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Hemilabile ligands have been used to prepare a wide variety
of complexes, which are important in many fields ranging
from catalysis to biomimetic chemistry.[1–5] These ligands
allow coordination complexes to be prepared where one end
of the hemilabile ligand is anchored to a metal center, while
the other often is involved in fluxional processes. Indeed, in
certain cases, researchers refer to these structures as “wind-
shield-wiper” ligands,[6–9] since the weakly binding portion of
the ligand can often dissociate and recoordinate to the metal
center, undergoing exchange in the presence of a coordinating
solvent. Consequently, many researchers employ hemilabile
ligands to stabilize what effectively are highly reactive solvent
adducts or coordinatively unsaturated species.[10–20] As a
result, complexes with certain types of hemilabile ligands
have been made and characterized in both monodentate and
multidentate states with different ancillary ligands.[21–26] To
our knowledge, however, there is no example where a pair of
isomeric structures, which represent the two “end states” that
define a hemilabile ligand exchange process (where no
displacement reaction has taken place), have been crystallo-
graphically characterized. The reason for this observation is
that invariably in such systems one state is significantly more
stable than the other in a given environment, or the exchange
process occurs dynamically under rapid exchange conditions
and the identities of the complexes exchanging can only be
inferred through in situ spectroscopic means. Herein, we
report the synthesis, isolation, and crystallographic character-
ization of a series of octahedral and square planar structurally
isomeric nickel(II) complexes 2 a–2c,[27] which effectively
define the two key “end states” in a well-defined bond-
breaking isomerization reaction and a likely intermediate
complex. While these structures are stable in the solid state,
they rapidly interconvert in solution at room temperature.

The reaction of complex 1 with two equivalents of sodium
thiocyanate (NaSCN) in a mixture of CH2Cl2 and EtOH
yields a mixture of complexes 2a–2 c (Scheme 1). In solution
at room temperature, these complexes are rapidly intercon-

verting, as evidenced by a single broad 31P{1H} NMR reso-
nance observed at d = 32.6 in CD2Cl2. Variable-temperature
(VT) 31P{1H} NMR spectroscopy confirmed that this broad-
ening is a result of rapid exchange between multiple
complexes. When the temperature of the solution was
lowered to 213 K in a stepwise manner, the spectrum changed
significantly. At 238 K, a sharp resonance at d = 32.6 ppm
assigned to 2a is observed along with a broad one at d =

8.7 ppm assigned to 2c (Supporting Information, Figure S1).
The assignments for these resonances are based upon
literature precedent[28, 29] involving model complexes and
crystallographic data (see below).

Interestingly, when red-orange CH2Cl2 solutions contain-
ing these rapidly interconverting complexes were layered with
diethyl ether, both purple and orange block-like crystals
formed, along with red plates. Single-crystal X-ray diffraction
studies of the purple, orange, and red crystals showed that
they were 2a, 2 b, and 2c, respectively (Figure 1).[30] The
structure of 2a consists of a nickel(II) center in an octahedral
geometry, defined by two chelating P,S�Me ligands coordi-
nated in a trans configuration to form the equatorial plane.
Furthermore, it has two apical nitrogen-bound SCN� ligands,
which are bent relative to the equatorial plane (150–1608 ;
Figure 1a and Supporting Information, Table S1). The struc-

Scheme 1. Synthesis of complexes 2a–c. a) 2 equiv NaSCN in 1:1
CH2Cl2/EtOH for 1 h.

Figure 1. X-ray crystallographically determined structures for com-
plexes 2a’’ (a), 2b’’ (b), and 2c (c). Ni green, C gray, P orange, N blue,
S yellow. Ellipsoids set at 50% probability; hydrogen atoms omitted
for clarity.
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ture of 2b is nearly identical to complex 2a, with the
exception of the orientation of the apical SCN� ligands, which
are bound to nickel perpendicular to the equatorial plane
formed by the P,S chelates (ca. 1708, Figure 1b). The structure
of 2c is square planar in geometry around the nickel center
with two monodentate P,S�Me ligands (bound only through
P) and two nitrogen-bound SCN� ligands in a near-linear
configuration with nickel (ca. 1708 ; Figure 1 c, Supporting
Information, Table S1).

