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Introduction

The reaction of PEt3 with EtNCS is known since the 1870s
as a route to obtain ethyl isocyanide. In this reaction, the
transfer of a sulfur atom from the NCS group to the phos-
phorus center is responsible for the formation of the corre-
sponding phosphano-sulfide (Et3P=S) and EtNC. In fact, in
the reaction PR03 + RNCS=R03PS + RNC, a zwitterionic in-

termediate is formed, which is, in turn, dissociated in R03PS
and RNC. This process is believed to proceed by the forma-
tion of a three-membered C-P-S non-zwitterionic ring
(Scheme 1).[1]

Data reported in the literature indicates that only alkyl-
substituted phosphanes, R3P, or phosphanoamines,
(R02N)xR

00
ð3�xÞP, which contain P�N bonds, can react with iso-

thiocyanates. The zwitterion formation is an equilibrium de-
pending on R, R’, and the solvent, and it is initiated by a nu-
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Scheme 1. Addition reaction of alkylphosphanes to isothiocyanates and
subsequent transformation in phosphano-sulfide and isocyanide.
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cleophilic attack of the phosphorus center on the carbon
atom of the heterocumulene group.[2,3] The higher nucleo-
philic character of the P atom in phosphanoamines is due to
the N lone pair delocalization, evidenced in Ph2PNHPPh2

(PNP) by the planarity of the P-NH-P system.[4]

Similar reactions of R3P with CS2 give zwitterionic ad-
ducts R3PCS2, whose ligating properties have been re-
viewed.[5] On the other hand, the coordination chemistry of
phosphane- or phosphanoamine–isothiocyanate adducts has
not been studied until now. As far as we know only one
fully characterized complex containing a coordinated
N�C(S)P+ zwitterionic group has been reported,[6] but is ob-
tained by insertion of isothiocyanate in a preformed com-
plex. In particular, the derivatives of PNP are potential mul-
tidentate ligands that can afford a new class of zwitterionic
complexes.

Herein, we report the results of the reaction of PNP with
some common isothiocyanates.

Results and Discussion

Four kinds of products (1–4) can be obtained in the reac-
tion of PNP with RNCS, depending on R, the temperature,
and the PNP/RNCS molar ratio (Scheme 2).

Reaction i represents the primary attack of PNP on
RNCS giving the proposed intermediate A, via a proton mi-
gration. Intermediate A cannot be isolated because of the
reactivity of its free P atom, which is able to react further
with RNCS (pathway ii) or with another A molecule (path-
way iii) on the electrophilic CS group.

Along pathway ii, the zwitterionic compound 1 is ob-
tained, which, in turn, can rearrange to afford quantitatively
compound 2 and an isocyanide molecule.

Along pathway iii, two molecules of A react with each
other through the attack of the tertiary phosphorus of one
molecule on the PC(S)N carbon atom of the second one.
The resulting intermediate undergoes an S-atom transfer
from the C�S group to the free P atom, probably through
the formation of a C,P,N,P,S five-membered ring. After the
S-atom transfer, the C atom is formally negative and can
accept the thioamidic proton which migrates from N to C,
leading to the formation of a zwitterionic N�C(S)P+ “arm”
(compound 3). An isocyanide molecule can be finally re-
leased by rearrangement of 3 into 4, in the same way as the
rearrangement of 1 to 2.

These compounds can be purified by fractional crystalliza-
tion, and identified in the crude reaction mixture by their
31P NMR signals. In compound 2 the formation of the P=S
group from the PC(S)N zwitterionic arm with the release of

a RNC molecule depends on
the temperature. When R= Et
and the ratio of PNP/EtNCS is
1:2, compound 1 a (HSNS) is
obtained in high yield (90 %, >
60 % after recrystallization) to-
gether with traces of 2 a and 4 a.
Compound 2 a can be obtained
almost quantitatively (50 %
after recrystallization) by react-
ing PNP and EtNCS (1:2 ratio)
in refluxing ethanol, or by re-
fluxing an ethanol solution of
compound 1 a. When R= Et
and the ratio of PNP/EtNCS is
1:1, compound 4 a can be ob-
tained (20–30 % yield, together
with 1 a, 2 a and unreacted
PNP), whereas formation of
compound 3 a is not observed.
When R=Ph and the PNP/
PhNCS ratio is 1:2, the transfor-
mation of 1 b to 2 b occurs at
lower temperatures, and only
compound 2 b is obtained
(Yield >85 %). When the PNP/
PhNCS ratio is 1:1, compounds
4 b is obtained (together with
traces of a product that is prob-
ably 3 b, which can be detected
in the reaction mixture by
31P NMR spectroscopy). When

