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The reaction of [Li(Ph4P2N&R)THF]2 (R = Me, ‘Bu, Ph, CH2PPh2) with the metallocene dihalides MCp2C12 
(M = Ti, Zr, Hf) in THF produces complexes of the type M C P ~ C I ( P ~ ~ P ~ N ~ S ~ R )  in which the Ph4P2N4SzR- anion 
is bonded to the metal in an q2-N,S fashion as demonstrated by an X-ray structural determination of ZrCp2C1- 
(Ph4P2N4SztBu) (2a). Crystals of 2a are triclinic, space group Pi, with a = 12.439(4) A, b = 18.200(5) A, c = 
10.370(2) A, a = 100.40(2)0, B = 106.65(2)O, y = 72.53(2)O, V =  2136(1) A3, and Z = 2. The final R and R, 
values were 0.054 and 0.061, respectively. The dimensions of the three-membered ZrNS ring are d ( Z r 4 )  = 
2.634(2) A, d(Zr-N) = 2.206(5) A, and d(S-N) = 1.697(6) A. The treatment of 2a with electrophiles results in 
the regiospecific functionalization of the P2N& ring. The reactions of 2a with methyl iodide or bromide produce 
the unsymmetrical S,S’-diorgano derivative Ph4P2N4(StBu)(SMe) and the S-bromo derivative Ph4P2N4(StBu)- 
(SBr), respectively. By contrast, the reaction of 2a with 2 molar equiv of HCl gas generates [ P ~ ~ P ~ N & ~ B I I H ~ ] C ~  
(4) in which the two nitrogen atoms separated by the two-coordinate sulfur in the Ph4P2N4S2tBu- anion have been 
protonated. Compound 4 was characterized by 31P and IH-15N HMQC NMR spectra and by X-ray crystallography 
which revealed that 4 exists as a hydrogen-bonded dimer in the solid state. Crystals of 4 are triclinic, space group 
Pi with a = 12.797(4) A, b = 14.618(3) A, c = 8.276(5) A, a = 90.48(3)O, 0 = 105.59(3)’, y = 81.24(2)O, V =  
1473(1) A3, and Z = 2. The final R and R, values were 0.045 and 0.033, respectively. An X-ray structural 
determination of Ph4P2N4(SPh)(SBr) (Sb), prepared by bromination of [Li(Ph4PzN4SzPh)THF]2 or [ZrCp2C1- 
(Ph4P2N&Ph)], gave an S-Br distance of 2.573(5) A. Crystals of 5b are orthorhombic, space group P212121 with 
a = 14.534(7) A, b = 17.647(5) A, c = 11.523(5) A, V =  2955(1) A3, and Z = 4. The final R and R, values were 
0.063 and 0.042, respectively. Surprisingly, the complex 2a does not react with strong nucleophiles such as Li- 
[Et3BH] or methyllithium. 

Introduction 

The coordination chemistry of N,N’-diorgano sulfur diimides, 
RNSNR, was investigated extensively by Vrieze and co-workers 
in the 1970s’ and, more recently, by Herberhold et aln2 and 
Woollins et al.3 The reaction of organolithium reagents with 
these sulfur diimides proceeds quantitatively to produce S- 
substituted derivatives of the type Li[RNS(R’)NR]1.4 and the 
solid-state and solution structures of these lithium derivatives 
have been established recently.5 Investigations of the ligand 
behavior of the anions RNS(R’)NR- have been limited toelectron- 
rich transition metals. These anions may act as bridging ligands 
(through N) with Cu(1) to give eight-membered rings6 or as 
chelating ($-N,N’) ligands in monometallic complexes of Rh- 
(1)’ and Pd(II).8 These complexes are unstable in solution with 
respect to the formation of a diazene and a metal thiolate’ and 
this facile decomposition has restricted studies of metal complexes 
of the RNS(R’)NR- anions. 
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Figure 1. HOMO of the &PzN&Me- anion (R = Me). 

Recently, we have shown that the 1 ,Sdiphosphadithiatetra- 
zocine 1 (R = Ph) also reacts readily with organolithium reagents 
to give the adducts Li[PbP2N&R] (R = alkyl, aryl), which 
exist as step-shaped dimers in the solid-state or in so l~ t ion .~  
Nucleophilic attack on 1 by a carbanion occurs via the LUMO, 
an antibonding u * ( S S )  orbital, and results in cleavage of the 
S S  bond.10 The composition of the HOMO of the resulting 
anion Ph4P2N&Me-, 2 (R = Me), is shown in Figure 1.” 
Significantly, this orbital is localized on the side of the ring opposite 
to the site of methylation and is weakly antibonding with respect 
to the C S  bond.1° Thus it is reasonable to anticipate metal 
complexation with 2 will take place on the side of the ring remote 
from the SR group, and consequently, decomposition of the metal 
complexes to metal thiolates will not be a facile process. In 
addition, the presence of coordinatively saturated P(V) centers 
in these anionic ligands provides a convenient NMR probe of 
structures and fluxional processes. 
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Me4P2NdS2Me- anion. 
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Table 1. Selected NMR Data for the Complexes [MCp2CI(Ph&N&R)] (M = Ti, Zr, Hf; R = 'Bu, Me, Ph, CH2PPh2) 

Chivers et al. 

compd M R X b(31P)a b('H)b b('3C)b 

2a 

2b 

2c 

M 

24? 

