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Two active species from a single metal halide precursor: a case 

study of highly productive Mn-catalyzed dehydrogenation of 

amine-boranes via intermolecular bimetallic cooperation 

Ekaterina S. Gulyaeva,a,b Elena S. Osipova,b Sergey A. Kovalenko,b Oleg A. Filippov,*b Natalia V. 
Belkova,b Laure Vendier,a Yves Canac,*a Elena S. Shubina*b and Dmitry A. Valyaev*a 

Metal-metal cooperation for inert bond activation is an ubiquitous concept in coordination chemistry and catalysis. While 

the great majority of such transformations proceeds via intramolecular mode in binuclear complexes, only few examples of 

intermolecular small molecules activation are known to date using usually bimetallic frustrated Lewis pairs (Mδ+∙∙∙M’δ−). We 

introduce herein an alternative approach for the intermolecular bimetallic cooperativity observed in catalytic 

dehydrogenation of amine-boranes, in which the concomitant activation of N−H and B−H bonds of the substrate proceeds 

by a synergetic action of Lewis acidic (M+) and basic hydride (M−H) metal species derived from the same mononuclear 

complex (M−Br). It was also demonstrated that this system generated in situ from air-stable Mn(I) complex fac-

[(CO)3(bis(NHC))MnBr] and NaBPh4 shows high activity for H2 production from several substrates (Me2NHBH3, tBuNH2BH3, 

MeNH2BH3, NH3BH3) at low catalyst loading (0.1% to 50 ppm) providing outstanding efficiency for Me2NHBH3 (TON up to 

18200) largely superior to all known 3d, s-, p-, f-block metal derivatives and FLPs. These results permit to take a step forward 

towards more extensive use of intermolecular bimetallic cooperation concept in a modern homogeneous catalysis.

Introduction 

Cooperative action of two metal atoms for the activation of 

organic molecules often accompanied by inert bond cleavage is 

omnipresent for heterogeneous catalysts,1 metalloenzymes2 

and related biomimetic systems.3 In coordination chemistry, 

these processes generally take place in the intramolecular 

mode within well-defined homo- or heterobimetallic complexes 

(Scheme 1, (a)), in which two metal atoms are kept in a close 

proximity by bridging ligand(s)3 occasionally supported by 

additional metal-metal interaction.4 Similar reactivity was also 

observed for binuclear derivatives with highly polarized metal-

metal single bond (Scheme 1, (b)) also known as metal-only 

Lewis pairs (MOLPs).5,6 In the latter case, if inert bond of the 

substrate is completely cleaved two resulting monometallic 

species can participate in a single catalytic cycle with a 

synergetic effect.7 In a sharp contrast, intermolecular 

cooperative activation of small molecules mediated by two 

mononuclear transition metal species (Scheme 1, (c)) remains 

scarce.8 The most pertinent examples of such behavior deal  

Scheme 1. Different types of cooperative bimetallic activation of organic molecules (top, 

dashed and dotted lines refers to activated/cleaved bond in the substrate and non-

covalent interactions, respectively) and Mn(I) precursor used for catalytic intermolecular 

amine-borane dehydrogenation (bottom). 

with the interaction of bimetallic frustrated Lewis pairs (FLPs) 

with dihydrogen,9 acetylene,9c amine-boranes10 or formic 

acid.11 Conceptually related intermolecular activation of CO2 

a. LCC-CNRS, Université de Toulouse, CNRS, UPS, 205 route de Narbonne, 31077 
Toulouse Cedex 4, France. E-mail: yves.canac@lcc-toulouse.fr, 
dmitry.valyaev@lcc-toulouse.fr. 

b. A. N. Nesmeyanov Institute of Organoelement Compounds (INEOS), Russian 
Academy of Sciences, 28/1 Vavilov str., GSP-1, B-334, Moscow, 119334, Russia. 
E-mail: h-bond@ineos.ac.ru, shu@ineos.ac.ru 

† Electronic Supplementary Information (ESI) available: Complete experimental 
procedures, details of DFT calculations, original IR and NMR spectra and kinetic 
profiles for H2 evolution. CCDC 2262301 and 2262302 contain the supplementary 
crystallographic data for this paper.See DOI: 10.1039/x0xx00000x 

