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dichlorotris(triphenylphosphine)ruthenium(II)
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Balch,d,* Kamran B. Ghiassic,* 

Reaction between RuCl2(PPh3)3, and 1,2-diphenylhydrazine 
resulted in rearrangement and coordination of ortho-semidine. 
The product, RuCl2(PPh3)2(κ2-NH2-1,2-C6H4-NHPh), was 
characterized spectroscopically and the molecular structure was 
conclusively determined using X-ray crystallography. 
Computational chemistry was employed to probe the energetics 
surrounding the rearrangement reaction and product.

Since its discovery over 150 years ago, the rearrangement 
of 1,2-diphenylhydrazine (hydrazobenzene) remains somewhat 
of a chemical mystery.1 The acid-catalysed rearrangement of 
1,2-diphenylhydrazine, commonly referred to as the 
“benzidine rearrangement,” results in the production of para-
benzidine (major), diphenyline (minor), and trace amounts of 
ortho-benzidine, para-semidine, and ortho-semidine.2 
Rearrangement induced by heat produces the same 
compounds, but para-semidine and ortho-semidine reportedly 
become the major products.3 The application of thermal 
energy produces additional decomposition products including 
hydrogen, azobenzene, and aniline. The different possible 
rearrangements promoted by acid or heat are illustrated in 
Scheme 1. Although this arena has been extensively studied, 
there are only two reports involving transition metal-mediated 
rearrangements.

In 1995, Davies et al. reported the first transition metal-
mediated rearrangement of 1,2-diphenylhydrazine producing 
the square-planar Rh(I) coordination complex, [Rh(PPh3)2(κ2-
NH2-1,2-C6H4-NHPh)]ClO4, with a bidentate ortho-semidine 
ligand.4 The report states that the conversion of 1,2-

diphenylhydrazine to ortho-semidine is exclusive and catalytic 
from the starting material, Rh(PPh3)2(nbd)]ClO4 (nbd = 
norbornadiene). Unfortunately, the authors were unable to 
grow crystals of the coordination compound and determine its 
solid-state structure conclusively. In 1999, Xia et al. detailed 
the conversion of 1,2-diphenylhydrazine upon reaction with 
[(Ph3P)Au)3(µ3-O)]BF4.5 In this study, Au(I) mediates the 
conversion of 1,2-diphenylhydrazine and produces 
coordination compounds containing the imido ligands of para-
semidine and ortho-semidine in a ratio of 82:18. The crystal 
structure of the para analogue, [(Ph3P)Au)3(µ3-N-1,4-C6H4-
NHPh)]BF4, shows the imido para-semidine as bridging 
between the three Au(I) atoms. Interestingly, the authors note 
that their observed Au(I)-mediated rearrangements are 
stoichiometric and not catalytic.

To our knowledge, there are no reports of 1,2-
diphenylhydrazine rearrangements mediated by transition 
metals for which the formation and coordination of ortho-
semidine has been crystallographically verified. Expectedly, 
there are several reports that examined the reactivity between 
1,2-diphenylhydrazine and metals.6 However, rather than 
rearrangement, the reported compounds stem from N-N bond 
cleavage or hydrazido (NHPhNPh–) coordination.  In addition, 
there are a few reports with coordinated ortho-semidine, 
though it was the starting material employed.7

Scheme 1. Rearrangement products of 1,2-diphenylhydrazine.
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 Herein, we report the first crystallographic characterization 
of the product from rearrangement of 1,2-diphenylhydrazine 
upon reaction with the prominent catalyst, 
dichlorotris(triphenylphosphine)ruthenium(II), RuCl2(PPh3)3. 
Hydrazine and some substituted hydrazines have been shown 
to displace the triphenylphosphine ligands from RuCl2(PPh3)3 

with the hydrazine acting as a terminal or bridging ligand.8 
However, 1,2-diphenylhydrazine reacts with RuCl2(PPh3)3 to 
produce the chelated compound, RuCl2(PPh3)2(κ2-NH2-1,2-
C6H4-NHPh) (1), which involves the transformation of 1,2-
diphenylhydrazine to ortho-semidine without the occurrence 
of oxidation-reduction chemistry. No isomerization of 1,2-
diphenylhydrazine was observed under similar conditions with 
triphenylphosphine or with RuCl3 present.  Stoichiometric 
combination of RuCl2(PPh3)3 and 1,2-diphenylhydrazine under 
inert conditions in toluene produced the compound 1, in 76% 
yield.9 The compound contains a bidentate ortho-semidine 
ligand from the rearrangement of 1,2-diphenylhydrazine, as 
evidenced by X-ray crystallography and NMR spectroscopy. 
Reaction of RuCl2(PPh3)3 and pristine ortho-semidine produced 
the same compound at a slightly lower yield (71%).9 Both 
reaction pathways and yields are presented in Scheme 2. 
Compound 1 is soluble in dichloromethane, chloroform, and 
toluene and insoluble in diethyl ether, pentane, and hexanes. 
Solutions of this compound are extremely air-sensitive, turning 

purple immediately upon exposure to oxygen. In our hands, 
we were unable to characterize the oxidized material.