2f 

2g 

2b 

2i 

2j 

Zr 

Zr 

Zr 

Zr 

Hf 

Hf 

Hf 

Ti 

Ti 

Ti 

'Bu 

Me 

Ph 

CH2PPh2 

'Bu 

Me 

Ph 

'Bu 

Me 

Ph 

C1 45.3 (s, PPhz) 
36.3 (s, PPh2) 

CI 44.1 (8, PPh2) 
35.1 (s, PPh2) 

C1 46.9 (s, PPh2) 
37.2 (8, PPh2) 

C1 43.8 (s, PPh2) 

34.8 (8, PPh2) 

-28.5 (s, CH2PPh2) 

C1 45.5 (s, PPhz) 
37.2 (s, PPh2) 

CI 44.4 (d, PP4 ,  4J(PP) 3 Hz) 
36.1 (d, PPh2, 4J(PP) p 3 Hz) 

C1 47.1 (d, I'F'hz, 4J(PP) = 3 Hz) 
38.1 (d, PPh2, 'J(PP) = 3 Hz) 

C1 50.3 (s, PPh2) 
35.7 (s, PPh2) 

C1 49.8 (s, mh2) 
34.6 (s, PPh2) 

CI 52.2 (s, PPh2) 
36.5 (8, PPh2) 

1.10 (s, 9H, C(CH3)3) 
5.46 (s, 5H, C5H5) 
6.48 (s, 5H, C5H5) 
2.61 (8, 3H, CH3) 
5.49 (s, 5H, C a s )  
6.48 (s, 5H, C a s )  
5.52 (8, 5H, C a s )  
6.52 (s, 5H, C a s )  
3.88 (dd, lH, CHHPPh2, 2J(PH) < 1 Hz, 

3.74 (dd, 1 H, CHHPPh2, zJ(PH) = 2 Hz, 

5.47 (s, 5H, C5H5) 

1.12 (s,9H, C(CH3)3) 
5.43 ( s , ~ H ,  C a 5 )  
6.48 ( s , ~ H ,  C a 5 )  
2.56 (I, 3H, CH3) 
5.39 (s, 5H, C a s )  
6.42 (s, 5H, C a 5 )  
5.42 (s,5H, C g 5 )  

1.13 (I, 9H, C(CH3)3) 
5.10 (9, 5H, C a s )  
6.38 (s, 5H, C a s )  
2.58 (s, 3H, CH3) 
5.29 (8, 5H, C5H5) 
6.33 (s,5H, C a 5 )  
5.13 (s,5H, C5H5) 
6.39 (s,5H, C a 5 )  

2J(HH) = 13 Hz) 

2J(HH) = 13 Hz) 

6.46 (s, 5H, C a s )  

6-46 (s,5H, C a 5 )  

57.8 (t, C(CH3)3,3J(PC) = 15 Hz) 

112.0 (s, C5H5) 
114.9 (8, C5H5) 
47.0 (t, CHI, 3J(PC) = 20 Hz) 
1 12.1 (s, C5H5) 
114.9 (s, C5H5) 

22.9 (s, C(m313) 

62.0 (dt, CHzPPh2, ' J (PC) 

11 1.2 (s, C~HS)  

114.1 (s, CsH5) 

,J(PC) = 24 Hz) 

22.9 (9, c(m3i3) 
110.9 (s, CsH5) 
113.6 (8, C5H5) 
47.1 (t, CH3,3J(PC) = 21 Hz) 
1 1 1 .O (s, C5H5) 
113.6 (8, C5H5) 

a Phosphorus-31 chemical shifts are quoted in ppm relative to 85% H$O& s = singlet, and d = doublet. b Proton and carbon-13 chemical shifts are 
quoted in ppm relative to SiMe4; s = singlet, t = triplet, dd = doublet of doublets, and dt = doublet of triplets. 

