m/z ¼ 480.1715),
suggesting the formation of [3H]+. Alternatively, the reaction of
complex 2 with H(Et2O)2BAr

F
4 unambiguously provides [3H]+

and produces H2. X-ray crystallographic analysis reveals that the
resulting cationic complex [3H]+ exhibits a similar framework to
its imino-borane precursor (3). The BH2 moiety retains
a binding mode of the bis(s-BH2) fashion (Fig. 3). In contrast,
the B–N distance in [3H]+ (1.586(6) Å) is extended by 0.13 Å and
the [3H]+ framework becomesmuch less compact than that of 3.
Probably due to the uxional structure of the seven-membered
Fe–P–C–C–N–B(H) ring, the solution of [3H][BArF4] gives broad
1H NMR resonances even at�60 �C. The phosphorus resonance
arose at d 72.0 as a singlet when the solution sample was cooled
to �40 �C (Fig. S20 and S21†).

In [3H]+, the boron is coordinatively unsaturated, as man-
ifested by its interaction with a s-donor. For instance, treatment
of 2 with [HPPh3][BAr

F
4] (pKMeCN

a ¼ 7.6)39 provides a Ph3P-
stabilized borane complex, [3H(PPh3)]

+ (m/z ¼ 742.2620, calcd
m/z ¼ 742.2626). The 1H NMR spectrum of [3H(PPh3)]

+ exhibits
Scheme 3 Conversions of iron imino-borane, amino-borane and
amido-borane complexes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
an NH resonance at d 4.68, suggesting that protonation
occurred at the N site. The distinctive upeld hydride signal for
Fe–H–B is observed at d �15.58. In the 31P NMR spectrum, two
phosphorus signals at d 78.90 and�1.26 correspond to the Fe–P
and the B–P resonances, respectively. The 11B signal at d �13.72
indicates a tetracoordinated boron, which is further conrmed
by crystallographic analysis of [3H(PPh3)]

+ (Fig. 3). In the solid-
sate structure, a Ph3P molecule is bound to the B center (dB–P ¼
1.982(4) Å), leading to the formation of a new Fe–H–B–N four-
membered metallacycle. As a amido-borane complex,
[3H(PPh3)]

+ has a B–N bond length of 1.527(5) Å, somewhat
shorter than 1.545(3) Å in 2.

Aer attaching a proton at the N atom, we subsequently
explored restoration of the original boranemoiety. Treatment of
freshly prepared [3H][BArF4] in uorobenzene with catecholbor-
ane-NEt3 adduct (dB ¼ 10.56, JHB ¼ 142.4 Hz)40 results in the
regeneration of 2, as evidenced by the NMR spectra (Fig. S29
and S30†). The 1H NMR spectrum of the reaction mixture
displays a characteristic hydride signal at �13.97 ppm, indi-
cating the recovery of the iron amido-borane complex. On the
other side, concomitant formation of the borenium ion (dB ¼
13.86) was also observed in the 11B NMR spectrum, which
agrees with the hydride transfer from the organohydride
reagent to [3H]+. It was interesting that the ion [3H]+ is stable
towards 5,6-dihydrophenanthridine and Hantszch ester. These
results indicate that the hydride-donating ability (DGH

�) of 2 is
in the range of 55–59 kcal mol�1.41 The reactive nature of the
hydride in 2 was demonstrated by the reaction with [HPPh3]
[BArF4], which produces [3H(PPh3)]

+ and releases H2 (Scheme 3).

(1)
Chem. Sci., 2021, 12, 2885–2889 | 2887
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The metal amine-borane complexes and their dehydro-
genated derivatives are implicated throughout the catalytic
cycle of amine-borane dehydrogenation. We found both the
iron complexes 2 and 3 are efficient catalysts for H3N$BH3

dehydrogenation at room temperature. In the presence of
1 mol% catalyst, a THF solution of H3N$BH3 (1.0 mmol)
generates about 2.2 equivalent of H2 within 6 h based on GC
quantication (Fig. S33†). More importantly, such catalytic
dehydrocoupling systems allow for selective transfer hydroge-
nation of quinolines to dihydroquinolines, which are valuable
synthons leading tomany bio-active compounds.42 For instance,
addition of methyl-6-quinolineacetate (4) to the catalytic system
containing one equiv. of H3N$BH3 and 1 mol% of 3 gave 1,2-
dihydro-methyl-6-quinolineacetate (5) in excellent yield within
6 h (eqn (1)). The outcome of this reaction was unaffected by
switching the catalyst from 3 to 2, or by use of excess reducing
agent or by an increase in the reaction temperature (Table S1†).

Conclusions

By tethering the N–B unit within the coordination sphere, we
have demonstrated an example of imino-borane iron(II)
complex isolated from dehydrogenation of its
phosphinoamido-borane precursor, and have realized the
regeneration of an Fe–H3B–N(H)Ar fragment by submitting the
dehydrogenated imino-borane to sequential protonation and
hydride transfer reactions. Based on the dehydrogenation of
ammonia-borane catalyzed by the two iron species, the catalytic
reduction of quinoline to 1,2-dihydroquinoline was established.
This work provides a new perspective for the studies of revers-
ible conversions between amine-borane complexes and the
dehydrogenated forms, and exploration of iron-based catalysis
for important organic transformations.
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28 A. Glüer, M. Förster, V. R. Celinski, J. S. Auf der Günne,
M. C. Holthausen and S. Schneider, ACS Catal., 2015, 5,
7214.

29 (a) F. Anke, D. Han, M. Klahn, A. Spannenberg and
T. Beweries, Dalton Trans., 2017, 46, 6843; (b) F. Anke,
S. Boye, A. Spannenberg, A. Lederer, D. Heller and
T. Beweries, Chem.–Eur. J., 2020, 26, 7889.
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