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Reaction of 1,3-diaryltriazenes (R–C6H4–N@N–(NH)–C6H4–R, R = OCH3, CH3, H, Cl, NO2 at the para posi-
tion) with [Rh(PPh3)3Cl] in ethanol in the presence of a base (NEt3) affords a family of yellow complexes
(1-R) containing a PPh3, two de-protonated triazenes coordinated as bidentate N,N-donors, and an aryl
(C6H4–R) fragment coordinated in the g1-fashion. A similar reaction in toluene yields a group of red-
dish-orange complexes (2-R) containing a PPh3, two N,N-coordinated triazenes, and a chloride. Structures
of the 1-CH3 and 2-CH3 complexes have been determined by X-ray crystallography. All the 1-R and 2-R
complexes are diamagnetic, and show characteristic 1H NMR signals and intense MLCT transitions in the
visible region. The 1-R and 2-R complexes also fluoresce in the visible region under ambient condition
while excited at around 400 nm. Cyclic voltammetry on these complexes shows a Rh(III)–Rh(IV) oxida-
tion (within 0.76–1.68 vs. SCE), followed by an oxidation of the coordinated triazene ligand (except
the R = NO2 complexes). An irreversible reduction of the coordinated triazene is also observed for all
the complexes below �0.96 V vs. SCE. In the 1-R and 2-R complexes potential of the Rh(III)–Rh(IV) oxi-
dation correlates linearly with the electron-withdrawing nature of the para-substituent (R).

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Though the Wilkinson’s catalyst, viz. [Rh(PPh3)3Cl], is famous
for its catalytic application in bringing about numerous interesting
chemical transformations [1], we have found it to be a useful syn-
thon for the preparation of mixed-ligand complexes of various
types [2–13]. Besides its demonstrated ability to accommodate
new ligands, it has also been found to mediate many interesting
reactions, such as C–H and C–C bond activation of organic mole-
cules [2,5,9,12], activation of molecular oxygen [13], and transfor-
mation of coordinated ligands [5,9,11]. These interesting
observations have prompted us to further continue our exploration
on reaction of the Wilkinson’s catalyst with organic ligands, and
the present study has originated from this exploration. Herein
we have selected a group of 1,3-diaryltriazenes (L) to interact with
the Wilkinson’s catalyst. These ligands usually binds to a metal
center, via dissociation of the acidic N–H proton, as monoanionic
bidentate N,N-donor forming a four-membered chelate ring (I)
[14–24]. The 1,3-diaryltriazenide anion is a ‘short-bite’ ligand,
which has received continuous and sustained interest in the re-
search field because of its ability to serve as a monodentate
[15,25–27], a bidentate chelating [14–24], and also a bridging li-
gand [28–37]. The chemistry of the triazene ligands is further
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important because of their biological relevance [38–40]. Reaction
of 1,3-diaryltriazenes (L) with [Rh(PPh3)3Cl] has indeed afforded
complexes containing g2-bound triazenes (I), but depending on
the nature of the reaction medium interesting N–N and C–N bond
cleavage of the 1,3-diaryltriazenes also has taken place affording
organorhodium complexes having g1-bound aryl fragment. The
present report deals with the chemistry of all these complexes
with special reference to their formation, structure and spectral
and electrochemical properties.
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Fig. 1. View of the 1-CH3 complex.
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2. Results and discussion

