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Four rhodium 4,5-diazafluorene derivatives, [RhL(PPh3)2] (1),
[Rh(H)2(LH)(PPh3)2]Cl (2), [Rh(H)2L(PPh3)2] (3) and [Rh(H)2-
(LH)(PPh3)2]OTf (4), have been synthesized and fully charac-
terized by NMR spectroscopy, elemental analysis and single-
crystal X-ray diffraction. Compound 1 can be converted into
3 when treated with hydrogen gas. Compound 2 can be con-
verted into 3 when treated with NaH, and the reverse reac-
tion can be achieved by treating 3 with aqueous HCl. The

Introduction
Although 4,5-diazafluorene (LH) was first reported over

three decades ago,[1] its coordination chemistry is largely
unexplored.[1–3] The most studied coordination compounds
of LH are the Ru complexes because of their potential ap-
plication in photochemical water-splitting processes.[2] In
these cases, the LH ligand was viewed as a 3,3�-annealed
bipyridine. Previously our group discovered the facile
aerobic oxidation of the C(sp3)–H bonds of cis,cis,cis-
[RuCl2(LH)(PPh3)2] in which the CH2 group of the LH li-
gand is oxidized to a carbonyl group by air leaving the
phosphane ligands intact.[4]

The structure of LH can be viewed as two pyridine rings
fused onto a cyclopentadiene (CpH) ring in a syn fashion.
Therefore, it is conceivable that if LH is deprotonated at the
9-position, the resulting 4,5-diazafluorenide (L–) has two
types of metal-binding sites, the pyridine nitrogen donors
and the Cp– carbon donor (Scheme 1), that can potentially
accommodate two different metal centres. In addition, the
L– ligand is able to form zwitterionic complexes[5] when
only the two nitrogen donor atoms are involved in the bind-
ing of metal ions owing to the –1 charge on the ligand back-
bone. Despite such interesting structural features displayed
by L–, metal complexes of the L– ligand are barely known.[5]

In our previous report[5] we described the coordination
chemistry of L– with NaI, PdII and RhI, as well as the cata-
lytic activity of [RhL(cod)] towards olefin hydrogenation.
Unlike Wilkinson’s catalyst, [RhCl(PPh3)3], which is ther-
mally unstable and undergoes ligand dissociation in solu-
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air- and moisture-stable compound 2 is an active catalyst for
the hydrogenation of a variety of olefins, including non-ter-
minal ones; the chloride counterion in 2 appears to play a
role in the catalytic system. Thus, compound 4, the triflate
analogue of 2, is inactive towards olefin hydrogenation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Scheme 1. Conversion of LH to L–.

tion, [RhL(cod)] is thermally stable in solution. Similar to
Wilkinson’s catalyst, [RhL(cod)] is air-sensitive in solution,
however, it is not as active as Wilkinson’s catalyst for
olefin hydrogenation. Our previous study indicated that
[RhL(cod)] does not promote the hydrogenation of non-
terminal C=C double bonds. Furthermore, the cod ligand
appeared to bind to the metal centre strongly, which might
be responsible for the low activity of [RhL(cod)] in olefin
hydrogenation. The [RhL(cod)] complex is the first reported
Rh complex of the L– ligand. To the best of our knowledge,
Rh complexes of the charge-neutral LH ligand are still un-
known.

To expand the coordination chemistry of the LH and L–

ligands, we recently prepared a series of Rh complexes of
both LH and L– ligands bearing triphenylphosphane as the
neutral ancillary ligand. These include the first Rh com-
plexes of the charge-neutral LH ligand. Under appropriate
conditions these complexes can interconvert. One of the re-
sulting complexes, [Rh(H)2(LH)(PPh3)2]Cl (2) shows
unique catalytic reactivity towards olefin hydrogenation.
The chloride counterion appears to play a role in olefin
hydrogenation reactions catalysed by 2. The syntheses,
structures, spectroscopic data and reactivities of these com-
pounds are reported herein.
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Results and Discussion

Synthesis and Structure of [RhL(PPh3)2] (1)

The reaction of in situ generated NaL and [RhCl-
(PPh3)3] gave 1 in 76% yield (Scheme 2). NMR experiments
indicated that this reaction is incomplete, that is, a small
amount of [RhCl(PPh3)3] and its decomposition products
are always present. These impurities can be removed by
recrystallization to generate analytically pure compound 1.
The dark-green compound 1 is soluble in most common
organic solvents, except for the non-polar hexanes and pen-
tane. It is air-stable in the solid state, but air-sensitive in
solution. Unlike [RhCl(PPh3)3], which is thermally unstable
in solution at ambient temperature, compound 1 is ther-
mally stable in both the solid state and in solution at ambi-
ent temperature.

