Substrate-Gated Transformation of a Pre-Catalyst into an Iron-Hydride
Intermediate [(NO)2(CO)Fe(pu-H)Fe(CO)(NO):]~ for Catalytic Dehydrogenation

of Dimethylamine Borane

Yu-Ting Tseng,'? Vladimir Pelmenschikov,*® Linda Iffland-Miihlhaus,* Donato
Calabrese,” Yu-Che Chang,> Konstantin Laun,®> Chih-Wen Pao,® Ilya Sergueev,’
Yoshitaka Yoda,® Wen-Feng Liaw,! Chien-Hong Chen,*’ I-Jui Hsu,*!° Ulf-Peter

Apfel, **!! Giorgio Caserta,*® Lars Lauterbach,*> and Tsai-Te Lu*!-?

Affiliations:

"Department of Chemistry, National Tsing Hua University, Hsinchu 30013, Taiwan.

Institute of Biomedical Engineering, National Tsing Hua University, Hsinchu 30013,
Taiwan.

3Institut fiir Chemie, Technische Universitit Berlin, 10623 Berlin, Germany.

*Department of Chemistry and Biochemistry, Inorganic Chemistry I, Ruhr-Universitt
Bochum, 44801, Bochum, Germany.

SInstitute of Applied Microbiology, RWTH Aachen University, Aachen, Germany.
SNational Synchrotron Radiation Research Center, Hsinchu 30076, Taiwan.
"Deutsches Elektronen-Synchrotron DESY, D-22607 Hamburg, Germany.

8JASRI, SPring-8, Sayo-gun, Hyogo 679-5198, Japan.

‘Department of Medical Applied Chemistry, Chung Shan Medical University and
Department of Medical Education, Chung Shan Medical University Hospital, Taichung
40201, Taiwan.

Department of Molecular Science and Engineering, Research and Development
Center of Smart Textile Technology, National Taipei University of Technology, Taipei
10608, Taiwan.

"Fraunhofer UMSICHT, Department for Electrosynthesis, 46047 Oberhausen,

Germany.



*Corresponding author:

Vladimir Pelmenschikov, Ph.D., Institut fiir Chemie, Technische Universitidt Berlin,
10623 Berlin, Germany. E-mail: pelmentschikov@tu-berlin.de.

Chien-Hong Chen, Ph.D., Department of Medical Applied Chemistry, Chung Shan
Medical University and Department of Medical Education, Chung Shan Medical
University Hospital, Taichung 40201, Taiwan. E-mail: cchwind@csmu.edu.tw.

[-Jui Hsu, Ph.D., Department of Molecular Science and Engineering, Research and
Development Center of Smart Textile Technology, National Taipei University of
Technology, Taipei 10608, Taiwan. E-mail: jjuthsu@mail.ntut.edu.tw.

Ulf-Peter Apfel, Ph.D., Department of Chemistry and Biochemistry, Inorganic
Chemistry I, Ruhr-Universitit Bochum, 44801, Bochum, Germany. E-mail:
ulf.apfel@rub.de.

Giorgio Caserta, Ph.D., Institut fiir Chemie, Technische Universitidt Berlin, 10623
Berlin, Germany. E-mail: giorgio.caserta@tu-berlin.de.

Lars Lauterbach, Ph.D., Institute of Applied Microbiology, RWTH Aachen University,
Aachen, Germany. E-mail: lars.lauterbach@rwth-aachen.de.

Tsai-Te Lu, Ph.D., Institute of Biomedical Engineering & Department of Chemistry,
National Tsing Hua  University, Hsinchu, 300044 Taiwan. E-mail:
ttlu@mx.nthu.edu.tw.



Abstract

Continued efforts are made on the development of earth-abundant metal catalysts for
dehydrogenation/hydrolysis of amine boranes. In this study, complex [K-18-crown-6-
ether][(NO)2Fe(u-"¢Pyr)(u-CO)Fe(NO):] (3-K-crown, MPyr = 3-methylpyrazolate)
was explored as a pre-catalyst for the dehydrogenation of dimethylamine borane
(DMAB). Upon evolution of Hyg) from DMAB triggered by 3-K-crown, parallel
conversion of 3-K-crown into [(NO).Fe(N,N’-M*PyrBH>NMe»)]™ (5) and an iron-
hydride intermediate [(NO)2(CO)Fe(u-H)Fe(CO)(NO)2]- (A) was evidenced by
XRD/NMR/IR/nuclear resonance vibrational spectroscopy (NRVS) experiments and
supported by DFT calculations. Subsequent transformation of A into complex
[(NO)2Fe(u-CO)2Fe(NO)2]™ (6) is synchronized with the deactivated generation of Ha(g).
Through reaction of complex [Na-18-crown-6-ether][(NO).Fe(n?>-BH4)] (4-Na-crown)
with CO() as an alternative synthetic route, moreover, isolated intermediate [Na-18-
crown-6-ether][(NO)2(CO)Fe(u-H)Fe(CO)(NO)2] (A-Na-crown) featuring catalytic
reactivity toward dehydrogenation of DMAB supports a substrate-gated transformation
of pre-catalyst [(NO)2Fe(u-MPyr)(u-CO)Fe(NO):]™ (3) into the iron-hydride species A

as an intermediate during the generation of Ha().