2.1. Synthesis and characterization

As delineated in Section 1, the primary objective of the present
study has been to see how 1,3-diaryltriazenes (L) react with the
Wilkinson’s catalyst, and a group of five 1,3-diaryltriazenes have
been used in the present study, differing in the inductive effect
of the para-substituents R, in order to observe their influence, if
any, on the redox properties of the resulting complexes. Reactions
of the 1,3-diaryltriazenes with [Rh(PPh3)3Cl] has been carried out
in refluxing ethanol in the presence of triethylamine [41], which
have afforded a family of yellow complexes [42] (1-R, Chart 1) in
decent yields. Preliminary (microanalytical and spectroscopic)
characterizations on these complexes, although gave some idea
about their composition, failed to indicate any definite formulation
for them. For an unambiguous identification of these complexes,
structure of a selected member of the family, viz. 1-CH3, has been
determined by X-ray crystallography. The structure is shown in
Fig. 1 and selected bond parameters are listed in Table 1. The struc-
ture reveals that two 1,3-diaryltriazenes are coordinated to rho-
dium, via loss of the N–H proton, in the monoanionic bidentate
N,N-fashion forming four-membered chelate rings (I). A 4-methyl-
phenyl fragment, probably generated in situ via cleavage of a C–N
bond of the triazene ligand, is also found to be coordinated to
the metal center in an g1-fashion. The sixth coordination site on
the metal center has been occupied by a triphenylphosphine. The
coordinated 4-methylphenyl fragment and the triphenylphosphine
are mutually cis. In this complex rhodium is therefore sitting in a
CN4P coordination environment, which is distorted significantly
from ideal octahedral geometry, as reflected in the bond parame-
ters around rhodium. This distortion is particularly attributable
to the strain imposed by formation of the four-membered chelate
rings with relatively small bite angles (61.5(4)� and 58.8(3)�) by
the triazene ligands. The Rh–P and Rh–C distances are all quite nor-
mal, and so are the Rh–N distances [2–5,9,12], except the Rh(1)–
N(1B) distance, which is slightly longer than usual. The observed
elongation of the Rh(1)–N(1B) bond, which is trans to the Rh(1)–
C(1C) bond, may be due to the trans effect of the coordinated 4-
methylphenyl fragment [43–45]. The bond lengths within the
coordinated triazene ligands are also quite usual [14–24]. Absence
of any solvent of crystallization in the lattice of 1-CH3 indicates
possible existence of non-covalent interaction(s) between the indi-
vidual complex molecules. A closer look at the packing pattern of
the crystal reveals that g1 and g2 C–H� � �p interactions, involving
both phenyl and methyl C–H, are active in the lattice (Fig. S1). Each
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complex molecule is thus linked with the surrounding complex
molecules through such C–H� � �p interactions, and these extended
intermolecular interactions seem to hold the crystal together. It
may be relevant to note here that such non-covalent interactions
are of significant importance in crystal engineering and biology
[46–57]. As all the 1-R complexes (Chart 1) have been synthesized
similarly and they show similar properties (vide infra), the other
four 1-R (R – CH3) complexes are assumed to have similar struc-
tures as 1-CH3.

Formation of the g1-bound aryl complexes of rhodium (1-R) via
C–N bond cleavage of the 1,3-diaryltriazenes has been quite inter-
esting. Examples of such g1-bound aryl complexes are relatively
less common in the literature [58–73]. It may be added in this con-
text that metal mediated C–N bond cleavage, though not very
uncommon, is mostly limited to strained amines and amidines
[74–79], and hence there is significant interest in transition metal
mediated C–N bond cleavage [80–89]. While the exact mechanism
behind the observed C–N bond cleavage during formation of the 1-
R complexes is not completely clear to us, some speculated se-
quences, that seem probable, are illustrated in Scheme 1. In the
initial step a 1,3-diaryltriazene reacts with the metal center in
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Table 1
Selected bond lengths (Å) and bond angles (�) for the 1-CH3 and 2-CH3 complexes.

1-CH3

Bond lengths (Å)
Rh(1)–C(1C) 2.034(9) C(1)A–N(1A) 1.397(13)
Rh(1)–N(1A) 2.087(9) N(1A)–N(2A) 1.357(16)
Rh(1)–N(3A) 2.079(9) N(2A)–N3(A) 1.303(15)
Rh(1)–N(1B) 2.194(7) N(3A)–C(8A) 1.424(14)
Rh(1)–N(3B) 2.080(9) C(1B)–N(1B) 1.421(10)
Rh(1)–P(1) 2.312(3) N(1B)–N(2B) 1.317(14)

N(2B)–N(3B) 1.312(12)
N(3B)–C(8B) 1.396(12)

Bond angles (�)
P(1)–Rh(1)–N(1A) 166.5(3) N(1A)–Rh(1)–N(3A) 61.5(4)
N(3A)–Rh(1)–N(3B) 160.6(4) N(1B)–Rh(1)–N(3B) 58.8(3)
N(1B)–Rh(1)–C(1C) 158.6(5)

2–CH3

Bond lengths (Å)
Rh(1)–N(1) 2.083(7) C(1)–N(1) 1.385(10)
Rh(1)–N(3) 2.050(8) N(1)–N(2) 1.277(11)
Rh(1)–N(4) 2.058(6) N(2)–N(3) 1.347(9)
Rh(1)–N(6) 2.072(9) N(3)–C(8) 1.421(11)
Rh(1)–P(1) 2.326(2) C(15)–N(4) 1.433(10)
Rh(1)–Cl(1) 2.332(3) N(4)–N(5) 1.264(11)