Our first studies of metal complexes of 2 involved the 
preparation and structural characterization of +-S-bonded 
complexes of Pt(I1) and Pd(I1) of the type 3.12 The anions 2 are 
potentially versatile ligands in view of the availability of multiple 
hard (N) and soft (S) coordination sites, and the early transition 
metals are particularly interesting candidates for probing main 
group element interactions with metals. Specifically, the com- 
position of the HOMO of %P2N&Me- (Figure 1) suggests that 
bonding modes other than v1-S should be possible. In a 
preliminary communication we reported that zirconium binds to 
2 in an +N,S fashion and that such derivatives are useful for 
the regiospecific functionalization of the P z N ~ S ~  ring by reactions 
with ele~trophiles.~~ In this article, we provide a full account of 
the preparation and characterization of Ti, Zr, and Hf derivatives 
of the anions 2 (R = Me, 'Bu, Ph) and the X-ray structure and 
investigations of the reactions of the zirconium compound ZrCp2- 
Cl(Ph&N&Bu) with electrophiles and nucleophiles. The X-ray 
structural determinations of [Ph4P2N4S2tBuH2]Cl and Ph4P2N4- 
(SPh)(SBr) are also reported. 

1 2 3 (M = Pd, Pt) 

Previous studies of the coordination of group 4 metals to 
inorganic S-N ligands include (a) complexes in which the metal 
is part of an S-N ring system, e.g. Cp2TiS3N4,14 Cp2TiS3N2,l4 

~~ ~ 

(12) Chivers, T.; Edwards, M.; Hilts, R. W.; Meetsma, A.; van de Grampel, 

(13) Chivers, T.; Hilts, R. W.; Parvez, M.; Vollmerhaus, R. Inorg. Chem. 

(14) Marcellus, C. G.; Oakley, R. T.; Pennington, W. T.; Cordes, A. W. 

J. C. J. Chem. Soc.. Dulron Trans. 1992, 3053. 

1994, 33, 997. 

Orgunometullics 1986, 5, 1395. 

and CpzZr(NSN)2ZrCp7,l5 (b) the acyclic complexes CpzTi- 
(NSO)2,16.17C~Ti(NSNSiMe3)~,L6bandZrCpCp+(NS0)2,18and 
(c) the N-bonded adduct [Cp2Ti(S4N4)] [ A S F ~ ] ~ . ' ~  

Experimental Section 

Reagenb and General proecdures. All solvents were dried, distilled 
and purged with argon before use. All reactions and the manipulation 
of products were carried out under an atmosphere of argon by using 
Schlenk techniques. The compounds P~I.&N&~ [Li(Ph&N,- 
SzR)THF]2 (R = Me, 'Bu, and [LiCH2PPh2-TMEDAlZ1 were 
prepared by literature methcds. Organolithium reagents, MCpzClz (M 
= Ti, Zr, Hf), bromine, iodomethane, and 1,8-diazabicyclo[5.4.0]undec- 
7-ene (DBU) were purchased from Aldrich and used as received. HCI 
gas (Union Carbide) was used directly from the cylinder. 
Instnimentatioa. 'H and 13C NMR spectra were recorded in THF-da 

or toluene-da by using either a Bruker AM-400 or a Bruker AM-200 
spectrometer locked to thesolvent deuteriumreeonance. 3LPNMRspectra 
were obtained on the Bruker AM-400 instrument with a D20 insert serving 
as the lock material. The 2D 'HJ5N-HMQC (heteronuclear multiple 
quantum coherence) spectra were obtained on a Bruker AMX-500 
spectrometer by using a standard four-pulse sequence." Electron impact 
mass spectra were recorded by using a Kratos MS8ORFA instrument set 
at 70 eV. Elemental analysts were performed by the microanalytical 
service within the Chemistry Department at The University of Calgary. 

Preparation of Compkxea 2a-1. All of the group 4 metal complex= 
of the anions Pl&N&R-, except 26, were prepared and purified by 

(15) Plenio, H.; Roesky, H. W. Z. Narurforsch. 1988, 438, 1575. 
(16) (a) Herberhold, M.; N C U ~ M ,  F.; Stiss-Fink, G.; Thewalt, U. Inorg. 

Chem. 1987,26,3612. (b) Plenio, H.;Roeslty,H. W.;Noltemeyer, M.; 
Sheldrick, G. M. J.  Chem. Soc., Chem. Commun. 1987, 1483. 

(17) Parkin, I. P.;Slawin, A. M. Z.; Williams, D. J.; Woollins, J. D. Polyhedron 
1989. 8. 835. 

(18) Plenio, H.; Rocsky, H. W.; Edelmann, F. T.; Noltemeyer, M. J.  Chem. 

(19) Gowik, P. K.; KlapOtke, T. M.; Cameron, S. J.  Cham. Sa., Dulron 
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Soc., Dalton Trans. 1989, 1815. 

Truw. 1991, 1433. 

1992, 31, 1861. 
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procedures similar to thosedscribed in detail below for 2a. Consequently, 
only yields and the results of elemental analyses for 26, 2c and 2e-j are 
reported below. The NMR data for 2a-j are summarized in Table 1. 