Scheme 2. Products and proposed intermediates of the 2:1 and 1:1 reactions of PNP with RNCS (Ph groups on
P atoms are omitted. The isolated products are evidenced for every R group: a=Et, b=Ph, c=p-NO2(C6H4).
The zwitterionic Lewis structures have been drawn with the formal negative charge located on the nitrogen
atom. Charge resonance on the sulfur atom has been omitted for clarity and will be omitted in all other
schemes).

� 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2005, 11, 3413 – 34193414

www.chemeurj.org


R=p-NO2(C6H4), only the formation of 3 c is observed re-
gardless of the temperature or the PNP/PhNCS ratio.

At the moment the influence of the R group on the
“choice” of the two reaction paths ii (yielding compound 1)
or iii (yielding compound 3) and on the stability of the zwit-
terionic functional groups (transformations of 1 into 2, and
of 3 into 4) is not rationalized. Only when R=p-NO2(C6H4)
is the reaction driven towards the formation of a single zwit-
terionic product that is stable with respect to the subsequent
P=S group and p-NO2(C6H4)NC formation. Apparently, the
resonance effect of the p-NO2(C6H4) group stabilizes the
negative charge on the N atom.

As far as we know, 1 a (HSNS) and 3 c are the first com-
pounds containing the new -N=P�C(S)NH- functional
group, belonging to the isoelectronic series X=P�C(S)NH-
(X=O, S, Se, NR).

Compounds 1 a (R=Et), 2 a (R=Et), 2 b (R= Ph), 3 c
(R=p-NO2C6H4), and 4 a (R=Et) were obtained as crystal-
line solids and their structures were determined by X-ray
diffraction. Views of the structures of compounds 1 a, 2 a,
3 c, and 4 a are shown in Figure 1, Figure 2, Figure 3, and
Figure 4, respectively, together with significant bond distan-
ces and angles. Structural data for 2 b has been deposited at
the Cambridge Crystallographic Data Base.

When the PNP group bears a positive charge as in the
zwitterionic compounds 1 a (HSNS) and 3 c, the two P�N
bond lengths are comparable, being 1.575(2) and 1.584(2) �

Figure 1. Molecular structure of 1a (HSNS). Selected bond lengths [�]
and angles [8]: C1�N1 1.297(3), C1�S1 1.690(2), C2�N2 1.314(3), C2�S2
1.660(2), N3�P1 1.584(2), N3�P2 1.575(2); N1-C1-S1 132.1(2), N1-C1-P1
113.0(2), S1-C1-P1 115.0(1), N2-C2-S2 127.3(2), N2-C2-P2 112.2(2), S2-
C2-P2 120.4(1), C1-N1-C3 116.4(2), C2-N2-C5 123.6(2), P1-N3-P2
140.3(1).

Figure 2. Molecular structure of 2a. Selected bond lengths [�] and angles
[8]: C25�S2 1.657(4), C26�N2 1.470(5), C25�P1 1.844(4), C25�N2
1.313(5), P1�N1 1.566(3), P2�N1 1.613(3), P2�S1 1.942(2); C25-N2-C26
124.5(4), N2-C25-S2 125.5(3), N2-C25-P1 115.2(3), S2-C25-P1 119.3(2),
P1-N1-P2 136.7(2), N1-P1-C25 113.8 (2), N1-P2-S1 119.6(1).

Figure 3. Molecular structure of 3 c (phenyl thermal ellipsoids omitted for
clarity). Selected bond lengths [�] and angles [8]: P1�S1 1.972(3), P4�C8
1.842(7), S2�C8 1.671(8), N1�C2 1.42(1), N1�C1 1.425(9), N4�C8 1.302(9),
N2�P1 1.611(4), N2�P2 1.572(6), N3�P3 1.543(6), N3�P4 1.565(6); C2-
N1-C1 125.3(7), P2-N2-P1 133.0(4), P3-N3-P4 166.0(4), C8-N4-C9
122.0(6), N4-C8-S2 134.4(6), N4-C8-P4 109.6(5), S2-C8-P4 115.9(4).

