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ABSTRACT: Herein we report the reversible binding of CO2 to a very rare dearomatized PNP pincer 
complex (cis-[Re(PNPtBu*)(CO)2] 2). The [1,3]-addition of CO2 to the pincer complex is triggered by metal 
ligand cooperation via an aromatization/dearomatization sequence to form cis-[Re(PNPtBu–1COO)(CO)2] 
(3) via Re–O and C–C bond formation. The reversible binding was demonstrated by the exchange 
reaction of 13CO2/CO2 from the isotopically labelled compound cis-[Re(PNPtBu–13COO)(CO)2] (3a). 
Furthermore, complex 3 reacts with H2 to give free CO2 and the aromatized hydride complex 
[Re(PNPtBu)(CO)2H] (4), which undergoes the reverse reaction to re-form 3 under CO2 pressure at 
elevated temperature. Alternatively, 4 reacts, in a low temperature pathway, via the insertion of CO2 
into the Re–H bond to give the formate complex [Re(PNPtBu)(CO)2(OOCH)] (5)]. Remarkably, complex 5 
catalyses efficiently the dehydrogenation of formic acid under base-free conditions.  

 

Introduction(

The utilization of carbon dioxide as a C1 building block is a 
topic with growing importance in the chemical industry,1-3 and 
the catalytic transformation of this abundant gaseous feedstock  
into liquid fuels is an attractive goal with geopolitical and 
environmental implications.4 Naturally, catalytic conversion of 
CO2, triggered by a homogeneous catalyst, requires initial 
binding of the CO2 molecule to the catalyst prior to its chemical 
transformation. Commonly, the binding of CO2 to a metal 
center proceeds via π-coordination of a C=O bond (Scheme 1, 
A) or formation of a σ-bond to the carbon atom (Scheme1, B).5 
Linear coordination of CO2 through the oxygen atom is very 
rare,6,7 however its relevance in photosynthetic CO2 fixation 
was proposed8 and it is discussed also in other biological 
systems.9 (Scheme 1, C). Alternative CO2-binding modes, 
which include the participation of the ligand, have been 
recently reported. Song and co-workers describe a reversible 
carboxylation/decarboxylation of a diazaflourenide ligand in a 
Ru(II) complex at ambient temperature (Scheme 1, D).10 The 
binding of CO2 to complexes, where the metal center and a 
pendant phosphine moiety function as a type of frustrated 

Lewis acid / Lewis base pair (FLP, Scheme 1, E),11 were 
reported by Wass and co-workers in zirconocene complexes 
with phosphinoaryloxide ligands.12 Erker and co-workers 
described a FLP-reminiscent system based on a Zr+/P pair, 
which binds CO2, forming Zr–O and P+–C bonds.13 Kemp and 
co-workers reported a homoleptic stannylene compound with 
(P–P)-bis-chelating [(iPr2P)2N)]2 ligands, which are capable of 
binding two equivalents of CO2.

14 Dimeric zinc complexes with 
the (P–N)-bridging ligand [iPr2P–N(SiMe3)] undergo multiple 
transformations when exposed to CO2

15. FLP inspired binding 
of CO2 to ruthenium tris(aminophoshine) complexes and 
phosphinoamide hafnium complexes have been reported by 
Stephan and co-workers.16,17 In a very recent report, Fontaine and 
co-workers describe the binding of CO2 to 
tris(triphenylphosphine)aluminum via Al–O and P–C bond 
formation.18 
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Scheme(1.%π=%and%σ=binding%of%CO2%to%a%transition%metal%center%(A=C)%and%binding%
of%CO2%to%transition%metal%complexes%under%participation%of%the%ligand%(D=F).%

Bifunctional activation of CO2, in which nucleophilic carbon 
atoms take a key role, was published by Braunstein and co-
workers in an early report on Pd(II) complexes with a [Ph2P–
CH=C(O)OEt]– ligand19 and by Piers and co-workers in a 
scandium ß-ketiminato complex.20 We have recently reported a 
novel binding mode of CO2 with reversible C–C and M–O bond 
formation triggered by metal-ligand cooperation (MLC) via an 
aromatization/dearomatization sequence in a Ru–PNP (PNP = 
2,6-bis-(di-tert-butyl-phosphinomethyl)pyridine) pincer-type 
complex (Scheme 1, F).21 Both the ruthenium center and the 
exo-cyclic carbon of a dearomatized pincer ligand participate in 
the concerted [1,3]-addition of CO2 to form the C–C and Ru–O 
bonds reversibly, with re-aromatization of the complex. Similar 
observations were made by Sanford and co-workers in a related 
Ru–PNN complex (PNN = (2-(di-tert-butylphosphinomethyl)-
6-diethylaminomethyl)pyridine).22  
In recent years MLC took an important role in the development 
of efficient catalytic processes,23-32 including CO2 reduction.  
Catalytic hydrogenation of CO2 to formate salts was described 
by Nozaki and co-workers employing a highly active Ir(III)–
PNP pincer complex,33,34 by Ikariya utilizing a well-defined 
system of a cooperative Ru(II) amide complex,35, and by our 
group using a Fe(II)–PNP pincer complex under very mild 
reaction conditions.36 Pidko and co-workers reported recently 
on the hydrogenation of CO2 to formate salt catalysed by a Ru-
PNP pincer complex, indicating that the cooperative CO2 
binding in that system has an inhibitory effect.37 The 
hydrogenation of organic carbonates, carbamates, and formates 
using a dearomatized Ru(II) pincer complex as catalyst has 
been recently described by our group. This process opened a 
mild, low-pressure two-step hydrogenation pathway of CO2 to 
methanol.38 A catalytic cascade reaction to form methanol 
starting from CO2 and H2 using a combination of this complex 
with other catalyst has been reported by Sanford and co-
workers.39 With this background,40 our group has focused on 