N(5)–N(6) 1.290(11)
N(6)–C(22) 1.380(12)

Bond angles (�)
P(1)–Rh(1)–N(6) 168.3(2) N(1)–Rh(1)–N(3) 61.0(3)
N(1)–Rh(1)–N(4) 155.5(3) N(4)–Rh(1)–N(6) 59.7(3)
N(3)–Rh(1)–Cl(1) 162.6(2)

C. GuhaRoy et al. / Journal of Organometallic Chemistry 693 (2008) 3923–3931 3925
[Rh(PPh3)3Cl], whereby oxidative insertion of rhodium into the N–
H bond takes place with simultaneous and usual dissociation of a
PPh3 from the metal center, affording a hydride intermediate. Sub-
sequently the Rh–Cl bond is believed to transform into a Rh–H
bond. Conversion of a M–Cl bond into a M–H bond in alcoholic
medium in the presence of a base is well precedent in the literature
[90–92]. This dihydride intermediate then reacts with a second
triazene ligand, which links itself to the metal center as a N,N-do-
nor, probably via initial acid–base reaction between the N–H pro-
ton of the triazene ligand and the metal-bound hydride leading to
elimination of molecular hydrogen [93], followed by displacement
of another PPh3. A third triazene ligand is assumed to react next,
whereby a hydride transfer to the triazene takes place leading to
a N–N bond cleavage, producing aniline (or para-substituted ani-
line) and an anionic Ar–N2 fragment that remains coordinated to
the metal center as an N-donor. Generation of aniline (or para-
substituted aniline) in the reaction vessel has been confirmed by
gas chromatography. In the subsequent steps rearrangement from
N-coordination to C-coordination of the anionic Ar–N2 fragment
occurs, followed by a C–N bond cleavage, leading to elimination
of molecular nitrogen and formation of 1-R [93]. It may be noted
that yield of the 1-R complexes is sensitive to the Rh:L ratio. The
yield is optimum when the ratio is 1:3, and decreases when lesser
amount of ligand is used. Though one triazene ligand can, in prin-
ciple, provide two aryl fragments, the maximum yield of 1-R with
Rh:L ratio of 1:3 corroborates the proposition made in Scheme 1
that only one g1-bound aryl fragment is provided by one triazene
ligand. It may also be noted here that synthetic reactions carried
out in the absence of the base (NEt3) did not afford any 1-R com-
plex. This indirectly supports generation and involvement of the
second hydride during the course of the synthetic reaction, which
seems to play a key role in the observed N–N and C–N bond cleav-
age of the third triazene ligand.

In order to authenticate the role of solvent (ethanol) in convert-
ing a Rh–Cl bond into a Rh–H bond, and thereby promoting the ob-
served C–N bond cleavage, similar reactions between [Rh(PPh3)3Cl]
and the 1,3-diaryltriazenes were carried out in a non-alcoholic sol-
vent, viz. toluene, which afforded a series of reddish-orange com-
plexes (2-R, Chart 1). Preliminary characterizations hinted that,
compared to the 1-R complexes, these 2-R complexes have differ-
ent compositions. Identity of this new group of complexes was un-
veiled by structural characterization of a representative member,
viz. 2-CH3, by X-ray crystallography. The structure (Fig. 2) shows
that two triazene ligands are bound to rhodium as N,N-donors (I)
and are mutually cis. A triphenylphosphine and a chloride are also
coordinated to the metal center. The Rh–Cl distance is quite normal
[2], and the other bond distances (Table 1) compare well with
those observed in 1-CH3. It is to be noted here that in the absence
of any coordinated 4-methylphenyl fragment (as in 1-CH3), the
corresponding trans Rh–N(3) bond, which is now trans to the chlo-
ride, has not suffered any elongation. To find out the nature of
intermolecular interactions in the lattice of 2-CH3 its packing pat-
tern has been examined, which shows that both C–H� � �N and g1 C–
H� � �p interactions are active (Fig. S2) and they link the individual
complex molecules to form a stable lattice. In view of the similarity
of their synthesis and properties, the other four 2-R (R – CH3) com-
plexes are believed to have similar structures as 2-CH3. It is rele-
vant to mention here that a report incorporating synthesis of
three 2-R complexes (R = H, CH3, and Cl) exists in the literature
[94].