Figure 4. Molecular structure of 4a. Selected bond lengths [�] and angles
[8]: P1�S1 1.967(2), P1�N2 1.616(2), P2�N2 1.572(2), P2�C1 1.844(3),
N1�C1 1.459(3), P4�C1 1.852(3), P4�N3 1.571(2), P3�N3 1.602(2), P3�
S2 1.954(2); N2-P1-S1 119.1(1), P2-N2-P1 130.9(2), N2-P2-C1 113.6(1),
N1-C1-P4 111.0(2), P4-C1-P2 119.4(2), N3-P4-C1 111.0(1), P4-N3-P3
143.3(2), N3-P3-S2 119.5(1), N1-C1-P2 108.9(2).
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in 1 a, 1.543(6) and 1.565(6) � in 3 c, indicating that the posi-
tive charge is delocalized on the two P atoms. The P-N-P
angles are 140.3(1) and 166.0(4)8, respectively. When the
PNP group is not charged, as in 2 a, 4 a and for the P1-N2-
P2 group in 3 c, the P�N bond lengths differ more, (mini-
mum difference for the P4-N3-P3 group in 4 a : P4�N3
1.571(2) � and P3�N3 1.602(2) �) suggesting a less delocal-
ized character of the double bond. The P-N-P angles are
narrower (in the range 130.9(2)–143.3(2)8). In 1 a an intra-
molecular hydrogen bond is present between the N atoms of
the two EtNC(S)P phosphothioamidic moieties (N1···N2=

2.885(4) �, N1�H···N2=162(7)8). It is noteworthy that in all
molecules of 3 c the chiral C1 atom adopts an R configura-
tion, indicating spontaneous enantiomeric resolution during
crystallization. When a P=S group is present, intramolecular
NH···S=P interactions are observable (H···S distances
2.475(6) and 2.556(8) � for 2 a and 4 a, respectively), having
hydrogen-bonding character in 3 c (N1···S2, H1n···S2 distan-
ces 3.295(9) and 2.043(5) �, respectively, N1···H1n···S2 angle
163.9(7)8). In 3 c, this hydrogen bond creates a second chiral
center on the aminic N atom.

HSNS is easily and quantitatively protonated to give the
H2SNS+ ion (Scheme 3). By shaking a chloroform solution

of HSNS with concentrated hydrochloric acid, [H2SNS]Cl
was prepared and its crystal structure was determined
(structural data for this salt have been deposited at the
Cambridge Crystallographic Data Base). By reacting HSNS
with NaH in THF, the anion SNS� can be prepared as a
sodium salt, (Scheme 3) but it has not been isolated and
characterized because of its instability (this anion may also
be referred to as a cation–dianion or a zwitterion–anion).

HSNS reacts with [(acac)Rh(CO)2] (FTIR, CH2Cl2 so-
lution: n(CO) =2023, 2011 cm�1) through loss of the thioa-
midic proton and formation of acetylacetone. The anion
SNS� is then coordinated by the {Rh(CO)2}

+ moiety, afford-
ing a biscarbonyl labile intermediate (n(CO)= 2066,
2003 cm�1 after some minutes), which quickly loses CO, to
form [(SNS)Rh(CO)] (5) (n(CO) =1967 cm�1) in a quantita-
tive yield. Compound 5 can be also obtained by reaction of
[{(CO)2RhCl}2] with NaSNS. The molecular structure of 5 is
shown in Figure 5.