the cooperative CO2-binding in transition metal pincer 
complexes.41 The reversible binding of CO2 promoted by an 
aromatization/dearomatization sequence in the rhenium(I) 
complex [Re(PNPtBu*)(CO)2] (2, the asterisk indicates the 
dearomatization of the ligand) and the reaction with H2 will be 
discussed in this paper. Remarkably, reports on rhenium pincer 
complexes are very rare in the literature: Highly reactive 
amino-bisphosphino rhenium pincer polyhydrides have been 
previously reported by Caulton and co-workers,42 The 
heterolytic splitting of dihydrogen across a Re–N bond was 
described by Gusev and co-workers in an aliphatic pincer 
nitrosyl complex.43 Recently, structurally well-defined Re 
nitrosyl complexes were reported by Berke and co-workers. 
These complexes are able to activate CO2 via a cooperative 
mechanism employing a borane (B(C6F5)3) and a Re–H moiety 
acting as FLP.44 Aromatic, pyridine-based PNP rhenium pincer 
complexes are particularly rare. Walton and co-workers 
reported Re complexes decorated with PNP ligands, which 
gave rise to the formation of Re–Re multiple bonds.45,46 We 
have recently reported the Re-PNP pincer complex 2 as reactive 
species for the activation of C≡N triple bonds of aromatic- and 
aliphatic nitriles triggered by MLC.47 

Results(and(Discussion(

Complex 2 is readily prepared via deprotonation of the 
aromatic precursor cis-[Re(PNPtBu)(CO)2Cl] (1).47 Upon 
exposure of the deep green n-pentane solution of 2 to CO2 
(1 bar) a rapid discoloration is observed and the product cis-
[Re(PNPtBu-COO)(CO)2] (3) precipitates instantly as pale 
yellow solid in high yield (Scheme 2). The reaction proceeds 
via a [1,3]-addition of the CO2 molecule to the exo-cyclic 
methine carbon of the pincer ‘arm’ and the Re metal center 
under C–C and Re–O bond formation. The NMR spectroscopic 
data is similar to that of the previously reported complex  
[Ru(PNPtBu-COO)(CO)H].21 The 31P{1H} NMR resonances of 
the AB system of 3 shifted to higher frequencies with respect to 
the starting complex 2 signifying the re-aromatization in 3. Two 
doublets are observed in the spectrum (CD2Cl2, 25°C) at 86.2 
and 100.5 ppm with a coupling constant of 2JPP = 179.7 Hz 
suggesting two phosphorus nuclei in different chemical 
environment. The characteristic resonance for the carboxylate 
carbon nucleus Re–OC(R)=O in the 13C{1H} NMR spectrum 
falls at 172.8 ppm and is observed as a doublet of doublets 
(2JCP = 10.4 Hz and 4JCP = 2.7 Hz, C6D6, 25°C). The IR 
vibrational spectrum has two strong absorptions at 1909 and 
1828 cm–1 in a 1:1 ratio, consistent with two carbonyl ligands in 
mutual cis position. A third band characteristic of a carboxylate 
moiety is detected at 1647 cm–1.  
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 Scheme(2.%Reversible%reaction%of%complex%2%with%CO2%and%H2%to%form%complex%3%
and%4,%respectively.% 

Single crystals suitable for X-ray diffraction analysis were grown 
from a CH2Cl2 solution layered with n-pentane. The molecular 
structure of 3 (Figure 1) has an octahedral geometry. The PNP pincer 
ligand binds to the Re(I) center in a meridional fashion. The two CO 
ligands are in mutual cis position and the carboxylate ligand resides 
in an axial position. The newly formed C–C bond between the pincer 
arm and the carboxylate (C1–C24 = 1.565(5) Å) is elongated as 
compared, for example, to the C6–C7 single bond by 0.06 Å. This 
was similarly observed for the C1–C24 interatomic distance 
(1.562(2) Å) of [Ru(PNPtBu–COO)(CO)H]. However, the Re1–O1 
bond is significantly shorter than in the Ru1–O1 analog (∆ = 0.05 Å) 
indicating a stronger binding of the CO2 molecule in 3. 

Figure( 1.% ORTEP% drawing% of% [Re(PNPtBu=COO)(CO)2]% (3)% at% 50% %% ellipsoid%
probability%(tBu%groups%are%drawn%as%wire%frames).%Hydrogen%atoms%and%the%co=
crystalized%CH2Cl2%solvent%molecule%are%omitted%for%clarity.%Selected%bond%lengths%
in% Å:% Re1–O1%=%2.202(3),% Re1–N1%=%2.170(3);% Re1–P1%=%2.424(1);% Re1–
P2=2.409(1);% Re1–C25%=%1.898(4);% Re1–C26%=%1.882(4),% C1–C24%=%1.565(5),% C24–
O2%=%1.229(5),% C24–O1%=%1.279(5),% C25–O3%=%1.160(5),% C26–O4%=%1.172(5),% C1–
C2%=%1.510(6),%C6–C7%=%1.508(6).%

 The reversibility of the CO2 binding via MLC is best demonstrated 
when the 13CO2 labeled complex [Re(PNPtBu-13COO)(CO)2] (3a) is 
exposed to an atmosphere of non-labeled CO2. Complex 3a in a 
C6D6 solution pressurized with 2 bar of CO2 forms the non-labeled 
complex 3 within 12 h at 90 °C (Scheme 3). Figure 2 displays the 
region of the 13C{1H} NMR spectrum correlated to the exo-cyclic 
carbon adjacent to the (13)COO– moiety (62.7 ppm). The spectrum of 
complex 3a has a doublet of doublets resonance with a large vicinal 
C-C coupling constant of 1JCC = 41.8 Hz and a smaller C-P coupling 
constant of 1JCP =  7.6 Hz (Figure 2, bottom). Upon formation of the 
non-labeled complex 3 the C-C coupling is not detected. (Figure 2, 
top).  

