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Carbon disulfide binding at dinuclear and mononuclear nickel complexes
ligated by a redox-active ligand: iminopyridine serving as an accumulator
of redox equivalents for the activation of heteroallenes
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The dinuclear complex Nile(nz-CSZ)z (2), featuring iminopyridine
ligation, is prepared by COD substitution from Ni,L'(COD), (1).
Spectroscopic, structural, and theoretical data reveals significant
activation of the metal-bound C—S bonds, as well as the different
oxidation states of the iminopyridine in 1 (1—) and 2 (0).

Contemporary interest in the chemistry of carbon dioxide is
motivated by its detrimental environmental effects combined with
a potential to serve as an inexpensive and plentiful C; building
block in the synthesis of chemicals or fuels.'? Development of the
basic chemistry of carbon dioxide is impeded by its low reactivity
with metal centers.** Carbon disulfide is a useful model for
carbon dioxide reactivity: it is a liquid, it is slightly more reactive,
and it often displays similar binding and activation modes.>”
Thus, carbon disulfide chemistry can help shed light on the
chemistry of its relatively unreactive congener.

Dinuclear metal complexes tailored for cooperative reactivity'®
present a promising strategy towards activation of small molecules,
in particular carbon dioxide.!! Our synthetic endeavors are focused
on the preparation and reactivity studies of dimetallic platforms
featuring redox-active chelating units with carbon dioxide and
related heteroallenes. We have recently reported dinuclear
complexes of Ni(0) with flexible bis(iminopyridine) ligands.'?
The coordination chemistry of these ligands was found
to depend on the imino-carbon atom substituent. For the
H-substituent, dinuclear complex Ni,L'(COD), (1) was obtained,
whereas a Me-imino carbon atom substituent led to the formation
of bis(homoleptic) complexes of (NiL?), constitution. Herein, we
report the synthesis and the characterization of the dinuclear
Nile(CSZ)z complex obtained by reaction of 1 and CS,, and
compare it with its mononuclear analogue.

Treatment of a blue-violet THF solution of 1 with two
equivalents of carbon disulfide results in an immediate color
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change to purple-brown and precipitate formation. Unlike 1,
Ni,L'(CS,) (2, Fig. 1) has poor solubility in THF, enabling its
easy isolation in high yield as a dark purple solid.f Compound
2 has modest solubility in DMF or DMSO. The 'H NMR
spectrum of 2 is consistent with two identical iminopyridine
units. We prepared a '*C-enriched (99% '*C) sample of 2 and
collected its '*C{'H} NMR spectrum. The '*CS, signal of 2
appears at 268 ppm (see Fig. S3 in the ESIY), indicating its
substantial activation.”’ The IR spectrum of Ni,L! (CS»),
shows two prominent signals at ca. 1138 cm ™" and 648 cm™"
that shift to 1095 cm™' and 633 cm™' upon substitution by
13CS, (Fig. $24-S27, ESI+). These signals are assigned as C=S
and C-S stretches, respectively.”!* ESI-MS displays a molecular
ion peak at m/z = 581.8, and the signal attributed to CS; loss is
observed at m/z = 505.9 (Fig. S22 and S23, ESI+).
Metal-assisted activation of CS, has often resulted in its
further reactivity, culminating in disproportionation or C—C
coupling.>*'* Compound 2 is sparingly soluble, can be isolated in
high yield, and demonstrates no decomposition in solution over 24
hours as judged by its "H NMR spectrum. We have also prepared
a mononuclear analogue of 2, compound 4. Compound 4 was
obtained by the reaction of 3 (prepared from N-benzylimino-
pyridine'® and Ni(COD),, see ESI¥ for details) with 1 equiv. of
CS,. Spectroscopic data for 3 and 4 are similar to the spectro-
scopic data for 1 and 2 (Fig. S4-S6, ESI{). Compound 4 has
significantly higher solubility in THF, DMF and DMSO.
Surprisingly, 4 is not stable in solution for prolonged periods
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Fig. 1 Reactivity of 1 and 3 with CS,.
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Fig. 2 (a): X-ray structure of 2; (b): X-ray structure of 3. (¢): X-ray
structure of 4. The structures are drawn with 50% probability
ellipsoids. Relevant bond distances are shown. The structure of 4
contains two crystallographically independent molecules showing
different CS bond metrics.

of time, undergoing facile decomposition to unidentified products,
as evidenced by 'H NMR spectroscopy (see ESIY).