This complex, having a crystallographically imposed C2

symmetry, is a zwitterionic metalate.[7] The anion SNS� coor-
dinates as an S,N,S pincer ligand to the Rh atom, which is
found in a square-planar environment. It is noteworthy that
the two fused pentaatomic chelating rings contain five dif-
ferent atoms (Rh, S, C, P, N), and therefore can be consid-
ered as “true heterocycles”.[8] The two P�N bond lengths,

1.643(2) �, are longer than in
1 a and 3 c, with a P-N-P’ bond
angle of 134.3(3)8. The PNP co-
ordinated group, can be associ-
ated to the well-known
(Ph3P)2N

+ (PPN+) cation. As
far as we know this is the first
example of such a cation coor-

dinated by a metal atom.
To gain insight on the electronic charge distribution in

complex 5, density functional theory (DFT) calculations
were performed. The relevant electronic properties of chela-
tion rings, Mulliken atomic charges, and the total electric
dipole moment, as obtained by the DFT calculations are re-
ported in Table 1. The electronic structure is characterized
by a high charge separation between the phosphorus atoms
and the neighboring nitrogen and carbon atoms. In the
Lewis structure of [(SNS)Rh(CO)], the negative charge
would be located on the Rh atom, as shown in Scheme 4
(for this reason these complexes are called “metalates”), in-
stead it is mainly found on the coordinated N atom. The

Scheme 3. Protonation and deprotonation of HSNS (Ph groups are omitted for clarity).

Figure 5. Molecular structure of 5. Selected bond lengths [�] and angles
[8]: Rh1�C1 1.815(8), Rh1�N1 2.158(5), Rh1�S1 2.367(2), S1�C14
1.764(5), P1�N1 1.643(2), P1�C14 1.851(5), N2�C14 1.288(7); C1-Rh1-
N1 180.0(0), C1-Rh1-S1 91.92(3), N1-Rh1-S1 88.08(3), S1’-Rh1-S1
176.15(7), C14-S1-Rh1 102.5(2), N1-P1-C14 106.2(2), P1-N1-P1’ 134.3(3),
P1-N1-Rh1 112.8(2), N2-C14-S1 131.8(4), N2-C14-P1 111.5(4), S1-C14-P1
116.7(3). (symmetry transformation used to generate equivalent atoms:
’=�x +1, y, �z +1/2)

Table 1. Mulliken atomic net charges and calculated molecular dipole
moment in gas phase and in cyclohexane and THF solutions.

N P C S Rh m/D

gas �0.439 0.205 �0.280 0.017 �0.150 12.870
C6H12 �0.442 0.207 �0.270 �0.010 �0.157 14.923
THF �0.447 0.210 �0.268 �0.044 �0.177 17.664
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charge separation also determines the high value of the total
electric dipole moment (12.9 D in the gas phase), which is
the sum of the local dipoles on the two chelation rings. Its
direction is the same as the twofold axis found in the solid-
state structure. The PNP system is the location of the charge
separation, with a total positive charge of + 0.41 found on

the two P atoms and a negative charge of �0.439 on the N
atom.

The value of the dipole moment was calculated in nonpo-
lar (cyclohexane) and polar (THF) solvents. Its value is
higher than in the gas phase, showing that the molecule is
highly polarizable.

In the solid state, molecules all oriented in the same direc-
tion are disposed in layers in a head-to-tail fashion (see Fig-
ure 6a). Adjacent layers contain molecules with opposite
orientations. A perpendicular view with respect to the layers
shows that the molecules form “columns” defined by alter-
nated opposite orientations (Figure 6b). The shortest inter-
molecular Rh···Rh separation, between two molecules with
different orientations in two adjacent layers in the same
column, is 9.0 �. The shortest Rh···Rh separation between
two equally oriented molecules in the same layer is 10.3 �.

Conclusion

The reaction of PNP with isothiocyanates, RNCS, yields
four kinds of structurally characterized products that
depend mainly on the R group of RNCS. Among these new
products there are zwitterionic molecules that are able or
potentially able to coordinate to metal species. In particular,
we have found that the ligand HSNS behaves, in its deproto-
nated form, as an efficient S,N,S-donor pincer ligand. The
complex [(SNS)Rh(CO)] is the first member of a series
(e.g., PdII, PtII, CuI, CoIII, HgII etc) that will be studied to
produce a new class of zwitterionic complexes whose prop-
erties should be promising in catalysis and in nonlinear
optics.