Scheme 2. Synthesis of 1.

The proton of the Cp ring of the L– ligand in 1 resonates
at δ = 6.53 ppm as a singlet in the 1H NMR spectrum in
C6D6, upfield-shifted relative to its counterpart in
[RhL(cod)] (δ = 6.72 ppm),[5] which can be attributed to the
stronger σ-donating and weaker π-accepting abilities of the
phosphane ligands compared with the cod ligand. The same
trend was observed with the remaining proton signals of
the L– ligand. The 31P NMR spectrum of compound 1 exhi-
bits one doublet signal at δ = 52.11 ppm with a 1JP–Rh coup-
ling constant of 187 Hz, which is in the reported range for
one-bond 31P–103Rh coupling.[6]

The molecular structure of 1 in the solid state was con-
firmed by X-ray crystallography. As shown in Figure 1, the
RhI centre adopts a distorted square-planar coordination
geometry with the two nitrogen donor atoms of the L– li-
gand and the two phosphorus donor atoms of the two tri-
phenylphosphane ligands occupying the four coordination
sites. Because of the repulsion between the two phosphane
ligands, the two phosphorus donor atoms P(1) and P(2) re-
side on different sides of the plane defined by the five-mem-
bered chelate ring with distances to the plane of approxi-
mately 0.35 and 0.51 Å, respectively. The bite angle of the
L– ligand is 82.10(9)°. The L– ligand is slightly bent rather
than planar, presumably because of the repulsion between
L– and the phosphane ligands. The C(4)–C(5) and C(5)–
C(6) bond lengths are 1.412(5) and 1.419(4) Å, respectively,
close to typical aromatic C–C bond lengths. The C(4)–C(5)–
C(6) angle is 107.7(3)°, similar to that observed for the L–

ligand in [Na2L2(LH)2] and [RhL(cod)].[5] The Rh–N bonds
[2.196(2) and 2.199(2) Å] in compound 1 are longer than
those in [RhL(cod)] [both 2.147(2) Å] as a result of the
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bulkiness and the trans effect of the phosphane ligands. Two
phenyl rings from the two phosphane ligands interact with
each other with a contact distance of around 3.2 Å.

Figure 1. Molecular structure of 1 with thermal ellipsoids plotted
at the 30% probability level.

Synthesis and Structure of [Rh(LH)(PPh3)2(H)2]Cl (2)

The neutral LH ligand and [Rh(PPh3)3Cl] gave no ob-
servable reaction in THF under argon. When hydrogen was
introduced to replace argon, compound 2 could be isolated
as a pale-pink precipitate in quantitative yield within an
hour (Scheme 3). Compound 2 is insoluble in THF and
benzene, but soluble in alcohol and chlorinated solvents
such as CH2Cl2 and CHCl3. Unlike compound 1, com-
pound 2 is air- and moisture-stable in both the solid state
and solution. The CH2 group of the LH ligand in com-
pound 2 displays a singlet at δ = 3.83 ppm in the 1H NMR
spectrum in CD2Cl2. The doublet of triplets at δ =
–16.8 ppm, integrated to 2 H, originates from the two hy-
dride atoms coupled to one Rh and two P nuclei with
1JRh–H and 2JP–H values of 18 and 13 Hz, respectively. The
31P NMR spectrum of 2 exhibits a doublet of triplets at δ =
48.62 ppm with 1JRh–P and 2JP–H values of 116 and 11 Hz,
respectively. The 31P–103Rh coupling constant is smaller
than that in 1 and similar to the literature value for [Rh-
(H)2(phen)(PPh3)2][SB9H12].[7]

