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a b s t r a c t

The reaction of Re2(CO)8(m-H)[m-h
2-C(H)¼ C(H)Bun] with N,N0-diisopropylcarbodiimide yielded the new

rhenium diamidinate complex [Re(CO)4]2[(m-C2(N{iPr})4], 2, in 59% yield that was formed by the
reductive coupling of two of carbodiimide molecules at the central carbon atom. The diamidinate ligand
is nonplanar and four iminyl nitrogen atoms are coordinated to two Re(CO)4 groups in two chelating
groups that have formed five-membered rings. Density functional molecular orbital analyses were used
to explain the bonding of the diamidinate ligand to the two rhenium atoms. A second product
Re2(CO)8(m-OH)(m-H), 3 was obtained from the reaction of N,N0-diisopropylcarbodiimide and Re2(CO)8(m-
C6H5)(m-H), 1. Compound 3 was subsequently found to be a product of the reaction of 1 with traces of
H2O in the original reaction and was independently obtained in 60% yield from the reaction of 1 with
H2O. Compound 3 contains a bridging hydroxo ligand and a bridging hydrido ligand across the ReeRe
bond between two mutually bonded Re(CO)4 groups. Both new compounds were characterized struc-
turally by single-crystal X-ray diffraction analysis.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The metal-assisted reductive coupling of heteroallenes by CeC
bond formation can lead to a variety of tetrasubstituted C2-prod-
ucts ranging from oxalate from CO2 [1] to diamidinates [2], oxa-
mides [3] and ethylenetetrathiolates [4] from carbodiimides,
isocyanates and carbon disulfide, respectively. The formation of
oxalates by the CeC coupling of two equivalents of CO2 could
become an important route for recycling this major greenhouse gas
and the reduction of oxalates could lead to useful C2-organic
compounds [5].

Tetrasubstituted C2-products can serve as excellent ligands
[1e4]. They invariably chelate to two metal atoms. Two coordina-
tion modes A or B have been observed depending onwhich pairs of
the donor atoms E are coordinated to the metal atoms (Scheme 1).

In recent studies, we have been investigating the reactivity of
dirhenium complexes Re2(CO)8(m-H)[m-h2-C(H)¼ C(H)Bun] [6] and
Re2(CO)8(m-H)(m-h1-C6H5), 1, [7] with aryl-gold compounds [7],
arenes [8] and heteroarenes [9]. These reactions proceed by facile
reductive elimination of 1-hexene and benzene, respectively and
ams).
are accompanied by oxidative addition of CeAu and CeH bonds to
the remnant dirhenium carbonyl grouping.

We have now extended our studies of the reactions of
Re2(CO)8(m-H)[m-h2-C(H)¼ C(H)Bun] and 1 to include their re-
actions with N,N'diisopropylcarbodiimide and water. The results of
these studies are reported herein.
2. Results and discussion

Re2(CO)8(m-H)[m-h2-C(H)¼ C(H)Bun] with N,N0-diisopro-
pylcarbodiimide in a solution in heptane heated to reflux for 25min
provided the new compound [Re(CO)4]2[(m-C2(N{iPr})4], 2, in 59%
yield. Compound 2 was characterized by IR and 1H NMR spec-
troscopy, mass spectrometry and single-crystal X-ray diffraction
analysis. An ORTEP diagram of the molecular structure of 2 is
shown in Fig. 1. Compound 2 contains a diamidinate ligand formed
by a CeC reductive coupling of two N,N0-diisopropylcarbodiimide
molecules. Two Re(CO)4 groups bridge the diamidinate ligand in
the 1,4-coordination mode A to form two chelating five-membered
rings on opposite sides of the ligand. There is a twist in C2N4 group
at the C1eC2 bond which gives the molecule and overall D2-type
symmetry. The dihedral angle between the two planes
C2eC1eN4eN1and C1eC2eN2eN3 is 31.6�, see Fig. S1, but the
eight methyl groups on the four i-Pr groups are equivalent by 1H
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Scheme 1. Representations of the two common bonding modes of CeC reductively
coupled heteroallenes in dinuclear metal complexes, E¼O, S or NR.