Experimental Section

General remarks : The starting reagents Ph2PCl, EtNCS, Me3SiNHSiMe3,
p-NO2(C6H4)NCS, PhNCS, [(acac)Rh(CO)2], [{(CO)2RhCl}2], and NaH
were pure commercial products (Aldrich and Fluka) and were used as re-
ceived. Ph2PNHPPh2 (PNP) was prepared by reacting Ph2PCl and Me3-

Scheme 4. Reaction of RhI precursors, [(CO)2Rh(acac)] and [{(CO)2RhCl}2], with HSNS and its deprotonated form SNS� (Ph groups are omitted for
clarity).

Figure 6. Two views of the [(SNS)Rh(CO)] crystal packing. The unit cell
axes are highlighted.
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SiNHSiMe3 in 2:1 ratio in refluxing diethyl ether and purified by recrys-
tallization. The solvents (C. Erba, Fluka) were dried and distilled by stan-
dard techniques before use. Purity was checked by elemental analysis
and/or by 1H and 31P NMR spectroscopy. Elemental (C, H, N, S) analyses
were performed with a Carlo Erba EA 1108 automated analyzer. IR
spectra (KBr discs or CH2Cl2 solutions) were recorded on a Nicolet
Nexus FT spectrometer. 1H (300 MHz, CDCl3), NMR spectra were re-
corded on Bruker instruments, AC 300, Avance 300 (1H). 31P
(162.0 MHz, 85 % H3PO4 as external reference, CDCl3/CHCl3) NMR
spectra were recorded on a Bruker AMX400. Multiplicity and coupling
constants for 1H NMR spectra of 2 a, 4 a, and (H2SNS)Cl compounds
were simulated, in very good accordance with those observed experimen-
tally, by using MestRe-C program.[9] Mass spectra were recorded on a
Fennigan MAT SSQ710.

Preparation of 1 a (HSNS): A solution of HN(PPh2)2 (3.86 mmol, 1.387 g)
in CH2Cl2 (15 mL) was added to a stirred solution of EtNCS (7.72 mmol,
0.697 mL, 97%) in CH2Cl2 (10 mL) and left at room temperature for 3 h.
The resulting yellow solution was concentrated under reduced pressure.
Hexane (10 mL) was added to give, after two days at 4 8C, a yellow crys-
talline product. Yield: 67 %; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=13.0 (s, br, 1H; NH), 7.7–7.3 (m, 20 H; Ph), 3.7 (qd, 3J(H,H) =7.2, 4J-
(H,P) =2.0 Hz, 4H; CH2), 1.2 ppm (t, 3J(H,H) =7.2 Hz, 6 H; CH3);
31P{1H} NMR (CDCl3, 25 8C): d=8.4 ppm (s); MS (CI): m/z (%): 473
(15), 417 (100), 384(40), 308 (10), 262 (15); elemental analysis calcd (%)
for C30H31N3P2S2: N 7.51, C 64.38, H 5.58, S 11.46; found: N 7.24, C
64.03, H 5.49, S 11.25.

Preparation of 2a : A solution of HN(PPh2)2 (2.6 mmol, 1 g) in EtOH
(20 mL) was added to a solution of EtNCS (5.2 mmol, 0.469 mL, 97%) in
refluxing EtOH (30 mL). After 3 h, the heating was stopped and at room
temperature a yellow crystalline product was obtained. The product was
washed with hexane. Yield: 48%; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=11.4 (s, br, 1 H; N-H), 7.7–7.2 (m, 20 H; Ph), 3.8 (obsd multi-
plicity: m, simulated: qdd, 3J(H,H) =7.4, 4J(H,P) =5.6, 6J(H,P) =1.8 Hz,
2H; CH2), 1.4 ppm (t, 3J(H,H) =7.4 Hz, 3H; CH3), 31P{1H} NMR
(400 MHz, CDCl3, 25 8C): d=44.4 (s, P=S), 11.4 ppm (s, P-C(S)NEt); MS
(CI): m/z (%): 504 ([M]+ , 60), 417 (100), 385 (20), 308 (20); elemental
analysis calcd (%) for C27H26N2P2S2: N 5.55, C 64.27, H 5.19, S 12.71;
found: N 5.61, C 64.46, H 5.08, S 12.84.