 

Scheme( 3.% Exchange% reaction% of% the% bound% 13CO2% in% complex% 3a% with% non=
labelled%CO2%to%give%complex%3.%

 

Figure(2.% The% region%of% the% 13C{1H}%NMR% spectrum% (400.36%MHz,% C6D6,% 25°C)% of%
the% benzylic% CH((13)COO)% moiety% of% [Re(PNPtBu=(13)COO)(CO)2].% Bottom:% initial%
spectrum%of%the%labeled%complex%3a.Top:%Resulting%spectrum%of%the%non=labelled%
complex%3%after%12%h%at%90%°C%under%2%bar%CO2%pressure.%

 Reaction of 3 with dihydrogen: The reaction of a toluene-d8 
solution of complex 3 with dihydrogen gas (2 bar) results in 
formation of the hydride complex cis-[Re(PNPtBu)(CO)2H] (4) and 
free CO2 (Scheme 2). This reaction is slow at room temperature. 
Only traces of 4 can be detected by 1H and 31P{1H} NMR 
spectroscopy after 20 h. The exchange is significantly faster at 
elevated temperature. Heating the sample for five hours at 100 °C 
resulted in quantitative displacement of CO2 from 3 and exclusive 
formation of 4. We have previously reported the activation of H2 
triggered by MLC in dearomatized pyridine-based PNP pincer 
complexes of various transition metals.48-51 The dearomatized 
complex 2 is also capable of splitting dihydrogen heterolytically via 
the Re metal center and the exo-cyclic methine carbon of the pincer 
arm under Re–H and C–H bond formation. The hydride complex 4 
was independently obtained from the reaction of complex 2 in n-
pentane solution and H2 gas. The 31P{1H} NMR spectrum of 4 has a 
singlet centered at 80.8 ppm indicating two phosphorus nuclei in an 
identical chemical environment. The 1H NMR spectrum (C6D6, 
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25°C) has a characteristic hydridic resonance at –2.29 ppm observed 
as virtual triplet (2JHP = 22.42 Hz) as a result of the coupling to two 
chemically identical phosphorus nuclei with similar 2JHP coupling 
constants. Two proton resonances of the pyridine moiety fall in the 
aromatic regime signaling the re-aromatization in complex 4: A 
virtual triplet is observed at 6.73 ppm (3JHH = 7.61 Hz), which 
correlates with the para-CH proton of the pyridine ring. A doublet at 
6.41 ppm (3JHH = 7.61 Hz), integrating to two protons, relates to both 
chemically identical meta-CH protons. The benzylic methylene 
protons of the pincer arms give rise to two doublets of (virtual) 
triplets resonances at 3.12 and 3.19 ppm as a result of a large 
geminal coupling (2JHH = 16.00 Hz ), a vicinal H-H coupling to the 
1H nucleus of the Re–H moiety, and H-P coupling with similar 3JHP 
coupling constant. The IR spectrum shows two strong bands at 1890 
and 1848 cm–1 in approximately 1:1 ratio indicating a mutual cis-
position of both CO ligands. The Re–H moiety gives rise to a strong 
absorbance at 1778 cm–1. The reaction of 2 with D2 under the same 
conditions yielded the Re deuteride complex ([Re(PNPtBu-
D)(CO)2D], 4a). Formation of the Re–D moiety occurs 
concomitantly with the incorporation of exclusively one deuterium 
atom into the exo-cyclic CH2 moiety (for NMR spectra see 
Electronic Supplementary Information (ESI), Figure S12–S16). At 
room temperature, under D2 gas, H/D scrambling was not observed 
for the protons of the CH2 moieties. This selective reaction suggests 
that the heterolytic D2 splitting occurs intramolecularly between the 
Re center and the  methine carbon of the pincer arm on the same face 
of the pincer ligand.52  

Scheme(4.%Reaction%of%the%deuterium%labelled%complex%4a%with%H2%gas.%%

A drastic color change from yellow to deep green, 
characteristically of the dearomatized species 2, is observed when a 
toluene solution of complex 4 is heated to 175°C in a sealed NMR 
tube (Scheme 2), suggesting dihydrogen liberation from 4 via the 
reverse of MLC hydrogen splitting reaction. To further investigate 
the reversibility of the H2 binding in complex 4a, a solution of the 
complex in toluene-d8, was pressurized with 1 bar of H2 gas and the 
reaction was followed by 1H NMR spectroscopy at variable 
temperatures (for NMR spectra see ESI, Figure S18–S21). Initially 
the H/D exchange was exclusively observed for the Re–D moiety at 
temperatures < 65 °C (70% yield of 4b after 1h at 60°C). The 
deuterium in the pincer arm remains present. This observation may 

suggest a hydride/deuteride exchange reaction with no participation 
of a MLC process at the indicated temperature.53 Increasing the H2 
pressure to 2 bars and heating the sample at 130°C for 2 h gave a 
quantitative H/D exchange for the Re–D moiety and 56% H/D 
exchange was observed for the benzylic CHD moiety of the pincer 
arm.54 When the sample was heated for 0.5 h at 160°C and a 
hydrogen pressure of 2 bars was applied, nearly complete (91%) 
H/D exchange occurred and complex 4 was re-formed, (Scheme 4). 

Reaction of 4 with CO2: Remarkably, complex 4 in toluene-d8 
under CO2 pressure (2.5 bar) reacts back to the [1,3]-addition 
product 3 (Scheme 2). Upon heating at 100 °C for 20 h complex 4 is 
transformed to 3 and free H2 gas in 75% conversion. In contrast, the 
reaction at lower temperature gives the rhenium formato complex 
cis-[Re(PNPtBu)(CO)2(OOCH)] (5) as a result of the insertion of CO2 
into the metal-hydride bond, (Scheme 5). The reaction is slow at 
room temperature, only minor formation of 5 being observed after 
24 h. The insertion can be accelerated by heating to 50 °C. After 
70 h complex 5 is obtained in 77 % yield. The reaction can be 
followed by NMR spectroscopy. Representative 1H NMR spectra at 
variable temperatures are displayed in Figure 3. The rhenium format 
complex formation is reversible. Complex 5 is transformed back to 
the hydride species 4 at temperatures above 75°C (Figure 3, top 
spectrum, 1 h at 363 K).  