2 can be recrystallized from DMSO-cther. The X-ray
structure of Ni,L'(CS,), is presented in Fig. 2.§ This structure
is one of the few examples of a group 10 carbon-disulfide
complex.>*%'® The first example, Pt(PPhs),(CS,), was reported
by Wilkinson and coworkers,'® and the structure of
Ni(dtbpe)(CS,) (dtbpe = 1,2-bis(di-zert-butylphosphino)-
ethane) was recently reported by Hillhouse and co-workers.’
The structures of 2 and 4 provide the first examples involving a
non-phosphine ligated group 10 metal CS, complex. The
metal coordination geometry is nearly square-planar. Side-on
coordination of CS, leads to a significant difference in the
bound vs. unbound CS, bonds (C3-S2 = 1.59(1) A,
C3-S1 = 1.70(1) A). Inspection of the relevant C—C bonds in
the imino-pyridine ligand backbone (C1-C2 = 1.45(1) A;
C1-N1 = 1.27(1) A) reveals fully oxidized iminopyridine
ligand. The structure of the mononuclear analogue 49 (ESIY)
confirms the overall structural features of CS, ligation and the
iminopyridine ligand redox state. The unit cell contains two
independent molecules of 4 (4a and 4b) showing a variability in
the C-S/C=S metrics: 1.69(1)/1.62(1) A are observed for 4a
and 1.74(1)/1.55(1) A are detected for 4b. However, relevant
iminopyridine metrics are almost identical for 4a, 4b and 2, and
are consistent with the fully oxidized iminopyridine: C1-C2 =
1.47(1) A; C1-N1 = 1.27(1) A for 4a and C1-C2 = 1.45(1) A;
C1-N1 = 1.27(1) A for 4b. Density functional theory calcula-
tions for 4| are consistent with C-S/C=S bond lengths of
1.706/1.634 A and iminopyridine metrics of C1-C2 = 1.458 A
and CI-N1 = 1.303 A. Unlike the electronic structure we
reported for the iminopyridine/COD and bis(iminopyridine)
complexes,'? 4 has Ni'' and an oxidized iminopyridine ligand
as evidenced by the orbital diagram in Fig. 3 (the electronic
structure for the dinickel complex 2 is the same as for the
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Fig. 3 Frontier orbital diagram of 4. Doubly occupied and unoccupied
orbitals represented by bold and normal lines, respectively.

mononickel complex 4 and is presented in the ESI} in Fig. S28).
The LUMO (81) shows the completely unoccupied ©* orbital of
the iminopyridine ligand, and the LUMO + 3 (84) shows the
antibonding orbital between Ni-d,2 ,2 and the activated CS,. In
addition, there are two doubly occupied orbitals, 78 and 80,
which correspond to in- and out-of-phase combinations
between d.. and a sulfur p-orbital and therefore only count as
one metal-based orbital, confirming the Ni'! oxidation state. We
were not able to able to obtain the structure of 1, however, we
crystallized its mononuclear analogue, 3 (Fig. 2).** A comparison
between the structures of 2/4a/4b and 3 is instructive: whereas in
the CS, complex the iminopyridine chelate is fully oxidized, in 3 it
is in (1-) state (C1-C2 = 142(1) A, CI-N1 = 1.31(1) A),
consistent with the electronic structure of 3 that we reported
earlier. The iminopyridine chelate serves as a redox accumulator,
storing the electrons in the iminopyridine backbone in 1 and
transferring them to CS, in 2. Related metal-mediated
transformations (including atom and group transfer and
bond activation) enabled by the redox-active nature of the
iminopyridine ligands have been recently reported.'” ! The
properties and reactivity of redox-active nitrogen-based ligands
has been recently reviewed.?

We have carried out preliminary reactivity studies involving
2. Treatment of 2 with PPh; at RT for 24 h does not lead to
S-atom transfer to the phosphine (Fig. S19 and S20, ESIY).
Treatment of *C-labelled 2 (2-'*CS,) with unlabelled CS, has
resulted in exchange, forming free '*CS, (192 ppm in DMSO-dg)
and 2-CS, (no '*C NMR signal at 268 ppm). Cyclic voltammetry of
2 has demonstrated several irreversible features, most notably an
irreversible oxidation around —0.25 V (vs. FeCp,/FeCp, ", see
Fig. S29, ESI}). For comparison, this feature was absent in the
voltammogram of 1 (Fig. S30, ESIt). The presence of this oxidation
wave prompted us to investigate chemical oxidation of 2.
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Treatment of a deep-purple solution of 2 in DMSO-dg with
2 equiv. of [FeCp,](PFg) led to an immediate color change to
yellow, followed by a slow decay to purple. "H NMR of the
resulting solution indicated formation of FeCp,, along with a
trace amount of 2. Formation of free '*CS, was observed by
13C NMR spectrum. Addition of two more equivalents of
[FeCp,](PFg) has led to a significant increase in the free '*CS,
as indicated by '*C NMR spectrum. Based on these experi-
ments, we propose that the oxidation of 2 releases CS, instead
of its functionalization. Compound 4 displays similar behavior,
releasing CS, upon treatment with [FeCp,](PF).