Preparation of 2b : A solution of HN(PPh2)2 (2.7 mmol, 1.04 g) in CH2Cl2

(20 mL) was added to a stirred solution of PhNCS (5.4 mmol, 0.659 mL,
98%) in CH2Cl2 (20 mL) at room temperature over 3 h. The resulting
yellow solution was concentrated under reduced pressure. Hexane
(10 mL) was added to give, after two days at 4 8C, a yellow crystalline
product. Yield: 85 %; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=12.4
(s, br, 1H; N-H), 8.1–6.8 ppm (m, 25H; Ph); 31P{1H} NMR (400 MHz,
CDCl3, 25 8C): d=44.5 (s, P=S), 12.1 ppm (s, P-C(S)NPh); MS (CI): m/z
(%): 550 ([M]+ , 20), 522 (70), 446 (56), 418 (100), 385 (30); elemental
analysis calcd (%) for C31H26N2P2S2: N 5.07, C 67.37, H 4.74, S 11.60;
found: N 5.12, C 67.52, H 4.64, S 11.46.

Preparation of 3c : A solution of HN(PPh2)2 (1.2 mmol, 0.462 g) in
CH2Cl2 (20 mL) was added under stirring to a solution of p-NO2-
(C6H4)NCS (1.2 mmol, 0.220 g, 98 %) in CH2Cl2 (10 mL) at room temper-
ature over 3 h. The resulting orange solution was concentrated under re-
duced pressure. Hexane (10 mL) was added to give, after 3–4 days at
4 8C, an orange product. Yield: 91%; 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d=8.7 (br, 1 H; NH), 8.3–6.9 (m, br, 48H; Ph, C6H4NO2),
6.75 ppm (t, br, 2J(H,P) =8.0 Hz, 1 H; CHP2); 31P NMR (400 MHz,
CDCl3, 25 8C): d=44.6 (s; P=S), 20.3 (dd, 2J(P,P) =12, 2J(P,P) =27 Hz; S=

CPNP), 17.4 (d, 2J(P,P)=12 Hz; S=PNP), 8.0 ppm (d, 2J(P,P)=12 Hz;
PC=S); MS (70 CI): m/z (%): 566 (18), 446 (18), 417 (100), 401 (34), 384
(30), 340 (24), 308 (30), 262 (58), 217 (20), 181 (34), 139 (28). elemental
analysis calcd (%) for C62H50N6P4O4S2: N 7.43, C 65.83, H 4.45, S 5.67;
found: N 7.36, C 65.69, H 4.44, S 5.71.

Preparation of 4a : A solution of EtNCS (2.6 mmol, 0,235 mL, 97 %) in
CH2Cl2 (20 mL) was added dropwise to a stirred solution of HN(PPh2)2

(2.6 mmol, 1 g) in CH2Cl2 (10 mL) at 0 8C. After 4 h, the solution was
concentrated under reduced pressure and hexane was added to obtain,
after two days, a yellow powder. The solution was filtered and after two

days a crystalline white product was obtained. Yield: 37 %. 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=8.0–6.9 (m, 40H; Ph), 6.48 (td, 2J-
(H,P) =15.9, 3J(H,H) =9 Hz, 1H; CHP2), 3.40 (ttd, 3J(H,H) =6.7, 3J-
(H,H) =9 Hz, 3J(H,P) = sim. 7.8 Hz, 1 H; NH), 2.49 (qd, 3J(H,H) =6.7, 3J-
(H,H) =6.7 Hz, 2 H; CH2), 0.58 ppm (t, 3J(H,H) =6.7 Hz, 3H; CH3);
31P{1H} NMR (400 MHz, CDCl3, 25 8C): d= 44.0 (s, P=S), 18.4 ppm (s,
CH-P); MS (CI): m/z (%): 472 (15), 417 (100), 384 (20), 308 (10); ele-
mental analysis calcd (%) for C51H47N3P4S2: N 4.72, C 68.83, H 5.32, S
7.21; found: N 4.79, C 68.49, H 5.32, S 7.15;

Preparation of 4 b : A solution of PhNCS (2.6 mmol, 0.317 mL, 98%) in
CH2Cl2 (20 mL) was added to a stirred solution of HN(PPh2)2 (2.6 mmol,
1 g) in refluxing EtOH (10 mL). After 45 min, the solution was concen-
trated under reduced pressure. After two days at 4 8C a white solid was
filtered. Yield: 60%. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =7.9–
6.65 (m, 45H; Ph), 6.55 (t, 2J(H,P) = 7 Hz, 1 H; CHP2), 3.75 ppm (s, br,
1H; NH); 31P{1H} NMR (400 MHz, CDCl3, 25 8C): d =44.7 (s, P=S),
17.9 ppm (s, CH-P); elemental analysis calcd (%) for C55H47N3P4S2: N
4.48, C 70.42, H 5.05, S 6.83; found: N 4.52, C 70.81, H 4.99, S 6.81.