Fig. 1. The ORTEP diagram of the molecular structure of [Re(CO)4]2[(m-C2(N{i-Pr})4], 2,
showing 50% thermal ellipsoid probability. Selected interatomic bond distances (Å) are
as follow: Re(1)eN(2)¼ 2.170(4), Re(1)eN(1)¼ 2.176(4), Re(2)eN(3)¼ 2.180(4), Re(2)e
N(4)¼ 2.183(4), N(1)eC(1)¼ 1.330(6), N(1)eC(3)¼ 1.496(6), N(2)eC(2)¼ 1.323(6),
N(2)eC(4)¼ 1.485(6), N(3)eC(2)¼ 1.332(6), N(3)eC(5)¼ 1.486(7), N(4)e
C(1)¼ 1.335(6), N(4)eC(6)¼ 1.489(6) and C(1)eC(2)¼ 1.497(6).

Scheme 2. Two resonance structures for the diamidinate ligand found in compound 2.
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NMR spectroscopy, d¼ 1.10 (d, 3JH-H¼ 6.3 Hz) indicating that the
C2N4 group must be twisting back and forth between the two
equivalent nonplanar geometries on the NMR timescale at room
temperature by rotational oscillations along the C1 e C2 bond. The
C(1)eC(2) bond distance of 1.497(6) Å is only slightly shorter than
that of a CeC single bond and thus any rotational barrier along this
bond should be very small. The CeN distances to the atoms C1 and
C2 are short, C1 e N1¼1.330(6) Å, C1eN4¼1.335(6),
C2eN2¼1.323(6) Å, C(2)-N3¼1.332(6) Å, and are indicative of
considerable CeN double bond character. A number of years ago,
Floriani reported a similarly coordinated, tetra(tolyl)diamidinate
ligand formed by the reductive coupling of two molecules of N,N0-
di-ditolylcarbodimide in the bis-Cp2Ti complex (Cp2Ti)2[(m-C2(N{p-
tolyl})4] [2a]. The CeC and CeN distances in that complex are very
similar, 1.504(6) Å, 1.328(2) Å and 1.333(3) Å, to those in 2. The
nature of the CeN bonding in 2was established by performing ADF
DFT molecular orbital calculations, see below. The four ReeN dis-
tances, Re(1)eN(2)¼ 2.170(4) Å, Re(1)eN(1)¼ 2.176(4) Å, Re(2)e
N(3)¼ 2.180(4) Å, Re(2)eN(4)¼ 2.183(4) Å are equal within
experimental error. The rhenium atoms have a pseudo-octahedral
6-coordinate geometry.

To a first approximation, the diamidinate ligand can be viewed
as a dianion and the bonding could be represented as an average of
the two equivalent resonance structures shown in Scheme 2. The
ligand is formally coordinated to two Re(CO)4 monocations and
each Re(CO)4 group achieves an 18 electron configuration.
To delve deeper into the bonding within the diamidinate ligand,
ADF DFT molecular orbital calculations were performed at the
PBEsol D3 level. Each C and N atom is planar and can be regarded as
sp2-hybridized. The p-bonding in the diamidinate ligand is the key
to understanding the bonding in this ligand. The p-bonding can be
represented by symmetry-adapted linear combinations (SALCs) of
the six p-orbitals that lie perpendicular to the planes of each of the
six atoms, i.e. the two central carbon atoms and the four nitrogen
atoms. Chemdraw representations of these six SALCs together with
each of their most closely related DFT MOs are shown in Fig. 2. Four
of these MOs are bonding, the HOMO, HOMO-1, HOMO-10 and the
HOMO-27 and are filled and two are antibonding, LUMOþ23 and
LUMOþ4 and they are empty. The HOMO and HOMO-1 are essen-
tially nonbonding within the C2N4 ligand. The HOMO-10 contains
significant p-bonding across both NeCeN groups and this orbital
accounts for the shortness of the CeN bonds in both of these
groups. The HOMO-27 is important because it is the only one that
contains a significant p-bonding interaction between the two car-
bon atoms C1 and C2. It is this supplemental p-bonding interaction
between these two atoms that accounts for the shortening, albiet
small, of the C1e C2 bond relative to that of a traditional CeC single
bond, see above. The weakness of the CeC bond allows a non-
planarity of the diamidinate ligand to develop which may relieve
steric strain between the proximate isopropyl groups on the ni-
trogen atoms. Compound 2 was also formed in the reaction of 1
with N,N0-diisopropylcarbodiimide, but the only product that was
isolated by TLC workup from this reaction was the new compound
Re2(CO)8(m-OH)(m-H), 3 which was subsequently obtained in a
much better yield through an independent reaction of 1 with H2O
itself, see below.

