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The number of dicarbonyl-o-semiquinonato (o-iminosemiquinonato) rhodium complexes was isolated
and characterized. Some reactions of these compounds with tertiary phosphines (substitution, addition)
were studied by EPR in solution using o-semiquinones (o-iminosemiquinones) as spin labels.
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1. Results and discussion
o-Semiquinones and o-iminosemiquinones were successfully
used as spin labels for investigation of reactions [1,2] and dynamic
processes [3,4] occurring in the coordination sphere of metals. One
of the mostly interesting our papers was dedicated to carbonyl-o-
semiquinonato complexes of rhodium [2]. In some cases the nature
of o-semiquinone used as spin label has some significance [4].
Analogously to previously reported [2] we have used the number
of quinones – the derivatives of 3,6-di-tert-butyl-o-benzoquinone
and o-iminoquinone for synthesis of new dicarbonyl rhodium(I)
complexes. Then we have studied some reactions occurring in
the coordination sphere of the complexes by EPR. It should be
noted at the very beginning that we discuss here only the unam-
biguously interpreted EPR spectra.

The exchange reaction of o-semiquinonato thallium with
(dicarbonyl)(chloro)rhodium(I) was used for complexes synthesis:

1=2½ðCOÞ2RhCl�2 þ TlSQ ! ðCOÞ2RhðSQÞ þ TlCl
ll rights reserved.

).
Synthetic procedure and complexes numbering for dicarbonyl
rhodium o-semiquinonates 1–6.

All the compounds were isolated and characterized by IR and
EPR spectroscopy. IR spectra of all complexes contain two intensive
bands C�O stretch vibrations. NIR spectrum is characterized by at
least one band of electron transfer in the region 1200–1700 nm.

High intensity of bands in the region 1450 cm�1 attributed to
stretch vibrations of CO – sesquialteral bond evidences the an-
ion-radical coordination mode of the ligand. Presence of the broad
band in NIR area which is attributed to charge transfer from gener-
alized d2

Z-orbital in the molecular stack to p�SQ -orbital of the ligand
in the complex (CO)2Rh(3,6-DBSQ) (1550 nm) [5] confirm the sim-
ilar structure of all compounds.

EPR spectra of complexes 1–6 confirm the conclusion about the
anion-radical coordination mode of the ligand; the charge distribu-
tion is (CO)2Rh+1SQ��. g-Factor magnitudes (Table 1) are close to
that typical for free unpaired electron value 2.0023. Hyperfine
ð1Þ
structure reflects only splitting with magnetic nuclei of semiquino-
nato ligand. We have never observed the splitting with rhodium
nuclear (103Rh, I = 1/2, 100%).

http://dx.doi.org/10.1016/j.jmr.2011.01.002
mailto:kostik@iomc.ras.ru
http://dx.doi.org/10.1016/j.jmr.2011.01.002
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Table 1
Frequencies of C�O stretch vibrations in IR, electron transfer bands in NIR spectra and gi – factors for complexes 1–6.

Complex 1 2 3 4 5 6

m (C�O), cm�1 2068 2066 2065 2075 2073 2055
2018 2010 1997 2005 2004 2015

m (d2
Z ? p�SQ), cm�1 7200 6200 �10,000 �8000 �10,000 6500

gi 2.0032 2.0026 2.0025 2.0043 2.0026 2.0023

Fig. 1. EPR spectrum of complex 1 (ambient temperature, toluene).
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EPR spectrum of 1 in solution is triplet (Fig. 1) due to hyperfine
splitting on two equivalent fluorine nuclei (19F, I = 1/2, 100%), aiso(-
F1) = aiso(F2) = 10.8 G. Peak intensities ratio of presented EPR spec-
trum (toluene, ambient temperature) differs from theoretical 1:2:1
because of different line widths of individual components (U1 = 0.6
G, U2 = 0.52 G, U3 = 0.78 G; U – line width). This line broadening is
caused by anisotropy of hyperfine splitting on 19F nuclei and was
observed earlier [6].