Preparation of [(SNS)Rh(CO)] (5): Method a): A solution of HSNS (1a)
(0.65 mmol, 0.364 g) in THF (5 mL) was added to a stirred solution of
[(acac)Rh(CO)2] (0.65 mmol, 0.168 g) in THF (5 mL) at room tempera-
ture over 3 h. Hexane (5 mL) was added to the orange resulting solution
to give, after 2–3 days, a crystalline orange-red solid [Rh(SNS)CO] (5)
(yield 82 %).

Method b): NaSNS in THF (15 mL) was prepared by adding a suspension
of NaH (0.2 mmol, 5 mg in THF (15 mL)) to a HSNS solution (0.2 mmol,
112 mg in THF (30 mL). The color turned from yellow to white in few
seconds. A solution of [{(CO)2RhCl}2] (0.1 mmol, 40 mg) in THF (15 mL)
was then added at room temperature under stirring. After 3 h, the sol-
vent was evaporated under reduced pressure, and CH2Cl2 (10 mL) was
added to the orange resulting powder. After the color of the solution
turned to orange, the NaCl precipitated was filtered off. The solvent was
then evaporated to give an orange-red powder (5), which was recrystal-
lized from CH2Cl2/hexane. Yield: 80%; 1H NMR (300 MHz, CDCl3,
25 8C, TMS): 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.48 (m, 12H;
Ph), 7.26 (m, 8 H; Ph), 3.75 (qd, 3J(H,H) =7.2, 4J(H,P) = 3.9 Hz, 4H; -
CH2-), 1.19 ppm (t, 3J(H,H) =7.2 Hz, 6 H; -CH3); 31P NMR (400 MHz,
CDCl3, 25 8C): d=16.6 ppm (s); FTIR (CH2Cl2): ñ =1967 cm�1 (CO); ele-
mental analysis calcd (%) for RhC31H30N3OP2S2: N 6.09, C 53.99, H 4.38,
S 9.30; found: N 6.12, C 54.25, H 4.46, S 9.18.

Preparation of (H2SNS)Cl : HSNS (0.13 mmol, 73 mg) was dissolved in
CH2Cl2 (20 mL) to give a yellow solution; HCl (1 mL, 37%) was added
and the reaction mixture was vigorously shaken. The upper aqueous
phase was eliminated and the resulting organic phase was dried on anhy-
drous Na2SO4 and evaporated under reduced pressure to obtain a yellow
powder. Yield: 98%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=12.8
(s, 2 H; NH), 8.0–7 (m, 40H; Ph), 4.05 (obsd. multiplicity: q, J =6.7 Hz,
simulated qd, 3J(H,H) =7.2, 4J(H,P) = 7 Hz, 4 H; CH2), 1.41 ppm (t, 3J-
(H,H) =7.2 Hz, 6H; CH3); 31P NMR (CDCl3, 25 8C): d=12.8 ppm (s); el-
emental analysis calcd (%) for C30H32N3P2S2Cl: N 7.05, C 60.44, H 5.41, S
10.76; found: N 7.00, C 60.18, H 5.24, S 10.88.