31P{1H} NMR spectroscopy shows that both reactions 
presented in Scheme 2 result in complete conversion of 1,2-
diphenylhydrazine to ortho-semidine and formation of 
compound 1. Note that upon coordination, one of the nitrogen 
atoms becomes a chiral centre. The reactions are 
stoichiometric rather than catalytic, similar to the Au(I)-
mediated report.5 At substoichiometric ratios, both product 
and RuCl2(PPh3)3 starting material are present. When the ratio 
employed was 1:1 or higher, the RuCl2(PPh3)3 is completely 
consumed resulting solely in the formation of compound 1. 
Fig. 1 shows the room temperature 31P{1H} NMR spectra at 
relevant stoichiometric ratios.

Although there are two inequivalent phosphorous 
positions, the room temperature 31P{1H} NMR spectrum 
presents as a broad singlet at 44.3 ppm due to ligand exchange 
and fluxionality. Variable temperature 31P{1H} NMR was 
utilized and spectra at relevant temperatures are shown in Fig. 

2. The coalescence temperature was determined to be 258 K. 
The ∆G for this exchange was calculated to be 45.2 kJ mol-1 
(10.8 kcal mol-1), which is consistent with exchange of the cis 
equatorial inequivalent phosphines.10

Single crystals of compound 1 suitable for X-ray diffraction 
were obtained by vapour diffusion of pentane into a toluene 
solution of the compound.11 Two polymorphs were discovered 
during the employment of this recrystallization method. 
Chronologically, the first observed polymorph, designated as 
α-1, crystallizes as yellow plates in the monoclinic space group 
P21/n with Z = 4 and Z’ = 1. Since the space group is 
centrosymmetric, the crystal structure is racemic and contains 
both R and S enantiomers. The asymmetric unit consists of one 
hand, with the second enantiomer generated by 
crystallographic inversion. Across three different laboratories 

Scheme 2. Synthesis of RuCl2(PPh3)2(κ2-NH2-1,2-C6H4-NHPh) (1) from either 1,2-
diphenylhydrazine (top) or ortho-semidine (bottom).

Fig. 2. Variable temperature 31P{1H} NMR of RuCl2(PPh3)2(κ2-NH2-1,2-C6H4-NHPh) (1) in 
CDCl3. Top shows a broad singlet at 44.3 ppm at 298 K. Middle shows the coalescence 
temperature at 258 K. Bottom shows the resolved doublets at 48.0 ppm (2JP,P = 37 Hz), 
and 38.2 ppm (2JP,P = 37 Hz) at 218 K.

Fig. 1. Room temperature 31P{1H} NMR spectra of the reactions between 
RuCl2(PPh3)3 and 1,2-diphenylhydrazine in CDCl3. Trace A shows the starting 
material (SM) RuCl2(PPh3)3 that immediately liberates PPh3 upon dissolution. Trace 
B shows the reaction at a 0.5:1 ratio. Trace C shows the reaction at a 1:1 ratio. 
Trace D shows the reaction of RuCl2(PPh3)3 and pristine ortho-semidine at a 1:1 
ratio.

Page 2 of 4ChemComm



Journal Name  COMMUNICATION

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

and research groups, we were unable to obtain this form more 
than once. The late Professor Joel Bernstein would classify the 
α-1 form as a “disappearing polymorph” due to its 
experimental observation, yet inability to be observed again.12

Ironically, the most prevalent form, designated as β-1, was 
observed last. Crystals of orange plates residing in the chiral 
space group P212121 with Z = 4 and Z’ = 1 contain the S 
enantiomer. Several crystals were examined; each contained 
the S enantiomer, though it is probable that the material is a 
racemic conglomerate. Powder X-ray diffraction (Fig. S9) 
shows that the bulk crystalline sample is phase pure of the β-1 
form; there is no contamination of the α-1 polymorph.13 Thus, 
the observation of the α-1 polymorph is most serendipitous 
and an invitation for future research. The molecular structures 
of each polymorph are presented in Fig. 3. It is fascinating that 
compound 1 reproducibly undergoes chiral resolution to yield 
the prevailing polymorph. It is all the more puzzling (and 
ironic) that the racemic, centrosymmetric structure, which is 
far more frequently observed in crystallography, was only 
observed once. Since both crystal structures are nearly 

identical from the point of view of the metal centre, the 
remainder of this work will refer to the β-1 form unless 
otherwise specified.