The reaction of 1 with N,N0-diisopropylcarbodiimide in the
presence of small amounts of water provided the new compound
Re2(CO)8(m-OH)(m-H), 3, 28% yield, under typical reaction condi-
tions, but compound 3was subsequently obtained in a much better
yield (60%) from the reaction of 1 with H2O in the absence of N,N0-
diisopropylcarbodiimide by heating to 40 �C for 24 h. It is quite
likely that the N,N0-diisopropylcarbodiimide played no role in the
formation of the 3 in the first reaction. Compound 3 was charac-
terized by IR and 1H NMR spectroscopy, mass spectrometry and
single-crystal X-ray diffraction analysis. An ORTEP diagram of the
molecular structure of 3 is shown in Fig. 3. Compound 3 contains
two mutually-bonded Re(CO)4 groups that contain both a bridging
hydrido ligand and a bridging OH ligand across the ReeRe bond.
The ReeRe bond is single and the distance, 3.0166(3) Å, is only
slightly shorter than the ReeRe distance, 3.041(1) Å, found in
Re2(CO)10 which contains an unsupported ReeRe single bond [10].
The ReeO distances to the bridging OH ligand are Re(1)e
O(9)¼ 2.161(5) Å, Re(2)eO(9)¼ 2.151(5) Å, and are similar to the
ReeO distances, 2.177(5) Å and 2.160(5) Å, observed in the related
OH bridged dppm dirhenium carbonyl complex Re2(CO)6(dppm)(m-
OH)(m-H), dppm¼ 1,2-bis(diphenylphosphino)methane that was
reported by Brown a number of years ago [11]. The bridging hydrido
ligand in 3 was located and refined in the analysis of 3, Re(1)e
H(12)¼ 1.81(4) Å and Re(2)eH(1)¼ 1.81(4) Å. It resonates



Fig. 2. Representations of the six p-molecular orbitals of the C2(NiePr4) ligand in 2. On the left side is a Chemdraw view of the symmetry adapted linear combinations of p-orbitals
derived by using D2 symmetry. The most closely related ADF DFT MO is shown next to that on its right side, ISOvalue¼ 0.04.

Fig. 3. The ORTEP diagram of the molecular structure of Re2(CO)8(m-OH)(m-H), 3,
showing 50% thermal ellipsoid probability. Selected interatomic bond distances (Å) are
as follow: Re(1)eRe(2)¼ 3.0166(3), Re(1)eO(9)¼ 2.161(5), Re(2)eO(9)¼ 2.151(5),
Re(1)eH(12)¼ 1.81(4) and Re(2)eH(1)¼ 1.81(4).
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at �10.92 ppm in the 1H NMR spectrum.
When a solution of 3 in acetone-d6 solvent was then heated to

50 �C for 2 days, it was condensed into the known compound
[Re(CO)3(m3-OH]4 in 67% isolated yield by the loss of one CO ligand
for each Re(CO)4 group. [Re(CO)3(m3-OH]4 has been obtained pre-
viously from the reaction of Re2(CO)10 with H2O in the presence of
UV irradiation [12]. Brown speculated on the possible existence of
the compound 3 in a mechanism proposed for the formation of
[Re(CO)3(m3-OH]4, but was not able to obtain any independent ev-
idence for its existence under their reaction conditions [12a].

3. Summary and conclusions

Upon elimination of hexene, the Re(CO)4 groups in Re2(CO)8(m-
H)[m-h2-C(H)¼ C(H)Bun] are each able to pass one electron to the
highly unsaturated heterocumulene,N,N0-diisopropylcarbodiimide,
to reduce it. Two of these reduced carbodiimide molecules are then
coupled by formation of a carbon e carbon bond to yield the
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diamidinate complex 2. The mechanism for this coupling process
has not been established. Models for the p-bonding in the dia-
midinate ligand in 2 have been developed which explain the
structure of the ligand. The elusive hydroxy-hydride complex 3was
obtained in a side reaction of 1 with H2O. Compound 3 was readily
transformed to the known compound [Re(CO)3(m3-OH]4 [12] by
mild heating.