EPR spectrum of 2 in solution is doublet of multiplets (Fig. 2).
Hyperfine structure results from interaction of unpaired electron
with proton of semiquinonic ring ai(H(SQ)) = 3.80 G, –CH– proton
of iso-propyl ai(H(C-H)) = 0.26 G and methyl protons of iso-propyl
ai(6H(2CH3)) = 0.53 G. Individual components in doublet are not
resolved because of lines widths are close to hyperfine coupling
constants. Exact splitting constants were obtained by simulation
in ‘‘WINEPR SimFonia’’ Version 1.25. Simulated spectrum is pre-
sented together with experimental one in Fig. 2a.

EPR spectrum of 3 is doublet of triplets (1:1:1) (Fig. 2b). Hyper-
fine structure is caused by interaction of unpaired electron with
back-bonded proton of semiquinone ring ai(H(SQ)) = 3.00 G and
nitrogen nucleus of –NO2–group ai(N) = 0.71 G (14N, I = 1, 99.63%).
Fig. 2. EPR spectra of complexes: a – complex 2, top: experimental (ambient tem

Fig. 3. EPR spectra of complexes: a – complex 5 (300 K, toluene) and
EPR spectrum of 4 is singlet because of the absence of the
magnetic nuclei in its structure. Due to narrow line we were able
to observe satellites – hyperfine structure on two magnetic nuclei
13C (I = 1/2, 1.11%) of semiquinonato carbonyl groups ai(213C) =
2.35 G.

EPR spectrum of 5 – quintet (1:4:6:4:1) with satellites (Fig. 3a).
It is the consequence of splitting on four equivalent protons of gly-
col cycle ai(4H) = 0.59 G and two 13C, ai(213C) = 2.71 G. It should be
mentioned that all four protons of glycol cycle are equivalent at all
examined temperature range (180–300 K). It means that inversion
of glycol cycle is fast according to EPR time scale in this tempera-
ture range (Scheme 1).

EPR spectrum of 6 can be well resolved only at low temper-
ature in much diluted solution. The complicated multiplet
(Fig. 3b) is caused by interaction of unpaired electron with two
nitrogen nuclei ai(2N) = 0.35 G and four protons of piperazine
bicycle ai(4H) = 1.10 G. Hyperfine coupling constants were ob-
tained by simulation as well. Observable splitting only on four
methylene protons of eight ones is caused by rigid configuration
of piperazine substituent in contrast to previously described gly-
col one [7].

Scheme 2 represents the spatial configuration of piperazine
substituent as a result of molecular modeling (‘‘HyperChem’’
8.0.3). It is in agreement with structural results which are known
for the catecholate dianion of this o-quinone [8]. It becomes clear
that four protons (H⁄) can effectively interact with orbital occupied
by unpaired electron which is p� in character.

o-Iminosemiquinonato complex 7 was synthesized similarly to
o-semiquinonato ones. It was isolated and characterized by NIR-IR
and EPR spectroscopies.
perature, toluene), bottom: its simulation; b – complex 3 (240 K, toluene).

its simulation; b – complex 6 (230 K, toluene) and its simulation.



Scheme 1. Inversion of glycol cycle of semiquinone in complex 5.

Scheme 2. Spatial configuration of piperazine substituent in semiquinone of 6
(methyl groups of tert-butyls are omitted for clarity).

Fig. 4. EPR spectrum of 7 (300 K, toluene) and its simulation.

Table 2
EPR spectral parameters of four-coordinate phosphino-carbonyl rhodium adducts.

Adduct gi ai(31P), G ai (nuclei of substituents in SQ-ring), G

2 + PPh3 2.0052 3.60 3.40 (1H)
4 + PPh3 2.0062 3.40 No magnetic nuclei
5 + PPh3 2.0047 2.52 Hyperfine coupling constants

are less than line width6 + PPh3 2.0050 3.80
7 + PPh3 2.0079 7.95 7.80 (N); 4.30 (H4); 1.40 (H6)

ð2Þ
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Synthetic procedure for dicarbonyl rhodium o-iminosemiquino-
nate complex 7.

IR spectrum of 7 contains two intensive bands of bond stretch
vibrations C�O (2070 and 2020 cm�1). Electron transition in NIR
is about 9300 cm�1. EPR spectrum of 7 (Fig. 4) is triplet (1:1:1) of
doublets (gi = 2.0021) with broad lines (U = 1.2 G). It reflects hyper-
fine coupling with nitrogen nucleus ai(N) = 6.85 G; ring protons:
H4 ai(H4) = 4.50 G and H6 ai(H6) = 1.35 G. Lines widths are essen-
tially larger than that in semiquinonato analogs; it is typical for
iminosemiquinones [9]. For complete simulation it is necessary
to take into account the splitting constants on nine protons of
tert-butyl in 5-position (�0.3 UG). This hyperfine structure is not
resolved but the presence of this splitting creates the required line
shape.

