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tricymantrenyl trithiophosphite adopts an unusual asymmetric
cis, gauche, trans conformation along the P–S bonds withThioesters of the phosphorous acid containing cymantrenyl

and ferrocenyl substituents at sulfur were obtained for the respect to the phosphorus lone electron pair. Tri-ferrocenyl
trithiophosphate possesses a classical propeller-like structurefirst time from the reaction of organometallic disulfides with

white phosphorus. According to an X-ray diffraction study in the solid state which is different from its oxygen analogue.

ing to the class of organometallic thioesters of the trivalentIntroduction
phosphorus acids. [8] This compound was obtained from the

The chemistry of the thioesters of the trivalent phos- reaction of cymantrenylmercaptan with diphenylchloropho-
phorus acids is a topic of great current interest and has sphane in boiling dichloromethane. However, it appears
experienced significant advances in recent years. [1] Surpris- that this method has significant limitations and does not
ingly, the synthesis and structure of organometallic thioes- allow us to obtain organometallic thioesters of phosphor-
ters of the trivalent phosphorus acids has not been pre- ous or phosphoric acid, though oxygen analogues 2 trifer-
viously reported. The synthesis of such compounds pro- rocenyl phosphite and the corresponding phosphate 2 were
vides a promising approach to obtain novel bi- and polynu- prepared by Max Herberhold and co-workers[9] by the in-
clear complexes of transition metals, the coordination teraction of ferrocenol with PCl3.
ability of trithiophosphites being promoted by their confor- The second method[10] involves the phosphorylation of
mational flexibility due to internal rotation around the mercaptides of alkali metals by chlorides of the trivalent
P2S bonds.[226] phosphorus acids:
In this paper we report the method of synthesis and the
structure of novel thioesters of the trivalent phosphorus ac-
ids containing cymantrenyl and ferrocenyl fragments at the The most simple and convenient way to obtain trithio-
sulfur atoms. phosphites[11] is by the treatment of dialkyl (diaryl) disulf-

ides with white phosphorus, this reaction also being used[12]

to synthesise triseleno- and tritellurophosphites:
Results and Discussion

Syntheses
This reaction proceeds under mild conditions in aprotic

solvents in the presence of a small amount of 15 KOH.Three general methods for the preparation of the thioes-
In order to introduce a metal-containing thio-group at theters of the trivalent phosphorus acids are known. The first
phosphorus atom, for example cymantrenyl or ferrocenyl,one[7] involves the phosphorylation of mercaptans by chlo-
the corresponding organometallic disulfides can be used asrides of the trivalent phosphorus acids. This reaction can
precursors to give tricymantrenyl and triferrocenyl trithio-proceed both in the presence or absence of the hydrogen
phosphites. Tricymantrenyl trithiophosphite was obtainedchloride acceptors (R, R9 5 alkyl or aryl):
in one step at room temperature in high yield by the reac-
tion of white phosphorus with dicymantrenyl disulfide (1)
in acetone solution.

Following this method we have synthesised S-cyman-
trenyldiphenylthiophosphinite, the first compound belong-
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Scheme 2. Synthesis of triferrocenyl trithiophosphite and trithiophosphate

The identity of trithiophosphite 2 was unequivocally de- The carbonyl groups in the cymantrenyl substituents are
staggered with respect to the C2S bonds and nearlytermined by 1H, 31P NMR and IR spectroscopy as well as

by X-ray single crystal diffraction. eclipsed with respect to the C2H bonds, with torsion angles
O5C···C2H of between 7 and 23°. The asymmetry of theA similar method was used to obtain triferrocenyl trithio-

phosphite (3) from diferrocenyl disulfide and white phos- structure accounts for an appreciable difference between the
corresponding geometrical parameters in this moleculephorus. Its structure was proved by 1H and 31P NMR spec-

troscopy. (Table 1). The P12S12C11 valence angle, 104.6(1)°, is 7°
bigger than the angles at the two other sulfur atoms due toCompound 3 did not form single crystals suitable for X-

ray analysis, but was easily oxidized to give triferrocenyl- steric repulsion between the cyclopentadienyl ring
(C112C15) and the S2 and S3 atoms. Two short C2H···Otrithiophosphate (4) which was studied by X-ray single crys-

tal diffraction. intermolecular contacts, which meet the crystallographic
criteria for weak hydrogen bonds are observed in the crys-
tals of 2 with participation of the hydrogen atoms of theStructures
“trans”-cyclopentadienyl ring: C122H12···O279 (1 1 x,