Preparation of [ZrC~CI(Pl@Jy&Bu)] (2a). A pale yellow solution 
of [Li(Ph4P2N&2But)THF]2 (0.256 g, 0.204 mmol) in tetrahydrofuran 
(20 mL) at -78 OC was added dropwise, over 10 min, to a rapidly stirred, 
colorless solution of [ZrCpzClz] (0.1 19 g, 0.408 mmol) in tetrahydrofuran 
(20 mL) at -78 OC. The pale yellow reaction mixture was warmed to 
23 "C with a water bath, and stirring was continued at room temperature 
for 1 h. The solvent was removed under vacuum, and the yellow residue 
was dissolved in toluene (30 mL). The resulting cloudy solution was 
filtered to remove the precipitated lithium chloride, and the clear filtrate 
was evaporated to dryness under vacuum. Recrystallization of the pale 
yellow product from tetrahydrofuran-diethyl ether (1: 1) at 0 "C furnished 
colorless crystals of [ZrCp2C1(Ph4P2N4S2Bu')] (0.128 g, 0.159 mmol) 
in 39% yield. Anal. Calcd for C38H39N&lP&Zr: C, 56.73; H, 4.89; 
N, 6.97. Found: C, 56.24; H, 4.76; N, 7.19. 

Preparation of [ZrCplCI(PhgzN&CHflPRz)] (a). A yellow 
solutionof LiCH2PPhrTMEDA (0.177 g,O.55Ommol) in tetrahydrofuran 
(1 5 mL) at -78 "C was added via a transfer needle to a solution of 0.270 
g of 1,5-P4P2NdS2 in tetrahydrofuran (15 mL) at -78 "C. The resulting 
pale yellow solution was warmed to 23 "C, stirred for 30 min, recooled 
to -78 "C, and then added dropwise, via cannula, to a colorless solution 
of ZrCp2Cl2 (0.161 g, 0.550 mmol) in tetrahydrofuran (10 mL) at -78 
"C. At the end of the addition, thereaction mixture was allowed to warm 
slowly to rmm temperature, and stirring was continued at this temperature 
for 1 h. The solvent was removed under vacuum and toluene (30 mL) 
was added to give a cloudy yellow solution, which was immediately filtered 
to remove the precipitated LiCI. The clear yellow toluene filtrate was 
then taken to dryness under vacuum to yield a sticky yellow solid. 
Recrystallization of this solid from a 1: 1 tetrahydrofuran-diethyl ether 
mixture at 0 "C gave [ZrCp2Cl(Ph&N4S2CH2PPh2)] (0.214 g, 0.226 
mmol) as a yellow powder in 41% yield. Anal. Calcd for 
C47H42C1N4P&Zr: C, 59.64; H, 4.47; N, 5.92. Found: C, 58.51; H, 
4.82; N, 5.72. 

[ZrCp2Cl(PhgzN&JMe)] (2b) was obtained as a colorless crystalline 
solid. Yield: 53%. Anal. Calcd for C3~H33N4ClP2S2Zr: C, 55.14; H, 
4.36; N, 7.35. Found: C, 54.75; H, 4.84; N, 6.84. 

[ZrCp&l(PhgzN&Ph)] (2c) was obtained as a colorless crystalline 
solid. Yield: 69%. Anal. Calcd for C M H ~ ~ N ~ C I P ~ S ~ Z ~ :  C, 58.27; H, 
4.28; N, 6.80. Found: C, 59.01; H, 4.60; N, 7.12. 

[HfCp&l(Phg~N&But)] (2e) was obtained as a colorless crystalline 
solid. Yield: 55%. Anal. Calcd for C38H3gN4ClHfP2S2: C, 51.18; H, 
4.41; N, 6.28. Found: C, 51.17; H, 4.65; N, 6.23. 

[HfCp&l(Phg2N&Me)] (2f) was obtained as a colorless crystalline 
solid. Yield: 55%. Anal. Calcd for C ~ S H ~ ~ N ~ C I H ~ P ~ S ~ :  C, 49.47; H, 
3.91; N, 6.60. Found: C, 49.33; H, 3.99; N, 5.96. 

[HfCkCI(PhgzN&Ph)] (2g) was obtained as a colorless crystalline 
solid. Yield: 40%. Anal. Calcd for CaH3sN4ClHfPzSz: C, 52.69; H, 
3.87; N, 6.15. Found: C, 52.02; H, 4.29; N, 5.90. 

[TiCp&l(PhgzN&Bu~)] (2h) was obtained as an orange-red solid. 
Yield: 58%. Anal. Calcd for C ~ E H ~ ~ N ~ C I P ~ S ~ T ~ :  C, 59.96; H, 5.16; N, 
7.36. Found: C, 61.02; H, 5.30; N, 7.03. 