4. Experimental details

4.1. General data

All reactions were performed under a nitrogen atmosphere.
Reagent grade solvents were dried by the standard procedures and
were freshly distilled prior to use. Infrared spectra were recorded
on a Nicolet IS10 Midinfrared FT-IR spectrophotometer. 1H NMR
spectra were recorded on a Varian Mercury 300 spectrometer
operating at 300MHz. Mass spectrometric (MS) measurements
performed by a direct-exposure probe by using electron impact
ionization (EI) were made on a VG 70S instrument. Re2(CO)10 and
N,N0-diisopropylcarbodiimide, i-PrNCN-i-Pr, were obtained from
Pressure Chemical and Sigma Aldrich, respectively, and were used
without further purification. Re2(CO)8(m-H)[m-h2-C(H)¼ C(H)Bun]
[6] and Re2(CO)8(m-C6H5)(m-H), 1 [7] were prepared according to
previously reported procedures. Product separations were per-
formed by TLC in air on Analtech 0.25mm silica gel 60 Å F254 glass
plates or by chromatography over Biobeads purchased from Bio-
Rad.

4.2. Reaction of Re2(CO)8(m-H)[m-h
2-C(H)¼C(H)Bun] with N,N0-

Diisopropylcarbodiimide

A 100.0mg amount (0.147mmol) of Re2(CO)8(m-H)[m-h2-
C(H)¼ C(H)Bun] and 43 mL (0.294mmol) of N,N0-Diisopro-
pylcarbodiimide were dissolved in heptane. The solution was then
heated to reflux for 25min. The solution was cooled, and the sol-
vent was then removed in vacuo. The residue was extracted in
hexane and filtered through a column of Biobeads by using CH2Cl2
Table 1
Crystal data, and results for the crystallographic analyses of compounds 2 a

Compound 2

Empirical formula Re2O8N
Formula weight 848.88
Crystal system Monoc
Lattice parameters
a (Å) 14.228
b (Å) 10.952
c (Å) 19.078
a (deg) 90.00
b (deg) 98.011
g (deg) 90.00
V (Å3) 2944.0
Space group P21/c
Z 4
rcalc (g/cm3) 1.915
m (Mo Ka) (mm�1) 8.262
Temperature (K) 294(2)
2qmax(�) 56.44
No. Obs. (I> 2s(I)) 7345
No. Parameters 333
Goodness of fit (GOF) 1.040
Max. shift/error on final cycle 0.001
Residuals*: R1; wR2 0.0370
Absorption Corr.,Max/min Multi-
Largest peak in Final Diff. Map (e�/Å3) 1.319

*R1 ¼ Shkl(rrFobsr-rFcalcrr)/ShklrFobsr; wR2¼ [Shklw(rFobsr-rFcalcr)2/ShklwF2ob
w¼ 1/s2(Fobs); GOF¼ [Shklw(rFobsr-rFcalcr)2/(ndata e nvari)]1/2.
solvent to give a yellow band of [Re(CO)4]2[(m-C2(N{iPr})4], 2,
68.0mg (59% yield). Spectral data for 2: IR nCO (cm�1 in hexane):
2095(m), 1995(vs), 1971(s), 1930(s). 1H NMR (CD2Cl2, d in ppm):
d 3.63 (sept, CH(CH3)2, 3J¼ 6.3 Hz), 1.10 (d, CH3, 3J¼ 6.3 Hz). Mass
Spec. EI/MS m/z: 848, Mþ, 820, Mþ-CO, 792, Mþ-2CO. This isotope
distribution pattern is consistent with the presence of four rhenium
atoms.

4.3. Reaction of 1 with N,N0-Diisopropylcarbodiimide

A 20.0mg (0.029mmol) amount of 1 and 4.5 mL (0.029mmol) of
N,N0-diisopropylcarbodiimide were dissolved in 1.6mL CD2Cl2 in a
5mm NMR tube. The NMR tube was evacuated and filled with ni-
trogen. The NMR tube was then heated to 40 �C for 24 h. A 1H NMR
spectrum obtained after this period showed the resonances of
compound 2 and a hydrido resonance at d¼�10.92. The contents
were then transferred to a vial and solvent was removed in vacuo.
The residue was extracted in CH2Cl2 and separated by TLC by using
hexane/methylene chloride (50/50) solvent mixture to give a major
colorless band of 5.0mg of Re2(CO)8(m-OH)(m-H), 3, 28% yield.
Compound 2 was not obtained in this workup by TLC on silica gel
due to its decomposition on the TLC plate. Spectral data for 3: IR nCO
(cm�1 in CH2Cl2): 2097(m), 2016(vs), 1992(sh), 1953(s). 1H NMR
(CD2Cl2, d in ppm):�0.30 (s, 1H, OH), �10.92 (s, 1H, hydrides). Mass
Spec. EI/MS m/z: 614, Mþ, 586, Mþ-CO. The isotope distribution is
consistent with the presence of two rhenium atoms. The formation
of 3 in this reaction is attributed to a competing reaction of 1 with
adventitious quantities of H2O present in the carbodiimide sample.