In summary, we report synthesis and characterization of the
dinuclear L'Nix(CS,)> complex featuring square planar Ni
centers ligated by iminopyridine chelates. Spectroscopic,
theoretical and structural investigation of the dinuclear CS,
complex 2 and its mononuclear analogue 4, and their COD-
ligated counterparts 1 and 3, reveal that the iminopyridine
serves as a redox accumulator, moderating redox changes in
Ni upon binding of a heteroallene. Our preliminary experi-
ments targeting oxidative modification of bound CS, have
resulted in CS, release in both 2 and 4. We are currently
preparing related CO, complexes, and investigating their
reactivity. In addition, other dinucleating ligands are being
designed, to enable more reactive heteroallene adducts.

We thank Wayne State University for funding. SG thanks
Prof. H. B. Schlegel for helpful discussions. AB thanks Bashar
Ksebati and Lew Hryhorczuk for the experimental assistance.
The computational resources were provided by the WSU Grid.

Notes and references

I Synthesis of 2. A 1.5 M THEF solution of CS, (0.15 mL, 0.231 mmol)
was added to a 5 mL violet-blue THF solution of Ni,(L')(COD),
(1, 75 mg, 0.115 mmol). A precipitate was obtained after the addition
of CS,. The reaction was stirred for 15 min, and the solid was
separated from the reaction mixture and washed with ether. Removal
of the supernatant followed by drying resulted a purple brown solid
(60 mg, 88%). The '*C-labeled sample was prepared in an identical
fashion. "H NMR (DMSO-ds, 400 MHz) & 9.44 (d, J = 4.8, 2H),
8.90 (s, 2H), 8.23 (t, J = 7.6 Hz, 2H), 7.96 (d, J = 8.0, 2H), 7.90
(t, J = 6.4, 2H), 7.51 (s, 4H), 5.23 (s, 4H); 3C NMR (DMSO-d,,
75 MHz) 6 267.87 (**CS,). MS (ESI) calcd for [Ni,(L')(CS,),] " 581.9,
found 581.8; [Niy(L")(CS,)] " 505.9, found 505.8. IR (cm ™', 12CS/'*CS
signals): 1138/1095 (s), 648/633 (s). Anal. calcd for CooH gN4NiySy: C,
45.24; H, 3.11; N, 9.59. Found: C, 44.97; H, 3.27 N, 9.32.

§ Crystal data for 2. C;jHoNLNiS,, M = 292.03, monochmc space
group P2y/n, a = 7.2464(7) A b = 10. 7305(9) A c = 14 446(1) A
B = 94.265(5)°, V = 1120.14(17) A, D, = 1732gcm VZ =4 =
2.073 mm~', T = 100(2), 1920 unique reflections, RI(I > 20(0) =
0.0695, wRy(I > 20(I)) = 0.1731, GOF = 1071

9 Crystal data for 4. Cy3H»Ny4NixSs, M = 662.17, triclinic, space
group P1, a = 8.7358(7) A, b = 9.5434(7) A, ¢ = 17. OO8(1)A o =
98.210(5)°, B = 98.742(5)°, v = 96.563(5)°, V = 1373.60(19) A, D, =
1.601 g em ', Z = 2, u = 1701 mm~), T = 100(2), 5945 unique
reflections, Ry(I > 2a(I)) = 0.0712, wRy(I > 206(I)) = 0.2004, GOF =
1.030.

| See ESIft for calculations details.

** Crystal data for 3. C;Ho4NoNi, M = 363.13, monoclinic, space
group C2/c, a = 25 286(3)A b="1. 3278(6)A ¢ = 21 348(2) A, p=
120.423(8)°, V = 3411.06) A, D. = 14l4 gem™, Z = 8, u =
1.141 mm’l, T = 100(2), 6713 unique reflections, Rl(l > 2a(]) =
0.0258, wRy(I > 20(1)) = 0.0710, GOF = 1.046.
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