[TiC~Cl(Pl&N&Me))THF (21) was obtained as an orange-red 
solid. Yield: 67%. Anal. Calcd for C ~ ~ H ~ I N ~ C ~ O P ~ S ~ T ~ :  C, 59.20; H, 
5.22; N, 7.08. Found: C, 59.70; H, 4.98; N, 7.86. 

[TiCpzCI(Ph&N&Ph)] (2j) was obtainned as an orange-red solid. 
Yield: 42%. Anal. Calcd for C M H ~ ~ N ~ C L P ~ S ~ T ~ :  C, 61.50; H, 4.52; N, 
7.17. Found: C, 62.22; H, 4.88; N, 7.73. 

Preparation of [Pl&N&tBuHz~l (4). HC1 gas (14 mL, ca. 0.625 
mmol) in a gastight syringe was injected into a cold solution (-78 "C) 
of ZrCp2C1(Ph4P2N4S2Bu') (0.246 g, 0.306 mmol) in 20 mL of 
tetrahydrofuran. The resulting pale yellow mixture was stirred for 1 h, 
and the solvent was removed under vacuum. The yellow residue was 
dissolved in dichloromethane to give a cloudy yellow solution, which was 
filtered to remove the precipitated LiCI. The solvent was again removed 
under vacuum and the residue was washed with toluene (3 X 10 mL) to 
give an off-white solid. Recrystallization from CH2ClrEt20 (1:5) at 23 
OC gave colorless crystals of [Ph4P2N&ButH2]Cl (0.042 g, 0.072 mmol) 
in 23% yield. Anal. Calcd for C ~ E H ~ I P ~ N ~ S Z C ~  C, 57.48; H, 5.34; N, 
9.58. Found: C, 56.88; H, 5.25; N, 9.47. IH NMR (CH2C12, 23 "C): 
6 1.19 (s, 9H, C(CH3)3, 7.15-7.95 (m, 20H, C a s ) ,  10.3 (d, 2H, NH, 

58.11 (t, C(CHs),, 3J(PC) = 15 Hz), 133.3-127.6 (m, C6H5). IH- 
'SN-HMQC (CH2C1,23OC): 6 (I5N) = -309 ppm, lJ(NH) = 86 Hz. 

2J(PH) = 21 Hz). "C NMR (CD2C12, 23 "C): 6 21.36 (s, C(CH3)3), 

NMR (CH2C12, 23 "C): 6 39.70 (s). 
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Preparation of Pl&N4(StBu)(SBr) (Sa). Liquid bromine (42 aL, 
0.816 mmol) was added dropwise, over 5 min, to a rapidly stirred pale 
yellow solution of ZrCp2C1(Ph4P2N&But) (0.656 g, 0.816 mmol) in 
tetrahydrofuran (30 mL) at -78 OC. The resulting orange mixture was 
allowed to warm up to 23 OC and stirred for 1 h, and then the solvent 
was removed under vacuum. Toluene (30 mL) was added to give a cloudy 
yellow solution, which was filtered to remove the precipitated LiC1. The 
solvent volume of the orange filtrate was reduced to ca. 5 mL under 
vacuum, and the concentrated solution was stored at -18 "C for 8 h. 
Colorlws crystals of ZrCpzClBr formed on the bottom of the flask, and 
the supernatant was decanted. Addition of hexane (20 mL) caused the 
immediate precipitation of Ph4P2Nd(SBut)(SBr) (0.344 g, 0.548 mmol) 
as a yellow-orange solid. Yield: 67%. Satisfactory C, H, and N analysis 
could not be obtained for this compound due to its acute sensitivity to 
moisture. OIP NMR (THF, 23 "C, D20 lock): 6 14.1(s). IH NMR 

Preparation of PI&N4(SPh)(SBr) (5b). (a) From [Li(PhgZN&- 
Ph)THF]?. Liquid bromine (53 pL, 1.00 mmol) was added rapidly to 
a pale yellow solution of [Li(Ph4P2N4S2Ph)THF]2 (1 .O mmol) in 
tetrahydrofuran (25 mL) at 23 "C. After 10 min solvent was removed 
under vacuum, and then the addition of dichloromethane (10 mL) 
produced a cloudy orange solution, which was filtered to remove LiBr. 
The addition of pentane (30 mL) to the filtrate yielded Ph4P2N,(SPh)- 
(SBr) (0.49 g, 0.76 mmol, 74%) as a highly moisture-sensitive orange 
solid. ,lP NMR (THF, 23 OC, D20 lock): 6 13.2 (9). Crystals of 5b 
suitable for an X-ray structure determination were obtained by recrys- 
tallization from dichloromethane-hexane. 