Figure(3.%Section%of%the%1H%NMR%spectra%of%the%reaction%of%4%in%C6D6%with%CO2%(2%
bar,%i)%310%K%red;%ii)%323K%blue;%iii)%363%K%green).%(I):%hydridic%resonance%of%4((t,%–
2.29%ppm,%2JHP%=%22.42%Hz).%(II):%Formate%Re–OOCH%resonance%(s,%8.94%ppm).%

Complex 5 was independently obtained by the reaction of 2 with 
formic acid in n-pentane. Upon addition of the acid a pale yellow 
product precipitates instantaneously from the solution. The 31P{1H} 
NMR spectrum (C6D6, 25°C) of the obtained complex 5 exhibits a 
singlet resonance at 72.3 ppm for two chemically identical 
phosphorus nuclei. The resonance is shifted to higher frequencies 
with respect to 2, indicating the re-aromatization of 5. The 1H NMR 
spectrum exhibits a characteristic singlet for the coordinated formate 
moiety Re–OOCH at 8.94 ppm and, consistently, the 13C{1H} NMR 
spectrum shows the correlated resonance for the Re-OOCH moiety 
at 170.8 ppm. The IR spectrum exhibits two strong absorbances for 
the carbonyl ligands at 1907 and 1824 cm–1 in a 1:1 ratio indicating a 
mutual cis-position and a OC-Re-CO angle of 90°. A strong 
absorbance associated with the formate ligand appears at 1630 cm–1. 
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Complex 5 can be alternatively obtained by protonation of the 
hydride in complex 4 with formic acid (Scheme 5). Upon addition of 
HCOOH to complex 4 in a toluene-d8 solution a rapid color change 
from yellow to pale yellow is observed, accompanied by vigorous 
formation of gas bubbles in the solution.  

Scheme(5.%Synthesis%pathways%for%complex%5%and%CO2%elimination%to%form%4.%

Catalytic dehydrogenation of formic acid. Formic acid is 
envisioned as a hydrogen storage/carrier material, for instance for 
the operation of fuel cells. Highly efficient dehydrogenation 
catalysts have been developed. Base-free reaction conditions are 
desirable because the (sub)-stoichiometric use of base lowers the 
hydrogen storage capacity.55-58 Our stoichiometric studies showed 
that the formate complex 5 liberates CO2 at elevated temperatures 
(>75°C) forming the hydride complex 4. Reformation of 5 occurs via 
the reaction of 4 and formic acid, with hydrogen liberation, which 
outlines a catalytic pathway (Scheme 5). We have recently reported 
that the iron-based PNP pincer complex [Fe(PNPtBu)(CO)H] 
catalyzes efficiently hydrogen liberation from formic acid.59 In this 
process metal-hydride and formate species play important roles as 
intermediates in the dehydrogenation reaction. When complex 5 
(0.03 mol%) and formic acid (11.7 mmol scale) were heated in 
dioxane, in a closed system at 120°C, formation of CO2 and H2 was 
observed. However, extended reaction times are required (82% yield 
after 24 h; >99% yield after 48 h). Remarkably, there is no need for 
added base.60 A more efficient dehydrogenation occurs at higher 
temperatures. When the reaction is carried out at 175–180 °C (oil 
bath temperature) in a Fischer-Porter tube, formic acid is rapidly 
and quantitatively transformed into CO2 and H2 (Scheme 6 and 
Experimental Section for details).61 

Although the reaction is driven under rather harsh conditions, CO 
is not formed in the course of the reaction. Small catalyst loadings 
(0.03 mol%) are very effective. After the catalytic reaction was 
completed (verified by 1H NMR spectroscopy, full conversion of 
HCOOH) all volatiles were removed from the mixture in vacuo. The 
yellow residue contained complexes 4 and 5 as the major 
compounds, demonstrating a remarkable stability of the rhenium 
pincer complexes under the applied reaction conditions. 

 
Scheme(6.%Dehydrogenation%of%formic%acid%catalysed%by%complex%5.%

Summary(and(Conclusion((

In summary, we have described the reversible binding of CO2 to 
the dearomatized rhenium complex [Re(PNPtBu*)(CO)2] (2) 
triggered by MLC. The binding of CO2 involves reversible C–C and 
Re–O bond formation with an aromatization/dearomatization 
sequence of the PNP ligand to give cis-[Re(PNPtBu-COO)(CO)2] (3). 
In contrast to our previously reported ruthenium complex 
[Ru(PNPtBu-COO)(CO)H], which releases CO2 readily at room 
temperature, the CO2 in 3 is bound more strongly. This is reflected in 
the elevated temperature (90°C) required for the exchange reaction 
3a + CO2 ! 3 + 13CO2. Complex 3 reacts with dihydrogen with 
release of CO2 and formation of the aromatized hydride complex cis-
[Re(PNPtBu)(CO)2H] (4). Complex 4, on the other hand, can react 
with CO2 in two different pathways: Firstly, the low-temperature 
(< 50 °C) “classical” pathway entails the insertion of CO2 into the 
Re–H bond to give the formato complex [Re(PNPtBu)(CO)2(OOCH)] 
(5)]. Secondly, the cooperative high-temperature pathway (> 75 °C) 
leads to the displacement of dihydrogen from 4 and re-formation of 
3. A temperature dependent dual reactivity is similarly observed, 
when the deuterium labeled complex [Re(PNPtBu-D)(CO)2(D)] (4a) 
was reacted with H2 gas. At lower temperatures H/D exchange was 
only detected for the Re–D moiety. Complete H/D exchange, 
including the deuterium incorporated in the pincer arm, was 
observed only at higher temperatures. Complex 5 was employed as 
efficient catalyst for the base-free dehydrogenation of formic acid. 
The hydrogen liberation proceeds rapidly and selectively above 
175°C suggesting that MLC is involved in the liberation process.  

