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Abstract

The compounds Cp,Ce[n*-N(QPPh,),] (Q = S (1), Se (2)) and Cp,Ce[n*-N(SP'Pr,)(SePPh,)] (3) have been synthesized from the pro-
tonolysis reactions between Cp;Ce and HN(QPPh,), or HN(SPPr,)(SePPh,) in THF. The structures of these compounds have been
determined by X-ray crystallographic methods. The three compounds have similar structures in which the ligands are coordinated to
Cp,Ce moiety in an n* fashion through the two chalcogen atoms and an N atom. Whereas the ”’Se NMR resonances are normal the
3P NMR resonances are shifted to much lower frequencies than in similar rare-earth compounds.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, metal complexes of imidodiphosphin-
odichalcogenido ligands, [N(QPR»),]", (Q=S, Se; R =
organic group), have been widely used as molecular sin-
gle-source precursors for the preparation of thin films,
nanoparticles, or quantum dots by chemical vapor deposition
or solution methods [1-4]. These single-source precursors
obviate the need for highly toxic sources of chalcogenides,
such as H,S or H,Se, in the synthesis of solid-state com-
pounds or nanomaterials. We have previously reported
the coordination chemistry of [N(QPPh,),]” (Q =S and
Se) ligands with rare-carth metal salts (Ln =Y, Yb, La,
Gd, and Er) [5-7]. We have found that these ligands are
coordinated to the metal centers either through the two
Q atoms (n° coordination) or more commonly through
the two Q atoms and the N atom (n® coordination).
To understand the bonding motifs further, we have stu-
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died the coordination toward Cps;Ce of the [N(QPPh,),]”
(Q =S, Se) and HN(SP'Pr,)(SePPh,) ligands. In this paper,
we report the syntheses, NMR spectroscopy, and X-ray
crystal structures of Cp,Ce[n’-N(SPPh,),] (1), Cp,Ce[n*-
N(SePPh,),] (2), and Cp,Ce[n>-N(SP'Pr,)(SePPh,)] (3).

2. Experimental
2.1. General procedures

All manipulations were performed under an inert atmo-
sphere of N, with the use of standard Schlenk-line tech-
niques or under Ar in a glovebox. Solvents were dried,
distilled, and degassed under N, before use. Anhydrous
Et,O and THF were distilled from Na and benzophenone;
pentane and CH,Cl, were distilled from P,Os. Cp;Ce was
purchased from Strem Chemical Co. (Newburyport, MA)
and used as received. The compounds HN(SPPh,),,
HN(SePPh,),, and HN(SP'Pr,)(SePPh,) were prepared
according to the literature methods [8-11]. NMR data
on CH,Cl,/CD,Cl, solutions of 1-3 were recorded on
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either a Mercury 400 MHz spectrometer (*'P with a 5 mm
NMR probe) or an INOVA 400 MHz spectrometer (’’Se
with a 10 mm broad-band NMR probe). *'P chemical
shifts, in ppm, were recorded at 166.994 MHz and were
referenced to an external standard of 85% H;PO, (set to
0 ppm). "’Se chemical shifts, in ppm, were recorded at
76.287 MHz and referenced to an external standard of a
saturated solution of Ph,Se, in CD,Cl, (set to 460 ppm).
An electrospray mass spectrum was obtained on a
Micromass Quattro II instrument. Elemental analyses
were performed by Oneida Research Services, Whitesboro,
NY.

2.2. Synthesis of Cp,Ce[’-N(SPPh;),] (1)

CpsCe (0.168 g, 0.50 mmol) dissolved in THF (10 mL)
was added slowly to a solution of HN(SPPh,), (0.225 g,
0.50 mmol) in THF (10 mL). After the reaction mixture
was stirred for 1 h, the volume of the resultant brown solu-
tion was reduced to 10 mL under vacuum and 10 mL of
pentane was added. The solution produced large clear crys-
tals of Cp3Ce(THF) upon sitting overnight at —10 °C. The
THF/pentane solution was filtered into a reaction flask and
the solvent was removed under vacuum. The residue was
dissolved in CH,Cl,, layered with Et,O, and then kept at
—10 °C overnight. Crystals of 1 were isolated along with
unreacted HN(SPPh,),. We were not able to obtain satis-
factory elemental analyses owing to the presence of this
unreacted HN(SPPh,),. However, EDX analyses of single
crystals of 1 confirmed the presence of Ce, P, and S in
approximately 1:2:2 ratios. >'P{'H} NMR (CH,Cl/
CD,Cl,, 25 °C): 6 —40.6.