Tricymantrenyl trithiophosphite has nine axes of internal 1/2 2 y, 21/2 1 z), C122H12 0.88(3) Å, H12···O279 2.58
rotation: three P2S bonds, three C2S bonds and three Å, /C122H122O279 158(2)°; C152H15···O3899 (x, 1/2 2
Mn2cyclopentadienyl axes. Rotation around the P2S y, 1/2 1 z), C152H15 0.96(3) Å, H15···O3899 2.59 Å, /
bonds results in a totally asymmetric structure with three C152H152O3899 153(2)°.
cymantrenylthio-groups exhibiting different orientations In comparison with thiophosphites which do not contain
towards the phosphorus lone electron pair: cis around the a metal atom, tricymantrenyl trithiophosphite 2 has a
P2S3 bond (torsion angle 27.2°), gauche around the P2S2 rather unusual structure, although the geometry of its cen-
bond (231.0°) and trans (178.1°) around the P2S1 bond tral inorganic part is very close to that of non metal con-
(Figure 1). The torsion angles around the S2C bonds vary taining derivatives, in particular triphenyl trithiophosph-
within smaller limits with an almost orthogonal orientation ite. [13] In the crystal, a propeller-like conformation (C3-sym-
of the P2S bonds with respect to the cyclopentadienyl metry) was observed for most of the phosphorus com-
planes and the largest deviation from the perpendicular ar- pounds containing three identical SR groups studied
rangement of 16° for the cis cymantrenylthiogroup regardless of the phosphorus coordination number.[13215] A
(S32C31). As for the third set of axes, the rotational flexi- cis-orientation of the SR group relative to the phosphorus
bility of the cymantrenyl substituents leads to large thermal lone electron pair is also unusual even in the liquid and
displacement parameters of the carbonyl groups and their gaseous phases, with a mixture of several conformers with
variable orientation respective to the cyclopentadienyl rings gauche and trans orientations of the alkylthio or phenylthio
in the three cymantrenyl moieties. groups relative to the phosphorus lone electron pair or

phosphoryl (thiophosphoryl) bonds being found nor-
mally.[226] Thus, several factors might be responsible for the
unusual structure of 2 in the crystalline phase: the bulkiness
of the cymantrenyl groups, their irregularity caused by the
respective rotation of the carbonyl moieties and cyclopen-
tadienyl rings, the ability of the carbonyl groups to partici-
pate in intermolecular interactions with the C2H bonds.
In a series of reviews[16219] it was shown that such weak
interactions can significantly influence the observed confor-
mations of molecules and are responsible for their crystal
packing.

In order to compare the structure of the cymantrenylthio
fragment in trithiophosphite 2 and in disulfides, we have
carried out an X-ray study of the dicymantrenyldisulfide 1.
Its molecular structure is shown in Figure 2. The orien-
tation of the five-membered rings with respect to the car-Figure 1. Molecular structure of compound 2 and atomic numbe-

ring bonyl groups is identical for both cymantrenyl fragments in
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the molecule. Two cymantrenylthio groups are twisted P2S32C212C22 5 75.6°. An almost symmetrical confor-

mation results in equal (within experimental error) P2S,around the central S2S bond by 103.3(1)° with the S2S
bond being perpendicular to both cyclopentadienyl rings. O5PS and PSC bond angles in the molecule (Table 1). The

ferrocenyl substituents have the symmetrical structure ofThe same perpendicular arrangement around the central
S2S bond is observed in the chloro-substituted derivative ferrocene with planar and nearly parallel cyclopentadienyl

rings. The dihedral angles between the rings in the ferroceneof dicymantrenyl disulfide[20] and in bis[2-(1-dimethyl-
aminoethyl)ferrocenyl]disulfide. [21] In general the structures moieties are 0.9 (Fc1), 0.7 (Fc2) and 2.5° (Fc3). The angles

δ at iron between the two cyclopentadienyl ring centers areof 1 and its chloro derivative are very similar and the values
of the S2S and S2C bonds and valence angles at the sulfur 178.9 (Fc1), 178.0 (Fc2) and 178.7° (Fc3). The geometry of

the ferrocenyl substituents in 4 is the same as in its oxygenatoms are the same within experimental error (Table 1). The
substitution of one of the sulfur atoms in dicymantrenyl analogue triferrocenyl phosphate, [9] although the confor-

mations of the two molecules are totally different. Unlikedisulfide by phosphorus does not significantly effect the ge-
ometry of the cymantrenylthio moieties in 2. The orien- the thio derivative, triferrocenyl phosphate adopts an asym-

metrical conformation in the crystal with cis, gauche andtation of the S2P bonds relative to the cyclopentadienyl
rings is perpendicular in trithiophosphite, as is the orien- trans (/O5P2O2C 5 227.8, 273.4, 178.7°) orientations

of the ferrocenyloxo groups with respect to the P5O bond.tation of the S2S bond in 1.
The dihedral angles between the P2O bonds and the cyclo-
pentadienyl rings are also different, being equal to 40.2,
277.3 and 22.7° for the three ferrocenyl substituents. Thus,
the organometallic thioester and ester of phosphoric acid
have completely different structures. One of the reasons for
this difference is the presence of several intermolecular
C2H···O short contacts observed in the crystal of the oxy-
gen derivative

