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A four-coordinate thionitrosyl complex of vanadium†

Ba L. Tran, Rick Thompson, Soumya Ghosh, Xinfeng Gao, Chun-Hsing Chen,
Mu-Hyun Baik and Daniel J. Mindiola*

Addition of elemental sulfur to the vanadium nitride [(nacnac)VRRR

N(OAr)] forms the first thionitrosyl complex of vanadium, [(nacnac)-

V(NS)(OAr)]. Single crystal X-Ray diffraction studies and DFT calculations

reveal an almost linear thionitrosyl ligand resulting from an extended

p-resonance across the VNS moiety.

Transition metal thionitrosyls are significantly less prevalent
than the corresponding nitrosyl derivatives due to the lack of
suitable reagents capable of generating or transferring the NS
fragment.1,2 To date, the only example of a 3d transition metal
thionitrosyl, [(Z5-C5H5)Cr(CO)2(NS)], was reported by Legzdins
and co-workers over 30 years ago using the reagent S3N3Cl3.3 In
some cases, thionitrosyls are generated from electrophilic
nitrides [LnMRN] (M = Ru, Os)4–7 using elemental sulfur or
by using other S-atom transfer reagents such as Na2S2O3.8 In
fact, over three decades ago, Chatt and co-workers isolated the
first thionitrosyl complexes [(SN)Mo(S2CNR2)3] from the reaction
of [NRMo(S2CNR2)3] (R = Me, Et, Pentyl) with S8 or propylene
sulfide.2 Although nitride complexes serve as important precursors
for the synthesis of thionitrosyl complexes, the reactivity of 3d
transition metal nitrides (especially early transition metals)
towards S8 has not been widely investigated. Consequently, reports
of structurally characterized early transition metal thionitrosyl
complexes are rare compared to thionitrosyl complexes featuring
4d and 5d late transition metals.2,9–17 We sought to isolate such
species directly from a vanadium nitride and elemental sulfur and
chose the vanadium nitride [(nacnac)VRN(OAr)]18 (nacnac� =
[ArNC(CH3)]2CH, Ar = 2,6-iPr2C6H3), since the metal is in a low-
coordinate environment, and the nitride ligand that is formally in
a V(V)RN(3�) should be charge-polarized enough to act as a strong
nucleophile attacking sulfur. In this work we describe the first
vanadium thionitrosyl, which is characterized by a wide array of
spectroscopic methods (including the 15N enriched isotopologue),

and single crystal X-ray diffraction studies. In addition, the
vanadium thionitrosyl bonding pattern and its VNS asymmetric
stretch are examined by DFT calculations. Lastly, we also demon-
strate that this species delivers the S-atom to PPh3 without any
evidence of V–NQPPh3 bond formation.

The addition of solid S8 to a yellow-brown solution of
(nacnac)VRN(OAr) in diethyl ether gradually produced a dark
green-colored medium after stirring for six hours at ambient
temperature. Workup of the reaction mixture afforded dark
green crystals of a new complex, [(nacnac)V(NS)(OAr)] (1),
isolated in 53% yield and characterized based on a combi-
nation of spectroscopic assessment techniques, combustion
analysis, and a solid-state structure (eqn (1)).19 The 1H and
13C NMR spectra of 1 reveals a diamagnetic Cs symmetric
system resulting from the Ar groups of the nacnac being locked
but where the mirror plane of symmetry bisects the vanadium
and the g-C of nacnac.

(1)

Likewise, the 51V NMR spectrum reveals one metal species being
formed given that an intense and broad resonance at 1567 ppm
(Dn1/2 = 1416 Hz) is observed. The 15N NMR (25 1C, C6D6) spectrum
of the 15N isotopologue (1-15N), prepared from 50% enriched
[(nacnac)VR15N(OAr)]18 and S8, shows a broad resonance at d
410 (Dn1/2 = 200 Hz, Fig. 1), which is upshifted dramatically from
the corresponding nitride resonance at d 1059 (Dn1/2 = 36 Hz).19