2.3. Synthesis of Cp,Ce[i’-N(SePPh,),] (2)

Cp>Ce[n’-N(SePPh,),] was synthesized in a manner
similar to that described for the synthesis of 1 but with
the addition of HN(SePPh,), in place of HN(SPPh,),.
Yellow crystals of 2 were obtained by recrystallization
from CH,Cl, at 0 °C. Yield: 0.20 g, 49%. Anal. Calc. for
C34H30CeNP,Se,: C, 50.26; H, 3.72; N, 1.72. Found: C,
49.76; H, 3.60; N, 1.95%. *'P{'H} NMR (CH,Cl,/
CD,Cl, 25°C): 6 —64.6 ('Jp.se=538Hz). ""Se{'H}
NMR (CH,CL/CD,ClL, 25°C): 6 37.8 (d, 'Jsep=
609 Hz). ESI-MS (CH,Cl,) {m/z (%) [assignment]}: 544
(100) [N(SePPh,),]", 464 (4) [NSe(PPh,),]", 430 (9)
[Cp,CeSe,]", 386 (24) [HN(PPh,),+H'], 350 (30)
[Cp,CeSe]".

2.4. Synthesis of Cp,Ce[i’-N(SP'Pr,)(SePPh,)] (3)

Cp>Ce[n’-N(SP'Pr,)(SePPh,)] was synthesized in a man-
ner similar to that described above for 1 except for the use
of HN(SP'Pr,)(SePPh,)] in place of HN(SPPh,),. The syn-
thesis afforded yellow crystals of 3 along with clear crystals
of HN(SP'Pr,)(SePPh,)]. EDX analysis confirmed the pres-
ence of Ce, P, S, and Se in approximately a 1:2:1:1 ratio.

We were not able to obtain elemental analyses because of
insufficient crystalline material and the presence of unre-
acted HN(SP'Pr,)(SePPh,)]. *'P{'H} NMR (CH,Cl/
CD,Cl,, 25°C): § —52.5, 18.7. ""Se{'H} NMR (CH,Cl,/
CD,Cl,, 25°C): § 86.6 (d, 'Jse p = 590 Hz).

2.5. Crystallographic studies

Single-crystal X-ray diffraction data were collected at
153 K on a Bruker 1000 CCD X-ray diffractometer with
the program sMART [12] at 153 K with the use of mono-
chromatized Mo Ka radiation (1=0.71073 A). The dif-
fracted intensities generated by a scan of 0.3° in w were
recorded on four sets of 606 frames at ¢ settings of 0°,
90°, 180°, and 270°, with an additional 50 frames at ¢
= 0° for detection of possible decay. The exposure times
were 10 s/frame for 1 and 2, and 20 s/frame for 3. Cell
refinement and data reduction were carried out with the
use of the program saiNT [12]. Face-indexed absorption
corrections were made with the program xprep [13]. Then,
the program sapaABs was employed to make incident beam
and decay corrections [12]. The structures were solved by
direct methods with the program sHELxs and refined by
full-matrix least-squares techniques with the program
sHELXL [13]. Hydrogen atoms were generated in calculated
positions and constrained with the use of a riding model.
The final models involved anisotropic displacement
parameters for all non-hydrogen atoms. Selected crystallo-
graphic data for 1-3 are listed in Table 1 and further crys-
tallographic details may be found in Supplementary data.
Selected bond distances and angles for 1-3 are listed in
Table 2.