The observation that no C–N bond cleavage of the triazene li-
gand took place in toluene shows the influence of solvent variation
on the nature of product obtained. It is also to be noted that vari-
ation of Rh:L ratio from 1:2 to 1:3 does not have any influence on
the nature or yield of the product. The speculated sequences be-
hind formation of the 2-R complexes are shown in Scheme 2.
The sequences are similar to the initial two steps in Scheme 1, ex-
cept the Rh–Cl bond remains intact in toluene. It appears that
inability of the Rh–Cl bond to transform into a Rh–H bond in tolu-
ene has contributed to all the observed differences. Attempts to
convert 2-R complexes into the corresponding 1-R complexes have
been made by reacting 2-R with another mole of the respective
1,3-diaryltriazene in ethanolic medium in the presence of NEt3.
However, such reactions never gave the targeted 1-R complexes,
instead tris-triazenide complexes of rhodium were obtained in
very low yields [95]. This shows that reactivity of the Rh–H frag-
ment in the active bis-triazenide intermediate in Scheme 1 to-
wards the third triazene ligand is different than that of the Rh–Cl
fragment in the 2-R complex.

2.2. Spectral studies

Infrared spectra of the 1-R and 2-R complexes show many
bands of varying intensities within 4000–400 cm�1. Assignment
of each individual band to a specific vibration has not been at-
tempted. However, the N–H stretches observed in the spectra of
the uncoordinated triazene ligands around 3205 cm�1 are found
to be absent in the spectra of the complexes, supporting loss of this
N–H proton upon complexation. The m(NN) bands arising from the
triazene fragment appear around 1284 and 1500 cm�1 for all the
complexes [21]. Three strong bands, observed near 526, 690 and
754 cm�1 in the 1-R and 2-R complexes, are attributable to the
coordinated triphenylphosphines.

All the 1-R and 2-R complexes are diamagnetic, which corre-
sponds to the trivalent state of rhodium (low-spin d6, S = 0) in
them. 1H NMR spectra of these complexes have been recorded in
CDCl3 solution. In the spectra of the 1-R complexes, signals for
the coordinated triphenylphosphines are observed as broad peaks
within 6.9–7.5 ppm. Some of the aromatic proton signals from
the coordinated triazene ligands, as well as from the metal-bound
phenyl fragment, could be clearly identified, while others could not
be detected due to overlap problem. In the 1-CH3 and 1-OCH3

complexes, five distinct signals were observed for the methyl and
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Fig. 2. View of the 2-CH3 complex.
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methoxy substituents, respectively. The 1H NMR spectral features
of the 2-R complexes are qualitatively similar to those of the cor-
responding 1-R complexes except that the triphenylphosphine
signals could not be detected due to overlap problem. The non-
equivalent nature of the two coordinated triazene ligands, as
observed in the 1H NMR spectra of the 1-R and 2-R complexes, is
consistent with their representative crystal structures.

Electronic spectra of all the complexes have been recorded in
dichloromethane solution. Spectral data are presented in Table 2.
Spectrum of a selected 1-R complex is shown in Fig. 3 and that
of a representative 2-R complex are deposited as Supplementary
material (Fig. S3). Each complex shows several intense absorptions
in the visible and ultraviolet region. The absorptions in the ultravi-
olet region are believed to be due to transitions within the ligand
orbitals. To have an insight into the nature of absorptions in the
visible region, semi-empirical EHMO calculations [96] have been
performed on computer-generated models of all the complexes
[97]. The results are found to be qualitatively similar for all the
complexes [98]. Compositions of some selected molecular orbitals
are given in Table S1 and partial MO diagram of a representative 1-
R complex is shown in Fig. 4. Partial MO diagram of selected 2-R
complex is deposited as Supplementary material (Fig. S4). The cal-
culations show that in the 1-R complexes the highest occupied
molecular orbital (HOMO) has major (>50%) contribution from
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Table 2
Electronic spectral and cyclic voltammetric data for the 1-R and 2-R complexes.