Scheme 3. Synthesis of 2.
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The structure of 2 in the solid state was established by
X-ray crystallography and the cationic portion is shown in
Figure 2. The RhIII centre adopts a distorted octahedral co-
ordination geometry with the two hydrides, the two nitro-
gen donor atoms of the LH ligand and the two phosphorus
donor atoms of the two triphenylphosphane ligands occu-
pying the six coordination sites. The two hydrides are cis to
each other, whereas the two phosphane ligands are trans to
each other, consistent with the solution NMR spectroscopic
data. A crystallographically imposed mirror plane slices
through the LH ligand, the Rh centre, the two hydrides and
the chloride counterion. Therefore the two phosphane li-
gands are mirror images of each other. The Rh(1)–N(1) and
Rh(1)–N(2) bond lengths are 2.234(3) and 2.223(3) Å,
respectively, longer than those in compound 1. This could
be attributed to the strong trans effect of the hydride ligands
in 2. The Rh–P bonds in 2 [2.2994(8) Å] are longer than
those in 1 [2.2217(7) and 2.2357(7) Å] because of the trans
arrangement of the two phosphane ligands in 2, which
weakens the Rh–P bonds. This is consistent with the smaller
31P–103Rh coupling constant in the 31P NMR spectrum.
The P(1)–Rh–P(1A) angle is 170.60(4)°, smaller than the
ideal 180° for a regular octahedron because of the repulsion
between the bulky phosphane and LH ligands. The C(4)–
C(5) and C(5)–C(6) bond lengths are 1.513(6) and
1.532(6) Å, respectively, typical of C–C single bonds. The
C(4)–C(5)–C(6) angle of the LH ligand in 2 is 101.8(3)°,
similar to that observed for the LH ligand in [Na2(LH)
2L2].[5] The bite angle of the chelating ligand in 2 is
80.53(12)°, slightly smaller than that in 1.

Figure 2. Molecular structure of the Rh-containing cation of 2 with
thermal ellipsoids plotted at the 30% probability level. The chloride
counterion and most of the hydrogen atoms have been omitted for
clarity.

Synthesis and Structure of [Rh(PPh3)2H2L] (3)

Compound 3 can be prepared in quantitative yield by
treating 2 with NaH (Scheme 4). In the 1H NMR spectrum
of 3, the proton at the 9-position of the chelating ligand
resonates at δ = 6.29 ppm, which indicates the aromaticity

Eur. J. Inorg. Chem. 2009, 2083–2089 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2085

of the central C5 ring of the L– ligand in 3. A doublet of
triplets at –16.49 ppm originates from the two hydrides cou-
pled to one rhodium and two phosphorus nuclei with coup-
ling constants of 17 and 15 Hz, respectively. The 31P NMR
spectrum of 3 exhibits a doublet of triplets at δ = 50.19 ppm
with 1JRh–P and 2JH–P values of 118 and 10 Hz, respectively.
All the coupling constants are similar to those displayed by
2.

Scheme 4. Synthesis of 3.

The molecular structure of compound 3 in the solid state
was confirmed by single-crystal X-ray diffraction analysis.
As shown in Figure 3, the RhIII centre adopts a distorted
octahedral coordination geometry with the two nitrogen
donor atoms of the L– ligand, the two hydrides and the two
phosphorus donor atoms of the two triphenylphosphane li-
gands occupying the six coordination sites in a cis,cis,trans
fashion. The C(4)–C(5) and C(5)–C(6) bond lengths are
1.403(8) and 1.426(8) Å, respectively, typical of aromatic C–
C bonds. The C(4)–C(5)–C(6) angle is 108.6(5)°, close to
the ideal angle for a regular pentagon. The repulsion be-
tween L– and the two bulky phosphane ligands pushes the
two phosphane ligands away from the L– ligand and thus
the P(1)–Rh(1)–P(2) angle is 162.85(5)°, smaller than the
ideal 180° for a regular octahedron. This distortion is more
significant than that in 2.

Figure 3. Molecular structure of 3 with thermal ellipsoids plotted
at the 30% probability level. All of the hydrogen atoms (except for
the hydrides and the hydrogen atom of the Cp ring) have been
omitted for clarity.
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Reactivities of 1–3

When treated with 1 atm of H2, compound 1 can be con-
verted into compound 3 quantitatively (Scheme 5). Al-
though this reaction is fast and clean, the synthesis of com-
pound 3 by the reaction of 2 with NaH is a better route.
The main reason for this is that the synthesis from 2 gives
a quantitative yield and requires virtually no purification,
whereas the synthesis from 1 gives a lower yield and re-
quires recrystallization.

Scheme 5. Conversion of 1 into 3.

