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Conversion of Dinitrogen into Acetonitrile under Ambient Conditions
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Abstract: About 20 % of the ammonia production is used as
the chemical feedstock for nitrogen-containing chemicals.
However, while synthetic nitrogen fixation at ambient con-
ditions has had some groundbreaking contributions in recent
years, progress for the direct conversion of N, into organic
products remains limited and catalytic reactions are unknown.
Herein, the rhenium-mediated synthesis of acetonitrile using
dinitrogen and ethyl triflate is presented. A synthetic cycle in
three reaction steps with high individual isolated yields and
recovery of the rhenium pincer starting complex is shown. The
cycle comprises alkylation of a nitride that arises from N,
splitting and subsequent imido ligand centered oxidation to
nitrile via a 1-azavinylidene (ketimido) intermediate. Different
synthetic strategies for intra- and intermolecular imido ligand
oxidation and associated metal reduction were evaluated that
rely on simple proton, electron, and hydrogen-atom transfer
steps.

Synthetic nitrogen fixation at ambient conditions underwent
tremendous advances in the past years.!! Several molecular
catalysts for NH,-formation are known.”) Turn-over numbers
(TONS) over 60 currently define the most efficient system.”!
Similarly, catalytic N, silylation with large excess of ClSiMe;
and alkali reductants saw some remarkable progress, but
remains mechanistically less well defined.”) While the lion’s
share of ammonia is used for fertilizers, around 20 % serves as
feedstock for chemical synthesis, for example, of amines, nitro
compounds, or nitriles. However, catalysts for the direct
introduction of N, into organic products remain elusive and
even stoichiometric systems are scarce. Pioneering work
demonstrated transformations of coordinated N,, such as
four-electron reductions to hydrazido ligands with C-electro-
philes.”! But hydrazines apparently are less-promising syn-
thetic targets, owing to the weak N—N single bond. More
recent work evaluated pathways for E-N (E =C, Si, B) bond
formation accompanied by full N, splitting, for example, with
heterocummulenes,® CO, silyl,™! alkyl,”! or boryl groups.!”

According to thermochemical arguments, nitriles are
attractive targets as the formation of strong C=N bonds
(D°(HC=N) =937 kI mol™") facilitates offsetting the large N,
bond energy (941 kImol ').'"" Cummins and co-workers
reported elegant synthetic cycles for the six-electron trans-
formation of N, to nitriles mediated by Mo and Nb
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complexes.'” The routes start with initial dinitrogen split-
ting,”! followed by nitride acylation with silyltriflate and acyl
chloride. Subsequent stepwise three-electron reduction
requires further silyltriflate and Lewis acid (SnCl, or ZnCl,)
for oxygen removal with nitrile release in up to 38 % yield
over all five steps.'® In this synthetic scheme re-reduction of
the (formal) catalyst is a purely metal-centered process
(Scheme 1a).
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Scheme 1. Schematic pathways of nitrile synthesis after N,-splitting
and functionalization: Through nitride acylation established by Cum-
mins et al. (a)'?! or through nitride alkylation (b and c) evaluated
herein.

This work inspired us to evaluate new ways of N, into
nitrile conversion, which rely on intramolecular electron
transfer: The interconversion of imido and nitrile ligands via
1-azavinylidenes (or ketimides) by simple double de/proto-
nation (Scheme 1b) was previously reported, but not applied
to N, fixation.'"¥! Importantly, both deprotonation steps are
associated with formal metal/ligand two-electron redox steps
offering new strategies for metal reduction within a (pseudo)-
catalytic N, functionalization cycle (Schemes 1b/c). Follow-
ing these strategies, we herein report several routes for the
conversion of N, into acetonitrile via rhenium-mediated N,
splitting, nitride alkylation, and ligand oxidation leading up to
a synthetic cycle in three steps in over 50 % yield per cycle.