Compounds Electronic spectral dataa kmax, nm (e, M�1 cm�1) Cyclic voltammetric datab E, V vs. SCE

Oxidative responses Reductive response

1-OCH3 245 (45600), 406 (27200) 0.76,d 1.22d �1.06g

1-CH3 243 (47600), 403 (22800) 0.92,d 1.20d �1.23g

1-H 244 (45800), 398 (20300) 1.08,d 1.31d �1.08g

1-Cl 245 (48400), 399 (26100) 1.15,d 1.36d �1.03g

1-NO2 225c (37200), 299c (11900), 481 (17000) 1.68d �1.01g

2-OCH3 259c(45700), 303c (35200), 408 (32600) 1.02e(70),f 1.26d �1.25 g

2-CH3 252c (38700), 287c (26600), 401 (24700) 1.05e(70),f 1.35d �1.19 g

2-H 252c (46400), 282c (29200), 397 (24400) 1.17e(70),f 1.42d �1.19 g

2-Cl 255c (42000), 287c (36100), 401 (34100) 1.29e(80),f 1.31d �1.18 g

2-NO2 267c (17700), 332 (13600), 454 (15700) 1.53e(80)f �0.96 g

a In dichloromethane solution.
b Solvent: 1:9 dichloromethane–acetonitrile; supporting electrolyte: TBAP; scan rate: 50 mV s�1.
c Shoulder.
d Epa value, where Epa is the anodic peak potential.
e E1/2 = 0.5(Epa + Epc), where Epc is the cathodic peak potential.
f DEp = (Epa � Epc).
g Epc value.
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the metal d-orbitals. The next two filled molecular orbitals
(HOMO � 1 and HOMO � 2) also have significant contribution
from rhodium. The lowest unoccupied molecular orbital (LUMO)
is localized almost entirely on one 1,3-diaryltriazenide ligand and
is concentrated mostly (>50%) on the triazene fragment [98]. The
next vacant molecular orbital (LUMO + 1), which is relatively closer
to the LUMO, is localized on the second 1,3-diaryltriazene ligand.
Hence the lowest energy absorption near 400 nm may be assigned
to an electronic transition from the filled rhodium orbital (HOMO)
to the vacant p*-orbital (LUMO) localized on the triazene fragment
of a coordinated 1,3-diaryltriazene ligand. Composition of the fron-
tier orbitals in the 2-R complexes is qualitatively similar in nature
to those in the corresponding 1-R complexes, and hence in these
complexes the lowest energy absorption in the visible region is
assignable to a transition from filled rhodium orbital (HOMO) to
vacant p*-triazene orbital (LUMO). The relatively high intensities
of the charge-transfer transitions in the visible region tempted us
to explore the luminescence properties of these complexes. In eth-
anol solution at ambient temperature (298 K) all the complexes
have been found to display emission in the visible region using
an excitation wavelength of �400 nm [99] (Fig. 3, Fig. S3). Quan-
tum yields (/) of these emissions have been evaluated (Table 3)
with reference to [Ru(bpy)3]Cl2 (/ = 0.028 at 298 K) [100,101]. It
may be mentioned here that electronic spectra of the 1-R and



Fig. 3. Electronic spectrum (top) and emission spectrum (bottom) of the 1-H
complex.
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2-R complexes have also been recorded in ethanol and they show
identical characteristics to those recorded in dichloromethane
solution.

2.3. Electrochemical properties

Electrochemical properties of the 1-R and 2-R complexes have
been studied by cyclic voltammetry in 1:9 dichloromethane–ace-
tonitrile solution (0.1 M TBAP) [102]. Voltammetric data are pre-
sented in Table 2 and representative voltammograms for 1-R and
2-R complexes are deposited as Supplementary material (Fig. S5
and S6). All the complexes show two oxidative responses on the
positive side of SCE [103] and a reductive response on the negative
side. In view of the composition of the HOMO (vide infra) the first
oxidation is assigned to Rh(III)–Rh(IV) oxidation. The second oxida-
tion is tentatively attributed to the oxidation of a coordinated tria-
zene ligand. In the 1-R complexes, both the oxidative responses are
irreversible in nature. However, in the 2-R complexes the first oxi-
dative response is reversible in nature, characterized by a peak-to-
peak separation (DEp) of 70–80 mV, which remains unchanged
upon changing the scan rate, and the anodic peak-current (ipa) is
almost equal to the cathodic peak-current (ipc). The second oxida-
tion is again irreversible in the 2-R complexes. The reductive re-
sponse is irreversible for all the complexes and, based on the
composition of the LUMO, is assigned to reduction of the triazene
fragment in the coordinated ligand. Potential of the Rh(III)–Rh(IV)
oxidation in the 1-R complexes is found to be sensitive to the nat-
ure of the substituent R in the coordinated ligand. The potential in-
creases with increasing electron-withdrawing character of the
substituent R. The plot of Epa vs. 5r [104] [r = Hammett constant
of R [105], OCH3 = �0.27, CH3 = �0.17, H = 0.00, Cl = 0.23 and
NO2 = 0.78] is linear (Fig. S7) with a slope (q) of 0.17 V (q = reaction
constant of this couple [106]). A similar linear plot of Rh(III)–Rh(IV)
oxidation potential vs. 4r, with a slope (q) of 0.12 V is also ob-
served for the 2-R complexes (Fig. S8). The observed linear correla-
tions in the 1-R and 2-R complexes show that the substituents (R)
on the coordinated 1,3-diaryltriazene ligands, which are six-bonds
away from the metal center [104], can still influence the metal-
centered oxidation potential in a predictable manner.
3. Conclusions