(b) From [ZrCp$I(Ph&N&Ph)]. Compound 5b was also obtained 
in essentially quantitative yield by the treatment of [ZrCpzCI(PhP2N4Sz- 
Ph)] with 1 molar equiv of liquid bromine in THF at 23 "C. 

Preparationof Ph&N&Wu)(SMe) (6). Idomethane (25 pL, 0.408 
mmol) was added by syringe to a pale yellow solution of ZrCp2CI 
(Ph&N&Bu') (0.328 g, 0.408 mmol) in 20 mL of tetrahydrofuran at 
23 "C. During the next 2 h the solution gradually changed from pale 
yellow to dark yellow. The solvent was removed under vacuum, toluene 
(20 mL) was added, and the resulting cloudy yellow mixture was filtered 
to remove the precipitated LiCl. The solvent was again removed under 
vacuum and the resulting yellow solid was washed with diethyl ether (3 
X 10 mL) to remove ZrCp2ClI. Recrystallization of the beige residue 
from a 1:l mixture of hexane-dichloromethane at -18 "C afforded 
colorless crystals of [ P ~ ~ P ~ N @ M ~ ) ( S B U ~ ) ] . ~ / ~ C H ~ C I ~  (0.087 g, 0.149 
mmol) in 37% yield. Anal. Calcd for C29.2~H32.5Clo.sN4P2S2: C, 60.17; 
H,5.61;N,9.60. Found: C,59.53;H,5.31;N,9.52. lHNMR(CDC13, 

CH2C12), 7.30-7.95 (m, 20H, C a s ) .  W N M R  (CDCI,, 23 "C): 6 22.8 

= 21 Hz), 127.6-131.9 (m, C&). 3lP NMR (CH2Cl2,23 "C): 6 26.6 

(C&, 23°C): 6 1.18 (S, 9H, C(CH3)3), 6.95-8.15 (m, 20H, C a s ) .  

23 "C): 6 1.24 (s, 9H, C(CH3)3), 2.84 (s, 3H, CH3), 5.34 (s, 0.5H, 

(s, C(CH3)3), 56.28 (t, C(CH3), 'J(PC) = 15 Hz), 45.34 (t, CH3, IJ(PC) 

(s). MS: 562 (M+, 0.3%), 547 (M+- CH3,10%), 505 (M+ - C(CH3)3, 
loo%), 490 (M" - CH3 - C(CH3)3, 31%). 

X-ray Analyses. Crystallographic data for 2a, 4, and Sb are summarized 
in Table 2. All measurements were made on a Rigaku AFC6S 
diffractometer with graphite monochromated Mo Ka radiation. 

2a. A colorless prismatic crystal (0.30 X 0.35 X 0.40 mm) obtained 
by recrystallization from THF-diethyl ether was mounted on a glass 
fiber. Accurate cell dimensions and a crystal orientation matrix were 
determined by a least-squares fit of the setting angles of 24 reflections 
in the range 41.19 < 28 < 49.12". Intensity data were collected by the 
w/28 method using a scan speed of 8.0°/min and a scan width of (1.31 
+ 0.34 tan 8)" to a maximum 28 value of 50.1". The intensities of 7579 
reflections were measured, of which 4223 had I > 3 4 ) .  The structure 
was solved by the heavy-atom method and expanded using Fourier 
 technique^.^^^^^ Non-hydrogen atoms of the Zr complex were refined 
anisotropically, while those of diethyl ether were refined isotropically. 
Hydrogen atoms were included but not refined. Refinement converged 
with R = 0.054 and R, = 0.061. 

4. A colorless platelike crystal (0.20 X 0.20 X 0.06 mm) obtained by 
recrystallization from dichloromethane-diethyl ether was mounted on a 
glass fiber. A total of 25 reflections were measured in the range 21.96 
< 26 < 31.09". Scan speed was 4.0°/min; scan width was (0.94 + 0.34 
tan8)0toamaximum28valueof50.30. A totalof5231 uniquereflections 

(23) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia- 
Granda, S.;Gould, R. 0.; Smits, J. M. M.;Smykalla, C. PATTY. 1992. 