We recently reported dinitrogen splitting upon reduction
of rhenium(IIl) pincer complex [ReCL(PNP)] (1, PNP=
N(CH,CH,PrBu,),) with Na/Hg or CoCp*, and methylation
of the resulting rhenium(V) nitride [Re(N)CI(PNP)] (2) to
methylimido complex 3a (Scheme 2).*! In analogy, the
ethylimido complex 3b is obtained upon reaction of nitride
2 with ethyl triflate in essentially quantitative isolated yield."
The NMR spectroscopic features of 3b are close to 3a,
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Ethylimide 3b is deprotonated quantitatively with KN-
(SiMe;), giving the red-brown 1-azavinylidene rhenium(TIT) b) ) e
complex [Re(N=CHCH;)CI(PNP)] (4; Scheme 3).'¥! The (‘/\
synthesis of 4 can also be carried out as a one-pot reaction s g0
directly from 2 by successive ethylation and deprotonation in N2 .
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Scheme 3. Synthesis of acetonitrile upon double deprotonation of N,-
derived ethylimide 3b.

benzene with almost quantitative spectroscopic and over
80% isolated yield. Spectroscopic characterization of com-
plex 4 indicates the presence of two isomers in about 60:40
ratio with diagnostic 'H, *C, and "N NMR signals for the
azavinylidene ligands, respectively.'® This observation is in
line with the formation of two stereoisomers as a result of
hindered 1-azavinylidene rotation about the Re=N and N=C
double bonds owing to strong Re —N back bonding. The N=C
double bond stretching vibration of the ketimide can be
assigned to a weak band in the vibrational spectrum at
1594 cm™"', which shifts by 22 cm™! upon “N-labelling.

The structural assignment of 4 is confirmed by single-
crystal X-ray diffraction (Figure 1a). The coordination geom-
etry around the rhenium ion is close to that in the methyl
imide 3a™ and all N-Re-N and N-Re-Cl bond angles of the
two structures are the same within 5°. However, the almost
linear Re-N-C moiety of 4 exhibits considerably longer Re—N
(Ad=+0.12 A) and shorter C-N (Ad = —0.17 A) bonds than
3a, in line with the changes in Re—N and C—N bond orders
and with the only other structurally characterized rhenium 1-
azavinylidene complex reported.!'”)

The ketimido complex 4 can be further deprotonated if
the resulting rhenium(I) ion is stabilized by strong st-acceptor
ligands. For example, the reaction of 4 with KN(SiMe;), and
tert-butylisonitrile (2 equiv) gives the bis-isonitrile complex
[Re(CNtBu),(PNP)] (5) in almost quantitative yield with
concomitant release of acetonitrile (Scheme 3).1! While 5 has
C,, symmetry in solution on the NMR time-scale, in the
crystal (Figure 1b) this compound features one strongly bent
isonitrile ligand (C26-N3-C27: 134.2(4)°) while the other
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Figure 1. Molecular structures of complexes 4 (a), 5 (b), and 7 (c)
derived by single-crystal X-ray diffraction. ORTEP plots with anisotropic
displacement parameters set at 50% probability. Hydrogen atoms
except for the azavinylidene ligand are omitted for clarity. Selected
bond lengths [A] and angles [°]: 4: Re1-N1 1.948(5), Re1-N2 1.822(4),
Re1—Cl1 2.3962(14), N2-C20 1.273(7), C20-C21 1.489(10); N1-Rel1-N2
120.5(2), N1-Rel1-CI1 135.07(15), N2-Re1-Cl1 104.39(16), P1-Re1-P2
162.01(5), Re1-N2-C20 174.3(5), N2-C20-C21 125.7(7). 5: Re1-N1
2.028(3), Re1-C21 1.937(4), Re1-C26 1.906(4), C21-N2 1.181(6), C26-
N3 1.222(5); N1-Re1-C21 131.76(15), N1-Re1-C26 140.30(15), Rel-
C21-N2 171.9(4), Re1-C26-N3 168.9(3), C21-N2-C22 168.7(5), C26-N3-
€27 134.2(4). 7: Re1-N1 1.9038(16), Re1-Cl1 2.3893(5), Re1—-Cl2
2.4024(5), Re1-CI3 2.3700(5); N1-Re1-Cl1 91.50(5), N1-Re1-Cl2 178.69-
(5), N1-Re1-CI3 91.59(5), P1-Re1-P2 160.046(16), Cl1-Re1-Cl2 88.090-
(17), Cl1-Re1-CI3 176.471(16).