All synthesized compounds interact with mono- and bidentate
tertiary phosphines. Composition and structure of products were
established by EPR in solution.

Complexes 2, 4, 5, 6 and 7 attach one molecule of triphenyl-
phosphine eliminating one molecule of carbon monoxide and form
four-coordinate square-planar complexes. Their EPR spectra
parameters are listed in Table 2.
O

O
R Rh

CO

CO
+ PPh3

O

O
R Rh

C

P
- CO
Substitution reaction of dicarbonyl-semiquinonato-rhodium
with triphenylphosphine.

In the cases of complexes 2, 4 and 6 the addition of excess of tri-
phenylphosphine leads to five-coordinate adducts which geometry
is close to trigonal bipyramid with phosphorus atoms in axial posi-
tions. It follows from large values of splitting constants on phos-
phorous nuclei (15.6–17.4 G) (Table 3) in contrast to 2.52–3.80 G
typical for phosphorus in planar position [2].

The reaction of addition of the second triphenylphosphine mol-
ecule is reversible. Analogous phenomenon for (CO)2Rh(3,6-DBSQ)
was already described [2]. In the cases of other complexes (5 and 7)
the binding of the second phosphine molecule do not occur even at
large excess of PPh3.
O

Ph3
ð3Þ



Table 3
EPR spectral parameters of di-phosphine adducts of complexes 2, 4 and 6.

Adduct gi ai(31P), CG ai(H), CG

2 + 2 PPh3 2.0006 17.0 3.4 (1H)
4 + 2 PPh3 2.0016 15.6 No protons
6 + 2 PPh3 2.0013 17.4 Line width is larger than splitting constant
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The thermodynamic parameters of the reversible binding of the
second phosphine molecule to mono-phosphine adducts of com-
plexes 2 and 6 were determined. For example in the case of 2 in
toluene in the presence of 100-fold excess of phosphine one can
observe mono-phosphine adduct ‘‘a’’ at the temperature above
�300 K in EPR spectrum and di-phosphine adduct ‘‘b’’ at the tem-
perature below �200 K (Fig. 5). At intermediate temperature one
can observe superposition of both spectra. EPR spectral parameters
of both adducts were determined. Both spectra were simulated and
summarized in different ratio in order to simulate the experimen-
tal spectra at different temperatures. Spectral intensities (double
integrated) ratio and known triphenylphosphine concentration
ð4Þ
([PPh3] = 10�2 mole/l) allowed to calculate the equilibrium con-
stants at different temperatures.

KP ¼
½b�

½a� � ½PPh3�
lnKp ¼ �DGo=RT ¼ �DHo=RT þ DSo=R

Using the dependence lnKp – 1/T allowed to estimate thermody-
namic parameters of equilibrium: for 2 DHo = �27 ± 3 kJ/mole,
DSo = �73 ± 8 J/K mole; for 6 DHo = �22.4 ± 2.5 kJ/mole, DSo =
�29.3 ± 2.0 J/K mole. The same sign of enthalpy and entropy means
that these factors act on the equilibrium position in opposite direc-
tions. Enthalpy stabilizes five-coordinated product ‘‘b’’ which has
more bonds, whereas entropy favorable is four-coordinated com-
plex ‘‘a’’ which is formed due to dissociation.

Complex 1 interacts with triphenylphosphine too. But the EPR
spectral picture which is observed at different temperatures is
too complicated because of inhomogeneously broadening of lines
due to anisotropy of hyperfine coupling with fluorine nuclei, be-
cause of superposition of two spectra of adducts with one and
two triphenylphosphine ligands and moreover spectrum of adduct
with one phosphine molecule has different splitting constants on
fluorine nuclei. Fig. 6 presents temperature dependence of EPR
spectrum of complex 1 with excess of PPh3. Hyperfine coupling
constants on fluorine, phosphorus and rhodium nuclei in di-phos-
phine adduct were estimated with the help of the simulation:
gi = 2.0013, ai(2P) ffi 16.1 G; ai(2F) ffi 8.9 G; ai(Rh) ffi 1.3 G.