Introduction

Due to the high hydrogen content (up to 19.6 wt%) and thermal stability in air,
amine boranes (R;NHBH3) have recently been extensively investigated for generation
of Hae),'® while improvements on regeneration of amine boranes after the
thermodynamically-driven dehydrogenation/hydrolysis reactions await continued
investigations.”!! As a hydrogen-rich vehicle, amine boranes were also reported for
transfer hydrogenation of imines, olefins, nitroarenes, aldehydes, and ketones.!>!¢ In
addition to Ha(g) release and transfer, dehydrogenation of amine boranes can result in
the formation of aminoborane B-N products, which are isoelectronic main group
analogues of olefins for production of inorganic polyolefins/hexagonal BN and for
applications as functional B-N materials.>® To advance the development of (non-)noble
transition metal catalysts, mechanistic studies explored the critical formation of metal-
hydride intermediates during the (catalytic) dehydrogenation of amine boranes. In
heterogenous transition metal nanoparticles, kinetic/spectroscopic/computational
studies demonstrate that metal-mediated cleavage of B-H bond in amine boranes and
activation of O-H bond in water promote the subsequent dehydrogenation of generated
M-H species leading to catalytic generation of Ha(g) via the hydrolytic mechanism.!”!?
In molecular transition metal complexes,*® crystallographic investigations on amine-
borane c-complex (M = Cr, Mn, Cu, Zr, Ru, Rh, and Ir),?*? metal amido-borane
complex (M = Mg, Ca, Sr, Sc, Ti, Co, Zr, and La),?’**> metal boryl complex (M = Rh),**
and hydrido amido-borane complex (M = Co, Zr) provide direct insights into the
binding and activation of amine boranes by coordination-unsaturated and redox-
active/Lewis acid metal centers.’! >3 In particular, oxidative addition of N-H bonds
(or B-H bonds) in amine boranes by low-valence metal complexes occurs before

generation of metal dihydride adducts (M = Mo, Ir), whereas the subsequent elimination



of Hye completes the catalytic cycle (Scheme 1a).3™% 3738

Ligand-assisted
deprotonation of the N-H bond in (metal-bound) amine boranes and assembly of metal
hydride species via concerted or stepwise mechanisms was also reported to facilitate
the catalytic dehydrogenation of amine boranes (Scheme 1b).38: 23 29-30. 32, 3946 Ty
addition, nucleophilic attack of exogenous Lewis base (e.g. NHMe;) onto metal-bound
amine boranes provides an alternative pathway triggering the B-H bond cleavage and

yielding metal-hydride species for catalytic dehydrogenation of amine boranes

(Scheme 1¢). 384748
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Scheme 1. (a-¢) Mechanisms for catalytic dehydrogenation of amine boranes promoted

by (non-)noble transition metal catalysts.

In comparison with the spontaneous dehydrogenation of amine boranes catalyzed

40-46

by molecular Fe catalysts, iron-carbonyl complexes shown in Chart la were
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discovered as pre-catalysts requiring a photo-activation process.*->* Manners and co-
workers pioneered in the development of complex [(1n°-CsHs)Fe(CO):]» for photolytic
dehydrogenation of NH3BH;3;. Moreover, the photo-triggered dissociation of CO and
halide from [(n°-CsHs)Fe(CO)2X] enables the binding of MexNHBH; (DMAB) to
afford transient [(n°-CsHs)Fe(CO)(DMAB)] species and promotes the catalytic
generation of Ha).>? In addition, Bengali, Darensbourg and co-workers reported a
reactivity, kinetic, and computational study of diiron complexes (u-SCH>XCH>S)-
[Fe(CO)s]2 as photo-activated pre-catalysts for dehydrogenation of DMAB.>* These
bioinspired Fe-CO complexes clarified the critical role of photo-labile CO ligands on
the transient formation of a coordination-unsaturated Fe center, which binds and

activates amine boranes for catalytic evolution of Ha(y).
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Chart 1. (a) Reported Fe-CO complexes as photo-activated pre-catalysts for
dehydrogenation of amine boranes. (b) Dinitrosyl iron complex (DNIC) [(NO)2Fe(u-
Mepyr)(u-CO)Fe(NO)2]™ (3) as a substrate-activated pre-catalyst for dehydrogenation
of Mex2NHBH;3; (DMAB). (¢) Other DNICs explored in this study.
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Recently, the redox-active [Fe(NO)2] unit in dinitrosyl iron complexes (DNICs)
was explored as a translational model for the activation of small molecules (i.e.
H>0/02/NO/NO> /NOs~ or CS2/CO») and (electro)catalytic water splitting process.>*¢’
During the (electro)catalytic water splitting promoted by DNICs, in particular, iron-
hydride species with {Fe(NO):}¥/{Fe(NO),}° electronic structures, i.e. [M(u-
H)Fe(NO)2] (M = Fe or Ni), [M(u-H)Fe(NO)2(H)], or [(H)Fe(NO)2] species, were
proposed as the active intermediates for evolution of Ha).>>” Through reaction of
{Fe(NO)2}!° DNIC [(NO):Fe(TMEDA)] with [BH4]", hydride-containing DNIC
[(NO)2Fe(n?-BHa4)]™ (4, Chart 1c) can promote the hydride insertion into CSz (or CO2)
leading to the formation of Fe-bound [HCS:]  in the form of [(NO)2Fe(n*-HCS:)] (or
released [HCO:]).°® Relying on the interconversion between dinuclear and
mononuclear DNICs, of importance, nucleophilic reactivity of dinuclear DNIC
[(NO)2Fe(u-MPyr)2Fe(NO)2]*~ (2, Chart 1c) was reported to bind and activate COa
yielding mononuclear DNIC [(NO):Fe(M*PyrCO,)]” (MPyrCO = 3-methyl-pyrazole-
1-carboxylate), which featured a Ca®'-promoted conversion of captured CO» into

oxalate.®’