Page 1 of 9 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
8/

20
23

 9
:1

6:
01

 A
M

. 
 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
DOI: 10.1039/D3SC05356C

mailto:yves.canac@lcc-toulouse.fr
mailto:dmitry.valyaev@lcc-toulouse.fr
mailto:h-bond@ineos.ac.ru
mailto:shu@ineos.ac.ru
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05356c


ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

and epoxide by a radical pair arisen from the spontaneous 

homolytic cleavage of Fe−Al bond in the bimetallic complex 

prior to the interaction with a substrate was also recently 

reported.12 Despite remarkable results already achieved in the 

area of homogeneous catalysis exploiting bimetallic 

cooperation, in most cases either quite sophisticated binuclear 

transition metal complexes (Scheme 1, (a-b))3-7 or carefully 

selected combination of two monometallic species (Scheme 1, 

(c))10 were employed. In this contribution, we provide 

experimental and theoretical evidence for a novel type of 

intermolecular bimetallic cooperativity using Lewis acidic and 

hydride components (Scheme 1, (d)) generated in situ from a 

single mononuclear metal precursor, halide abstractor and 

bifunctional substrate. Beyond the apparent simplicity of this 

approach, its potential usefulness was illustrated by the 

development of a convenient procedure for dehydrogenation 

of various amine-boranes catalyzed by air-stable Mn(I) bis(NHC) 

complex (Scheme 1, bottom) showing in particular state-of-the-

art performance for H2 production from Me2NHBH3 (DMAB) 

largely surpassing all known 3d metal catalysts. 

Results and discussion 

Discovery and optimization of amine-boranes dehydrogenation 

catalyzed by Mn(I) complexes fac-[(CO)3(L−L’)MnBr] (L, L’ = 

phosphine, NHC). 

In a frame of our project dealing with Mn(I) organometallic 

chemistry relevant to homogeneous catalysis, we have 

unexpectedly observed that cationic complex [1BuCl]+ 13 (Scheme 

2) obtained by reaction of the corresponding hydride 1H with 

[Ph3C](B(C6F5)4) in nBuCl was capable to catalyze DMAB 

dehydrogenation at 50°C to produce H2 with TOF ca. 0.6 h−1. 

Further studies revealed that parent cationic species [2BuCl]+ 14 

and [3BuCl]+, in which Ph2P moieties are progressively replaced 

with more donating N-heterocyclic carbene (NHC) fragments, 

were much more active affording TOF of 9 h−1 and 143 h−1, 

respectively. Encouraged by the latter result being much 

superior to previously known Mn-based catalysts for this 

substrate (TOF 0.7-11 h−1),15 we proceeded to further 

optimization study. 

Looking for a more convenient source of cationic Mn(I) 

species we first prepared the corresponding MeCN complex  

 

Scheme 2. DMAB dehydrogenation catalyzed by cationic Mn(I) complexes  

[1-3BuCl](B(C6F5)4) 

Table 1. Optimization of DMAB dehydrogenation catalyzed by bis(NHC) Mn(I) 

complexesa 

a DMAB (1.5 mmol), 0.1 mol% of pre-catalyst, 1.0 mol% of sodium salt, 2 mL of 

solvent in a closed vessel at 50°C. b Estimated from the pressure changes due to H2 

release under constant volume conditions. c TOF values were calculated including 

10-20 min induction period required for catalyst activation. d 1 mol% of 3Br and 10 

mol% of NaBPh4 at 30°C. e Reaction in the presence of 250 equivalents of mercury. 

[3MeCN](BF4) from AgBF4 and readily available bromide precursor 

3Br.16 This compound was isolated in 85% yield and fully 

characterized including single crystal X-ray diffraction (Figure 

S1). While this compound showed a very low activity in nBuCl, 

the use of more chemically inert chlorinated solvent such as 

PhCl allowed to get almost quantitative DMAB conversion at 

only 0.1 mol% catalyst charge (Table 1, entry 1). Gratifyingly, the 

catalyst can be also generated in situ from 3Br and NaBF4 (entry 

2) even if its activity was lower than for the isolated [3MeCN](BF4). 

The application of sodium salts with non-coordinating anions 

boosted the catalyst performance (entries 3-4) being now 

better than for initially tested complex [3BuCl]+ in nBuCl (vide 

supra). Solvent screening revealed that PhF provided slightly 

inferior results (entry 5), whereas the use of coordinating THF 

led to a serious drop of reaction rate (entry 6). The reaction can 

even slowly proceed in dichloromethane at 30°C (entry 7) albeit 

ten times higher catalyst loading was required in this case. The 

addition of mercury did not alter dehydrogenation process 

(entry 8) thus ruling out well-known catalysis of amine-borane 

dehydrogenation by metal nanoparticles.17,18 Finally, it was 

observed that neutral 3Br and 3H without any additives displayed 

only modest catalytic activity (entries 9-10). 