Table 1
Selected crystallographic data for Cnge[n3-N(SPPh2)2] (1), CpZCe[n3-
N(SePPh,),] (2), and Cp,Ce[n*-N(SP'Pr,)(SePPh,)] (3)

1 2 3
Formula C34H30C€NP2$2 C34H30C€szs€2 C28H34CGNP2SSC
Formula mass 718.77 812.57 697.64
Space group P1 P1 P2/c
a (10\) 9.817(2) 9.797(2) 9.618(2)
b (A) 12.323(3) 12.396(3) 33.658(7)
¢ (A) 13.840(3) 13.933(3) 9.375(2)
o (°) 88.12(3) 88.11(3) 90
B (°) 87.95(3) 88.12(3) 110.52(3)
7 (°) 67.67(3) 68.60(3) 90
14 (A3) 1547.4(5) 1574.3(6) 2842.3(10)
V4 2 2 4
T (K) 153 153 153
Peated (gfcm?) 1.543 1.714 1.630
w(Mo Ko) (cm™')  17.34 38.84 30.86
Ry(F)* 0.030 0.026 0.032
Ry (F?)° 0.103 0.072 0.077

¢ Ry(F)= ZHFol - |FCH/Z|F0|-

1/2
P Ra(F2) = [SwlE2 — Y/ Swkd] s w = 6(F) + (gF2)? for
F2>0; w! = ¢?(F?) for F2 < 0; ¢ =0.055 for 1; ¢ = 0.04 for 2 and 3.
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Table 2
Selected bond distances (A) and angles (°) for szCe[n3-N(SPPh2)2] (1),
Cp,Ce[n>-N(SePPh,),] (2), and Cp,Ce[n>-N(SP'Pr,)(SePPh,)] (3)

1# 20 3¢
Ce—Q(1) 2.988(1) 3.1083(8) 2.9747(9)
Ce-Q(2) 3.000(1) 3.1175(8) 3.0921(7)
Ce-N(1) 2.567(3) 2.594(2) 2.601(2)
Q(1)-P(1) 1.993(1) 2.149(1)
Q(2)-P(2) 1.995(1) 2.1467(8)
Q(1)-P(2) 1.998(1)
Q(2)-P(1) 2.149(1)
P(1)-N(1) 1.619(3) 1.622(2) 1.613(2)
P(2)-N(1) 1.617(3) 1.629(2) 1.631(2)
Q(1)-Ce—Q(2) 122.29(4) 125.56(3) 126.30(3)
N(1)-Ce-Q(1) 62.28(7) 63.46(5) 62.77(5)
N(1)-Ce-Q(2) 62.18(7) 63.47(5) 63.58(5)
P(1)-Q(1)-Ce 84.22(5) 80.92(3)
P(2)-Q(2)-Ce 83.63(4) 80.48(3)
P(1)-Q(2)-Ce 80.89(3)
P(2)-Q(1)-Ce 84.61(4)
P(1)-N(1)-Ce 107.4(1) 109.5(1) 108.8(1)
P(2)-N(1)-Ce 107.1(1) 108.88(9) 105.7(1)
P(1)-N(1)-P(2) 144.3(2) 141.1(1) 144.3(2)
N(1)-P(1)-Q(1) 106.1(1) 106.11(8)
N(1)-P(2)-Q(2) 106.3(1) 106.33(7)
N(1)-P(1)-Q(2) 106.32(9)
N(1)-P2)-Q(1) 106.81(9)

Q1) =8(1), Q(2) = S(2).
> Q(1) = Se(1), Q(2) = Se(2).
€ Q1) =S(1), Q(2) = Se(1).