Experimental(Section((

All experiments were performed under an atmosphere of purified 
nitrogen in a M-BRAUN Unilab 1200/780 glovebox or using 
standard Schlenk techniques. All solvents were purchased “reagent 
grade” or better. Solvents, except methylene chloride, were refluxed 
over sodium/benzophenone and distilled under an argon atmosphere. 
Methylene chloride was used as received and dried over 4 Å 
molecular sieves. Deuterated solvents were used as received and 
degassed with argon and kept in the glovebox over 4 Å molecular 
sieves. Complexes [Re(PNPtBu)(CO)2Cl] (1) and 
[Re(PNPtBu*)(CO)2] (2) were prepared according to the literature 
procedure.47 KOtBu (Sigma-Aldrich), CO2 (Linde, 99.998%), 
Hydrogen (Gordon Gas and Chemicals Ltd, 99.999%), 13CO2 and D2 
(Cambridge Isotope Labs) was used as received without further 
purification. NMR Spectroscopy: 1H-, 13C{1H}- and 31P{1H} NMR 
spectra were recorded on Bruker AMX-300, AMX-400, and AMX-
500 NMR spectrometers. 1H-, 13C{1H}-, and 13C{1H}-DEPTQ NMR 
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chemical shifts are reported in ppm referenced to tetramethylsilane. 
31P{1H} NMR chemical shifts are reported in ppm referenced to an 
external 85% solution of phosphoric acid in D2O. Elemental 
Analyses was performed on a Thermo Finnigan Italia S.p.A-
FlashEA 1112 CHN Elemental Analyzer by the Department of 
Chemical Research Support, Weizmann Institute of Science. Mass 
spectra were recorded on MicromassPlatform LCZ 4000, using 
Electro Spray Ionization (ESI) mode. IR spectra were recorded on a 
Nicolet FT-IR spectrometer. GC– Analysis were performed on a 
GOW-MAC Instruments, Series 400 G/C gas chromatograph with 
thermal conductivity detector (TCD) with Carbonplot capillary 
(J&W Scientific) and on a Hewlett Packard HP 6890 series with 
TCD equipped with a ShinCarbon ST 80/100 Micropack column 
(2m x 0.53mm). Helium was used as carrier gas. Crystallographic 
Details: Crystal Data: C26H42NO4P2Re + CH2Cl2, light yellow prism 
0.10 x 0.05 x 0.05 mm3, Monoclinic P21/c, a = 13.2321(1) Å, 
b = 15.7048(3) Å, c = 16.7382(2) Å, β = 114.8330(5)°, from 30° of 
data and 9124 reflections, T = 120(2)K, V = 3156.70(5)Å3, Z = 4, 
Fw = 765.67, Dc = 1.611 Mg.m-3, µ = 4.152 mm-1. Data was 
collected on a Nonius Kappa CCD diffractometer (MoKα, 
λ=0.71073Å) with graphite monochromator. -18≤h≤16, 0≤k≤21, 
0≤l≤23, 69065 reflections collected, 9189 independent reflections 
(R-int = 0.057). The data were processed with DENZO-HKL-
Scalepack. The structure was solved with SIR-97. Full matrix least-
squares refinement based on F2 with SHELXL-97 on 347 parameters 
with no restraints gave final R1= 0.0384 (based on F2) for data with 
I > 2σ(I) and, R1= 0.0529 on 8863 reflections, goodness-of-fit on F2 
= 1.109. CCDC 973497 (for complex 3) contains the supplementary 
crystallographic information file and can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/ data_request/cif. 

Catalytic dehydrogenation of formic acid: A Fischer-Porter 
tube (95 mL total volume), equipped with a magnetic stirring bar, 
was charged with 5 (2.5 mg, 0.0037 mmol, 0.03 mol% with respect 
to HCOOH) dissolved in 2 mL dioxane and subsequently formic 
acid (540 mg, 11.731 mmol) was added to form a pale yellow 
solution. Experiment at 180°C: A Fischer-Porter tube containing the 
reaction mixture was heated to 180 °C (oil bath temperature). After 
1 h a pressure of 9 bar was detected in the tube. Completion of the 
reaction was indicated by a color change of the mixture to deep 
yellow. The tube was cooled to ambient temperature and 
subsequently to 0 °C in an ice/water bath. After 10 min, the pressure 
in the tube equilibrated at 5.5 bar, which correlates to a obtained gas 
volume of 522.5 mL (23.007 mmol) at 1 bar using the ideal gas law 
as approximation (theoretically, 100% conversion HCOOH ! 1CO2 
+ 1H2 = 23.463 mmol, 532.9 mL gas at 1 bar). Analysis of the 
formed gas mixture: An IR cell, designed for gaseous sample 
analysis, was purged with the formed gas mixture directly from the 
Fischer-Porter tube. The obtained IR spectrum showed a strong 
absorbance for CO2. Absorbance correlated to carbon monoxide was 
not detected. GC analysis of the gas confirmed H2 and CO2 as 
reaction products in a 1:1 ratio. Analysis of non-gaseous 
components: After release of the pressure from the tube, a sample of 
the reaction mixture was taken and diluted in CDCl3. No residual 
formic acid was detected in the performed NMR spectroscopic 

analysis (full conversion of HCOOH). Subsequently, all volatiles 
were removed in vacuo and the yellow residue was dissolved in 
C6D6 and analyzed by NMR spectroscopy. The 31P{1H} and 1H 
NMR spectra exhibit the characteristic resonances of complex 5 and 
4 as major components. Experiment at 120°C: A Fischer-Porter 
tube (95 mL total volume) containing the reaction mixture was 
heated to 120 °C (oil bath temperature). After 24 h a pressure of 
5.5 bar was detected in the tube. The tube was cooled to ambient 
temperature and subsequently to 0 °C in an ice/water bath. After 
10 min, the pressure in the tube equilibrated at 4.6 bar, which 
correlates to 436 mL total gas volume at 1 bar and a conversion of 
82%. Full conversion was achieved after 48 h (no residual formic 
acid was detected in the 1H NMR spectroscopic analysis, full 
conversion of HCOOH). Experiment under reflux in open system: A 
Schlenk tube equipped with a stirring bar and a reflux condenser, 
was charged with 5 (2.5 mg, 0.0037 mmol, 0.03 mol% with respect 
to HCOOH) dissolved in 2 mL dioxane. Subsequently, formic acid 
(540 mg, 11.731 mmol) was added to form a pale yellow solution. 
The mixture was heated under reflux and the formed gases were 
collected in a graduated cylinder, which was filled with silicon oil, 
inverted, and placed in a pneumatic trough containing silicon oil, as 
well. The exit of the outlet tube (connected to the top of the reflux 
condenser on the other side) was inserted into the opening of the 
cylinder. The formed gas bubbled up and displaced the silicon oil in 
the cylinder. After 24h of reaction time a volume of 155 mL (27% 
yield), and after 48 h 255 mL (44% yield) was collected. Control 
Experiment: A Fischer-Porter tube (95 mL total volume), equipped 
with a magnetic stirring bar, was charged with formic acid ((540 mg, 
11.731 mmol) in 2 mL of dioxane. The tube was heated to 180 °C 
(oil bath temperature). After 1 h no over-pressure was detected in the 
tube. 