Then we focused on the evaluation of catalytic performance 

for this system (Table 2). At 60°C the reaction rate is significantly 

accelerated (entry 1) and catalyst charge may be decreased 

down to 50 ppm resulting in TON and TOF values of 16221, and 

661 h−1, respectively (entries 2-4). Surprisingly, we have noticed 

that the reaction was even faster in dark providing TON of 

18242 at 50 ppm charge of 3Br (entry 5) probably preventing 

photo-induced catalyst decomposition. Background DMAB 

dehydrogenation in the presence of NaBPh4 under these 

conditions was not observed at all (entry 6). Remarkably, the 

catalytic performance for this substrate is more than 50 times 

higher than those previously obtained with 3d metal catalysts 

(20-330 TONs)15,19 especially considering that for the most of 

them the activation by strong bases (nBuLi, tBuOK)19a,19e-f or UV-

light15b-c,19c,19g was required. The results obtained for catalyst 3Br  

№ Pre-catalyst Solv. Additive Time, h TONb TOFc, h−1 

1 [3MeCN](BF4) PhCl − 26 981 38 

2 3Br PhCl NaBF4 69 902 13 

3 3Br PhCl NaBPh4 3.9 1000 259 

4 3Br PhCl NaB(C6F5)4 4.1 1000 244 

5 3Br PhF NaBPh4 6.7 1000 149 

6 3Br THF NaBPh4 26 1000 38 

7d 3Br DCM NaBPh4 11 100 9 

8e 3Br PhCl NaBPh4 4.0 1000 256 

9 3Br PhCl − 118 535 5 

10 3H PhCl − 69 253 4 
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Table 2. Dehydrogenation of various amine-boranes catalyzed by bis(NHC) Mn(I) 

complex 3Br a 

a Amine-borane (0.8-1.5 mmol), 0.5-1.0 mol% of NaBPh4, 2 mL of PhCl in a sealed 

vessel at 60°C. b Average from two independent runs. c Estimated from the 

pressure changes due to H2 release under constant volume conditions and 11B NMR 

spectra of the crude products. d In dark. e Background dehydrogenation 

experiments were carried out in the presence of 1.0 mol% of NaBPh4 under strictly 

identical conditions to those of Mn-catalyzed process. 

also surpass significantly the TON values obtained for noble 

metal derivatives (up to 2240 TONs),20 s-, p- and f-block metal 

complexes (up to 485 TONs)21-25 as well as FLP-based systems 

(up to 500 TONs).26 The only comparable precedent in terms of 

productivity was reported for Ru(acac)3/oleylamine 

combination (TON 15000),27 however the reaction rate in this 

case was much slower (TOF 78 h−1 at 60°C). 

We have found that our system is also suitable for amine-

boranes with higher hydrogen content being relevant to 

hydrogen storage materials.28 Preliminary results without any 

additional optimization showed that tBuNH2BH3 can release ca. 

1.53 equivalents of H2 with only 0.1 mol% catalyst charge (entry 

7). While this substrate can be slowly dehydrogenated under 

these conditions without any catalyst (entry 8), Mn-catalyzed 

reaction was much faster to give ca. 1.3 equivalents of hydrogen 

after 10 h (TOF 130 h−1 for this period) followed by a more 

sluggish process releasing further 0.2 equivalents in ca. 40 h 

(Figure S13). To the best of our knowledge, this value represents 

the best result ever obtained for this substrate among all other 

metal complexes.10,23b,25a,29 11B NMR analysis of the crude 

reaction mixture (Figure S15) revealed the presence of 

substituted borazine [tBuNBH]3, cyclic trimer [tBuNHBH2]3 and 

oligomers [tBu3NHBH2]n as main dehydrogenation products. We 

suppose that the drop of reaction rate after evolution of the 

first equivalent of hydrogen was caused by more difficult uptake 

of partially dehydrogenated products by our catalytic system. 