With aid of infrared spectra, the nVNS stretch for 1 and the 1-15N
labelled products were assigned at 1070 and 1042 cm�1, respec-
tively, and compare well with those predicted by the harmonic
oscillator model (a difference of only 0.3 cm�1 from the predicted
value). Notably, computational studies further confirmed the
nature of the VNS vibration and using a full model, DFT calcula-
tions found a three-centered asymmetric mode in which the
nitrogen atom oscillates between the vanadium and sulfur with
a calculated frequency of 1163 cm�1.19
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The molecular structure of 1 is shown in Fig. 1,‡ and the
most notable feature is the V–NS bond distance of 1.6817(14) Å,
suggestive of a multiple bond. Comparing the vanadium–
nitrogen of the thionitrosyl ligand to the vanadium–nitrogen
distance of the nitride complex [(nacnac)VRN(OAr)] indicates
only a modest bond elongation of B0.117 Å. Moreover, the
N3–S1 distance of the thionitrosyl ligand is 1.5757(15) Å and the
V(1)–N(3)–S(1) angle of 170.25(10)1 are similar to thionitrosyl
complex [(Z5-Cp)Cr(CO)2(NS)] (Cr–N = 1.694(2) Å; N–S =
1.551 (2) Å; Cr–N–S = 176.8(1)1).3 This facet is also consistent
with that reported for [Mn(X)(CN)5]3� (X = N, NO), in which the
Mn–N bond distance in [Mn(NO)(CN)5]3� is only elongated by
B0.1 Å relative to its nitride precursor.20 Lastly, the aryl oxide
ligand in 1 is oriented perpendicular to the plane defined by the
NCCCN ring of nacnac in order to avoid clashing with the other
Ar residues.

From our structural data, the thionitrosyl ligand of 1 is best
described as a linear thionitrosyl, NS3�, in agreement with the
computational findings of Gray et al. for the related
[Mn(CN)5NO]3� system.21 However, akin to NO, assignment of
a metal oxidation state having a thionitrosyl species can be
ambiguous.1,22,23 Alternatively, the bonding in complex 1 could
also be described by the Enemark–Feltham notation {M(NS)}n

where n = 4 and represents the total number of valence
electrons in the metal d and NS p* orbitals.24 Since our system
has an n r 6, the VNS link is expected to be essentially
linear.1,24 The uncertainty in assigning the proper canonical
structure of the vanadium–thionitrosyl moiety (the most likely
resonances A–C are shown in Scheme 1) is further complicated
due to delocalization of the nitrogen lone pair. Therefore, to
best describe the resonance structure, we have used a combi-
nation of experimental (X-ray data) and DFT data to understand
the bonding in the VNS motif.

A DFT optimized structure on a full model agrees favourably
with the metrical parameters of the experimentally determined

molecular structure of 1.19 A complete comparison of salient
bond distances and angles of the X-ray structure and the
computed structure is given in Table 1. The electronic structure
of complex 1 displays the familiar signatures of a tetrahedral
complex with a [3 + 2] arrangement of the empty d-orbitals
(MOs 182, 183, and 185–187, Fig. 2). Furthermore, the availability
of p electrons and orbitals on the VNS unit results in the formation
of two delocalized and orthogonal three-center-four-electron bonds
having mostly N-character (MOs 148 and 152) as previously shown
for the chromium thionitrosyl [(Z5-C5H5)Cr(CO)2(NS)].25 The
corresponding vacant anti-bonding orbitals (MOs 185 and 187)
are based primarily on vanadium while the lone-pairs on sulfur are
essentially non-bonding, (MO’s 180 and 181, respectively). The
Mayer–Mulliken bond order for the VN moiety in 1 decreases to
1.74 from 2.86 in the nitride [(nacnac)VRN(OAr)],18 whereas the
NS bond order is 1.30. The localization of the MOs that result in a
decrease of VN bond order in 1 is triggered by the stronger covalent
interaction between nitrogen and sulfur when compared to
vanadium and nitrogen. The lower lying vacant metal based
orbitals orthogonal to the VNS axis, (MOs 182 and 183, respec-
tively) are involved in p* interactions with the nacnac fragment.
Hence, the molecule can be best thought of as the canonical
form 1-C shown in Scheme 1, justifying the nearly linear
arrangement of the V–N–S fragment. It should be noted that
formal charge is an imperfect way to describe bonding in a non-
classical situation such as 3-center 4-electron interactions and as
such, do not explain accurately the observed reduction in V–N
bond order. However, when delocalization of electron density
out of a V–N bond into an N–S p* orbital is considered, such an
elongation is justifiable, while maintaining the linearity of the
NS moiety. The assignment of the NS ligand as 3� charge26 yields
a d0 configuration which is clearly in accord with the molecular
orbital diagram shown in Fig. 2.23