The present study shows that the 1,3-diaryltriazenes (L) can
readily undergo N–H bond activation upon reaction with
[Rh(PPh3)3Cl], and, depending on the nature of the reaction med-
ium, they can also undergo N–N and C–N bond cleavage to afford
g1-bonded aryl complexes. The present exercise also shows that
organic molecules that can potentially serve as bidentate ligands
via loss of an acidic proton may also undergo similar activation
reactions, and such possibilities are currently under investigation.
4. Experimental

Commercial rhodium trichloride was purchased from Arora
Matthey, Kolkata, India. The para-substituted anilines were ob-
tained from S.D., India. All other chemicals and solvents were re-
agent grade commercial materials and were used as received.
[Rh(PPh3)3Cl] was prepared following a reported procedure [107].
The 1,3-diaryltriazenes (L) were prepared by following a literature
method [108]. Purification of acetonitrile and dichloromethane,
and preparation of tetrabutylammonium perchlorate (TBAP) for
electrochemical work were performed as reported in the literature
[109,110]. Microanalyses (C, H, N) were performed using a Heraeus
Carlo Erba 1108 elemental analyzer. The gas chromatographic
measurements were done in a VARIAN CP-3800 gas chromato-
graph equipped with an FID detector. A CP-Sil 8 CB capillary col-
umn was used for analysis of the product. 1H NMR spectra were
recorded in CDCl3 solution on a Bruker Avance DPX 300 NMR spec-
trometer using TMS as the internal standard. IR spectra were ob-
tained on a Shimadzu FTIR-8300 spectrometer with samples
prepared as KBr pellets. Electronic spectra were recorded on a JAS-
CO V-570 spectrophotometer. Emission spectra were recorded in a
Jobin Yvon Horiba FluoroMax 3 Luminescence Spectrometer. Elec-
trochemical measurements were made using a CH Instruments
model 600A electrochemical analyzer. A platinum disc working
electrode, a platinum wire auxiliary electrode and an aqueous sat-
urated calomel reference electrode (SCE) were used in the cyclic
voltammetry experiments. All electrochemical experiments were
performed under a dinitrogen atmosphere. All electrochemical
data were collected at 298 K and are uncorrected for junction
potentials.

4.1. Synthesis of complexes

1-R: The 1-R complexes were synthesized by following a gen-
eral procedure. Specific details are given below for a particular
complex.

1-OCH3: 1,3-Di(40-methoxyphenyl)triazene (85 mg, 0.33 mmol)
was dissolved in ethanol (40 mL) and triethylamine (35 mg, 0.35
mmol) was added to it [41]. The solution was then purged with a
stream of dinitrogen for 10 min and to it was added [Rh(PPh3)3Cl]
(100 mg, 0.11 mmol). The resulting mixture was then heated to re-
flux under a dinitrogen atmosphere for 6 h to yield a yellow solu-
tion. The solution was evaporated and the solid residue, thus
obtained, was purified by thin layer chromatography on a silica
plate. Using 1:1 hexane–benzene as the eluant, a yellow band sep-
arated, which was extracted with acetonitrile. On evaporation of



Fig. 4. Partial molecular orbital diagram of the 1-H complex.
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the acetonitrile extract, complex 1-OCH3 was obtained as a crystal-
line yellow solid. Yield: 60%. Anal. Calc. for C53H50O5N6PRh: C,
64.64; H, 5.08; N, 8.54. Found: C, 64.61; H, 5.06; N, 8.56%. 1H
NMR [111]: 3.64 (OCH3); 3.67 (OCH3); 3.69 (OCH3); 3.78 (OCH3);
3.81 (OCH3); 6.42 (d, 2H, J = 8.6); 6.59 (4H)*; 6.73 – 6.84 (12H)*;
6.91 (d, 2H, J = 8.1); 7.00–7.16 (PPh3).
Table 3
Emission spectral data for the 1-R and 2-R complexes.