Dehydrogenation of MeNH2BH3 (entry 9) was found to be 

slightly slower than in case of tBuNH2BH3 (TOF 123 h−1 for 10 h 

period) and less efficient in terms of produced H2 amount (1.2 

equivalents, Figure S13), probably due to lower solubility of this 

substrate in PhCl and extensive formation of insoluble 

polymeric products [MeNHBH2]n. However, the catalytic 

efficiency obtained in this case (TON 1343) is competitive with 

a majority of known 3d metal catalysts (TON 20-250)30 and 

remains inferior only to highly active Co-based complexes (TON 

up to 5000).31 Finally, the reaction for NH3BH3 afforded 0.61 

equivalents of H2 in 60 h (entry 11) leading to the formation of 

insoluble polymer [NH2BH2]n. The TON value was estimated in a 

range of about 500-550 considering background substrate 

dehydrogenation process (entry 12). However, despite slow 

reaction kinetics and low amount of produced dihydrogen 

compared to the best catalytic systems based on first row 

transition metal complexes32 or purely organic molecules33 

working at 1-5 mol% catalyst charge (1.7-2.5 equiv. of H2 per 

NH3BH3), these numbers are still superior in terms of overall 

performance to previously reported Mn-based catalysts (TON 

ca. 50-70).34 Considering the remarkable progress recently 

achieved in formic acid dehydrogenation using Mn(I) 

complexes,35 our results further highlight a privileged position 

of this metal in the future design of sustainable homogeneous 

catalysts for H2 production. 

Spectroscopic and kinetic studies of the reaction mechanism for 

DMAB dehydrogenation catalyzed by Mn(I) complex fac-

[(CO)3(bis(NHC))MnBr] (3Br). 

Next, we turned attention to a deeper understanding of this 

catalytic system, as all conventional known mechanisms for 

transition metal-catalyzed amine-borane dehydrogenation36 

based on either metal-ligand cooperation (Scheme 3, (a)), 

reactivity of coordinatively unsaturated hydrides (Scheme 3, 

(b)) or bimetallic activation (Scheme 3, (c)) are a priori 

inappropriate in our case. Firstly regarding possible metal-

ligand cooperation, it should be noted that the non-innocent 

character of dppm37 and NHC-phosphine38 ligands by the 

deprotonation of the CH2 bridge in the corresponding Mn(I) 

bromide complexes may be only observed in the presence of 

strong base, which is not required in the present case. 

Furthermore, no evidence for the cooperative behavior of 

bis(NHC) ligand incorporated into the most active catalyst was 

reported so far, which thus permit us to exclude the path (a). 

Then, despite extensive applications of different manganese 

bis(NHC) complexes in hydrosilylation,16a,39 electrochemical CO2 

reduction,16b,40 hydrogenation41 and hydrogen-borrowing 

processes42 systematically involving hydride intermediates fac-

[(CO)3(bis(NHC))MnH], the dissociation of a CO ligand in such 

species has been never proved experimentally. While, the 

formation of the dicarbonyl complex fac-[(CO)2(η2-

H2)(bis(NHC))MnH] from H2 and tricarbonyl hydride precursor 

was recently proposed in Mn-catalyzed ester hydrogenation 

mechanism,42a the calculated barrier for CO-to-H2 substitution 

of 38.5 kcal mol−1 seems to be too high for our reaction 

conditions thus making the path (b) very unlikely (vide infra). 

Finally, the bimetallic activation pathway43 (Scheme 3, (c)) can 

be also ruled out because of insufficient reducing ability of  

 

Scheme 3. An overview of main known approaches for amine-boranes dehydrogenation 

catalyzed by transition metal complexes. 

№ Substrate 3Br, mol% Time, h H2, eq.b,c 
TON  

(TOF, h−1)b,c 

1 DMAB 0.1 2.1 >0.99 1000 (476) 

2 DMAB 0.02 4.8 >0.99 5000 (1058) 

3 DMAB 0.01 8.7 >0.99 10000 (1157) 

4 DMAB 0.005 24.6 0.81 16221 (661) 

5 DMAB 0.005d 14.4 0.91 18242 (1267) 

6 DMAB − 60 <0.01e − 

7 tBuNH2BH3 0.1d 48.6 1.53 1527 (31) 