In this study, a diamagnetic {Fe(NO):}'%-{Fe(NO),}!® DNIC [(NO):Fe(u-
Mepyr)(u-CO)Fe(NO)2]~ (3, Chart 1b) was explored as a pre-catalyst for
dehydrogenation of dimethylamine borane (DMAB). Based on the 'H NMR, IR,
nuclear resonance vibrational spectroscopy (NRVS), %% single-crystal X-ray
diffraction, and density functional theory (DFT) calculations, an iron-hydride species
[(NO)2(CO)Fe(u-H)Fe(CO)(NO)2]™ (A) derived from reaction of DNIC [K-18-crown-
6-ether][(NO)2Fe(u-MPyr)(u-CO)Fe(NO).] (3-K-crown, M°Pyr = 3-methylpyrazolate)

and DMAB was identified as an intermediate generated during the catalytic evolution



of Hag) from DMAB. Moreover, subsequent transformation of intermediate A into
dinuclear DNIC [(NO)2Fe(u-CO)2Fe(NO)2]™ (6) explains the deactivation mechanism

for the catalytic process.
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Scheme 2. Synthetic methodology for DNICs 1-PPh4 and 3-K-crown.

Results and Discussion

Synthesis and Characterization of DNIC [K-18-crown-6-ether][(NO):Fe(u-
Mepyr)(u-CO)Fe(NO)2] (3-K-crown). Relevant to the reported synthesis of
[PPh4][(NO)2Fe(u-SPh)(u-CO)Fe(NO),] (1-PPh4),”® addition of two equiv. of
Fe(CO)(NO), into the THF solution of [K-18-crown-6-ether]>2[(NO)Fe(u-
Mepyr),Fe(NO):] (2-K-crown) at ambient temperature led to the formation of DNIC
[K-18-crown-6-ether][(NO)2Fe(u-MPyr)(u-CO)Fe(NO):] (3-K-crown, Scheme 2 and
Figure 1a). As shown in Figure S1, DNIC 3-K-crown exhibits IR vno and vco
stretching frequencies at 1699, 1684, and 1840 cm™!, respectively, which are similar to
those at 1706, 1694, and 1846 cm™ of DNIC 1-PPh4.”® In addition, Feis=>Fesq pre-edge
energies at 7113.6, 7113.5, and 7113.7 eV featured by DNICs 1-PPhg, 2-K-crown, and
3-K-crown, respectively, supported their {Fe(NO):}!%-{Fe(NO).}!* electronic

structures (Table 1 and Figure S2). 77! In comparison with DNIC 2-K-crown, a



slightly higher Feis=>Fesq pre-edge energy and down-field 'H NMR signals at § = 7.38,
6.01, and 2.18 ppm featured by DNIC 3-K-crown revealed an Fe-to-CO backbonding
interaction between the diamagnetic {Fe(NO),}'°-{Fe(NO),}'° core and bridging CO
(Figure S3).%” Besides the '*C NMR signals at 151.3, 145.6, 105.2, and 11.8 ppm
derived from the bridging 3-methylpyrazolate ligand, the '*C NMR signal of bridging

CO in diamagnetic DNIC 3-K-crown locates at 260.1 ppm (Figure 1¢).”*7
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Figure 1. (a) IR spectrum of DNIC 3-K-crown (blue) derived from reaction of
Fe(CO)2(NO); and DNIC 2-K-crown in a 2:1 stoichiometry in THF. IR spectrum of
DNIC 2-K-crown in THF is shown in black. (b) ORTEP drawing and labeling scheme
of DNIC 3-K-crown with thermal ellipsoids drawn at 50% probability. [K-18-crown-
6-ether]" countercation is omitted for clarity. (¢) '*C NMR spectrum of DNIC 3-K-
crown in ds-THF (*: 3-methylpyrazolate; #: ds-THF).
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Table 1. Apparent Fe1s—> Fesq Pre-edge Energies, Mossbauer Parameters,” IR vno/vco Stretching Frequencies, and Selected Bond Distances
for Dinuclear DNICs 1-PPh4, 2-K-crown, 3-K-crown, 4-K-crown, A-Na-cryptand, and [(NO).Fe(u-SPh);Fe(NO),]*>~ Obtained from

Single-crystal Structure.®’> 7

Feis>Fesq 3 AEq VNO vco  Fe-NO N-O Fe-Npy

Fe Fe

Fe-C

Ref.
Complexes  p ooy (eV) (mm/s) (mmis)  (em™’  (emY (AY AF AF  A) (@A ¢
1-PPh4 7113.6 0.10 0.35 1706, 1694 1846 1.65 1.18 - 2.60 1.94 70
2-K-crown 7113.5 0.27 1.23 1639, 1592 - 1.65 1.21 203 4.03 - 67
3-K-crown 7113.7 0.16 0.60 1699, 1684 1840 1.65 1.19 1.98 2.74 1.91  This work
4-K-crown - 0.02 0.41 1709, 1654 - 1.64 1.17 - - - 66
1743, 1718 1989 .
A-Na-cryptand - 0.08 0.69 1693 1968 1.69 1.18 - 2.84 1.78  This work
[(NO)2Fe(p- ) i ) ) 1 ) 70
SPh)Fe(NOY > 7113.3 1644, 1604 1.65 1.21 3.6