Compounds Emission data

kmax (nm) Quantum yield (/)

Excitation Emission

1-OCH3 406 431 0.012
1-CH3 403 430 0.012
1-H 398 440 0.015
1-Cl 399 426 0.029
1-NO2 481 554 0.010
2-OCH3 408 451 0.015
2-CH3 401 470 0.006
2-H 397 445 0.014
2-Cl 401 445 0.014
2-NO2 454 531 0.026
1-CH3: Yield: 70%. Anal. Calc. for C53H50N6PRh: C, 70.36; H, 5.53;
N, 9.29. Found: C, 70.36; H, 5.50; N, 9.31%. 1H NMR: 2.13 (CH3);
2.17 (CH3); 2.22 (CH3); 2.27 (CH3); 2.28 (CH3); 6.56 (d, 2H,
J = 7.7); 6.67 (d, 2H, J = 8.2); 6.75 (d, 2H, J = 7.9); 6.79–6.86 (8H)*;
6.91 (d, 2H, J = 7.7); 6.99–7.18 (PPh3); 7.21–7.26 (4H)*.

1-H: Yield: 62%. Anal. Calc. for C48H40N6PRh: C, 69.07; H, 4.80;
N, 10.08. Found: C, 69.03; H, 4.77; N, 10.11%. 1H NMR: 6.74
(4H)*; 6.90–6.95 (6H)*; 7.03-7.22 (30H)*.

1-Cl: Yield: 65%. Anal. Calc. for C48H35N6PCl5Rh: C, 57.23; H,
3.48; N, 8.35. Found: C, 57.19; H, 3.47; N, 8.37%. 1H NMR: 6.70–
6.76 (8H)*; 6.80 (d, 2H, J = 6.8); 6.86 (d, 2H, J = 8.9); 7.02 (d, 2H,
J = 8.4); 7.05–7.16 (PPh3); 7.20 (d, 2H, J = 8.8); 7.31–7.34 (4H)*.

1-NO2: Yield: 58%. Anal. Calc. for C48H35N11O10PRh: C, 54.40; H,
3.31; N, 14.54. Found: C, 54.36; H, 3.31; N, 14.60%. 1H NMR: 6.87
(4H)*; 7.05 (d, 2H, J = 7.0); 7.18 (4H)*; 7.35–7.48 (PPh3); 7.52–
7.61 (6H)*; 7.66 (4H)*.

2-R: The 2-R complexes were synthesized by following a gen-
eral procedure. Specific details are given below for a particular
complex.

2-OCH3: 1,3-Di(40-methoxyphenyl)triazene (60 mg, 0.23 mmol)
was dissolved in toluene (40 mL) and triethylamine (25 mg,
0.25 mmol) was added to it [112]. The solution was then purged
with a stream of dinitrogen for 10 min and [Rh(PPh3)3Cl]
(100 mg, 0.11 mmol) was added to it. The resulting mixture was



Table 4
Crystallographic data for the 1-CH3 and 2-CH3 complexes.

1-CH3 2-CH3

Empirical formula (C53H50N6PRh)2 (C46H43ClN6PRh)2

Fw 1809.74 1698.38
Space group Monoclinic, P21/c Triclinic, P�1
Unit cell dimensions

a (Å) 22.6313(14) 10.5012(15)
b (Å) 17.4488(6) 14.372(2)
c (Å) 25.3688(12) 14.761(2)
a (�) 90 102.378(2)
b (�) 115.237(6) 106.372(2)
c (�) 90 90.093(2)