isonitrile remains almost linear (C21-N2-C22: 168.7(5)°).
Such a strong bending is rare and indicates an unusually
high degree of Re —C m-back bonding as a consequence of
the electron-rich nature of the {Re'(PNP)} fragment."
Accordingly, the C26-N3 bond (1.222(5) A) of the bent

www.angewandte.org

An dte

Chemie

4787


http://www.angewandte.org

GDCh
~—

4788

isonitrile is considerably longer than in the linear isonitrile
moiety (C21-N2: 1.181(6) A). The electronic asymmetry is
also resolved in the IR spectrum, which features bands in two
regions at around 1960 cm™' and 1760 cm™', respectively,
assignable to the linear and bent isonitriles." The low-energy
stretching mode reflects the strongly reduced character of the
bent isonitrile. Both bands are split into two, respectively,
which can be rationalized with conformational isomers, as was
previously reported for complexes with mixed linear/bent
isonitriles.!"!

Hence, intramolecular four-electron charge transfer from
the ethylimido ligand to the metal by double deprotonation
(Scheme 1b) is in fact feasible if the electron-rich {Re(PNP)}
fragment is trapped by m-accepting ligands, such as isonitriles.
However, regeneration of parent 1 on this route was
unsuccessful, so far. Therefore, conversion of 4 by oxidative
functionalization of the azavinylidene ligand was examined.
Cyclic voltammetry (CV) reveals reversible oxidation of 4 at
low potential (E,=—0.58 V) and an irreversible oxidation
wave beyond + 0.6 V.'¥! Accordingly, chemical oxidation with
one equivalent of AgPF, in CH,Cl, results in the formation of
a red, paramagnetic product.®’ While this compound could
not be isolated because of its slow degradation, in situ
hydrogen-atom transfer (HAT) with 2.4,6-tri-tert-butylphe-
noxy radical (after preceding oxidation of 4 with AgOTf)
gives the vinylimido complex [Re(N-CH=CH,)CI(PNP)]" (6)
in spectroscopic yields beyond 80% (Scheme 4).1'! The vinyl
substituent in 6 is unequivocally identified by its '"H NMR
signature,'®! while the signals for the pincer ligand exhibit
only small differences from those of the imido and ketimido
complexes 3a/b and 4. Notably, without preceding oxidation
of 4 (with AgPF, or AgOTf) no reaction is observed with
2,4,6-tri-tert-butylphenoxy radical.

o _CHs H, ,CH: oTf
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N N DBU Bu
1. AgOTf LiCl 2
//;” PBU2 5 0T tBuH, rIeBY 50, Lo
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Scheme 4. Synthesis of acetonitrile upon oxidation of N,-derived
ketimide 4.

Hence, formal hydride abstraction from 4 by stepwise
one-electron oxidation and subsequent HAT favors the
formation of an unusual rhenium(V) vinyl imide over the
rhenium(III) acetonitrile tautomer. This observation again
emphasizes the distinct tendency of the electron-rich {ReCl-
(PNP)} core for M—N back bonding. However, the nitrile
isomer [Re(NCMe)CI(PNP)]" was computed to exhibit
a triplet ground state that lies only around AG’=
16 kImol ™! higher than 6. This result suggests that aceto-
nitrile elimination might be accessible on the rhenium(III)
stage by trapping of the {ReCI(PNP)}* fragment. Accord-
ingly, the reaction of 6 with LiCl, crown ether (12-cr-4) and
substoichiometric amounts of 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) results in formation of parent 1 and acetonitrile
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(Scheme 4), closing a full synthetic cycle.""! Without DBU no
reaction is observed and the non-nucleophilic base presum-
ably facilitates proton transfer for vinyl-group tautomeriza-
tion. Albeit the spectroscopic yield in 1 and MeCN is only
around 30% (internal 'H NMR standard naphthalene)
besides several other unidentified products, these results
define the requirements for oxidative acetonitrile release
from 4: A two-electron oxidant and a base for formal hydride
removal in combination with a chloride source to stabilize
rhenium(I1I).