3. Results and discussion
3.1. Syntheses

Reactions of equimolar amounts of Cp;Ce and
HN(SPPh,),, HN(SePPh,)>, or HN(SP'Pr,)(SePPh,)] in
THF at 25 °C afforded Cp,Ce[n>-N(SPPh,),] (1), Cp,Ce-
[n*-N(SePPh,),] (2), or Cp,Ce[n*-N(SP'Pr,)(SePPh,)] (3),
respectively. These compounds are soluble in THF and
CH,Cl,. The yellow crystals of compounds 1-3 rapidly
turn black when exposed to air. The compounds are water
sensitive but they are stable under inert conditions and
under paraffin oil for extended periods of time.
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3.2. NMR spectroscopy

NMR data for the present and related rare-earth com-
pounds are given in Table 3. The *'P{'H} NMR spectrum
of 1 shows a singlet, shifted far downfield compared to the
free ligand. The *'P{'H} NMR spectrum of 2 shows a sin-
glet with the expected "’Se satellites. The 7’Se NMR spec-
trum of 2 shows a doublet that is shifted to a higher
frequency compared to that in HN(SePPh,),. A single *'P
resonance is found in 1 and 2. This indicates that in each
compound the two P atoms are equivalent. The *'P{'H}
NMR spectrum of 3 shows two singlets: the peak at
18.7 ppm can be assigned to the P atom bonded to the S
atom and the peak at —52.5 ppm can be assigned to the
P atom bonded to the Se atom. The "’Se NMR spectrum
of 3 shows a doublet with a typical 'Jg. p coupling constant
that is consistent with those in other metal-coordinated
ligands. The characteristic shifts in the *'P NMR spectra
to higher frequencies confirm complexation of these
ligands. The *'P resonances in 1-3 are shifted to much
lower frequencies compared to those in similar rare-earth
compounds. Such behavior has been found previously in
some rare-earth complexes containing the [N(OPPh,),]”
ligand [14] and also in [Ni{(SPPh;),N-S,S’},]- 2THF [15],
where a *'P NMR chemical shift at —459 ppm is observed
during the fast isomerization of square-planar to tetrahe-
dral coordination. This *'P NMR trend in 1-3 is contrary
to that found in most of the known transition-metal com-
plexes containing these and related ligands. As is usual, the
3P resonances of the S-containing complexes are at higher
frequencies compared to those containing Se.

3.3. Structures

The molecular structures of Cp,Ce[n>-N(SPPh,),] (1),
Cp>Ce[n’-N(SePPh,),] (2), and Cp,Ce[n’-N(SPPr,)-
(SePPh,)] (3) are shown in Figs. 1-3, respectively. In each
structure, the ligand is coordinated to the Cp,Ce moiety
in an n® fashion through the two chalcogen atoms and
an N atom. This type of core geometry with n* coordina-

Table 3

Selected NMR data for 1-3 and related rare-earth compounds

Compound SIp{H} (ppm) p_se (Hz) "Se{'H} (ppm) sep (Hz) 2Jp_p (Hz) Reference
HN(SPPh,), 56.9 ref. [8]
HN(SePPh,), 52.3 790 —162.8 790 25 ref. [9]
HN(SP'Pr,)(SePPh,) 99.1, 46.3 783 —224.9 782 28 ref. [11]
Cp,Ce[n>-N(SPPh»),] (1) —40.6 this work
Cp>Ce[n’-N(SePPh,),] (2) —64.6 538 37.8 609 this work
Cp,Ce[n>-N(SP'Pr,) (SePPh,)] (3) —52.5,18.7 86.6 590 this work
Cp,Y[1*-N(SPPhy),] 47.8 ref. [5]
Cp, Y[ -N(SePPhy),] 41.03 604 —126.8 66 ref. [5]
Y[13-N(SPPh,),}; 4.5 ref. [7]
Y[1n%-N(SePPh,),],[n*-N(SePPh,),] 32.4 581 33.9 ref. [7]
Cp,Yb[n*-N(SPPh,),] 74.1 ref. [6]
Cp,Yb[M>-N(SePPh,),] 82.9 566 ref. [6]
Cp,La[n>-N(SePPhy),] 37.1 610 -97.0 613 ref. [6]
Cp,Er[n3-N(SePPh,),] 62.2 ref. [6]
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Fig. 1. Molecular structure of CpZCe[n3-N(SPPh2)2] (1). Here and in the
succeeding figures anisotropic displacement parameters are drawn at the
50% probability level and H atoms have been omitted for the sake of
clarity.