Sterical hindrances of neutral ligand play the key role in the for-
mation of the coordination sphere. Using of the more sterically
bulky tri-o-tolyl-phosphine instead of triphenylphosphine in reac-
tion with complexes 1, 2 and 6 results in forming of four-coordi-
nate adducts. Their EPR spectra parameters are listed in Table 4.
The excess of the ligand do not lead to di-phosphine products.

ðCOÞ2RhðSQÞ þ o-Tol3P ! ðCOÞðo-Tol3PÞRhðSQÞ þ CO

Adduct of 1 with o-Tol3P has configuration close to square-pla-
nar. It is confirmed by different splitting constants on fluorine nu-
clei occupying 4 and 5 positions of semiquinone. It is the
consequence of different trans-effects of carbonyl C�O and o-Tol3P
ligands both situated in the plane of the complex. The anisotropy of
hyperfine coupling with fluorine nuclei is observed in the EPR
spectrum of phosphine adduct as well as in parental complex
(Fig. 7).

The reactions with bidentate phosphine ligands are presented
selectively because in most cases resulting EPR spectra cannot be
interpreted unambiguously. Therefore, the most understandable
spectra are generated in the reactions of complex 4 because of
the absence of magnetic nuclei in its semiquinone.

Bidentate P-donors dppe, dppph and dppbiphen interact with 4
forming five-coordinate products where one phosphorus occupy
axial and the other one – planar positions relatively to semiqui-
none plane.
Interaction of dicarbonyl-semiquinonato-rhodium complex 4
with di-phosphines.

Different positions of phosphorus atoms follow from different
HFC constants (Table 5). Using of previous experience [1–4] allow
us to attribute each splitting constant to corresponding phospho-
rus. Phosphorus laying in the plane (P2) usually has splitting con-
stant value about 2.0–4.0 G. Splitting constant on the phosphorus
situated in axial position (P1) depends on the nature of ligand
being in trans-position to it. HFC constant 5.0–5.6 G is too small
for axial position comparing with similar values in trigonal-bi-
pyramidal adducts of PPh3 which were discussed above (15.6–
17.4 G). It can be explained by the properties of ligand situated
in trans-position. It is C�O – the ligand which is strong p-acceptor
in contrast to PPh3. The same situation was already observed [2]:
appearing of C�O – ligand in trans-position to arsenic diminished
splitting constant from 17.0 to 8.6 G.

The EPR spectrum of reaction mixture of complex 5 and dppbi-
phen is doublet of triplets of multiplets: gi = 2.0012, ai(P) = 7.53 G,
ai(P/Rh) ffi 1.8/1.65 G, ai(4H) ffi 0.59 G. Only two coupling constants
can be unambiguously attributed: ai(P) = 7.53 G and ai(4H) ffi 0.59
G. Coupling constants 1.8 and 1.65 G are close one to another
and it is impossible to attribute each of them to rhodium or to
the second phosphorus. Different coupling constants on the phos-
phorous atoms indicate their different positions: one occupies pla-
nar position and the other one – axial.

Iminosemiquinonato complex 7 interacts with mono- and di-
phosphines. Reaction with PPh3 results in square-planar four-coor-
dinate compound. In the case of bidentate bis-(diphenylphos-
phino)ferrocene (dppfc) only one of PPh2-groups is able to
coordinate. It is well illustrated by the similarity of EPR spectra
of PPh3 and dppfc – adducts (Fig. 8 and Table 6). In spite of splitting
constant ai(H6) in iminosemiquinone is less than linewidth (U), it
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Fig. 5. Reaction scheme and EPR spectrum of reaction mixture of complex 2 and excess of PPh3 at different temperatures. One can observe virtually individual spectra of four-
coordinate adduct ‘‘a’’ at 310 K and adduct ‘‘b’’ at 210 K.

Fig. 6. Temperature dependence of EPR spectrum of reaction mixture of complex 1
with excess of PPh3.
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should taken into account in order to simulate the EPR spectrum
sufficiently.