X-ray data collection, structure solution and refinement for complexes
1a, 2a, 3 c, 4 a, and 5 : Crystals suitable for X-ray analysis of 1a, 2a, 3 c,
4a, and 5 were obtained by layering hexane on a dichlorometane so-
lution. The intensity data were collected at room temperature on a Phi-
lips PW 1100 (1a, 4 a), on a Bruker area detector AXS Smart 1000 (2 a,
5), and on a Enraf-Nonius CAD4 diffractometers (3c) (the first two
using graphite-monochromated MoKa radiation, l=0.71073 �, while the
latter using CuKa radiation, l =1.54183 �). Crystallographic and experi-
mental details of the structures are summarized in Table 2. An empirical
correction for absorption was made for 1 a, 3c, 4 a (maximum and mini-
mum value for the transmission coefficient: 1.000 and 0.473 (1), 1.000
and 0.7227 (3), 1.000 and 0.623 (4)).[10a,b] For complex 2 a and 5 (maxi-
mum and minimum effective transmission value 1.000 and 0.827, 1.000
and 0.591, respectively) the raw frame data were processed by using
SAINT and SADABS to yield the reflection data file and the Bruker
software was used for the absorption correction.[10c–e] The structures were
solved by Patterson and Fourier methods and refined by full-matrix least-
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squares procedures (based on F2
o) (SHELX-97),[11] first with isotropic

thermal parameters and then with anisotropic thermal parameters in the
last cycles of refinement for all the non-hydrogen atoms. The hydrogen
atoms were introduced into the geometrically calculated positions and re-
fined riding on the corresponding parent atoms or except those bound to
nitrogen atoms and H1 in compound 3 a, which were found and refined
isotropically.

CCDC-246734 (1a), CCDC-246735 (2a), CCDC-246737 (3 c), CCDC-
246738 (4 a), and CCDC-246740 (5) 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.a-
c.uk/data request/cif.

Calculations : DFT calculations were performed by using the B3 LYP[12a–c]

exchange-correlation functional with LanL2DZP effective core potential
basis function,[13] augmented by a supplemented set of d valence orbitals
on the phosphorus atoms to properly describe the low-lying empty d or-
bitals. All calculations were performed with the Gaussian 03 program.[14]

The equilibrium geometry of the molecular systems was obtained by ap-
plying a standard criterion of convergence of the molecular forces. The
computed geometry is in reasonable agreement with the structure ob-
tained by single-crystal X-ray analysis.
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Table 2. Crystal data and structure refinement for compounds 1a, 2a, 3c, 4 a, and 5.

1a 2a 3c 4 a 5

formula C30H31N3P2S2 C27H26N2P2S2 C62H50N6P4O4S2 C51H47N3P4S2 RhC31H30N3OP2S2

FW 559.64 504.56 1131.08 889.92 689.55
crystal system monoclinic monoclinic orthorhombic triclinic monoclinic
space group P21/n C2/c P212121 P �1 C2/c
a [�] 14.718(4) 17.506(5) 21.820(5) 16.778(5) 13.810(5)
b [�] 11.178(3) 14.626(5) 20.636(5) 12.958(4) 15.389(5)
c [�] 18.263(5) 20.601(5) 12.492(5) 12.765(4) 16.236(5)
a [8] 90 90 90 64.94(5) 90
b [8] 102.41(5) 97.404(5) 90 70.51(5) 106.88(5)
g [8] 90 90 90 71.99(5) 90
V [�3] 2934(2) 5231(3) 5625(3) 2323.7(1) 3302(2)
Z 4 8 4 2 4
1calcd [gcm�3] 1.267 1.281 1.336 1.272 1.387
F(000) 1176 2112 1162 932 1408
crystal size [cm] 0.14 � 0.21 � 0.15 0.17 � 0.21 � 0.15 0.24 � 0.18 � 0.14 0.22 � 0.11 � 0.20 0.12 � 0.20 � 0.25
m [cm�1] 3.14 3.44 23.70 2.91 7.68
rflns collected 5710 10240 4637 6866 7474
rflns unique 5710 3204 4637 6866 2300
rflns observed
[I>2s(I)] 3641 2262 3581 3559 1879
parameters 338 309 443 556 187
R indices R1[a] 0.0511 0.0484 0.0388 0.0499 0.0389
[I>2s(I)] wR2[b] 0.1468 0.1357 0.0604 0.1264 0.0750
R indices R1 0.0797 0.0746 0.0662 0.1049 0.0637
(all data) wR2 0.1572 0.1357 0.0711 0.1349 0.0834

[a] R1=� j jFo j� jFc j j /� jFo j . [b] wR2= [�[w(F2
o�F2

c)
2]/�[w(F2

o)
2]]1/2.
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