(24) Beurskens, P. T.; Admiraal, G., Beurskens, G.; Bosman, W. P.; Garcia- 
Granda, S.; Gould, R. 0.; Smits, J. M. M.; Smykalla, C. DIRDIF92. 
1992. 
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Table 2. Crystallographic Data for [ZrCp2Cl(Ph&N&2tBu)], (h), [Ph&N&2tBuH2]Cl, (4), and Ph&Nd(SPh)(SBr), (Sb) 

Chivers et al. 

kd.5Et20 4 sb 
formula C ~ O H ~ Z N ~ C ~ P Z S ~ Z ~ ~ ~ . M  CaHdW2S2Cl C ~ H U P ~ N & ~ B ~  
fw 839.54 585.10 647.53 
crystal system triclinic triclinic orthorhombic 
space group Pi (No. 2) Pi (No. 2) E212121 (NO. 19) 
a, A 12.439(4) 12.797(4) 14.534(7) 
b, A 18.220(5) 14.618(3) 1 7.647( 5 )  
C, A 10.370( 2) 8.276(5) 11.523(5) 
a, deg 100.40(2) 90.48(3) 
t% deg 106.65(2) 105.59(3) 
7, deg 72.53(2) 81.24(2) 
Z 2 2 4 
v, A3 2136(1) 1472.9(10) 2955(1) 
paled, g cm-j 1.305 1.319 1.455 
F( 000) 866 612 1320 
p, cm-1 5.25 4.05 16.72 
radiation (A, A) MO Ka (0.710 69) Mo Ka (0.710 69) Mo Ka (0.710 69) 

RO 0.054 0.045 0.063 
R W b  0.061 0.033 0.042 

T, ‘C -7 3 -73 -123 

R = E(llJ’d - IF&/EIFd. Rw [Ew(lFd - IFd)2/E#d211/2. 

Table 3. Final Fractional Coordinates (X104) and Equivalent Isotropic Temperature Factors U, (A2 X lo3) with Esd’s in Parentheses for 
I Z ~ C D ~ C ~ ( P ~ , P ~ N S ~ ~ B U ~ ~ . O . ~ E ~ ~ O  

~ 

atom X Y Z vela atom X Y I 

83011) 1 449( 1 1 18471 1) 26(11 C1181 -1783(4) 2121121 627715) 5415) 
898i2j 

1525(1) 
3804(2) 
1869(1) 
3338( 2) 
1703(5) 
2799(5) 
3768(6) 
2511(5) 
4624(7) 
5813(9) 
3987(10) 
4659(10) 
-920(8) 

-1 026(8) 
-1 2 1 3 (8) 
-1 249(7) 
-1056(8) 

2867(2) 
2389(8) 
1453(8) 
1376(9) 
2280(8) 
480(4) 
-5(4) 

-1 137(4) 

1 s9ii j 
2562( 1) 
2113(1) 
1 550( 1) 
3231(1) 
1666(3) 
2671(3) 
2975(4) 
2120(4) 
2081(7) 
2 1 56( 10) 
2773(8) 
1291(8) 
2610(6) 
2 102( 9) 
1450(7) 
1579(7) 
2252(9) 
1070(6) 
479(6) 
761(6) 

1555(7) 
1728(6) 
1740(2) 
2476(2) 
2667(2) 

2493i2j 
3584(2) 
6590(2) 
5591(2) 
4855(2) 
4000(5) 
3603(6) 
6357(6) 
6696(6) 
8384(9) 
8428(12) 
9219(9) 
8752(12) 
1467( 15) 
263( 1 1) 
617( 13) 

19 15( 14) 
2410( 11) 
1479(8) 
8 14( 10) 

-248(8) 
-25 1(9) 

874(8) 
5961 (5) 
6534(5) 
6692(5) 

-1 298(4j 
-1 67(4) 
2614(4) 
3365(4) 
4072(4) 
4028(4) 
3277(4) 
2570(4) 
2372(5) 
2088(5) 
1333(5) 
861(5) 

1 W ( 5 )  
1900(5) 
4542(5) 
5 172(5) 
61 1 l(5) 
642 1 ( 5 )  
5792(5) 
4852(5) 
1825(29) 
627(31) 
7 18(27) 

2858(42) 
3043(22) 

546(3) 
132(3) 

-603(3) 
-925(3) 
-511(3) 

225(3) 
4196(3) 
4528(3) 
5266(3) 
5672(3) 
5340(3) 
4602(3) 
3380(4) 
3870(4) 
3995(4) 
3630(4) 
3140(4) 
3015(4) 
4660( 19) 
465 1 (20) 
3917(20) 
4899(24) 
5566(15) 

5785(5) 

5264(5) 
6365(5) 
7176(5) 
6885(5) 
4998(5) 
6220(5) 
6302(5) 
5 162(5) 
3941(5) 
3859(5) 
4364(5) 
5232(5) 

3713(5) 
2845(5) 
3 170(5) 

4974(5) 

4907(5) 

529(33) 

-3(33) 
917(80) 

1430(25) 

-201 (65) 

U, = (Ut1 + U22 + U33)/3. Atoms allowed isotropic temperature factors. 

were measured of which 1746 had I > 3 4 4 .  The structure was solved 
and expanded by using Fourier t e c h n i q ~ e s . ~ J ~  The non-hydrogen atoms 
were refined anisotropically. Hydrogen atoms were included but not 
refined. Refinement converged with R = 0.045 and Rw = 0.033. 