Compound 3 reacts with styrene slowly to afford ethyl-
benzene and compound 1. The slow reaction rate makes
this conversion of no practical use. Thus, in the presence of
a large excess of styrene it takes a month to achieve around
50% conversion from 3 to 1. As expected, both 1 and 3
are poor catalysts for olefin hydrogenation. The unpurified
compound 1 shows good activity towards olefin hydrogena-
tion because of contamination by [RhCl(PPh3)3] and its de-
composition products.

As described above, compound 3 can be obtained in
quantitative yield by treating 2 with a strong base such as
NaH. This conversion can be reversed cleanly by treating
compound 3 with a 10% HCl aqueous solution. During this
reaction the L– ligand in 3 is protonated at the 9-position
to generate the LH ligand, leaving the hydrides on the rho-
dium centre intact (Scheme 6), even with an excess amount
of HCl.

Scheme 6. Conversion of 3 into 2.

Olefin Hydrogenation Promoted by 2

The air- and moisture-stable compound 2 is able to pro-
mote the hydrogenation of olefins under mild conditions
with low catalyst loading. As shown in Table 1, not only
simple terminal olefins (entries 1 and 2), but also terminal
olefins with functional groups (entries 3–5) can be hydroge-
nated, leaving the polar C=O and C=N bonds intact. Un-
like the previously reported [Rh(cod)L], which does not
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promote the hydrogenation of internal olefins, compound 2
is able to promote the hydrogenation of non-terminal ole-
fins (entries 6 and 7).

Table 1. Hydrogenation of olefins promoted by 2.

[a] 7  in MeOH, 0.05 mol-% of 2, 1 atm of H2, ambient tempera-
ture. [b] Products in entries 1,[8] 2,[9] 3,[9] 4,[10] 5,[11] 6,[12] and 7[13]

were identified by 1H NMR spectroscopy. [c] Time required for
100% conversion, monitored by NMR spectroscopy. [d] Turnover
frequency.

We also compared the relative efficiencies of [Rh(PPh3)3-
Cl], [Ru(PPh3)3Cl2] and compound 2 in promoting the hy-
drogenation of styrene. Under otherwise identical condi-
tions (i.e., ambient temperature, 1 atm of H2, 7  of styrene,
0.05 mol-% catalyst loading, MeOH, 8 h) the hydrogenation
reactions catalysed by 2, [Ru(PPh3)3Cl2] and [Rh(PPh3)3Cl]
gave 50, 77 and 100% conversions, respectively.

Our preliminary study indicated that hydrogen pressure
does not affect the reaction rate of styrene hydrogenation
in MeOH promoted by compound 2. Thus, the reaction
rates are comparable under 1 and 4 atm of H2. In contrast,
styrene hydrogenation in benzene promoted by [Rh(cod)L]
is faster with higher hydrogen pressure. The addition of
PPh3 or LH ligand slows the hydrogenation process, which
implies that ligand dissociation is crucial in the catalytic
cycle. One hypothesis is that the chloride counterion ex-
changes with the LH ligand on the Rh centre to form
Wilkinson’s catalyst, which is the active catalyst in the sys-
tem. Because LH is a chelating ligand, only a small amount
of Wilkinson’s catalyst exists in this equilibrium. If this was
the case, at higher chloride concentrations the hydrogena-
tion should be faster because the concentration of
Wilkinson’s catalyst in the system would increase. However,
the addition of 1 equiv. of BuN4Cl (relative to 2) to the
catalytic system slows the hydrogenation process slightly.
This prompted us to synthesize the chloride-free version of
compound 2, expecting improvements in the olefin hydro-
genation.
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Synthesis and Structure of [Rh(H)2(LH)(PPh3)2]OTf (4)