Polymorphism, linkage isomerism, and the ability of
coordination complexes to crystallize as different geometric
isomers under identical conditions have been reported
previously,[21, 23–26] but to our knowledge there are no examples
of the solid-state characterization of some of the key
participants in a hemilabile ligand exchange process, espe-
cially the dissociated state where no displacement reaction by
solvent molecule or coordinating ligand has taken place.
These structures are most aptly described as “bond-breakage
isomers” rather than polymorphs. The observation of their
existence is also dissimilar to bond-stretch isomerism, since
the complexes in question (2a, 2b, and 2c) differ in ligand–
metal connectivity.[22, 25b, 31,32] Linkage isomerism can also
result in isomerization reactions that may be characterized
in the solid state, but these products differ in ligand
connectivity and not coordination number.[26] The fact that
these crystal structures have “open” and “closed” coordina-
tion sites under the same solvent conditions lends credence to
the conclusion that they represent crystallographic snapshots
of an in situ bond-breaking isomerization reaction (see
below).

To fully characterize this system, we studied the crystalline
products by FTIR spectroscopy, focusing on the SCN� regions
since this functional group exhibits highly diagnostic stretches
dependent upon coordination mode to the metal center.[33]

Interestingly, examination of the bulk powder consisting of
2a–c with an optical microscope shows a microcrystalline
powder that contains the same three crystal types obtained by
solvent layering (Supporting Information, Figure S2), with
the majority product being 2a. Owing to difficulties associ-
ated with the mechanical separation of 2c from the other
components of this mixture (2a and 2b), we were unable to
isolate adequate quantities of 2 c for study by FTIR spectros-
copy. Since we could obtain macroscopic quantities of crystals
of pure 2a and 2b, respectively, we could measure their FTIR
spectra. Each exhibits a nCN stretch diagnostic of non-bridging
N-bound thiocyanate (Supporting Information, Figure S3,
Table S2).[33,34] Importantly, when these crystals of 2 a or 2b
were dissolved in CD2Cl2 and characterized by 31P{1H} NMR
spectroscopy, only a single broad resonance at d = 32.6 ppm
was observed, which is consistent with the 31P{1H} NMR data
for the mixture of isomers in solution. Based on the
characterization of three distinct isomers in the solid state,
we decided to determine if the three structures exist in
solution as well. To do so, it was necessary to synthesize two
analogue complexes, 4a and 4 b, which have weakly chelating
and non-chelating phosphine ligands, respectively, and can
provide representative and meaningful comparative spectro-
scopic data (see Scheme 2). Since substitution of the methyl
group on the thioether with a phenyl ring reduces the electron

richness of the thioether,[6] this ligand should favor an “open”
monodentate coordination mode. Indeed, complex 4a was
synthesized from a complex (3a) prepared from NiCl2·6 H2O
and two equivalents of Ph2PCH2CH2SPh under similar
conditions to those used to prepare 2a–c (see the Supporting
Information). As well as being characterized in the solid state
by a single-crystal X-ray diffraction study (Figure 2a), 4a was
characterized in solution by 31P{1H}, 1H, and 13C{1H} NMR
spectroscopy.[30] All data are consistent with the solution and
solid-state structures being very similar.[28,29]