4.4. Synthesis of 3 from reaction of 1 with H2O

A 20.0mg (0.029mmol) amount of 1 and 5.0 mL (0.28mmol) of
H2Owere dissolved in 1.6mL CD2Cl2 in a 5mmNMR tube. The NMR
tube was evacuated and filled with nitrogen. The NMR tube was
then heated to 40 �C for 24 h. A 1H NMR spectrum obtained after
this period showed formation of compound 3. The contents were
then transferred to a vial and solvent was removed in vacuo. The
residue was extracted in CH2Cl2 and separated by TLC by using
nd 3.

3

4C22H28 Re2O9C8H2

614.49
linic Monoclinic

2(7) 8.7252(3)
4(6) 15.3690(6)
(1) 9.6605(4)

90.00
(1) 93.986(1)

90.00
(3) 1292.32(9)

P21/n
4
3.158
18.753
294(2)
56.54
2287
177
1.123
0.000

; 0.0751 0.0261; 0.0655
Scan 1.000/0.493 Multi-Scan 1.000/0.298

1.351

s]1/2.
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hexane/methylene chloride (50/50) solvent mixture to give a major
yellow band of 11.0mg of Re2(CO)8(m-OH)(m-H), 3, 60% yield.

4.5. Thermal conversion of 3 to [Re(CO)3(m3-OH]4

A 10.0mg (0.016mmol) amount of 3 was dissolved in 1.6mL
acetone-d6 in a 5mm NMR tube. The NMR tube was evacuated and
filled with nitrogen. The NMR tube was then heated to 50 �C for 2
days. A 1H NMR spectrum obtained after this period showed for-
mation of known compound [Re(CO)3(m3-OH]4 [12]. The contents
were then transferred to a vial and solvent was removed in vacuo.
The residue was extracted with CH2Cl2 and separated by TLC by
using hexane/methylene chloride (50/50) solvent mixture to give a
colorless band of 6.0mg of [Re(CO)3(m3-OH]4 in 67% yield,
confirmed by IR and 1H NMR analyses [12].

4.6. Crystallographic analyses

Single crystals of compounds 2 and 3 suitable for x-ray diffrac-
tion analyses were obtained by slow evaporation of solvent from
solutions of the pure compounds in hexane solvent at room tem-
perature. Each data crystal was glued onto the end of a thin glass
fiber. X-ray intensity data were measured by using a Bruker SMART
APEX CCD-based diffractometer by using Mo Ka radiation
(l ¼ 0.71073 Å). The raw data frames were integrated with the
SAINT þ program by using a narrow-frame integration algorithm
[13]. Corrections for Lorentz and polarization effects were also
applied with SAINTþ. Empirical absorption corrections based on
the multiple measurements of equivalent reflections were applied
in each analysis by using the program SADABS [13]. All structures
were solved by a combination of direct methods and difference
Fourier syntheses, and were refined by full-matrix least squares
refinement on F2 by using the SHELXTL software package [14]. All
non-hydrogen atoms were refined with anisotropic thermal pa-
rameters. All hydrogen atoms were placed in geometrically ideal-
ized positions and were included as standard riding atoms during
the final least-squares refinements. Crystal data, data collection
parameters, and results for the analyses are listed in Table 1.

4.7. Computational analyses

All calculations were performed with the Amsterdam Density
Functional (ADF) program library by using the PBEsol D3 functional.
For additional information see the electronic Supporting
Information.

Notes

The authors declare no competing financial interest.

Acknowledgements

This research was supported by grant 1764192 from the U. S.
National Science Foundation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jorganchem.2019.06.027.