To raise the overall yield of the synthetic cycle, several
reagents were screened that fulfill the aforementioned
requirements. For example, 4 reacts with a mixture of CuCl,
(2 equiv) and DBU (1 equiv) to give 1 in around 20%
spectroscopic yield (*'P NMR). However, best results were
obtained with N-chlorosuccinimide (NCS). Reaction of 4 with
2 equiv NCS (Scheme 5) gives free acetonitrile in over 90 %

N
rm PBu;
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1. EtOTf
’Buz 2. KN(SiMej3),
Na/Hg 81%
70%
No
ﬁ
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Scheme 5. Most efficient synthetic cycle for acetonitrile synthesis from
N,.

yield by 'TH NMR (internal standard hexamethylbenzene).!'"!
Besides that, rhenium(IV) complex [ReCl;(PNP)] (7) is
obtained almost quantitatively according to comparison of
the "H NMR (y(tBu) = 10.7 ppm) and UV/Vis spectra with
an authentic sample. Complex 7 was independently prepared
by oxidation of 1 with 1 equivalent NCS and fully charac-
terized." Determination of the molecular structure by
single-crystal X-ray diffraction (Figure 1¢) reveals octahe-
drally coordinated rhenium with some distortion mainly
arising from the pincer bite angle. The magnetic moment in
solution at room temperature from Evans’ method (1.5 pg) is
in agreement with a d* low-spin configuration resulting from
the strong pincer m-donation and some orbital contribution to
the magnetic moment that leads to reduction of the magnetic
moment with respect to the spin-only value. The facile
synthesis of rhenium(IV) complex 7 from parent rhenium-
(TIT) dichloride 1 and NCS (1 equiv)'® indicates that 1 could
in fact be an intermediate in the oxidation of 4 with NCS.

Finally, the synthetic cycle could be closed by reduction of
7 with Na/Hg (2 equiv) under dinitrogen (1 bar) at room
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temperature (Scheme 5).'! The nitride 2 is obtained in over
70 % spectroscopic yield. This full cycle of N, conversion into
acetonitrile was further confirmed with a "N-labeled sample
producing "N labeled acetonitrile. The reaction of 7 with only
one equivalent of reductant (CoCp*,) under argon quantita-
tively gives complex 1 as determined by 'H and *P NMR
spectroscopy,!'®! indicating that N,-splitting starting from 7
might also pass through rhenium(III) complex 1 as an
intermediate.

In summary, a new route for the pseudo-catalytic synthesis
of acetonitrile is presented directly utilizing N, and ethyl
triflate as N- and C-sources, respectively. The best synthetic
cycle is composed of three simple reaction steps with 52 %
overall yield. The present results describe a new strategy for
dinitrogen functionalization to valuable chemicals beyond
ammonia. Besides the thermochemical attractiveness of
forming C=N triple bonds after N, splitting, this work also
offers mechanistic implications regarding the restoration of
low-valent rhenium after N, splitting. We demonstrate that
the alkylimide to nitrile ligand oxidation can be partially
coupled with metal re-reduction. Such proton-coupled metal—
ligand redox processes are therefore of particular relevance
for future efforts to design truly (electro-)catalytic variants of
N, transformation to organic compounds.

Acknowledgements

We are grateful to the European Research Council (ERC
Grant Agreement 646747) for funding.

Keywords: acetonitrile - nitrogen fixation - pincer ligands -
rhenium - small-molecule activation

How to cite: Angew. Chem. Int. Ed. 2016, 55, 4786—-4789
Angew. Chem. 2016, 128, 4864—4867

[1] H.-P. Jia, E. W. Quadrelli, Chem. Soc. Rev. 2014, 43, 547 -564.

[2] a) C. V. Yandulov, R.R. Schrock, Science 2003, 301, 76-78;
b) K. Arashiba, Y. Miyake, Y. Nishibayashi, Nat. Chem. 2011, 3,
120-125; ¢) J. S. Anderson, J. Rittle, J. C. Peters, Nature 2013,
501,84-88;d) G. Ung, J. C. Peters, Angew. Chem. Int. Ed. 2015,
54,532-535; Angew. Chem. 2015, 127, 542 —545.