cis-[Re(PNPtBu–COO)(CO)2] (3): KOtBu (17 mg, 0.15 mmol, 1 
equiv.) was added to a stirred solution of 1 (100 mg, 0.15 mmol) in 
4 mL THF in a 20 mL vial. After 10 min all volatiles were 
evaporated in vacuo and the residue was extracted with n-pentane 
(20 mL). The obtained deep green extract solution was filtered 
through a syringe filter (Teflon, 0.2 µm pore size). Subsequently, 
CO2 gas was bubbled through the solution (ca. 25 mL via syringe) 
and an immediate color change to yellow occurred followed by the 
precipitation of a yellow powder. The vial was kept at -36 °C for 
12 h to finish the precipitation. The product was decanted from the 
almost colorless supernatant solution, washed with n-pentane (5 mL) 
and dried in vacuo. Yield: 90 mg, 88 %. 1H NMR (400.36 MHz, 
C6D6, 25°C) ∂: 0.80 (d, 3JPH = 12.41 Hz, 9H, (CH3)3CP), 0.96 (d, 
3JPH = 12.41 Hz, 9H, (CH3)3CP), 1.39 (d, 3JPH = 13.21 Hz, 9H, 
(CH3)3CP), 1.56 (d, 3JPH = 13.21 Hz, 9H, (CH3)3CP), 3.03 (dd, 2JHH 
= 16.01 Hz 2JHP = 5.20 Hz, 1H, PCH2), 3.32 (dd, 2JHH = 16.01 Hz 

2JHP = 9.61 Hz, 1H, PCH2), 4.88 (dd, 2JHP = 6.00 Hz, 4JHP = 2.00 Hz 
1H PCH), 6.45 (d, 3JHH = 7.61Hz, 1H, CHpy), 6.77 (d, 
3JHH = 7.61 Hz 1H, CHpy), 6.87 (t, 3JHH = 7.61 Hz, 1H, CHpy(4)) ppm. 
31P{1H} NMR (162.1 MHz, CD2Cl2, 25°C) ∂: 86.2 (d, 2JPP = 179.7 
Hz, 1P), 100.5 (d, 2JPP = 179.7 Hz, 1P) ppm. 13C{1H} QDEPT NMR 
(100.7 MHz, C6D6, 25°C) ∂: 29.3 (d, br, 2JCP = 3.8 Hz, 3C, 
(CH3)3CP), 29.8 (d, br, 2JCP = 2.8 Hz, 3C, (CH3)3CP), 30.3 (d, 
2JCP = 4.5 Hz, 3C, (CH3)3CP), 30.4 (d, 2JCP = 3.8 Hz, 3C, 
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(CH3)3CP), 37.3 (dd, 1JCP = 9.7 Hz, 3JCP = 4.6 Hz, 1C, (CH3)3CP), 
37.8 (m, overlay, 2C, (CH3)3CP), 38.5 (d, 1JCP = 21.3 Hz, 1C, 
(CH3)3CP), 39.5 (d, 1JCP = 18.0 Hz, 1C, PCH2), 61.9 (d, 1JCP = 7.6 
Hz, 1C, PCH-COO), 119.8 (d, 3JPC = 5.6 Hz, 1C, CHpy), 120.1 (d, 
3JPC = 6.7 Hz, 1C, CHpy), 138.9 (s, 1C, CHpy(4)), 161.0 (t, 

JPC = 3.8 Hz, 1C, Cpy), 164.1 (br, m, 1C, Cpy), 172.8 (dd, 2JCP = 10.4 
Hz, 4JCP = 2.7 Hz, 1C, Re–O–C=O), 207.7 (br, t, 2JCP = 5.0 Hz, 1C, 
Re–CO), 209.3 (br, dd, 2JCP = 6.0 Hz, 2JCP = 5.3 Hz,1C, Re–CO) 
ppm. IR (KBr, pellet) ν[cm–1]: 1909, 1828 (νCO, 1:1 ratio), 1647 
(νCOO). Elemental analysis: (C26H42N1O4P2Re) calculated (found): C 
45.87 (45.94) H 6.22 (6.12) N 2.06 (1.91) %. MS (ESI-TOF) calc. 
681.21; found M+ = 704.22 (3 +Na+), 638.04 (3 –CO2 + H+).  

CO2  / H2 exchange in cis-[Re(PNPtBu-COO)(CO)2] (3): A J. 
Young NMR tube, fitted with a Kontes valve, was charged with 
complex 3 (10 mg, 0.015 mmol), dissolved in 0.5 mL toluene-d8 and 
pressurized with 2 bar H2. The exchange reaction was monitored by 
1H and 31P{1H} NMR spectroscopy. After 20 h at ambient 
temperature complex 4 was formed in ca. 5 % yield. Heating the 
tube for 5 h at 100°C gave complex 4 in 100% yield. 