8 tBuNH2BH3 − 60 0.36e − 

9 MeNH2BH3 0.1d 28.4 1.34 1343 (47) 

10 MeNH2BH3 − 60 0.2e − 

11 NH3BH3 0.1d 60 0.61 611 (10) 

12 NH3BH3 − 60 0.07e − 
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amine-boranes to form Mn(0) derivatives from 3Br and apparent 

impossibility of metal-metal bond formation for 

[(CO)3(bis(NHC))Mn] radical due to steric hindrance.40b 

We have started our mechanistic investigations from 

operando spectroscopic monitoring of the catalytic process in 

CH2Cl2. This solvent was chosen instead of PhCl because of 

slower reaction kinetics (Table 1), its full transparency in CO 

region and the availability of deuterated version for NMR 

studies. Similar trends were also observed in PhCl (Figure S19) 

albeit full set of spectroscopic data for reaction intermediates 

cannot be obtained in this solvent (see the ESI for details). The 

analysis of the IR spectra of 3Br/NaBPh4/DMAB solution in CO 

region (Figure 1) revealed an initial transformation of the 

starting bromide into the cationic species [3DMAB](BPh4) with 

coordinated substrate (Figure 1, (a)). Subsequent evolution of 

the latter into the hydride 3H (Figure 1, (b)) is consistent with 

induction period observed by volumetric H2 evolution studies 

(vide infra). The concomitant conversion of DMAB into the  

 

Figure 2. Molecular geometry of complex [3Me3NBH3](BPh4) (20% probability ellipsoids, 

Mes groups represented as wireframe, most hydrogen atoms, BPh4
− anion and CH2Cl2 

solvate molecule are not shown). 

dimer [Me2NBH2]2 was evident from characteristic changes in 

BH region (Figure S18). After full DMAB consumption 3H rapidly 

decayed giving a mixture of neutral chloride compound 3Cl and 

cationic complex [3(Me2NBH2)2](BPh4) bearing coordinated 

[Me2NBH2]2 ligand (Figure 1, (c), see Figure S17 for CO bands 

deconvolution). 11B NMR monitoring of the reaction mixture in 

CD2Cl2 (Figure S23) showed the appearance of the characteristic 

signal of Me2N=BH2 at δB 37.4 ppm, being consistent with “off-

metal” dimerization mechanism for the formation of the final 

product.36 The 1H NMR spectra (Figure S21) confirmed the 

presence of the hydride complex 3H at δH −7.04 ppm and 

revealed additionally a broad signal at δH −3.38 ppm. We were 

able to retrieve a full set of NMR data for this intermediate (see 

the ESI) being attributed to a cationic Mn(I) σ-borane complex 

[3DMAB](BPh4). 

In order to confirm this attribution we prepared the model 

Mn(I) cationic complex [3Me3NBH3](BPh4) from Me3NBH3 

unreactive towards dehydrogenation, 3Br and NaBPh4. Its 

structure elucidated from X-ray diffraction (Figure 2) features a 

η1-BH coordination mode previously observed in half-sandwich 

Mn(I) analogues.44 The BH3 moiety in NMR spectra of 

[3Me3NBH3](BPh4) appears as broad signals at δB −11.9 ppm and 

δH −3.30 ppm. The latter value matches well with that observed 

during the NMR mechanistic investigation clearly indicating the 

participation of such species in the catalytic process. According 

to IR and NMR data all transformations occurring in catalytic 

DMAB dehydrogenation involved only tricarbonyl Mn(I) 

complexes and we did not find any spectroscopic evidence for 

the formation of neutral dicarbonyl hydride species fac-

[(CO)2(DMAB)(bis(NHC))MnH] essential for the realization of 

the route (b) depicted in Scheme 3. 

The kinetic studies revealed [pseudo]zero order for the 

substrate (Figure S27) and first order for catalyst concentration 

(Figure S28). The variation in the amount of NaBPh4 (0.125-8 

mol%) showed virtually no influence on the reaction rate (Figure 

S29), thus permitting to rule out the occurrence of conceptually 

similar DMAB dehydrogenation process with operating via a 

Na+/Mn−H couple. While reversible coordination of sodium 

cation with DMAB cannot be excluded, we suppose that this  

Figure 1. IR spectroscopy monitoring in νCO range for DMAB dehydrogenation in the presence of 3Br (3.3 mol.%) and NaBPh4 (16.5 mol.%) in CH2Cl2 at ca. 30°C (L−L 

= bis(NHC), c (DMAB) = 0.30 M, l = 0.01 cm). (a) IR spectra of initial 3Br solution (red) and reaction mixture after 2 min upon DMAB addition (green). (b) IR spectra 

between 2 min (green) and 20 min (blue) of reaction time. (c) IR spectra between 20 min (blue) and 40 min (black) of reaction time. 
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Figure 3. Hydrogen evolution kinetic curves for DMAB dehydrogenation in PhCl 
catalyzed by 3Br (0.1 mol%) and NaBPh4 (1 mol%) at various temperatures. Initial 
parts of curves corresponding to the induction period (10-20 min) are not shown. 