[3] K. Arashiba, E. Kinoshita, S. Kuriyama, A. FEizawa, K.
Nakajima, H. Tanaka, K. Yoshizawa, Y. Miyake, Y. Nishibayashi,
J. Am. Chem. Soc. 2015, 137, 5666 —5669.

Communications

Internati

[4] R.B. Siedschlag, V. Bernales, K. D. Vogiatzis, N. Planas, L. J.
Clouston, E. Bill, L. Gagliardi, C. C. Lu, J. Am. Chem. Soc. 2015,
137, 4638 —4641.

[5] a) M. Hidai, Coord. Chem. Rev. 1999, 185-186,99-108;b) M. P.
Shaver, M. D. Fryzuk, Adv. Synth. Catal. 2003, 345, 1061 -1076.

[6] a) W. H. Bernskoetter, A. V. Olmos, J. A. Pool, E. Lobkovsky,
P. J. Chirik, J. Am. Chem. Soc. 2006, 128, 10696 —-10697; b) W. H.
Bernskoetter, E. Lobkovsky, P. J. Chirik, Angew. Chem. Int. Ed.
2007, 46, 2858-2861; Angew. Chem. 2007, 119, 2916-2919;
¢) D. J. Knobloch, H. E. Toomey, P. J. Chirik, J. Am. Chem. Soc.
2008, 130, 4248 -4249; d) A. J. Keane, W. S. Farrell, B. L. Yonke,
P. Y. Zavalij, L. R. Sita, Angew. Chem. Int. Ed. 2015, 54, 10220—
10224; Angew. Chem. 2015, 127, 10358 -10362.

[7] a) D. J. Knobloch, E. Lobkovsky, P. J. Chirik, Nat. Chem. 2010, 2,

30-35;b) Y. Ishida, H. Kawaguchi, J. Am. Chem. Soc. 2014, 136,

16990-16993.

a) M. D. Fryzuk, C. M. Kozak, M. R. Bowdridge, B. O. Patrick,

S. J. Rettig, J. Am. Chem. Soc. 2002, 124, 8389-8397; b) M. D.

Fryzuk, B. A. MacKay, B. O. Patrick, J. Am. Chem. Soc. 2003,

125,3234-3235; c) M. Hirotsu, P. P. Fontaine, P. Y. Zavalij, L. R.

Sita, J. Am. Chem. Soc. 2007, 129, 12690-12692; d) M. Hirotsu,

P.P. Fontaine, A. Epshteyn, P. Y. Zavalij, L. R. Sita, J. Am.

Chem. Soc. 2007, 129, 9284-9285; ¢) G. B. Nikiforov, 1. Vidyar-

atne, S. Gambarotta, I. Korobkov, Angew. Chem. Int. Ed. 2009,

48, 7415-7419; Angew. Chem. 2009, 121, 7551 -7555.

a) F. Akagi, T. Matsuo, H. Kawaguchi, Angew. Chem. Int. Ed.

2007, 46, 8778-8781; Angew. Chem. 2007, 119, 8934—8937,

b) J. J. Curley, A.F. Cozzolino, C. C. Cummins, Dalton Trans.

2011, 40, 2429 -2432.

[10] M. D. Fryzuk, B. A. MacKay, S. A. Johnson, B. O. Patrick,
Angew. Chem. Int. Ed. 2002, 41, 3709-3712; Angew. Chem.
2002, 114, 3861 -3864.

[11] S. W. Benson, J. Chem. Educ. 1965, 42, 502 -518.

[12] a)J. S. Figueroa, N. A. Piro, C. R. Clough, C. C. Cummins, J. Am.
Chem. Soc. 2006, 128, 940-950; b) J. J. Curley, E. L. Sceats, C. C.
Cummins, J. Am. Chem. Soc. 2006, 128, 14036 —14037.