cis-[Re(PNPtBu–13COO)(CO)2] (3a): A NMR tube fitted with 
rubber septum was charged with complex 2 (10 mg , 0.016 mmol), 
dissolved in 0.6 mL C6D6. Subsequently, 13CO2 gas (ca. 2 mL) was 
injected via syringe into the NMR tube. The green solution turned 
instantly yellow, indicating completion of the reaction. The solution 
was degassed (no resonance for free 13CO2 gas was observed in the 
13C{1H}NMR spectrum) to give compound 3a in quantitative yield. 
1H NMR (400.36 MHz, C6D6, 25°C) ∂: 0.80 (d, 3JPH = 12.41 Hz, 9H, 
(CH3)3CP), 0.93 (d, 3JPH = 12.41 Hz, 9H, (CH3)3CP), 1.37 (d, 3JPH = 
13.21 Hz, 9H, (CH3)3CP), 1.56 (d, 3JPH = 13.21 Hz, 9H, (CH3)3CP), 
2.97 (dd, 2JHH = 16.01 Hz 2JHP = 5.20 Hz, 1H, PCH2), 3.25 (dd, 2JHH 
= 16.01 Hz 2JHP = 9.61 Hz, 1H, PCH2), 4.89 (m, ddd overlay,  2JHP ~ 
6.0 Hz 2JHC = 4JHP ~ 2.0 Hz, 1H PCH), 6.39 (d, 3JHH = 8.00 Hz, 1H, 
CHpy), 6.75 (d, 3JHH = 7.60 Hz 1H, CHpy), 6.85 (t, 3JHH = 7.61 Hz, 
1H, CHpy(4)) ppm. 31P{1H} NMR (125.1 MHz, C6D6, 25°C) ∂: 84.5 
(d, 2JPP = 182.0 Hz, 1P), 98.6 (dd, 2JPP = 182.0 Hz, 2JPC = 9.9 Hz 1P) 
ppm. 13C{1H} QDEPT NMR (100.7 MHz, C6D6, 25°C) ∂: 29.7 (d, 
2JCP = 3.8 Hz, 3C, (CH3)3CP), 29.9 (d, 2JCP = 3.1 Hz, 3C, 
(CH3)3CP), 30.6 (d, 2JCP = 3.6 Hz, 3C, (CH3)3CP), 30.7 (d, 
2JCP = 4.1 Hz, 3C, (CH3)3CP), 37.4 – 37.9 (m, overlay, 3C, 
(CH3)3CP), 38.3 (d, 1JCP = 21.0 Hz, 1C, (CH3)3CP), 39.5 (d, 
1JCP = 17.1 Hz, 1C, PCH2), 62.7 (dd,  1JCC = 41.8 Hz, 1JCP = 7.6 Hz, 
1C, PCH-COO), 119.3 (d, 3JPC = 6.5 Hz, 1C, CHpy), 119.5 (d, 
3JPC = 5.6 Hz, 1C, CHpy), 137.9 (s, 1C, CHpy(4)), 163.0 (br, m, 1C, 
Cpy), 164.1 (br, m, 1C, Cpy), 172.8 (dd, intense signal, 2JCP = 10.4 
Hz, 4JCP = 2.4 Hz, 1C, Re–O–C=O), 208.1 (br, s, 1C, Re–CO), 209.4 
(br, s, 1C, Re–CO) ppm. 13CO2 / CO2 exchange in cis-[Re(PNPtBu–
13COO)(CO)2] (3a), Figure 2: The obtained solution (see above) of 
3a (0.016 mmol in 0.6 mL C6D6) was transferred into a J. Young 
NMR tube, fitted with a Kontes valve, and pressurized with 2 bar 
CO2. The exchange reaction was monitored via 13C{1H } NMR 
spectroscopy. Heating at 90°C for 12 h gave 3. 

cis-[Re(PNPtBu)(CO)2H] (4): KOtBu (10 mg, 0.09 mmol, 1 
equiv.) was added to a stirred solution of 1 (60 mg, 0.09 mmol) in 
3 mL THF in a 20 mL vial. After 10 min all volatiles were 
evaporated in vacuo and the residue extracted in n-pentane (15 mL) 

and filtered through a syringe filter (Teflon, 0.2 µm pore size). 
Subsequently, H2 gas was bubbled through the solution via cannula 
and an immediate color change to intense yellow occurred. Small 
yellow micro crystals were formed upon cooling to –36 °C. After 
12 h the crystals were decanted from the supernatant solution, 
washed with cold n-pentane and dried in vacuo. The recovered 
mother liquor was kept in a 20 mL vial at –36 °C for additional 12 h. 
To finish the precipitation, the mother liquor was concentrated to ca. 
2 mL and treated alike to give a second fraction of yellow micro 
crystals of 4. Yield: 47 mg, 82 %. 1H NMR (400.36 MHz, C6D6, 
25°C) ∂: –2.29 (vt, 2JHP = 22.42 Hz, 1H, Re–H), 1.28 (vt, AA’BB’, 
3JPH = 6.40 Hz, 18H, (CH3)3CP), 1.37 (vt, AA’BB’, 3JPH = 6.40 Hz, 
18H, (CH3)3CP), 3.12 (dt, 2JHH = 16.00 Hz,  J = 2.50 Hz, 2H, PCH2), 
3.19 (dt, 2JHH = 16.00 Hz  J = 3.55 Hz, 2H, PCH2), 6.41 (d, 
3JHH = 7.61 Hz, 2H, CHpy), 6.73 (t, 3JHH = 7.61 Hz, 1H, CHpy(4)), 
ppm. 31P{1H} NMR (162.1 MHz, C6D6, 25°C) ∂: 80.8 (s, 2P) ppm. 
13C{1H} NMR (100.7 MHz, C6D6, 25°C) ∂: 29.6 (vt, 2JCP = 2.2 Hz, 
6C, (CH3)3CP), 29.7 (vt, 2JCP = 2.5 Hz, 6C, (CH3)3CP), 35.2 (t, 
1JCP = 10.3 Hz, 2C, (CH3)3CP), 37.3 (d, 1JCP = 8.0 Hz, 2C, 
(CH3)3CP), 41.8 (t, 1JCP = 7.6 Hz, 2C, PCH2), 118.6 (br, t, 
3JPC = 3.9 Hz, 2C, CHpy), 134.1 (s, 1C, CHpy(4)), 164.7 (t, 

JPC = 4.6 Hz, 2C, Cpy), 208.5 (t, 2JCP = 5.2 Hz, 1C, Re–CO), 208.6 (t, 
2JCP = 5.5 Hz, 1C, Re–CO) ppm. IR (KBr, pellet) ν[cm–1]: 1890, 
1848 (νCO, approximately 1:1 ratio), 1778 (νRe–H).  Elemental 
analysis: (C25H44N1O2P2Re) calculated (found): C 47.01 (47.17) H 
6.94 (7.00) N 2.19 (1.78) %. MS (ESI-TOF) calc. 639.24; found 
M+ = 638.36 (4+).  