Zero-field Mdssbauer spectra were measured at 80K. ®in THF. ‘Average bond distances.
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Figure 2. Zero-field Mossbauer spectra of DNICs (a) 1-PPh4, (b) 2-K-crown, (¢) 3-
K-crown, and (d) 4-Na-crown collected at 80 K (dot). The blue lines are simulated
spectra of these DNICs. Regarding the air-sensitive nature of DNICs 1-PPhs, 2-K-

crown, and 3-K-crown, the gray lines are simulated spectra of minor impurities.

The electronic structure of DNIC 3-K-crown was also explored by Mdssbauer
spectroscopy. Recently, a review on the Mdssbauer spectroscopic study of DNICs
explored a correlation between the isomer shift (8) with the nature/type of supporting
ligands to the [Fe(NO),] unit.”! Among the structure-characterized DNICs, a higher Fe-
L bond covalency between the [Fe(NO)2] unit and supporting ligands (i.e. thiolate,
carbene, CO) resulted in a smaller isomer shift (6) of DNICs. Contrary to the isomer
shift (8) of 0.27 mm/s with a quadruple doublet (AEq) of 1.23 mm/s of DNIC 2-K-

crown, incorporation of n-acceptor CO bridging ligand in DNIC 3-K-crown results in

11



a lower isomer shift (8) of 0.16 mm/s with a quadruple doublet (AEq) of 0.60 mm/s
(Figure 2 and Table 1).”! Moreover, an isomer shift (8) of 0.10 mm/s with a quadruple
doublet (AEq) of 0.35 mm/s in DNIC 1-PPh4 unraveled a covalent bonding interaction
between the diamagnetic {Fe(NO),}!%-{Fe(NO):}'" core and bridging [SPh]/CO
ligands,”® 7* which may rationalize the stability of [Fe(u-CO)(u-SPh)Fe] unit described
below. Of interest, {Fe(NO):}!® DNIC [Na-18-crown-6-ether][(NO).Fe(n?>-BHa)] (4-
Na-crown) exhibits an isomer shift (8) of 0.02 mm/s with a quadruple doublet (AEq)

of 0.41 mm/s.

Single-crystal X-ray diffraction study of DNIC 3-K-crown provided direct
insight into the geometric structure of dinuclear {Fe(NO),}'* centers bridged by CO
and 3-methylpyrazolate ligands (Figures 1b and S4). As shown in Table 1, average Fe—
NO and N-O bond distances of 1.65 A and 1.19 A observed in DNIC 3-K-crown are
consistent with reported {Fe(NO),}'° DNICs.% On the other hand, the average Fe-Npyr
bond distance of 1.98 A observed in DNIC 3-K-crown is slightly shorter than that of
2.03 A in DNIC 2-K-crown,®” which echoed the m-acceptor effect of bridging CO
ligand revealed by Fe K-edge XAS, '"H NMR, and Mdssbauer spectroscopy described
above. Of importance, replacement of bridging phenylthiolate ligand in DNIC 1-PPh4
by bridging 3-methylpyrazolate ligand in DNIC 3-K-crown resulted in an elongation
of FeFe distance from 2.60 A in the four-membered ring [Fe(u-CO)(u-SPh)Fe] to
2.74 A in the five-membered ring [Fe(u-CO)(u-MPyr)Fe]. Moreover, the FeFe
distance in the six-membered ring [Fe(u-MPyr),Fe] of DNIC 2-K-crown elongated to
4.03 A upon substitution of the bridging CO ligand in DNIC 3-K-crown by another 3-
methylpyrazole ligand. As opposed to the dihedral angle between two [Fe(NO)2] planes

of 180.0° featured by both DNICs 2-K-crown and [(NO):Fe(u-SPh),Fe(NO):]*,

12



replacement with bridging CO ligand in DNICs 1-PPh4 and 3-K-crown resulted in bent
dihedral angles of 161.7° and 145.8°, respectively.”’ Based on the spectroscopic and
crystallographic study, electron-deficient and structure-distorted [Fe(u-CO)(u-
MePyr)Fe] unit in DNIC 3-K-crown was further explored for activation of
dimethylamine borane (DMAB) regarding its potential electrophilic nature and

prospective dissociation upon reaction with nucleophilic DMAB.

10 mol% Fe complex
Me,NHBH, - e > H, + Me,NBH,
THF, RT

14 ' ) ) )
A - i1

0 - g9 = —m = 5 B e = = —5

mol of Hz(g)/ mol of Fe complex

X ' T : T " | ¥ T

0 50 100 150 200 250
Time (min)