 

Figure 4. c(DMAB) vs. time plots for initial reaction rates determination of Me2NHBH3, 

Me2NHBD3, Me2NDBH3 and Me2NDBD3 (c0 = 0.75 M) dehydrogenation catalyzed by 3Br 

(0.1 mol%) in the presence of NaBPh4 (1.0 mol%) in PhCl at 60°C. 

interaction is too weak to activate the substrate towards 

deprotonation with the Mn(I) hydride complex 3H (vide infra). 

Variable temperature experiments in the 30-60°C range (Figure 

3) allowed to estimate the activation enthalpy ∆H≠ = 14.5±0.4 

kcal mol−1 (Figure S26, Table S6) being typical for proton 

transfer to transition metal hydrides.45 The detailed description 

of proposed kinetic model is provided in the ESI. Finally, kinetic 

isotope effects (kH/kD, Figure 4) measured at 60°C for 

Me2NHBD3 (1.5±0.1), Me2NDBH3 (2.1±0.1) and Me2NDBD3 

(2.9±0.1) are consistent with an involvement of B−H and N−H 

bond cleavage in the rate determining step.32a,32c These data 

taken together with spectroscopic results showing the 

implication of cationic and hydride Mn(I) species in the catalytic 

process allowed to propose an unconventional intermolecular 

DMAB activation, which was then studied by theoretical means. 

Theoretical investigation of DMAB dehydrogenation catalyzed by 

Mn(I) complex fac-[(CO)3(bis(NHC))MnBr] (3Br). 

Computational modelling of the catalytic system showed that 

each of monometallic species 3+ and 3H interacts with DMAB 

(Figure 5) via B−H coordination and dihydrogen bonding, 

respectively. However, activation barriers for the subsequent  

 

Figure 5. Calculated Gibbs energy profile for DMAB dehydrogenation catalyzed by 3+/3H 

couple at ωB97XD/def2-TZVP level in toluene (dihydrogen bond interactions are 

indicated as dotted lines, non-interacting molecules are separated by slash) and 

structures of the key intermediates (bottom). 

hydride and proton transfer steps in these intermediates 

[3DMAB]+ and 3H∙∙∙DMAB exceed 30-40 kcal/mol and no 

stabilization of the resulting products was evidenced by DFT 

calculations (Figures S31 and S33). In contrast, proton transfer 

becomes feasible in the most thermodynamically stable adduct 

4+, in which two metal fragments are bridged by DMAB 

molecule. Both N−H (1.040 Å) and B−H (1.264 Å) bonds of 

coordinated DMAB moiety in 4+ are slightly longer than those in 

the corresponding mononuclear species 3H···DMAB (1.028 Å) 

and 3DMAB+ (1.258 Å) thus being consistent with higher extent of 

substrate activation. This process leads initially to the formation 

of bimetallic intermediate 5···3H2+ composed of the cationic 

dihydrogen complex [3H2]+ associated with the zwitter-ionic 

species 5 by hydrogen bonding (2.283 Å) undergoing then the 

dissociation to the individual components. Importantly, metal-

coordinated B−H bond distance in complexes 5···3H2+ and 5 

becomes elongated by 0.093 and 0.234 Å, respectively, relative 

to that in 4+ with a concomitant shortening of Mn−H distance 

by 0.056 and 0.109 Å, respectively. These data are in agreement 
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with the occurrence of a progressive hydride transfer in the 

sequence 5···3H2+ → 5 → 3H···BH2=NMe2. Finally, the essentially 

barrierless loss of H2 and Me2N=BH2 from [3H2]+ and 

3H···BH2=NMe2, respectively regenerate 3+/3H couple thus 

exhibiting a curious interconversion of both metal species after 

each catalytic turnover. The key role of bimetallic adducts 4+ 

and 5···3H2+ in DMAB activation process provides an additional 

argument to consider this reaction mechanism as a viable 

intermolecular bimetallic cooperation (Scheme 1, (d)). 

Proposed catalytic cycle for DMAB dehydrogenation catalyzed by 

Mn(I) complex fac-[(CO)3(bis(NHC))MnBr] (3Br). 