V (Å 3) 9061.7(9) 2083.2(5)
Z 8 2
k (Å) 0.71073 0.71073
Crystal size (mm) 0.19 � 0.37 � 0.41 0.05 � 0.05 � 0.05
T (K) 203 295
l (mm�1) 0.455 0.552
R1

a 0.1827 0.0369
wR2

b 0.5007 0.1101
GOFc 1.14 0.82

a R1 =
P

||Fo| � |Fc||/
P

|Fo|.
b wR2 = [

P
{w(F2

o � F2
c)2}/

P
{w(F2

o)}]1/2.
c GOF = [

P
(w(F2

o � F2
c)2)/(M � N)]1/2, where M is the number of reflections and N is

the number of parameters refined.
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then heated to reflux under a dinitrogen atmosphere for 24 h,
whereby an orangish-yellow solution was produced. Evaporation
of this solution gave an orange solid, which was subjected to puri-
fication by thin layer chromatography on a silica plate. Using 1:1
hexane–benzene as the eluant a reddish-orange band separated,
which was extracted with acetonitrile. On evaporation of the ace-
tonitrile extract complex 2-OCH3 was obtained as a reddish-orange
crystalline solid. Yield: 65%. Anal. Calc. for C46H43N6O4PClRh: C,
60.50; H, 4.71; N, 9.21. Found: C, 60.59; H, 4.70; N, 9.18%. 1H
NMR: 3.69 (OCH3); 3.73 (OCH3); 3.76 (OCH3); 3.80 (OCH3); 6.50
(d, 2H, J = 8.6); 6.64 (4H)*; 6.85 (d, 2H, J = 9.0); 6.93–7.04 (10H)*;
7.23–7.28 (9H)*; 7.46 (4H)*.

2-CH3: Yield: 63%. Anal. Calc. for C46H43N6PClRh: C, 65.06; H,
5.07; N, 9.90. Found: C, 65.10; H, 5.04; N, 9.89%. 1H NMR: 2.20
(CH3); 2.24 (2CH3)*; 2.31 (CH3); 6.74 (d, 2H, J = 8.1); 6.81–7.02
(18H)*; 7.22–7.25 (7H)*; 7.46 (4H)*.

2-H: Yield: 60%. Anal. Calc. for C42H35N6PClRh: C, 63.60; H, 4.42;
N, 10.60. Found: C, 63.62; H, 4.42; N, 10.59%. 1H NMR: 6.98–7.24
(31H)*; 7.37 (t, 2H, J = 9.2); 7.49 (t, 2H, J = 9.5).

2-Cl: Yield: 65%. Anal. Calc. for C42H31N6PCl5Rh: C, 54.17; H,
3.33; N, 9.03. Found: C, 54.20; H, 3.33; N, 9.01%. 1H NMR: 6.82
(d, 2H, J = 8.5); 6.92 (d, 4H)*; 7.04–7.12 (12H)*; 7.18 (d, 2H,
J = 8.9); 7.26–7.35 (7H)*; 7.46 (4H)*.

2-NO2: Yield: 62%. Anal. Calc. for C42H35O8N10PClRh: C, 51.83;
H, 3.19; N, 14.40. Found: C, 51.87; H, 3.14; N, 14.37%. 1H NMR:
6.84 (d, 2H, J = 8.6); 7.06–7.11 (4H)*; 7.16–7.23 (2d, 4H)*; 7.45 (d,
2H, J = 9.0); 7.64 (d, 2H, J = 8.0); 7.68–7.76 (13H)*; 7.97 (d, 2H,
J = 9.0); 8.23 (d, 2H, J = 9.0).

4.2. X-ray structure determination

Single crystals of the 1-CH3 and 2-CH3 complexes were ob-
tained by slow evaporation of acetonitrile solution of the com-
plexes. Selected crystal data and data collection parameters are
given in Table 4. Data were collected, respectively, on an Oxford
Diffraction Gemini, a Bruker SMART Apex CCD area detector sys-
tems using graphite monochromated Mo Ka radiation
(k = 0.71073 Å). X-ray data reduction, structure solution and
refinement were done using SHELXS-97 and SHELXL-97 programs
[113]. The structures were solved by the direct methods.
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Appendix A. Supplementary material

CCDC 695864 and 695865 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Hydrogen-bonding interac-
tions in complex 1-CH3 (Fig. S1) and complex 2-CH3 (Fig. S2),
absorption and emission spectra of complex 2-H (Fig. S3), partial
MO diagrams of complex 2-H (Fig. S4), cyclic voltammograms of
complexes 1-CH3 (Fig. S5) and complex 2-CH3 (Fig. S6), Hammett
plots for the 1-R complexes (Fig. S7) and 2-R complexes (Fig. S8),
and compositions of selected molecular orbitals for the 1-R and
2-R complexes (Table S1) are available as supplementary material.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jorganchem.2008.10.006.
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