References

[1] (a) W.J. Evans, C.A. Seibel, J.W. Ziller, Organosamarium-Mediated trans-
formations of CO2 and COS: monoinsertion and disproportionation reactions
and the reductive coupling of CO2 to [O2CCO2]2-, Inorg. Chem. 37 (1998)
770e776;
(b) B. Horn, C. Limberg, C. Herwig, B. Braun, Nickel(I)-mediated trans-
formations of carbon dioxide in closed synthetic cycles: reductive cleavage
and coupling of CO2 generating Ni(I)CO, Ni(II)CO3 and Ni(II)C2O4Ni(II) entities,
Chem. Commun. 49 (2013) 10923e10925;
(c) A. Paparo, J.S. Silvia, C.E. Kefalidis, T.P. Spaniol, L. Maron, J. Okuda,
C.C. Cummins, A dimetalloxycarbene bonding mode and reductive coupling
mechanism for oxalate formation from CO2, Angew. Chem. Int. Ed. 54 (2015)
9115e9119;
(d) U.R. Pokharel, F.R. Fronczek, A.W. Maverick, Reduction of carbon dioxide to
oxalate by a binuclear copper complex, Nat. Commun. 5 (2014) 1e5;
(e) N. Tsoureas, L. Castro, A.F.R. Kilpatrick, F.G.N. Cloke, L. Maron, Controlling
selectivity in the reductive activation of CO2 by mixed sandwich uranium(III)
complexes, Chem. Sci. 5 (2014) 3777e3788;
(f) R.T. Stibrany, H.J. Schugar, J.A. Potenza, A copper(II)eoxalate compound
resulting from the fixation of carbon dioxide: l-oxalato-bis[bis(1-benzyl-1H-
pyrazole)(trifluoromethanesulfonato)copper(II)], Acta Crystallogr. E61 (2005)
m1904em1906;
(g) J. Lan, T. Tao Liao, Zhang, L.W. Chung, Reaction mechanism of Cu(I)-
Mediated reductive CO2 coupling for the selective formation of oxalate:
cooperative CO2 reduction to give mixed-valence Cu2(CO2

��) and nucleophilic-
like attack, Inorg. Chem. 56 (2017) 6809e6819;
(h) C.C. Lu, C.T. Saouma, M.W. Day, J.C. Peters, Fe(I)- mediated reductive
cleavage and coupling of CO2: an Fe(II)(m-O, m- CO)Fe(II) core, J. Am. Chem. Soc.
129 (2007) 4e5;
(i) C.T. Saouma, C.C. Lu, M.W. Day, J.C. Peters, CO2 reduction by Fe(I): solvent
control of C�O cleavage versus C�C coupling, Chem. Sci. 4 (2013) 4042e4051;
(j) R. Angamuthu, P. Byers, M. Lutz, A.L. Spek, E. Bouwman, Electrocatalytic
CO2 conversion to oxalate by a copper complex, Science 327 (2010) 313e315;
(k) L.J. Farrugia, S. Lopinski, P.A. Lovatt, R.D. Peacock, Fixing carbon dioxide
with copper: crystal structure of [LCu(m-C2O4)CuL][Ph4B]2 (L¼N,N0 ,N00-Triallyl-
1,4,7-triazacyclo-nonane), Inorg. Chem. 40 (2001) 558e559;
(l) H. Takisawa, Y. Morishima, S. Soma, R.K. Szilagyi, K. Fujisawa, Conversion of
carbon dioxide to oxalate by a-ketocarboxylatocopper(II) complexes, Inorg.
Chem. 53 (2014) 8191e8193;
(m) K. Tanaka, Y. Kushi, K. Tsuge, K. Toyohara, T. Nishioka, K. Isobe, Catalytic
generation of oxalate through a coupling reaction of two CO2 molecules
activated on [(Ir(h5-C5Me5))2(Ir(h4-C5Me5)-CH2CN)(m3-S)2], Inorg. Chem. 37
(1998) 120e126.