Figure 3. Evolution of Ha) from reaction of DMAB without (gray) or with 10 mol%

of DNICs 1-PPh4 (red), 2-K-crown (black), 3-K-crown (blue), 4-Na-crown (purple),

Fex(CO)9 (green), and [CpFe(CO)2]2 (pink), respectively.
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Investigation of DNIC 3-K-crown as a Pre-catalyst for Catalytic Dehydrogenation
of DMAB via Formation of an Iron-Hydride Intermediate A. DNICs investigated
for potential activation and catalytic dehydrogenation of DMAB in this study are shown
in Chart 1b-1c. As shown in Figures 3 and S5a, formation of Hz(g) from the THF solution
of DMAB in the absence or presence of 10 mol% of Fe-CO complexes [CpFe(CO):]2
and Fex(CO)y, {Fe(NO):}'%-{Fe(NO):}!° DNICs 1-PPhs and 2-K-crown, and
{Fe(NO),}'° DNIC 4-Na-crown is negligible. In contrast, addition of 10 mol% of
DNIC 3-K-crown into the THF solution of DMAB initiated the evolution of Hag) which
was detected by GC (Figures 3 and S5b). Ha() evolution deceased after 4 h and the
quantification of generated Hyg) revealed a turnover number (TON) of 6.0+0.2 for the
dehydrogenation of DMAB catalyzed by DNIC 3-K-crown, which is much lower than
the other efficient molecular Fe catalysts.>®#! Additionally, full conversion of DMAB
into released Ha(g) promoted by 20 mol% of DNIC 3-K-crown was optimized to enable
the identification of generated cationic [BH.NHMez]" and other boron-based
byproducts using ''B NMR (see details in Figure $6).** 7> In comparison with Fe-CO
complexes and DNIC 1-PPh4/2-K-crown/4-Na-crown, the distinctive reactivity of
DNIC 3-K-crown toward catalytic dehydrogenation of DMAB prompted the
subsequent spectroscopic and reactivity study in the attempt to gain the insights into

the catalytic mechanism.

As shown in Figures S7-S9, no changes in the IR spectra were observed upon
reaction of DMAB with 10 mol% of DNICs 1-PPha4, 2-K-crown, and 4-Na-crown,
respectively. This indicated the inert nature of these DNICs toward DMAB, which is
consistent with the absence and/or minor evolution of Hy) described above. After

addition of DMAB into the THF solution of 10 mol% of DNIC 3-K-crown for 1 h, in

contrast, appearance of IR vno stretching frequencies at 1663 and 1610 cm™! indicates

14



the partial generation of DNIC [(NO)2Fe(N,N’-MPyrBH2NMe»)]™ (5, Scheme 3a and
Figure 4a), which was further characterized by '"H NMR and single-crystal X-ray
diffraction (Figures S10-S11). After a reaction time of 4 h, the distinctive IR vno
absorption peaks at (1663, 1610) cm™ and '"H NMR signals at (7.36, 5.79) ppm of DNIC
5 were retained (Figures 4b-4c) while the evolution of Ha(g) deceased. That is, DNIC 5
serves as an inactive byproduct generated during the catalytic dehydrogenation of

DMAB promoted by DNIC 3-K-crown.

0.5 05
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0.4 4 0.4
3
S 03 0.3 4 1683, 1673
8 1693
[}
w
3 o2 1068 1840 1718111 4g63 02 1663
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Figure 4. IR spectra of 10 mol% of DNIC 3-K-crown before (black) and after its
reaction with Me;NHBH; for (a) 1 h (blue) and (b) 4 h (red) in THF. *: [Fe(CO)3;(NO)] .
(¢) 'TH NMR spectra of 20 mol% of DNIC 3-K-crown before (black) and after its
reaction with DMAB for 1 h (blue) and 4 h (red) in ds-THF. (#: MeoNHBH3; $: 18-
crown-6-ether).
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Scheme 3. Proposed mechanisms for substrate-gated transformation of pre-catalyst 3
into an iron-hydride intermediate A for catalytic dehydrogenation of dimethylamine
borane.

In addition to the partial generation of DNIC 5§ when DNIC 3-K-crown reacted
with 10 equiv. of DMAB in THF for 1 h, a shift of the IR vco and vno stretching
frequencies from 1840 and (1699, 1684) cm™ to (1989, 1968) and (1743, 1718, 1693)
cm’! reveals the parallel conversion of DNIC 3-K-crown into an iron-hydride
intermediate [(NO)2(CO)Fe(u-H)Fe(CO)(NO)2]™ (A, Scheme 3a and Figure 4a),’®7®
which is further transformed into complexes [(NO):Fe(u-CO):Fe(NO)]~ (6, yield
74.4%) and [Fe(CO)3(NO)]” when Hz(g) evolution stopped (Scheme 3b, Figures 4b and
S12-S13). Notably, the absence of Ha) evolution upon further addition of DMAB
implicated that the iron-hydride species A, derived from reaction of pre-catalyst DNIC
3-K-crown and DMAB, served as an intermediate during catalytic dehydrogenation of
DMAB (Figure S14 and Scheme 3c). On the other hand, subsequent conversion of
intermediate A into DNIC 6 resulted in the deactivation of catalytic process (Scheme

3b).

Reaction of the pre-catalyst DNIC 3-K-crown and DMAB was also monitored
by in situ 'H NMR spectroscopy in the attempt to provide additional characterization

of intermediate A. Upon addition of DMAB into the ds-THF solution of 20 mol% of
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DNIC 3-K-crown at ambient temperature, formation of singlet 'H NMR signals at
(7.37,5.79) and -13.41 ppm supported the conversion of DNIC 3-K-crown into DNIC
5 and intermediate A in a 1:~0.4 molar ratio based on the intensity of the '"H NMR
signals (Scheme 3a and Figure 4c). After a reaction time of 4 h, the complete
disappearance of the 'H NMR signals of pre-catalyst DNIC 3-K-crown and
intermediate A accompanied by the formation of dissolved H», as evidenced by 'H
NMR signal at 4.54 ppm, highlighted that the iron-hydride species A was an

intermediate generated during the catalytic dehydrogenation of DMAB.