Fig. 3. Molecular structure of Cp>Ce[n>-N(SP'Pr,)(SePPh,)] (3).

tion is a common one among previously reported rare-
earth compounds. Selected bond distances and angles are
listed in Table 2.

Not surprisingly, the Ce-Se bond distances in 2 of
3.1083(8) and 3.1175(8) A compare well with that of
3.0921(7) A in 3, where the same R groups are involved.
Note that the Ce-S bond distances in 1 of 2.988(1) and
3.000(1) A differ minimally from that of 2.9747(9) A in 3,
despite the different R groups on S. These Ce—Se distances
are in the range of the Ce-Se distances in NaCeP,Seq
(3.0674(8)-3.4733(9) A) [16] and in RbsCeP,Ses (3.014(1)-
3.354(1) A) [17]. As expected, the current Ce—Se distances
are also consistent with Ln—Se distances in analogous com-
pounds when the lanthanide contraction is taken into
account. Thus, the Ln—Se distances are 3.108(1)-3.178(1) A
in [THFL,Sm[n’-N(SePPh,)n*-N(SePPh,)] [18], 3.052(2)
and 3.053(2) A in Cp>Y[1n>-N(SePPh,),] [5], 3.123(1) and
3.131(1) A in Cp,La[n>-N(SePPh,),], 3.049(1) and 3.059( 1)
A in Cp,Gd[n*-N(SePPh,),], and 3.020(1) and 3.037(1) A
in Cp,Er[n>-N(SePPh,),] [6]. The Se-Ce-Se bond angle
in 2 (125.56(3)°) is comparable to that in NaCeP,Ses
(124.2(2)°) [16].

The Ce-S bond distances of 2.983(1) and 3.000(1) Ain1
and that of 2.9747(9) A in 3 are consistent with those
of 2.921(1)-2.983(1) A in [Ce(k*-S,CNMe,);(THF),],
2.906(1)-2.993(1) in [Ce(k>-S;CNMe,)4(bipy),] [19], 2.876(4)—
2.936(4) A in [Ce(k*-S,CNMe,)s(dipphen)]- 2THF [19],
2.949(1) and 2.983(1) A in [Ce(k>-S,CNEt,),] [19], and
3.004(8) and 3.005(8) A in [AsPhyJ[Ce(S;PMe,)s] [20].
These Ce-S distances may be compared to the previously
reported rare-earth metal complexes Cp>Y[*-N(SPPh,),]
(2.928(2) and 2.935(2) A) [5] and Cp,Yb[n*-N(SPPh,),]
2.882(1) and 2.940(1) A [6]. The S—-Ce-S bond angle in 1
(122.29(4)°) is comparable to that in [AsPhy][Ce(S,PMe,)4]
(121.8(2)°).

The Ce-N bond distances in all three structures
(2.567(3) A for 1, 2.594(2) A for 2, and 2.601(2) A for 3)
are slightly shorter than the Ce-N distances in [Ce(k*-
S,CNMe,)(bipy),] (2.655(3) and 2.676(3) A) and [Ce(Kcz-
S,CNMe,);(dipphen)]- 2THF (2.664(1) and 2.665(1) A)
[19].

The P-S, P-Se, and P-N bond distances in 1-3 are typ-
ical of those reported for metal-coordinated ligands.
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Appendix A. Supplementary data

CIF format crystallographic files for Cp,Ce[n’-
N(SPPh,),] (1), CpoCe[n’-N(SePPh,),] (2) and Cp,Ce[n’-
N(SPPr,)(SePPh,)] (3) have been deposited with the
Cambridge Crystallographic Data Centre, CCDC Nos.
285216, 285217, and 285218, respectively. Copies may be
obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK, fax: +44 1223
336 033; e-mail: deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk. Supplementary data associated with
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this article can be found, in the online version, at
doi:10.1016/j.ica.2005.10.029.
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