[2] (a) M. Pasquali, C. Floriani, A. Chiesi-villa, C. Guastini, Metal-promoted C-C
bond formation from one-carbon functional groups: modeling study for
reductive coupling of carbon dioxide, Inorg. Chem. 20 (1981) 349e355;
(b) K. Kaleta, M. Ruhmann, O. Theilmann, T. Beweries, S. Roy, P. Arndt,
A. Villinger, E.D. Jemmis, A. Schulz, U. Rosenthal, Reactions of group 4 met-
allocene alkyne complexes with carbodiimides: experimental and theoretical
studies of the structure and bonding of five-membered hetero-metal-
lacycloallenes, J. Am. Chem. Soc. 133 (2011) 5463e5473;
(c) M. Haehnel, M. Ruhmann, O. Theilmann, T. Beweries, S. Roy, P. Arndt,
A. Villinger, E.D. Jemmis, A. Schulz, U. Rosenthal, Reactions of titanocene
bis(trimethylsilyl)acetylene complexes with carbodiimides: an experimental
and theoretical study of complexation versus C�N bond activation, J. Am.
Chem. Soc. 134 (2012) 15979e15991;
(d) B. Zheng, X. Zhang, G. Tang, L. Zhang, C. Pan, J. Xu, S. Shaoding, Neodymium
complex obtained from reductive-coupling of carbodiimide: synthesis and
structure of [(Cp00)2Nd(NR)2C-C(NR)2Nd(Cp00)2], Chem. Res. Chin. Univ. 31
(2015) 704e707.

[3] F. Yuan, Q. Shen, J. Sun, Reductive dimerization of phenyl isocyanate by
divalent samarium complex: synthesis and crystal structure of [(ArO)2(DME)
Sm]2[m-h4-(PhN)OCCO(NPh)].4THF (ArO ¼ 2,6-di-tertbutyl-4-
methylphenoxo), Polyhedron 17 (1998) 2009e2012.

[4] (a) O.P. Lam, F.W. Heinemann, K. Meyer, C-C bond formation through reduc-
tive coupling of CS2 to yield uranium tetrathiooxalate and ethyl-
enetetrathiolate complexes, Angew. Chem. Int. Ed. 50 (2011) 5965e5968;
(b) P.V. Broadhurst, B.F.G. Johnson, J. Lewis, P.R. Raithby, Reactions of CS2 with
metal cluster carbonyls of the iron triad: synthesis and X-ray crystal structure
of [ Fe4(CO)2(C2S4)], J. Chem. Soc., Chem. Commun. (1982) 140e141;
(c) H.A. Harris, A.D. Rae, L.F. Dahl, Titanium-Activated carbon-carbon bond
formation by reductive head-to-head coupling of carbon disulfide: synthesis
of [(h5-C5H5)2Ti]2(C2S4) and comparative analysis of this electron-delocalized
tetrathiolene-bridged dititanium complex with the electronically equivalent,
electron-localized oxalate and tetra-p-tolyloxalylamidine-bridged dititanium
complexes, J. Am. Chem. Soc. 109 (1987) 4739e4741.

[5] (a) S. Kitano, M. Yamauchi, S. Hata, R. Watanabe, M. Sadakiyo, Hydrogenation
of oxalic acid using light-assisted water electrolysis for the production of an
alcoholic compound, Green Chem. 18 (2016) 3700e3706;
(b) E. Feghali, O. Jacquet, P. Thu�ery, T. Cantat, Catalytic hydrosilylation of
oxalic acid: chemoselective formation of functionalized C2-products, Catal. Sci.
Technol. 4 (2014) 2230e2234;
(c) F. Zhao, F. Yan, Y. Qian, Y. Xu, C. Ma, Roughened TiO2 film electrodes for
electrocatalytic reduction of oxalic acid to glyoxylic acid, J. Electroanal. Chem.
698 (2013) 31e38;
(d) Y. Liu, J. Dingc, J. Bi, Y. Sun, J. Zhanga, K. Liu, F. Konge, H. Xiao, J. Chen, Effect
of Cu-doping on the structure and performance of molybdenumcarbide
catalyst for low-temperature hydrogenation of dimethyloxalate to ethanol,
Appl. Catal. Gen. 529 (2017) 143e155.

https://doi.org/10.1016/j.jorganchem.2019.06.027
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1e
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1e
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1e
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1e
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1e
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1f
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1f
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1f
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1f
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1f
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1f
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1g
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1h
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1h
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1h
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1h
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1h
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1i
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1i
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1i
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1i
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1i
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1i
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1j
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1j
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1j
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1j
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1k
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1l
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1l
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1l
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1l
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib1m
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib2d
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref1
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib4c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5d
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib5d


R.D. Adams et al. / Journal of Organometallic Chemistry 897 (2019) 89e9494
[6] P.O. Nubel, T.L. Brown, Photolysis of Re(CO) in the presence of simple olefins.
Thermal reactivity of (m-hydrido)(m-alkenyl)dirhenium octacarbonyl com-
pounds, J. Am. Chem. Soc. 106 (1984) 644e652.