Compound 1 shows the six-coordinate octahedral 
ruthenium(II) centre coordinated by two chlorine atoms, two 
triphenylphosphine groups, and a bidentate ortho-semidine. 
The structure shows that the chlorines are trans (axial) and are 
angled slightly towards the ortho-semidine. The hydrogen 
atoms on the ortho-semidine ligand were found in the 
difference Fourier map of the X-ray experiment and freely 
refined. The Ru–N, Ru–P, Ru–Cl bond distances, and all bond 
angles, are within the expected range. Crystallographic data 
and relevant bond distances and angles are provided in ESI 
(Tables S1 and S2, respectively).

To gain further insight into the rearrangement and 
reactivity processes to form compound 1, density functional 
theory (DFT) calculations were performed to predict the gas-
phase Gibbs free energies of reaction of the pathways shown 
in Scheme 2 and Eqs. 1-3 below.14 As shown in Equations 1 and 
2, both pathways to form product 1 are exergonic, thus 

confirming the thermodynamic favourability of the 1,2-
diphenylhydrazine to ortho-semidine rearrangement process 
to form compound 1. It is curious that although the reactions 
are quite similar, the rearrangement of 1,2-diphenylhydrazine 
and subsequent formation of 1 is approximately an order of 
magnitude more favoured than direct coordination of ortho-
semidine. Indeed, this increase in favourability is due to the 
exergonic transformation of 1,2-diphenylhydrazine to ortho-
semidine shown in Eq. 3.

RuCl2(PPh3)3 + PhHN-NHPh → RuCl2(PPh3)2(κ2-NH2-1,2-C6H4-
NHPh) + PPh3

∆G = -107 kJ mol-1 (Eq. 1)

RuCl2(PPh3)3 + NH2-1,2-C6H4-NHPh → RuCl2(PPh3)2(κ2-NH2-1,2-
C6H4-NHPh) + PPh3 
∆G = -16 kJ mol-1 (Eq. 2)

PhHN-NHPh → NH2-1,2-C6H4-NHPh 
∆G = -91 kJ mol-1 (Eq. 3)

Not including enantiomers, there are six unique spatial 
isomers of compound 1, as illustrated in Fig. 4. The isomers 
were determined by considering all possible combinations of 
the chlorine and triphenylphosphine ligands in axial versus 
equatorial positions, coupled with the orientation of the 
substituents on the chiral nitrogen centre in the ortho-
semidine ligand while retaining its bidentate configuration. Fig. 
S11 shows the predicted structures and free energies. Table S2 
in ESI provides the computed bond lengths and angles for the 
first coordination sphere. As shown in Fig. 4, the five predicted 
isomers 1b – 1f are less stable relative to the experimentally-
observed compound 1, with free energies ranging from +21 to 
+57 kJ mol-1. The predicted bond distances and angles for 
compound 1 are in good agreement with the crystal structure 
data.

Fig. 3. The molecular components for the α-1 (left) and β-1 (right) structures of 
RuCl2(PPh3)2(κ2-NH2-1,2-C6H4-NHPh) (1) drawn with 50% thermal contours. Hydrogen 
positions are omitted for clarity with the exception of the nitrogen atoms. Note that 
the centrosymmetric P21/n structure is racemic, while the chiral P212121 structure is 
enantiopure.

Fig. 4. The unique spatial isomers of RuCl2(PPh3)2(κ2-NH2-1,2-C6H4-NHPh). 
Enantiomers are not included. Solvent-corrected (chloroform) Gibbs free energies 
reported in kJ mol-1. Computational details are provided in ESI.
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It should be mentioned that the calculations predict a 
monodentate structure (1g), shown in Fig. 5, as slightly more 
stable than 1 by 26 kJ mol-1. We speculate that this 
monodentate species exists in solution at room temperature 
and is in equilibrium with the bidentate compound 1, giving 
rise to the broad singlet observed in the room temperature 31P 
NMR spectrum (Fig. 2). Crystal packing effects may induce the 
formation of the bidentate structure in the solid state due to 
more favourable crystallization enthalpy, while solutions at 
lower temperature have less available energy needed for 
ligand lability. Unfortunately, we were unable to isolate the 
monodentate species 1g experimentally, nor computationally 
locate a saddle point connecting the bidentate and 
monodentate structures to determine the free energy of 
activation of fluxional ligand interchange.

To summarize, since its discovery nearly two centuries ago, 
the rearrangement of 1,2-diphenylhydrazine is still a source of 
unique and interesting chemistry. Reaction with RuCl2(PPh3)3 
provides the first crystallographically-verified report of a 
transition metal-mediated transformation to ortho-semidine. 
This conversion is exclusively to ortho-semidine and proceeds 
in a stoichiometric fashion. Although computational chemistry 
provides a unique perspective on the energetic landscape of 
this particular system, RuCl2(PPh3)2(κ2-NH2-1,2-C6H4-NHPh) 
provides its own mystery with the case of a “disappearing 
polymorph.”
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