Compound [Rh(H)2(LH)(PPh3)2]OTf (4) was synthe-
sized in 84% yield by treating compound 2 with 1 equiv. of
AgOTf. Similarly to 2, compound 4 is colourless and air-
and moisture-stable in both the solid state and solution.
The crystal structure of 4 was confirmed by X-ray crystal-
lography (Figure 4). Unlike that of 2, the structure of 4 has
no crystallographically imposed symmetry through the Rh-
containing cation. The six phenyl groups of the two tri-
phenylphosphane ligands are staggered along the P(1)–P(2)
axis, whereas those in 2 are eclipsed as a result of the mir-
ror-plane symmetry. Otherwise the structures of the cationic
portions of 2 and 4 are similar to each another in terms of
the metric parameters within the LH ligand and around the
metal centre (see Table 2). The OTf– counterions are located
between the cationic portions, interacting with the cations
through multiple hydrogen bonds. The 1H NMR spectrum
of 4 in CD3OD exhibits a doublet of triplets at –16.75 ppm
(1JRh–H = 18 Hz, 2JP–H = 13 Hz). The 31P NMR spectrum
of 4 shows a doublet of triplets at δ = 48.28 ppm (1JRh–P =
116 Hz, 2JP–H = 11 Hz). To our surprise, 4 was inactive
towards styrene hydrogenation, which indicates that the Cl–

counterion in 2 probably plays a role in the catalytic system.
However, its role is not fully understood yet and will be
investigated further.

Figure 4. Crystal structure of the Rh-containing cation of 4 with
thermal ellipsoids plotted at the 30% probability level. The OTf–

counterion and most of the hydrogen atoms have been omitted for
clarity.

Conclusions

A series of novel Rh complexes of L– and LH ligands
have been prepared and fully characterized. The Rh com-
pounds [Rh(H)2(LH)(PPh3)2]Cl (2) and [Rh(H)2L(PPh3)2]
(3) can interconvert cleanly under appropriate conditions.
Thus, NaH converts 2 into 3, whereas aqueous HCl con-
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verts 3 into 2. The clean conversion of [RhL(PPh3)2] (1)
into 3 can be achieved under H2. Compound 2 is able to
promote olefin hydrogenation reactions. Olefin hydrogena-
tion catalysed by 2 appears to have a different mechanism
compared with that catalysed by [Rh(cod)L]. Unlike in Wil-
kinson’s catalyst, in which the chloride is a spectator ligand,
the chloride counterion in 2 seems to play a role in olefin
hydrogenation processes, as evidenced by the inactivity of
[Rh(H)2(LH)(PPh3)2]OTf (4) towards olefin hydrogenation.
Exogenous chloride ions slow olefin hydrogenation reac-
tions catalysed by 2. The role of the chloride counterion in
olefin hydrogenation promoted by 2 is yet to be determined.
Nevertheless 2 and 4 are the first rhodium complexes of the
neutral LH ligand.

Experimental Section
General: All reactions were carried out under argon by using stan-
dard Schlenk techniques or in a nitrogen-atmosphere glovebox
from MBraun. Unless otherwise stated, all chemicals were pur-
chased from commercial sources and used without further purifica-
tion. Benzene was heated at reflux and distilled from sodium/
benzophenone under argon and stored over activated 4 Å molecu-
lar sieves in the glovebox. THF and pentane were purified by using
the solvent purification system from Vacuum Atmospheres Com-
pany. 4,5-Diazafluorene (LH) was prepared according to a litera-
ture procedure.[14] CD2Cl2 and C6D6, purchased from Cambridge
Isotope Laboratories, Inc., were degassed prior to use. The NMR
spectra were recorded with a Varian 400 spectrometer operating at
400 MHz for 1H, 162 MHz for 31P and 100 MHz for 13C. Elemental
analyses were performed at our Chemistry Department with a PE
2400 C/H/N/S analyser.

Synthesis of [RhL(PPh3)2] (1): A purple solution of NaL prepared
in situ from LH (50 mg, 0.3 mmol) and NaH (60% in mineral oil,
20 mg, 0.5 mmol) in THF (3 mL) was added dropwise through a
cannula to a solution of [RhCl(PPh3)3] (0.2 g, 0.3 mmol) in THF
(5 mL) with stirring. After stirring the resulting dark-brown solu-
tion overnight (≈12 h), the solvent was removed under reduced
pressure. The residue was dissolved in benzene (2 mL) and filtered
through a pad of Celite. The filtrate was dried under vacuum to
afford a dark-green solid of 1 (0.18 g, 76%). Crystals suitable for
X-ray crystallographic analysis were obtained by the slow diffusion
of hexanes in a concentrated solution of 1 in benzene. 1H NMR
(C6D6, 400 MHz): δ = 7.65–7.59 (m, 14 H), 6.64 (d, J = 4 Hz, 2
H), 6.58 (t, J = 7 Hz, 6 H), 6.53 (s, 1 H), 6.48 (t, J = 7 Hz, 12 H),
6.21 (dd, J1 = 4, J2 = 9 Hz, 2 H) ppm. 31P NMR (C6D6, 162 MHz):
δ = 52.11 (d, 1JRh–P = 187 Hz) ppm. 13C NMR (C6D6, 100 MHz):
δ = 135.04 (t, J = 6 Hz), 134.75, 129.14, 128.16, 127.98, 127.74,
127.64, 127.55, 127.20, 126.51 ppm. C47H37N2P2Rh (794.68): calcd.
C 71.04, H 4.69, N 3.53; found C 70.98, H 4.53, N 3.71.