It is difficult to interpret exactly the geometry of adducts be-
cause large (compared to similar o-semiquinonato adducts) split-
ting constant with phosphorous nucleus can be the result of
tetrahedral distortion (due to bulky substituent at nitrogen) as well
as larger spin density transfer from iminosemiquinone to metal
and phosphine ligands. In general splitting constants are close to
that which were observed for similar iminosemiquinonato nickel
compounds [9].

The most interesting situation one can observe in the case of
interaction of complex 7 with dppbiphen. EPR spectrum contains
superposition of spectra of two products converting one to an-
other. The first spectrum (7a) indicates one PPh2 group and it is
similar to previously discussed: gi = 2.0079, ai(P) = 8.0 G,
ai(N) = 7.8 G, ai(H4) = 4.2 G, ai(H6) = 1.7 G, U = 3.7 G. The second
spectrum (7b) is the doublet of doublets of multiplets:
gi = 2.0250, ai(P1) = 160.0 G, ai(P2) = 26.0 G, ai(N) = 7.0 G,
ai(H4) = 4.0 G, U = 8.5 G (Fig. 9). According to EPR data one of the
phosphorus occupies planar position and the other one is situated
in axial site. The larger value of g-factor, very large splitting con-
stants with both phosphorous nuclei and relatively small coupling
constants with the iminosemiquinone’s nuclei indicate relatively
large spin density transfer from iminosemiquinonato ligand to-
wards metal fragment. Temperature variation results in reversible
change of spectral intensities. When the temperature grows up
intensity of spectrum 7b decreases whereas 7a intensity increases.
This is typical for slow (in EPR time scale) interconversion of two
products (Eq. (5)).
ð5Þ



Table 4
EPR spectral parameters of adducts of complexes 1, 2 and 6 with o-Tol3P.

Adduct gi ai(P), G ai(H), G ai(F), G

1 + o-Tol3P 2.0065 3.25 – 8.80/11.10
2 + o-Tol3P 2.0054 3.35 3.35 –
6 + o-Tol3P 2.0018 3.60 HFC constants are less than lines width

Fig. 7. Experimental EPR spectrum for adduct of 1 with o-Tol3P (ambient
temperature, toluene) view (top) and its simulation (bottom).

Table 5
EPR spectral parameters of products of interaction of complex 4 with different di-
phosphines.

Ligand gi ai(P1), G ai(P2), G ai(Rh), G

dppe 2.0018 5.00 2.20 1.35
dppph 2.0021 5.60 2.20 1.38
dppbiphen 2.0030 5.20 2.35 1.45

Table 6
EPR spectral parameters of adducts of complex 7 with PPh3 b dppfc.

Adduct gi ai(P), G ai(N), G ai(H4), G ai(H6), G U, G

7 + PPh3 2.0079 7.95 7.80 4.30 1.40 3.2
7 + dppfc 2.0079 7.90 7.80 4.40 1.70 3.5

Fig. 9. Superposition of EPR spectra of 7a and 7b at two temperatures and it
simulation for 300 K.
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Interaction of dicarbonyl-iminosemiquinonato-rhodium with
dppbiphen.

2. Conclusion

Dicarbonyl-o-semiquinonato rhodium complexes have similar
structures in spite of different semiquinonato ligands. EPR spectra
reflect splitting on the magnetic nuclei of semiquinone. As it was
demonstrated earlier [2] the mentioned compounds interact with
tertiary phosphines forming square-planar phosphine-carbonyl
species. Some of species attach additional molecule of PPh3 form-
ing five-coordinate adducts which geometry is close to trigonal
bipyramid. In the case of bidentate phosphines three products
which were unambiguously interpreted by EPR have one phospho-
rous function in the axial position and the other one in the plane of
semiquinonato ligand.

An EPR spectrum of dicarbonyl-o-iminosemiquinonato complex
reflects splitting on nitrogen and two protons; line width is larger
than that in the most semiquinonato species. The HFC constants of
phosphine products are in general larger than that in correspond-
ing semiquinonato species. Interaction of dicarbonyl-o-
iminosemiquinonato complex with 1,10-bis(diphenylphosphino)-
diphenyl leads to forming of two products: four-coordinated with
singly connected di-phosphine and five-coordinated with doubly
Fig. 8. EPR spectra of adducts of complex 7 with
connected di-phosphine. The last product has one axial and the
other planar situated PPh2-groups. Splitting constant with axial
phosphorous nucleus has extremely large value 160 G.
3. Experimental