[13] C.E. Laplaza, C. C. Cummins, Science 1995, 268, 861 —863.

[14] a) V. Y. Kukushkin, A.J. L. Pombeiro, Chem. Rev. 2002, 102,
1771-1802; b) C. Sivasankar, F. Tuczek, Dalton Trans. 2000,
3396 -3398.

[15] I. Klopsch, M. Finger, C. Wiirtele, B. Milde, D. B. Werz, S.
Schneider, J. Am. Chem. Soc. 2014, 136, 6881 —6883.

[16] See Supporting Information for synthetic, spectroscopic, crys-
tallographic and computational details.

[17] M. E. C. Guedes da Silva, J. J. R. Fradsto da Silva, A. J. L. Pom-
beiro, Inorg. Chem. 2002, 41, 219-228.

[18] S. P. Semproni, W. S. McNeil, R. A. Baillie, B. O. Patrick, C. F.
Campana, P. Legzdins, Organometallics 2010, 29, 867 —875.

[8

—_

[9

—

Received: January 23, 2016
Published online: March 7, 2016

Angew. Chem. Int. Ed. 2016, 55, 4786 —4789

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

4789


http://dx.doi.org/10.1039/C3CS60206K
http://dx.doi.org/10.1126/science.1085326
http://dx.doi.org/10.1038/nchem.906
http://dx.doi.org/10.1038/nchem.906
http://dx.doi.org/10.1038/nature12435
http://dx.doi.org/10.1038/nature12435
http://dx.doi.org/10.1002/ange.201409454
http://dx.doi.org/10.1021/jacs.5b02579
http://dx.doi.org/10.1021/jacs.5b01445
http://dx.doi.org/10.1021/jacs.5b01445
http://dx.doi.org/10.1016/S0010-8545(98)00250-1
http://dx.doi.org/10.1002/adsc.200303081
http://dx.doi.org/10.1021/ja064163k
http://dx.doi.org/10.1002/anie.200604099
http://dx.doi.org/10.1002/anie.200604099
http://dx.doi.org/10.1002/ange.200604099
http://dx.doi.org/10.1021/ja8008506
http://dx.doi.org/10.1021/ja8008506
http://dx.doi.org/10.1002/anie.201502293
http://dx.doi.org/10.1002/anie.201502293
http://dx.doi.org/10.1002/ange.201502293
http://dx.doi.org/10.1038/nchem.477
http://dx.doi.org/10.1038/nchem.477
http://dx.doi.org/10.1021/ja510317h
http://dx.doi.org/10.1021/ja510317h
http://dx.doi.org/10.1021/ja025997f
http://dx.doi.org/10.1021/ja034303f
http://dx.doi.org/10.1021/ja034303f
http://dx.doi.org/10.1021/ja0752989
http://dx.doi.org/10.1021/ja072248v
http://dx.doi.org/10.1021/ja072248v
http://dx.doi.org/10.1002/anie.200903648
http://dx.doi.org/10.1002/anie.200903648
http://dx.doi.org/10.1002/ange.200903648
http://dx.doi.org/10.1002/anie.200703336
http://dx.doi.org/10.1002/anie.200703336
http://dx.doi.org/10.1002/ange.200703336
http://dx.doi.org/10.1039/c0dt01326a
http://dx.doi.org/10.1039/c0dt01326a
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3709::AID-ANIE3709%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3861::AID-ANGE3861%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3861::AID-ANGE3861%3E3.0.CO;2-4
http://dx.doi.org/10.1021/ed042p502
http://dx.doi.org/10.1021/ja056408j
http://dx.doi.org/10.1021/ja056408j
http://dx.doi.org/10.1021/ja066090a
http://dx.doi.org/10.1126/science.268.5212.861
http://dx.doi.org/10.1021/cr0103266
http://dx.doi.org/10.1021/cr0103266
http://dx.doi.org/10.1039/b602038k
http://dx.doi.org/10.1039/b602038k
http://dx.doi.org/10.1021/ja502759d
http://dx.doi.org/10.1021/ic010841m
http://dx.doi.org/10.1021/om901018n
http://www.angewandte.org