Synthesis of [Rh(H)2(LH)(PPh3)2]Cl (2): A pale-yellow solution of
LH (50 mg, 0.3 mmol) in THF (3 mL) was added to an orange
solution of [RhCl(PPh3)3] (0.2 g, 0.3 mmol) in THF (5 mL) with
stirring under argon. The flask was then submerged in liquid nitro-
gen, evacuated and charged with H2, leading to the formation of a
large amount of a pale-pink precipitate. The mixture was further
stirred for 1 h. The precipitate was collected by filtration, washed
with THF (10 mL) and dried under vacuum to yield a pale-pink
solid of 2 (0.25 g, �99%). Crystals suitable for X-ray crystallo-
graphic analysis were obtained from the slow diffusion of hexanes
in a concentrated solution of 2 in CH2Cl2. 1H NMR (CD2Cl2,
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400 MHz): δ = 7.89 (d, J = 5 Hz, 2 H), 7.83 (d, J = 8 Hz, 2 H),
7.37 (t, J = 6 Hz, 12 H), 7.33 (t, J = 8 Hz, 6 H), 7.21 (t, J = 8 Hz,
12 H), 7.03 (dd, J1 = 5, J2 = 8 Hz, 2 H), 3.83 (s, 2 H), –16.82 (dt,
1JRh–H = 18, 2JP–H = 13 Hz, 2 H) ppm. 31P NMR (CD2Cl2,
162 MHz): δ = 48.62 (dt, 1JRh–P = 116, 2JP–H = 11 Hz) ppm. 13C
NMR (CD2Cl2, 100 MHz): δ = 160.24, 150.23, 136.69, 134.34,
133.29 (t, J = 6 Hz), 130.49 (t, J = 22 Hz), 130.45, 128.48 (t, J
= 5 Hz), 128.40, 35.82 ppm. C47H40ClN2P2Rh·1�8CH2Cl2 (843.77):
calcd. C 67.08, H 4.81, N 3.32; found C 67.23, H 4.72, N 3.41.

Synthesis of [Rh(H)2L(PPh3)2] (3): NaH (60% in mineral oil,
20 mg, 0.5 mmol) was added to a suspension of 2 (0.25 g,
0.3 mmol) in THF (4 mL). The mixture was stirred for 1 d to afford
a dark-blue solution, which was then filtered through a pad of Ce-
lite to remove NaCl. The filtrate was dried under vacuum to afford
a red solid of 3 (0.23 g, 99%). Crystals suitable for X-ray crystallo-
graphic analysis were obtained by the slow diffusion of hexanes in
a concentrated solution of 3 in benzene. 1H NMR (C6D6,
400 MHz): δ = 7.47 (d, J = 8 Hz, 2 H), 7.15–7.09 (m, 14 H), 6.59–
6.52 (m, 18 H), 6.29 (s, 1 H), 6.22 (dd, J1 = 5, J2 = 8 Hz, 2 H),
–16.49 (dt, 1JRh–H = 17, 2JP–H = 15 Hz, 2 H) ppm. 31P NMR
(C6D6, 162 MHz): δ = 50.19 (dt, 1JRh–P = 118, 2JP–H = 10 Hz) ppm.
13C NMR (C6D6, 100 MHz): δ = 135.32, 133.72 (t, J = 6 Hz),
129.30, 128.40, 127.98, 127.96, 127.74, 127.68, 127.62, 124.57 ppm.
C47H39N2P2Rh (796.69): calcd. C 70.86, H 4.93, N 3.52; found C
70.50, H 4.94, N 3.45.