EPR spectra were recorded on X-band spectrometers ‘‘Bruker ER
200D-SRC’’ and ‘‘Bruker EMX’’. IR-NIR spectra were registered on
Fourier spectrometers ‘‘Bruker VERTEX 70’’ and ‘‘FSM 1201’’. Sol-
vents were purified according known procedures [10]. [(CO)2RhCl]2

was obtained according to [11]. o-Quinones and o-iminoquinone
were obtained according to literature procedures: 1-[6], 2-[12],
3-[13], 4-[14], 5-[15]], 6-[7], 7-[16]. All the operations with
o-semiquinonato (o-iminosemiquinonato) derivatives were carried
out in evacuated ampoules.
4. Synthesis of dicarbonyl-o-semiquinonato-rhodium
complexes

4.1. General procedure

THF solution (30 ml) of corresponding quinone (0.5 mmole) was
shaken with thallium amalgam (�40% wt. of Tl, large excess) (in
the case of 5 sodium dispersion was used instead of thallium amal-
gam) until the colour becomes unchanged. Resulting solution was
decanted from amalgam into the other ampoule containing 0.5
mmole of the same quinone. The solvent was changed to toluene
and the solution was used ‘‘in situ’’. o-Iminosemiquinonato thal-
lium was obtained according to [17].
PPh3 (a) and dppfc (b) and their simulations.
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Solution of semiquinonato-thallium (sodium for 5) was added
to [(CO)2RhCl]2 (0.194 g, 0.5 mmole). Reaction mixture was
warmed (60 �C) during 30–60 min and then filtered. Solvent was
changed to n-hexane (in the case of 7 acetonitrile). Resulting solu-
tion was allowed to stay at �18 �C overnight. Microcrystalline
powder was isolated by filtration.

Dicarbonyl(4,5-di-fluoro-3,6-di-tert-butyl-o-benzosemiquino-
nato)rhodium (1).

Yield: �50%. Analysis. Founded (%): C 46.37, H 4.54, Rh 24.67.
Calculated for C16H18F2O4Rh: C 46.28, H 4.37, Rh 24.78.

Dicarbonyl(4-iso-propyl-3,6-di-tert-butyl-o-benzosemiquino-
nato)rhodium (2).

Yield: �30%. Analysis. Founded (%): C 53.98, H 6.13, Rh 24.28.
Calculated for C19H26O4Rh: C 54.16, H 6.22, Rh 24.42.

Dicarbonyl(4-nitro-3,6-di-tert-butyl-o-benzosemiquinona-
to)rhodium (3).

Yield: �30%. Analysis. Founded (%): C 45.82, H 4.91, N 3.30, Rh
23.94. Calculated for C16H19NO6Rh: C 45.29, H 4.51, N 3.32, Rh
24.25.

Dicarbonyl(4,7-di-tert-butylbenzo[d][1,3]dithiole-2-one-5,6-
dionato)rhodium (4).

Yield: �40%. Analysis. Founded (%): C 43.87, H 4.28, S 14.00, Rh
21.27. Calculated for C17H18O5S2Rh: C 43.50, H 3.86, S 13.67, Rh
21.92.

Dicarbonyl(5,8-di-tert-butyl-2,3-dihydrobenzo[b][1,4]dioxine-
6,7-dionato)rhodium (5).

Yield: �40%. Analysis. Founded (%): C 49.23, H 5.25, Rh 23.00.
Calculated for C18H22O6Rh: C 49.44, H 5.07, Rh 23.53.

Dicarbonyl(5,8-di-tert-butyl-2,3-dihydro-1,4-ethanquinoxa-
line-6,7-dionato)rhodium (6).

Yield: �70%. Analysis. Founded (%): C 51.63, H 5.50, N 6.15, Rh
23.02. Calculated for C20H26N2O4Rh: C 52.05, H 5.68, N 6.10, Rh
22.30.
Dicarbonyl(4,6-di-tert-butyl-N-(2,6-di-iso-propylphenyl)-o-
iminobenzosemiquinonato)rhodium (7).

Yield: �60%. Analysis. Founded (%): C 62.18, H 6.91, N 2.36, Rh
18.75. Calculated for C28H37NO3Rh: C 62.44, H 6.93, N 2.61, Rh
19.11.
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