H2 / CO2 exchange in cis-[Re(PNPtBu)(CO)2H] (4): A J. Young 
NMR tube fitted with a Kontes valve was charged with complex 4 
(11 mg, 0.016 mmol), dissolved in 0.5 mL toluene-d8 and 
pressurized with 2.5 bar CO2. The exchange reaction was monitored 
by 1H and 31P{1H} NMR spectroscopy. After 20 h at ambient 
temperature complex 5 was formed in ca. 10% yield. Heating the 
tube for 24 h at 100°C gave complex 3 in 75% yield. Free H2 gas 
was detected in the 1H NMR spectrum as singlet at 4.46 ppm.  

cis-[Re(PNPtBu)(CO)2D] (4a): A J. Young NMR tube, fitted with 
a Kontes valve, was charged with complex 2 (25 mg, 0.039 mmol), 
dissolved in 0.6 mL toluene-d8 and subsequently pressurized with 1 
bar D2 gas. The green solution turned instantly yellow and 4a was 
obtained in quantitative yield. 1H NMR (500.13 MHz, tol-d8, 25°C) 
∂: 1.29 (m, 18H, (CH3)3CP), 1.38 (m, 18H, (CH3)3CP), 3.12 (dt, 2JHH 
= 16.00 Hz,  J = 2.50 Hz, 2H, PCH2), 3.17 (m, 3H, PCH2 + PCHD), 
6.47 (d, 3JHH = 7.50 Hz, 2H, CHpy), 6.80 (t, 3JHH = 7.50 Hz, 1H, 
CHpy(4)), ppm.31P{1H} NMR (202.5 MHz, C6D6, 25°C) ∂: 83.7 (m, 
2P, 2JPD= not resolved, for spectra see ESI) ppm. 13C{1H} NMR 
(125.8 MHz, toluene-d8 25°C) ∂: 29.8 (br, m, 12C, (CH3)3CP), 35.5 
(dd, J = 7.5 Hz, 2C, (CH3)3CP), 37.6 (m, 2C, (CH3)3CP), 41.8 (br, m, 
1C, PCHD), 42.1 (dd, 1JCP = 10.3Hz,  3JPC = 5.2 Hz, 1C, PCH2), 
118.8 (br, m, 2C, CHpy), 134.4 (s, 1C, CHpy(4)), 164.5 (m, 2C, Cpy), 
208.5 (t, 2JCP = 5.3 Hz, 1C, Re–CO), 208.6 (t, 2JCP = 5.0 Hz, 1C, Re–
CO) ppm.H/D exchange experiment: The obtained solution of 4a in 
toluene-d8 (0.5 mL) as described above was degassed by two freeze-
pump-thaw cycles and pressurized with H2 gas (1 bar). The H/D 
exchange reaction was followed by 1H NMR spectroscopy. Heating 
the sample for at 60 °C for 1 h gave complex 4b in 70% yield, 
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increasing the reaction time to 48 h completed the transformation. 
Heating the solution of 4b in a J. Young NMR tube at 130°C under 
H2 pressure (2 bar) for 2 h gave complex 4 in 56% yield. Heating for 
30 min at 160°C under a pressure of 2 bars of H2 resulted in the 
formation of 4 (91% yield). (1H NMR spectroscopic details are given 
in the ESI, Figure S18–S21)  

cis-[Re(PNPtBu)(CO)2(OOCH)] (5): KOtBu (10 mg, 0.09 mmol, 
1 equiv.) was added to a stirred solution of 1 (60 mg, 0.09 mmol) in 
3 mL THF in a 20 mL vial. After 10 min all volatiles were 
evaporated in vacuo and the residue was extracted with n-pentane 
(15 mL) and filtered through a syringe filter (Teflon, 0.2 µm pore 
size). Subsequently, formic acid (one drop via Pasteur pipette) was 
added and an immediate color change to yellow occurred. A slightly 
yellow precipitate was formed, which was decanted from the mother 
liquor and washed with n-pentane and dried in vacuo to give 5. 
Yield: 47 mg, 82 %. 1H NMR (500.13 MHz, C6D6, sparsely soluble, 
25°C) ∂: 1.12 (vt, AA’BB’, 3JPH = 6.50 Hz, 18H, (CH3)3CP), 1.18 
(vt, AA’BB’, 3JPH = 6.50 Hz, 18H, (CH3)3CP), 3.08 (dt, 2JHH = 15.50 
Hz,  J = 3.50 Hz, 2H, PCH2), 3.61 (dt, 2JHH = 15.5 Hz,  J = 3.50 Hz, 
2H, PCH2),6.48 (d, 3JHH = 7.50 Hz, 2H, CHpy), 6.84 (t, 3JHH = 7.50 
Hz, 1H, CHpy(4)), 8.94 (s, 1H, Re–OOCH) ppm. 31P{1H} NMR 
(202.5 MHz, C6D6, sparsely soluble 25°C) ∂: 72.3 (s, 2P) ppm. 
13C{1H} NMR (125.8 MHz, C6D6,sparsely soluble, 25°C) ∂: 30.4 
(vt, 2JCP = 1.8 Hz, 6C, (CH3)3CP), 30.7 (vt, 2JCP = 2.0 Hz, 6C, 
(CH3)3CP), 36.8 (t, 1JCP = 6.8 Hz, 2C, (CH3)3CP), 38.0 (t, 
1JCP = 89.7 Hz, 2C, (CH3)3CP), 38.7 (t, 1JCP = 7.2 Hz, 2C, PCH2), 
120.4 (br, m, 2C, CHpy), 136.9 (s, 1C, CHpy(4)), 165.3 (t, 

JPC = 3.6 Hz, 2C, Cpy), 170.8 (br, s, 1C, Re–OOCH), 205.3 (br, m, 
1C, Re–CO), 208.2 (br, m, 1C, Re–CO) ppm. IR (KBr, pellet) ν[cm–

1]: 1907, 1824 (νCO, 1:1 ratio), 1630 (νCOOH). Elemental analysis: 
(C26H44N1O4P2Re) calculated (found): C 45.74 (45.58) H 6.50 (6.45) 
N 2.05 (1.48) %. MS (ESI-TOF) calc. 683.23; found M+ = 638.36 
(5+–COOH), 706.31 (5 + Na+).  

CO2 insertion in Re–H bond: A J. Young NMR tube, fitted with 
a Kontes valve, was charged with complex 4 (10 mg, 0.016 mmol), 
dissolved in 0.5 mL C6D6 and pressurized with 2 bars CO2. The 
reaction was followed by 1H and 31P{1H} NMR spectroscopy. After 
70 h at 50°C complex 5 was formed in 77% yield. 
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