Figure 2. Molecular structure of compound 1 and atomic numbe-
ring

Table 1. Selected geometrical parameters[a]

Parameter 2 4

Bond lengths, Å
P5O 2 1.453(6)
P12S1 2.107(1) 2.077(3)
P12S2 2.120(1) 2.080(4)
P12S3 2.121(2) 2.090(4)
S12C11 1.760(4) 1.76(1)
S22C21 1.766(4) 1.781(9)
S32C31 1.759(4) 1.75(1) Figure 3. Molecular structure of compound 4 and atomic numbe-
Bond angles, deg. ring
S12P12S2 98.88(6) 100.6(1)
S12P12S3 103.38(7) 101.8(2)
S22P12S3 102.57(7) 102.3(2)
S12P12O1 2 117.1(3) Experimental SectionS22P12O1 2 117.3(3)
S32P12O1 2 115.3(3) All syntheses were performed using standard Schlenk techniques
P12S12C11 104.6(1) 100.9(3) under an argon atmosphere using pre-dried solvents saturated withP12S22C21 98.5(1) 103.0(3)

argon. The initial organometallic disulfides were obtained follow-P12S32C31 98.3(1) 99.9(4)
ing refs. [22] [23] IR spectra were measured on an UR-20 spec-
trometer. 1H and 31P NMR spectra were recorded on the NMR-[a] Selected parameters for compound 1: Bond lengths S12S2

2.066(1), S12C1 1.764(3), S22C9 1.757(3) Å; bond angles FT spectrometers MSL-400 and WM-250 (Bruker) with deuteri-
S22S12C1 102.1(1), S12S22C9 102.8(1)°. ated solvents (C6D6, CDCl3).

Tricymantrenyl Trithiophosphite (2): To a solution of dicymantrenylAn X-ray study of triferrocenyl trithiophosphate (Figure
disulfide (0.75 g, 1.6 mmol) in acetone (30 mL) were added white3) showed that this molecule, in contrast to tricymantrenyl
phosphorus (0.037 g, 0.28 mmol) and KOH (0.02 mL 15 KOH).trithiophosphite, adopts a classical propeller-like confor-
The reaction mixture was stirred at ambient temperature for onemation with gauche orientations of all three ferrocenylthio
hour. The solvent was then evaporated and the residue was recrys-groups relative to the P5O bond. Three C2S2P5O tor-
tallized twice from a mixture of benzene/hexane (1:1) to give yel-

sion angles in this molecule are equal to 254.2, 245.9, and low-green crystals of 2 (0.7 g, 90%), m.p. 125°C. 2 1H
246.5°. The respective orientation of the ferrocenyl moiet- NMR(C6D6): δ 5 4.21 (m, 2 Hα), 4.56 (m, 2 Hβ). 2 31P (CDCl3):
ies and the P2S bonds is slightly different. It is perpendicu- δ 5 128. 2 IR (hexane): νC5O 5 1945, 2025 cm21. 2
lar around the C12S1 and C112S2 bonds and slightly C24H12Mn3O9PS3 (736.34): calcd. C 39.15, H 1.64, P 4.21, S 13.06;

found C 38.94, H 1.62, P 4.00, S 13.25.skewed around the C212S3 bond with /
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Triferrocenyl Trithiophosphite (3): To a solution of diferrocenyldis- structure factor calculations with fixed positional and thermal par-

ameters. It should be noted that crystals of 4 are stabilized by solv-ulfide (1.1 g, 2.5 mmol) in acetone (30 mL) were added white phos-
phorus (0.052 g, 0.4 mmol) and 0.2 mL 15 KOH. The reaction ate benzene molecules, in which four carbon atoms are disordered.
mixture was stirred at room temperature for one hour. The solvent Crystallographic data (excluding structure factors) for the struc-
was then evaporated and the residue was recrystallized twice from tures reported in this paper have been deposited with the Cam-
a mixture of benzene/hexane (1:1) to give dark-orange crystals of bridge Crystallographic Data Centre as supplementary publication
3 (0.93 g, 81%), m.p. 2002203°C. 2 1H NMR(C6D6): δ 5 4.35 (m, no. CCDC 1306502130652 (1, 2, 4). Copies of the data can be
2 Hα), 4.52 (m, 2 Hβ), 4.50 (s, 5 H). 2 31P (CDCl3): δ 5 131. 2 obtained free of charge on application to CCDC, 12 Union Road,
C30H27Fe3PS3 (760.37): C 52.82, H 3.99, P 4.54, S 14.09; found C Cambridge CB2 1EZ, UK [Fax: (internat.) 1 4421223/3362033;
52.74, H 3.95, P 4.25, S 14.15. E-mail: deposit@ccdc.cam.ac.uk].
Triferrocenyl Trithiophosphate (4): A solution of triferrocenyltri-
thiophosphite (2.1 g, 3 mmol) in benzene (20 mL) was boiled with
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