Reactivity study of DNIC 3-K-crown toward Hag), NMe:H, EtsN-BH3, and
NMe;H-BD3, respectively, was performed in the attempt to dissect the mechanism for
DMAB-mediated assembly of iron-hydride species A. As shown in Figure S15, DNIC
3-K-crown displays inactive nature toward either Hzg) or NMexH. On the other hand,
reaction of DNIC 3-K-crown and 20 equiv. of triethylamine borane results in the absent
evolution of Ha(g) and the minor formation of IR vco and vno stretching frequencies at
(1987, 1970) and (1741, 1716) cm™ (Figure S16), which is comparable to the proposed
iron-hydride species A. During the reaction of DNIC 3-K-crown with NMe>HBD3,
formation of a distinctive ?D NMR signal at -13.41 ppm (Figure S17a) suggests that the
hydridic nature of the B-H/B-D moiety in DMAB/NMe:HBD3; promotes the
dissociation of [Fe(u-CO)(u-MPyr)Fe] core for heterolytic cleavage of B-H/B-D bond
and evolution of Hy), which further results in the formation of DNIC 5 as an inactive
byproduct (Scheme 3a). Moreover, subsequent activation of additional
DMAB/NMe;HBD3 by the transient [(CO)Fe(NO)2] cores facilitates heterolytic
cleavage of B-H/B-D bond and assembly of iron-hydride species A accompanied by

the formation of cationic [BH,NHMe:]".
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Structural, Spectroscopic, and Computational Study of Intermediate A derived
from Reaction of DNIC 4-Na-crown/4-Na-cryptand and CO(g). Inspired by the
spectroscopic identification of DM AB-gated transformation of pre-catalyst DNIC 3-K-
crown into transient intermediate A during catalytic dehydrogenation of DMAB,
efforts were further made on the development of alternative synthetic routes for the
synthesis of intermediate A. When DNIC [Na-18-crown-6-ether][(NO)2Fe(n>-BHa)]
(4-Na-crown, or [Na-cryptand-222][(NO),Fe(r)?-BH4)] (4-Na-cryptand)) was purged
with CO(g) for 1 min, a shift of IR vno stretching frequencies from (1708, 1654) to (1743,
1718, 1693) cm™ as well as the appearance of IR vco absorption peaks at (1989, 1968)
cm’! indicated the successful assembly of iron-hydride intermediate [Na-18-crown-6-
ether][(NO)2(CO)Fe(u-H)Fe(CO)(NO):] (A-Na-crown, or [Na-cryptand-
222][(NO)2(CO)Fe(u-H)Fe(CO)(NO)2] (A-Na-cryptand), Scheme 3d and Figure Sa),
which was substantiated by a sharp and singlet "H NMR signal at -13.41 ppm (Figures
5b and S18a). In addition to the IR vco and '"H NMR features, the *C NMR signal of
terminal CO ligands in the diamagnetic intermediate A-Na-cryptand locates at 232.2
ppm (Figures 5b and S18b).7>7> As shown in Figure 5c, {Fe(NO),}'%-{Fe(NO),}'°
intermediate A-Na-cryptand exhibits an isomer shift (8) of 0.08 mm/s with a quadruple
doublet (AEq) of 0.69 mm/s, which is comparable to {Fe(NO),}'° DNIC 4-Na-crown

(Table 1).

In addition to the spectroscopic validation, catalytic generation of Ha) from
DMAB promoted by isolated A-Na-crown lended support to the assignment of iron-
hydride species A as an intermediate generated during the catalytic dehydrogenation of
DMAB by the pre-catalyst DNIC 3-K-crown (Figure S19). Upon reaction of *H-

labelled A-Na-crown with NMe>HBDs, evolution of HD was evidenced by the
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indicative 'H NMR signal at 4.51 ppm (triplet, 'Jup = 43 Hz, Figure S17b),”° which
supported the proposed mechanism for catalytic dehydrogenation of DMAB by
intermediate A (Scheme 3c¢). Presumably, proton transfer from N-H fragment of DMAB
to the bridging hydride in intermediate A is proposed to lead to the evolution of Ho,
whereas the generated [NMe>,BH3]™ may serve as a hydride source to regenerate the

iron-hydride species A accompanied by the formation of NMe;BH» byproduct.
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Figure 5. (a) IR spectra for DNIC 4-Na-cryptand (black) and intermediate A-Na-
cryptand (blue) in THF. (b) 'H/">*C NMR spectra of intermediate A-Na-cryptand in

ds-THF. (c) Mdssbauer spectrum of intermediate A-Na-cryptand collected at 80 K

(dot). The blue line is simulated spectrum.
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As shown in Figure 6, the single-crystal X-ray diffraction data provided direct
support to intermediate A-Na-cryptand as an iron-hydride species. Similar to other
{Fe(NO),}'° DNICs, intermediate A-Na-cryptand featured average Fe-NO and N-O
bond distances of 1.69 A and 1.18 A, respectively (Table 1).% In addition to the terminal
CO ligand, an usual coordination of a bridging hydride ligand to each [Fe(NO):] unit,
with an average Fe-H bond distance of 1.58 A, resulted in a tetrahedral geometry for
both Fe centers. In comparison with other dinuclear {Fe(NO)}'%-{Fe(NO),}'° DNICs,
{Fe(NO)»} ' centers in intermediate A-Na-cryptand with one bridging hydride ligand

featured an Fe-H—Fe bond angle of 128.0° and Fe-Fe distance of 2.84 A.