Based on our MO picture shown in Fig. 2 (in particular MO
203), we anticipate the NS moiety in complex 1 to contain an
electrophilic sulfur atom. However, one has to also consider the
s framework (MO 140), which is dominated by nitrogen. Shown
in Fig. 2 are some empty d-orbitals such as the metal-based MO
186 (slightly anti-bonding) while the sulfur-based p-orbital MO
501 is higher in energy (more strongly anti-bonding). Despite
having these inaccessible empty orbitals, there is a low-lying

Fig. 1 Solid state molecular structure of 1 with 50% probability ellipsoids. The
right figure shows the 15N NMR spectrum of 50% 15N enriched 1-15N referenced
versus MeNO2 at 380.2 ppm.

Scheme 1 Some proposed canonical forms of complex 1. Lone pairs on S and N
are not shown for the purpose of clarity.

Table 1 Selected bond lengths (Å) and angles (1) for 1 and comparison to its
computed geometry and Mayer bond order analysis

X-ray DFT BO

V1–N3 1.6817(14) 1.6676 1.74
V1–N1 1.9312(14) 1.9592 0.61
V1–N2 1.9578(14) 1.9777 0.57
V1–O1 1.7869(12) 1.8031 0.71
N3–S1 1.5757(15) 1.5996 1.30
V1–N3–S1 170.25(10) 1.929(8)
V1–O1–C 164.59(12) 168.66
N1–V1–N2 96.61(6) 97.31
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vacant p(z)–d(z2) hybrid orbital that is purely sulfur based
(MO 203 at 2.672 eV), that can act as the site for nucleophilic
attack.

Complex 1 is stable at room temperature but heating a
solution to 65 1C over several days leads to decomposition.
However, addition of PPh3 at room temperature rapidly reforms
1 concurrent with SPPh3 formation. Unlike [TpOs(N)Cl2] (Tp� =
hydrotris(1-pyrazolyl)borate),7 which contains an electrophilic
nitride and readily forms a phosphinimide in the presence of
PPh3, complex [(nacnac)VRN(OAr)] does not thus suggesting
such species could deliver the S-atom catalytically.

In conclusion, we have reported the facile synthesis of the
first vanadium thionitrosyl complex, discussed its bonding
scheme, and shown it to deliver the S atom. Unlike electrophilic
nitrides, which react with nucleophiles, the nucleophilic nitride in
complex [(nacnac)VRN(OAr)] is a unique S-atom transfer reagent
which does not get poisoned by a nucleophile such as PPh3.

This work has been supported by the Chemical Sciences,
Geosciences and Biosciences Division, Office of Basic Energy

Science, Office of Science, US Department of Energy (DE-FG02-
07ER15893).

Notes and references
‡ Data for 1: Monoclinic, P21/c, T = 150(2) K, a = 11.9142(17) Å, b =
21.113(3) Å, c = 18.224(3) Å, a = g = 901, b = 107.722(3)1, Z = 4, V =
4366.7(11)Å3, absorption coefficient = 0.313 mm–1, F(000) = 1656, Rint =
0.0607; a total of 51 184 reflections collected in the range 1.5191 o y o
30.1451, of which 10 379 were unique. GOF = 1.0148, R1 = 0.0483 [for
12804 reflections with I > 2s(I)] and wR2 = 0.1207 (for all data), largest
diff. peak and hole = 1.09 and �0.55.
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Fig. 2 MO diagram highlighting the VNS orbitals of complex 1. Only the VNS
fragment is shown for clarity and the coefficients are highly exaggerated for a
clear understanding of most important interactions.

ChemComm Communication

Pu
bl

is
he

d 
on

 1
8 

Fe
br

ua
ry

 2
01

3.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
na

 U
ni

ve
rs

ity
 o

n 
25

/0
2/

20
14

 1
8:

00
:2

4.
 

View Article Online

http://dx.doi.org/10.1039/c3cc38799b