Synthesis of [Rh(H)2(LH)(PPh3)2]OTf (4): Compound 2 (42 mg,
0.05 mmol) and AgOTf (13 mg, 0.05 mmol) were stirred in CH2Cl2
(3 mL) overnight and filtered to remove the precipitate. The filtrate
was dried under vacuum to afford 4 as an off-white solid (40 mg,
84%). Crystals suitable for X-ray crystallographic analysis were ob-
tained by the slow diffusion of pentane into a concentrated solution
of 4 in CH2Cl2. 1H NMR (CD3OD, 400 MHz): δ = 8.06 (d, J =
5 Hz, 2 H), 7.79 (d, J = 8 Hz, 2 H), 7.40–7.33 (m, 12 H), 7.31 (t, J
= 7 Hz, 6 H), 7.22 (t, J = 7 Hz, 12 H), 7.07 (dd, J1 = 5, J2 = 8 Hz,
2 H), 3.80 (s, 2 H), –16.75 (dt, 1JRh–H = 18, 2JP–H = 13 Hz, 2
H) ppm. 31P NMR (CD3OD, 162 MHz): δ = 48.28 (dt, 1JRh–P =
116, 2JP–H = 11 Hz) ppm. 19F NMR (CD3OD): δ = –80.55 (s) ppm.
13C NMR (CD2Cl2, 100 MHz): δ = 160.36, 150.57, 136.94, 134.02,

Table 2. Crystallographic data.
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133.18 (t, J = 7 Hz), 132.58 (t, J = 18 Hz), 130.20, 128.27 (t, J =
5 Hz), 125.23, 124.84 (q, J = 316 Hz), 35.01 ppm.
C48H40N2O3F3P2SRh·0.5CH2Cl2 (989.23): calcd. C 58.89, H 4.18,
N 2.83; found C 59.20, H 4.27, N 2.67.

Olefin Hydrogenation Promoted by 2: At ambient temperature a
glass vessel was charged with 1 atm of H2, 3 mg of 2 (0.0035 mmol),
an olefin substrate (7 mmol) and MeOH (to reach a total volume
of 1 mL). The progress of the reaction was monitored by 1H NMR
spectroscopy (compared with the spectra reported in the literature).

X-ray Diffraction Analysis: All crystals were mounted on the tip of
a MiTeGen MicroMount. The single-crystal X-ray diffraction data
for 1–3 were collected with a Nonius-Kappa CCD diffractometer,
whereas the data for 4 were collected with a Bruker Kappa APEX
II diffractometer. In all cases, the collection conditions were as fol-
lows: Mo-Kα radiation (λ = 0.71073 Å), 50 kV, 30 mA and 150 K
controlled by an Oxford Cryostream 700 series low-temperature

Table 3. Selected bond lengths [Å] and angles [°].
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system. The diffraction data for 1–3 were processed with the
DENZO-SMN[15] software package, whereas the data for 4 were
processed with the Bruker APEX2 software package (V2008.3).[16]

All structures were solved by direct methods and refined with
SHELXTL (V6.10).[17] All non-hydrogen atoms were refined aniso-
tropically except for those involved in disordering. The positions of
the hydrogen atoms were either calculated or directly located from
a difference Fourier map and their contributions were included in
the structure factor calculations. Compound 1 co-crystallized with
benzene (one benzene molecule per molecule of 1) in the triclinic
space group P1̄. Compound 2 co-crystallized with CH2Cl2 (two
CH2Cl2 molecules per molecule of 2) in the orthorhombic space
group Pbcm. Compound 3 co-crystallized with benzene (one ben-
zene molecule per molecule of 3) in the monoclinic space group
P21/c with two independent molecules per asymmetric unit. Com-
pound 4 crystallized in the triclinic space group P1̄. The co-crys-
tallized solvent molecule was badly disordered and therefore was
removed by using the SQUEEZE routine of the PLATON pro-
gram.[18] Although the identity of the solvent could not be con-
firmed by crystallography, the elemental analysis results suggest the
presence of CH2Cl2 in the crystal lattice even after vacuum drying.
The contribution of the removed solvent was not included in the
final formula and density calculations. The crystallographic data
for 1–4 are summarized in Table 2 and selected bond lengths and
angles are listed in Table 3.

CCDC-712062 (for 1·C6H6), 712063 (for 2·2CH2Cl2), 712064 (for
3·C6H6) and CCDC-712065 (for 4) contain the supplementary crys-
tallographic 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.
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