Figure 6. ORTEP drawing and labeling scheme for intermediate A-Na-cryptand with
thermal ellipsoids drawn at 50% probability: (a) side view; (b) end view. [Na-cryptand-
222]" countercation is omitted for clarity. Selected bond distances (A) and angles (deg):
Fe(1)~Fe(2) 2.8436(9); Fe(1)—H 1.591(50); Fe(2)—H 1.572(53); Fe(1)—N(1)
1.6826(28); Fe(1)—N(2) 1.6753(28); Fe(2)—N(3) 1.7205(49); Fe(2)—N(4)
1.6654(28); O(1)—N(1) 1.1836(38); O(2)—N(2) 1.1920(38); O(3)—N(3) 1.1643(59);
O(4)—N(4) 1.1896(45); O(1)—N(1)—Fe(1) 175.6(2) (6); O(2)—N(2)—Fe(1)

173.5(2); O(3)—N(3)—Fe(2) 173.9(4); O(4)—N(4)—Fe(2) 175.5(2).
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The iron-hydride species in intermediate A-Na-cryptand was additionally
characterized using IR and nuclear resonance vibrational spectroscopy (NRVS)
vibrational spectroscopies in combination with isotope-labelling experiments and
computational methods for examination of the Fe-CO/NO/H bonding. Thereby,
synchrotron-radiation based >’Fe-NRVS provides a complete set of vibrations
involving the iron nucleus and does not rely on any optical selection rules,*® whereas
the 3’Fe-partial vibrational density of states (PVDOS) spectra of 'H-/>H-labelled
intermediate A-Na-cryptand are depicted in Figure 7. The 2H-labelled compound A-
Na-cryptand was prepared through reaction of 2H-labelled DNIC 4-Na-cryptand with

COy) (Figure S20).

The DFT model of intermediate A-Na-cryptand, used for the assignment of
solid-state IR and NRVS data, was originally based on the X-ray unit cell structure and
is shown in Figure S21. The DFT-simulated vno and vco IR bands (Figure S22)
repeated their experimentally observed pattern. Here, the bands at 1991 and 1963 cm’
correspond to calculated symmetric and asymmetric stretching modes of the two CO
ligands in A-Na-cryptand. The bands at 1743, 1717, and 1688 cm™' correspond to the
four NO stretching modes with different symmetries (see animations as part of the
Supporting Information), where the flattened-top 1688 cm™ band conceals two modes
with similar energies. As detailed in Figure S22, the DFT calculations as well allow to
quantify a concentration of the Hieber [Fe(CO)3(NO)]™ anion to approx. 10% relatively
to A-Na-cryptand in the solid-state IR sample, matching the intensity of its minor
feature appearing at 1877 cm’!. Notably, the calculations reveal that bridging hydride
motion admixes to the NO modes, which can be traced in a subtle red shift of the most

prominent vno band top (1688 to 1683 cm™') and its shoulder upon the uH-to-pD

exchange. An essentially pure asymmetric Fe—puH(—Fe) stretch produces a low-intensity
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DFT band at 1568 cm’', yet this feature lacks its counterpart in the experimental IR
spectrum. The latter result goes in line with typically undetectably small signals of

transition metal bridging hydrides by the IR technique.®!

160
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440 450
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Figure 7. 3'Fe-PVDOS spectra of intermediate A-Na-cryptand (blue) overlaid with
spectra of its “H-labelled isotopologue (red) from NRVS measurements (top) and DFT
calculations (bottom). Sticks (bottom) highlight positions and intensities of the DFT-

calculated normal modes. Selected band positions (see text) are labeled.

An attempt to reveal hydride bands in A-Na-cryptand was further undertaken
using >’Fe-NRVS spectroscopy that employed vibrational energy scans of up to 1200

cm’! (Figure 7). The DFT calculations predicted several essentially pure Fe-hydride
modes in the spectral region below 1200 cm™: (i) symmetric Fe—-uH(~Fe) stretch at
1171 em™!, (ii) asymmetric Fe—pD(—Fe) stretch at 1119 cm™!, and (iif) symmetric Fe—
uD(-Fe) stretch at 852 cm™ (see these and other NRVS-relevant normal modes
animated as part of the Supporting Information). Although similar pH/uD modes with

inherently low intensities were observed in diiron bridging hydride complexes using
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S"Fe-NRVS previously,®** present limitation to unenriched >'Fe (2.12% natural
abundance) samples of A-Na-cryptand precluded their definite resolution.
Nevertheless, the high-intensity Fe—CO/NO bending and stretching modes in the 400—
700 cm™! region were computationally found to admix with the hydride wagging motion,
typically leading to their red shifts within 10 cm™! upon the uD-labeling. These isotope-
dependent changes manifest in the bands at 571/564, 621/615, and 647/644 cm! for the
uH/uD samples correspondingly, and in a pH-to-uD perturbation of a feature
containing several Fe-CO/NO modes at approx. 445 cm™! (Figure 7). Finally, a unique
spectroscopic feature of A-Na-cryptand is a Fe-pH—Fe bending motion, producing a

sharp band at 160 cm™.