The solid-state structure of 4 a consists of a square-planar
nickel center with two equivalents of N-bound SCN� ligands
and two equivalents of P-bound monodentate P,S�Ph ligands
arranged in trans configurations. Importantly, the room
temperature 31P{1H} NMR spectrum of 4a in CD2Cl2 exhibits
a broad resonance at d = 10.9 ppm, which sharpens with
decreasing temperature (Supporting Information, Fig-
ure S1B), consistent with a monodentate coordination mode
for the phosphine ligand.[28] Similarly, model compound 4b,
which contains a non-chelating phosphine ligand, was synthe-
sized from complex 3b under nearly identical chloride
abstraction conditions to those used for 3a (see the Support-
ing Information; Scheme 2, Figure 2a). As in the case of 4a, a
single-crystal X-ray diffraction study of 4b and 31P{1H}, 1H,
and 13C{1H} NMR spectroscopy indicated similar structures in
solution and the solid state (Figure 2 b).[30] The solid-state
structure of 4b showed a square-planar nickel center, much
like 4a, with two equivalents of N-bound SCN� ligands and
two equivalents of the non-chelating phosphine each
arranged in a trans configuration. Significantly, room-temper-
ature 31P{1H} NMR spectroscopy of 4b in CD2Cl2 showed a
single sharp resonance at d = 16.7 ppm that remains
unchanged with decreasing temperature. This complex,

Figure 2. X-ray crystallographically determined structures for com-
plexes 4a (a) and 4b (b). Ni green, C gray, P orange, N blue, S yellow.
Ellipsoids set at 50 % probability; hydrogen atoms omitted for clarity.

Scheme 2. Synthesis of complexes 4a and 4b from 3a and 3b.
a) 2 equiv NaSCN in 1:1 CH2Cl2/EtOH for 1 h.
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which does not have thioethers, does not undergo the
fluxional exchange processes observed with 4a and 2a–c.
The chemical shift of the resonance is similar to that observed
for 4 a, consistent with the assignment of this complex as one
with monodentate phosphinoalkylthioether ligands (Support-
ing Information, Figure S1B). Based on the spectroscopic
data of model complex 4a, we assign the 31P{1H} NMR
resonance observed at d = 8.7 ppm in the mixture of 2a–c at
low temperature in CD2Cl2 to the “open structure” 2c.
Compound 1 (which has two chloride ligands) serves as a
model complex for octahedral compounds with trans phos-
phine and trans thioether ligands, such as 2a and 2b. Indeed,
in CD2Cl2, complex 1[29] exhibits a downfield resonance at d =

32 ppm in its 31P{1H} NMR spectrum, which is highly
diagnostic of structures with five-membered P-containing
chelates and remarkably close to the second resonance at d =

32.6 ppm observed for the mixture of 2a–c at low temper-
ature.[28] We have not observed a third resonance at low
temperature, and therefore speculate that 2a and 2 b rapidly
interconvert, even at 213 K on the NMR spectroscopic
timescale. Indeed, the interconversion between the two only
requires a reversible linear to bent transformation for the
SCN� ligands. Similar behavior is observed in the 13C{1H}
NMR spectra of the mixture of 2a–c, where only two
resonances (d = 129.8 ppm and d = 129.3 ppm) are observed
for the carbon atoms that comprise the SCN� ligands, even at
208 K.

We propose that 2b is an intermediate in the intercon-
version of 2a and 2 c (Scheme 1). The basis for this conclusion
comes from analysis of the solid state X-ray crystallographic
data, the solution NMR data for the complexes, and DFT
calculations (Supporting Information, Figures S6–S8,
Table S3). Such calculations suggest that 2b is higher in
energy than 2a by about 13 kcal mol�1 and therefore can serve
as intermediate in the interconversion of 2a and 2c, which is
only about 6.6 kcalmol�1 higher in energy than 2a (Support-
ing Information, Table S3). Indeed, the single-crystal X-ray
data shows longer nickel–thioether bond distances for 2b
than 2a (ca. 0.05 �, Table S1), suggesting weaker Ni�S bonds.
With this hypothesis, when the thiocyanate ligands rearrange
from bent to linear coordination modes in the conversion of
2a to 2b, a concomitant weakening of the Ni�S bonds occurs,
preparing for the formation of open complex 2c. Consistent
with the conclusion that 2b is the intermediate rather than 2a,
DFT calculations suggest greater ring strain in its five-
membered chelates (the ligand conformation in 2 b is higher
in energy than that of 2a and 2c by about 3.3 and
4.0 kcalmol�1, respectively; Supporting Information,
Table S3). Interestingly, the SOMO orbitals of the high-spin
2a are partially located on the metal center, but those of 2b
are predominantly centered on the SCN� ligands with little
nickel center contribution, suggesting that the delocalized
electronic character of the metal–ligand interaction may be
important to the exchange mechanism (Supporting Informa-
tion, Figures S6, S7). Complex 2c is calculated to be low spin,
consistent with a square-planar nickel(II) complex.