[7] R.D. Adams, V. Rassolov, Y.O. Wong, Facile C-H bond formation by reductive
elimination at a dinuclear metal site, Angew. Chem. Int. Ed. 53 (2014)
11006e11009.

[8] (a) R.D. Adams, V. Rassolov, Y.O. Wong, Binuclear aromatic C-H bond activa-
tion at a dirhenium site, Angew. Chem. Int. Ed. 55 (2016) 1324e1327;
(b) R.D. Adams, P. Dhull, J.D. Tedder, Multiple aromatic C-H bond activations
by an unsaturated dirhenium carbonyl complex, Inorg. Chem. 58 (2019)
2109e2121;
(c) R.D. Adams, P. Dhull, J.D. Tedder, Multiple aromatic C-H bond activations
by a dirhenium carbonyl complex, Chem. Commun. 54 (2018) 3255e3257.

[9] (a) R.D. Adams, P. Dhull, M. Kaushal, M.D. Smith, Activation of heteroaromatic
C-H bonds in furan and 2,5-dimethylfuran, Inorg. Chem. 58 (2019)
6008e6015;
(b) R.D. Adams, P. Dhull, J.D. Tedder, Multiple C-H bond activations and ring-
opening C-S bond cleavage of thiophene by dirhenium carbonyl complexes,
Inorg. Chem. 57 (2018) 7957e7965.

[10] M.R. Churchill, K.N. Amoh, H.J. Wasserman, Redetermination of the crystal
structure of dimanganese decacarbonyl and determination of the crystal
structure of dirhenium decacarbonyl. Revised values for the Mn-Mn and Re-
Re bond lengths in Mn2(CO)10 and Re2(CO)10, Inorg. Chem. 20 (1981)
1609e1611.

[11] K.-W. Lee, W.T. Pennington, A.W. Cordes, T.L. Brown, Bridging phosphorus
ligand substituted dirhenium octacarbonyl compounds. Preparation and re-
actions with water and methanol, Organometallics 3 (1984) 404e413.

[12] (a) D.R. Card, T.L. Brown, Photochemical reaction of dirhenium decacarbonyl
with water, J. Am. Chem. Soc. 104 (1982) 6340e6347;
(b) M. Herberhold, G. Süss, J. Ellermann, H. Belein, Tetranuclear tricarbo-
nylrhenium complexes with oxygen-contaning bridging ligands, Chem. Ber.
Recueil 111 (1978) 2931e2941;
(c) B. Nuber, F. Oberdorfer, M.L. Ziegler, The structure of tetrakis(tricarbonyl-
m3-hydroxo-rhenium)-benzene (1:2), Acta Crystallogr. B37 (1981)
2062e2064.

[13] SAINTþ, Version 6, 2a; Bruker Analytical X-Ray System, Inc., Madison, WI,
2001.

[14] G.M. Sheldrick, SHELXTL, Version 6.1, Bruker Analytical X-ray Systems, Inc.,
Madison, WI, 1997.

http://refhub.elsevier.com/S0022-328X(19)30265-7/sref2
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref2
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref2
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref2
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref3
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref3
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref3
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref3
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib8c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib9a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib9a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib9a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib9a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib7b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib7b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib7b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib7b
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref4
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref5
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref5
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref5
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref5
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12a
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12b
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12c
http://refhub.elsevier.com/S0022-328X(19)30265-7/bib12c
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref6
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref6
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref6
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref7
http://refhub.elsevier.com/S0022-328X(19)30265-7/sref7

	Reductive coupling of diisopropylcarbodiimide by a dirhenium carbonyl complex
	1. Introduction
	2. Results and discussion
	3. Summary and conclusions
	4. Experimental details
	4.1. General data
	4.2. Reaction of Re2(CO)8(μ-H)[μ-η2-C(H)=C(H)Bun] with N,N′-Diisopropylcarbodiimide
	4.3. Reaction of 1 with N,N′-Diisopropylcarbodiimide
	4.4. Synthesis of 3 from reaction of 1 with H2O
	4.5. Thermal conversion of 3 to [Re(CO)3(μ3-OH]4
	4.6. Crystallographic analyses
	4.7. Computational analyses

	Notes
	Acknowledgements
	Appendix A. Supplementary data
	References