NRVS spectra were additionally recorded for the 'H- and H-labelled samples
of DNIC 4-Na-crown (Figures S23 and S24). Within the experimental range of up to
1300 cm™!, DFT predicts stand-alone low-intensity bands at 827 and 1002 cm™! for the
unlabeled and ?H-lableled species, correspondingly. These bands are produced by
hydride bends of the Fe-bound borontetrahydride (see normal modes animated as part
of the Supporting Information). Similar to A-Na-cryptand, the NRVS scans of 4-Na-
crown used unenriched >’Fe samples and could not reveal these weak spectral features.
The isotope-dependent spectral perturbations are still observed in the 500-700 cm!
region containing high-intensity Fe-NO modes, which range is typically for
{Fe(NO),}'° compounds.®> A strong shift of approx. 30 cm™ is predicted for the Fe—
N°BH4/m?BDy4 stretching mode, tentatively associated with features observed at 412/383

cm’l,
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Conclusion

In this study, synthesis and characterization of DNIC [(NO)2Fe(u-MPyr)(u-
CO)Fe(NO)2] (3) as a pre-catalyst for dehydrogenation of DMAB via formation of an
Fe-H intermediate [(NO)2(CO)Fe(u-H)Fe(CO)(NO)2]™ (A) have led to the following

results:

1. Through reaction of DNICs Fe(CO)2(NO)> and 2-K-crown in a 1:0.5 molar
ratio, diamagnetic {Fe(NO)}!°-{Fe(NO),}!® DNIC 3-K-crown was successfully
synthesized and characterized by IR, 'H/'*C NMR, Fe K-edge XAS, Mdossbauer, and
single-crystal X-ray diffraction. As opposed to Fe-CO complexes [CpFe(CO):]> and
Fex(CO)9 as well as DNICs 1-PPh4, 2-K-crown, and 4-Na-crown, this DNIC 3-K-
crown features catalytic reactivity toward dehydrogenation of DMAB with a turnover
number (TON) of 6.0+0.2 and relies only on earth-abundant metals. Despite of the
limited catalytic efficacy of DNIC 3-K-crown for evolution of Hzy) from DMAB,
continued investigations of DNICs featuring improved reactivity for catalytic
dehydrogenation of amine boranes and hydrogenation of other substrates will be

explored in the near future.

2. During the catalytic dehydrogenation of DMAB promoted by DNIC 3-K-crown,
the start and end of the Hg) evolution is synchronized with the formation of
intermediate A and its conversion into DNIC [(NO):Fe(u-CO)2Fe(NO).2] (6), whereas
a byproduct DNIC [(NO).Fe(N,N’-M*PyrBH,NMe;)]™ (5) remains observed through the
catalytic process. That is, DNIC 3-K-crown serves as a pre-catalyst for catalytic
dehydrogenation of DMAB and evolution of Hzg) via a DMAB-gated assembly of

intermediate A.
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3. Reaction of DNIC 4-Na-crown/4-Na-cryptand and CO() was discovered as an
alternative synthetic route for preparation of isolated intermediate A-Na-crown/A-Na-
cryptand, which exhibited consistent spectroscopic features and catalytic reactivity to
the transient intermediate A derived from reaction of pre-catalyst DNIC 3-K-crown
and excess DMAB. Furthermore, single-crystal X-ray diffraction, IR, nuclear
resonance vibrational spectroscopy (NRVS) and theoretical calculation supported the
assignment of intermediate A as a dinuclear iron-hydride species [(NO)2(CO)Fe(u-
H)Fe(CO)(NO),] . In contrast to the stability of DNIC [(NO).Fe(n?-BHa4)]™ (4), binding
of CO to the {Fe(NO):}'* unit within DNIC 4 triggers the heterolytic cleavage of B-H
bond of Fe-bound [BH4]", which is followed by the assembly of Fe-H intermediate A

accompanied by the release of [BoH7]™ upon reaction with another DNIC 4.

4. Based on the spectroscopic, crystallographic, and reactivity studies, the
electron-deficient and structure-distorted nature of DNIC 3-K-crown, presumably,
enables DMAB-gated dissociation of [Fe(u-CO)(u-"*Pyr)Fe] core for activation of
DMAB and evolution of Ha), which further results in the formation of DNIC 5 as an
inactive byproduct. On the other hand, subsequent activation of DMAB by the transient
[(CO)Fe(NO):] core facilitates heterolytic cleavage of B-H bond and assembly of Fe-
H intermediate A, which is relevant to CO-induced conversion of DNIC 4 into isolated
intermediate A. In contrast to DNIC 3-K-crown, the electron-rich [Fe(u-°Pyr),Fe]
core in DNIC 2-K-crown and covalent [Fe(u-CO)(u-SPh)Fe] core in DNIC 1-PPhg
preclude the dissociation of diiron core and formation of a coordination-unsaturated

[(L)Fe(NO):] core for activation of DMAB and evolution of Ha(g).
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Through substrate-gated activation of a pre-catalyst [(NO)Fe(u-MPyr)(u-
CO)Fe(NO):]", an iron-hydride species [(NO)2(CO)Fe(u-H)Fe(COYNO)]~, as
evidenced by different spectroscopic methods and DFT calculations, was identified as
the active intermediate for catalytic dehydrogenation of dimethylamine borane and

generation of Hag).
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