The catalytic cycle for DMAB dehydrogenation emerging from 

the results of the spectroscopic and kinetic studies combined 

with the DFT calculations is shown in Scheme 4. The activation 

steps (Scheme 4, top) include bromide abstraction from 3Br with 

NaBPh4 in the presence of substrate affording the cationic 

intermediate [3DMAB](BPh4). Its slow deprotonation by the 

traces of amine and/or water followed by hydride transfer 

presumably leads to the initial accumulation of 3H essential for 

the catalytic process. Indeed, addition of isolated 3H to 

3Br/NaBPh4/DMAB mixture resulted in immediate H2 evolution 

without any induction period (Figure 6). Interestingly, the 

formation of ternary adduct [4](BPh4) is favorable in terms of 

Gibbs energy regardless large entropy effect. This intermediate 

undergoes a sequence of N−H/B−H bond cleavage steps 

ultimately affording 3H, Me2N=BH2, and [3H2](BPh4), which 

rapidly exchanges the H2 ligand for DMAB thus restoring initial 

[3DMAB](BPh4). First order kinetics on metal, spectroscopic 

detection of 3H as a resting state and KIE values are consistent 

with low steady-state concentration of the cation [3DMAB](BPh4) 

in the reaction mixture and its deprotonation by 3H via the 

formation of [4](BPh4) as the rate-determining step. Thus, the 

 

Scheme 4. Proposed mechanism for DMAB dehydrogenation catalyzed by bis(NHC) Mn(I) 

complex 3Br 

 

Figure 6. Kinetic profile (Δp vs. time) for DMAB dehydrogenation in PhCl at 50°C catalyzed 

either by 0.1 mol% 3Br or by the mixture of 3Br (0.05 mol%) and 3H (0.05 mol%) in the 

presence of NaBPh4 (1 mol%). 

overall reaction rate depends on variable 3DMAB+ concentration, 

while 3H concentration remains constant giving the effective 

reaction rate law r3 = keff[3DMAB+] (see Scheme S2 and the 

associated text in the ESI for a complete kinetic model). For this 

reason, despite the simultaneous presence of two metal 

complexes (3H and 3DMAB+), first reaction order in overall 

concentration of manganese species was actually observed. In 

this context, beneficial NHC effect in the series of Mn(I) 

complexes with bidentate ligands (Scheme 2) can be 

rationalized by a synergy between a better stabilization of the 

cationic species and a higher basicity of the corresponding 

hydrides. Very importantly, complex 3H may be observed in the 

reaction mixture uniquely in the presence of amine-borane 

substrate, whereas isolated hydride decomposes rapidly in PhCl 

at 50-60°C to form mainly chloride derivative 3Cl. We suppose 

that such counter-intuitive survival of 3H in a variety of 

chlorinated solvents (nBuCl, PhCl, CH2Cl2) may be explained by 

faster dehydrogenation kinetics vs. chlorination and efficient 

regeneration of cationic complex [3DMAB]+ from 3Cl by the excess 

of halide abstractor (Scheme 4) thus explaining the observed 

trend in the catalytic activity in PhCl >> nBuCl > CH2Cl2 row and 

the overall robustness of our catalytic system resulting in high 

TON values. 

Conclusions 

We have evidenced by spectroscopic, kinetic and theoretical 

means a new type of intermolecular bimetallic cooperativity 

between hydride and cationic species clearly illustrating that a 

simple mononuclear metal halide precursor can be at the origin 

of two catalytically active species actually doing two 

complementary jobs for one price. The potential of this 

approach for homogeneous catalysis was demonstrated by the 

development of practical and efficient system for amine-

boranes dehydrogenation based on air-stable bis(NHC) Mn(I) 

complex and NaBPh4, being capable to work at low catalyst 

charge and provide unprecedented level of TONs for Me2NHBH3 

and tBuNH2BH3 substrates. Our results also show that 
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nucleophilic metal hydrides can successfully operate in 

chlorinated solvents if the catalytic process is faster than 

decomposition thus allowing to shake up a longstanding 

paradigm about their incompatibility. Taking into account a 

plethora of known monometallic halide complexes bearing 

strongly donor ligands, we hope that this contribution will boost 

the interest to broader use of intermolecular bimetallic 

cooperation phenomena in organometallic chemistry and 

homogeneous catalysis. 
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