The thermodynamic parameters for the interconversion of
2a and 2c can be determined by the construction of a Van�t
Hoff plot from the VT 31P NMR spectroscopic data (Support-

ing Information, Figure S9). From these data, one can
conclude that the reaction is enthalpically disfavored
(DH8= 2.8 kcalmol�1) as written but entropically favored
(DS8= 11.5 cal mol�1K�1; Scheme 1). This conclusion is con-
sistent with the conversion of a relatively rigid octahedral
complex into a more flexible square-planar isomer through
two Ni�S bond-breaking processes. At 298 K, the calculated
DG8 of this reaction is�0.6 kcalmol�1. The fact that the major
product observed when solvent is removed is 2 a can be
attributed to the decreased solubility of this product causing a
correspondingly more rapid precipitation as the solution
becomes more concentrated. The stability of all three species,
however, is likely in part the consequence of an energetic
barrier between the “open” and “closed” type complexes
because of their respective low- and high-spin configura-
tions.[31, 32] In fact, Evans method measurements of the meff

values for 2a–c at 304 K are equal to 2.18 BM (a weighted
average of S = 1 for 2a–b and S = 0 for 2c), indicating a
distribution of both low- and high-spin nickel(II), which is
consistent with the broad resonance observed in the 31P{1H}
NMR spectrum in CD2Cl2 of the mixture of 2a–c.[35,36] Cooling
the sample from room temperature to 195 K shows a linear
increase in meff values to 3.14 BM (S = 1) with a concomitant
shift of product distribution towards high-spin, octahedral
nickel(II) consistent with previously discussed 31P{1H} NMR
spectroscopy (Supporting Information, Figures S1 and S9).
This result is intuitive based upon the temperature-dependent
equilibrium involving high-spin complexes 2a and 2 b and
low-spin complex 2c. At high temperatures, the equilibrium
mixture favors 2c, decreasing the observed meff (Scheme 1).
Both 4a and 4 b were determined to be diamagnetic by the
same procedure.

This system is intriguing, since we can isolate three
isomers and structurally characterize them. Clearly the
barrier to interconversion in the solid state is much greater
than in solution, where 2a and 2b undergo rapid exchange
even at 208 K. This phenomenon seems to be unique to these
types of hemilabile ligand complexes formed with SCN�

ligands. Indeed, the Cl� versions of these complexes (for
example 1 and 3a) also undergo dynamic exchange in solution
(but such processes involve the Cl� ligand moving from the
inner to outer coordination sphere); however, only one
isomer is ever observed in the solid state.[29] The ability of the
thiocyanate ligand to adopt multiple coordination modes
seems to provide pathways to not only weaken other bonds
within the complex but also stabilize other isomers, including
the four-coordinate square-planar complex 2 c.

The reason why the interconversion of complexes 2 a and
2c does not involve the dissociation of the isocyanate ligand
similar to the Cl� dissociation event involving 1 most likely
involves the higher Ni�N bond strength as compared to Ni�
Cl. N-bound SCN� is a much stronger field ligand than Cl�

according to the spectrochemical series.[37] Consistent with
this conclusion, the UV/Vis data show a shift in the d–d
transition from 512 nm in 1 to 485 nm in 2a–c (Supporting
Information, Figure S11), which is indicative of a higher-
energy transition. Therefore, the only weak metal–ligand
interactions in this system are the Ni�S bonds.
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These computational and experimental results are con-
sistent with the observed properties of these complexes being
directly affected by the presence and nature of Ni�S(R)2 and
Ni�SCN� interactions both in solution and the solid state.
This interplay has allowed for the unprecedented solid-state
characterization of some important species from a bond-
breaking isomerization exchange.
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