5b. A yellow needle (0.20 X 0.10 X 0.50 mm) obtained by 
recrystallization from dichloromethane-hexane was mounted on a glass 
fiber. A total of 18 reflections were measured in the range 20.10 C 28 
C 28.52’. Scan speed was 4.0°/min; scan width was (1.21 + 0.35 tan 
8)’ to a maximum 28 value of 50.0’. A total of 2965 unique reflections 
were measured of which 1245 had I > 341). Over the course of data 
collection, the standards increased by 0.4%. A linear correction factor 
was applied to account for this deviation. The structure was solved by 
direct methods26 and expanded by using Fourier techniques. If all the 
atoms were refined anisotropically, the ratio of data to parameter would 
be 3.5. Consequently, only the heavy atoms were allowed to refine with 

anisotropic thermal parameters. The anhtropy associated with the C 
and N atoms at 150 K was minimal, justifying allowance of isotropic 
thermal motion for these atoms. Hydrogen atoms were included but not 
refined. Refinement converged with R = 0.063 and R, = 0.042. 

Forallthreestructuresthedata werecorrdforLorentz, polarization, 
and absorption effects. Acorrection for secondary extinction was applied 
for 4.2’ In the refinement cycles weights were derived from counting 
statistics. Scattering factors were thosc of Cromer and Wabera and 
allowance was made for anomalous dispersion.29 

All calculations for 2.. 4, and Sb were performed using the teXsanm 
crystallographic software package. The positional parameters for k, 4, 
and Sb are given in Tables 3-5, respectively. 
Results and Discussion 

Preparation and Spectroscopic Characterization of MCkCI- 
(PhrPZ”). The reaction of the metallocene dihalides MCp2- 

(25) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia- 
Granda, S.; Gould, R. 0.; Smits, J. M. M.; Smykalla, C. ORIENT. 
1992. 

(26) Fan, Hai-Fu. SAPI91. Structure Analysis Programs with Intelligent 
Control, Rigaku Corporation, Tokyo, Japan, 1991. 

~ ~~ ~~~~ 

(27) Walker, N.; Stuart, D. DIFABS. An empirical absorption correction 
program. Acta Crystallogr. 1983, A39, 158. 

(28) Cromer, D. T.; Waber, J. T. International Tables for X-ray Crystal- 
lography; KyncchPress: Birmingham, U.K. 1974; Vol. IV,Table 2.2A, 
pp. 71-98. 
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Table 5. Final Fractional Coordinates (X104) and Equivalent 
Isotropic Temperature Factors Bo9 (A* X 103) with Esd’s in 
Parentheses for Ph&N&Ph)(SBr) 

atom X Y Z 

0.2667(2) 
0.3660(2) 
0.4195(2) 
0.5638(2) 
0.2175(2) 
0.461 l(5) 
0.5272(4) 
0.3 190(5) 
0.2555(5) 
0.6322(6) 
0.7140(7) 
0.7503(8) 
0.7067(10) 
0.6256(9) 
0.5885(7) 
0.6581(7) 
0.7607(6) 
0.8323(7) 
0.8007(8) 
0.6986(8) 
0.6273(6) 
0.1 188(6) 
0.0947(6) 
0.0177(7) 

-0.0334(7) 
-0.0070(7) 

0.0674(7) 
0.15 1 1 (7) 
0.0472(7) 

-0.0034(8) 
0.0496(9) 
0.1544(9) 
0.2027(7) 
0.3375(6) 
0.4403(7) 
0.3 123(7) 
0.2406(7) 

-0).0220( 1) 
0.2980( 1) 
0.1945(2) 
0.2616(2) 
0.2295(2) 
0.3384(4) 
0.1774(4) 
0.1577(4) 
0.3171(4) 
0.2050(6) 
0.2426(6) 
0.2112(7) 
0.1416(8) 
0.10 1 5 (6) 
0.1328(6) 
0.3225(6) 
0.2776(5) 
0.3239(6) 
0.4155(7) 
0.4617(6) 
0.4153(6) 
0.2806(6) 
0.2277(6) 
0.2662(7) 
0.3557(7) 
0.4093(6) 
0.3713(6) 
0.1546(5) 
0.1358(6) 
0.0788(7) 
0.04 1 6(6) 
0.0592(7) 
0.1 148(6) 
0.3855(6) 
0.3733(6) 
0.4811(6) 
0.3601(6) 

-0.1712(3) 
0.3135(3) 

-0,.0556(3) 
0.2444(3) 
0.0540(3) 
0.2491 (8) 
0.1 153(7) 
0.01 26(8) 
0.1606(8) 
0.4423(10) 
0.5552(11) 
0.7206( 12) 
0.7756( 12) 
0.6642( 13) 
0.4985(11) 
0.1804(10) 
0.1781( 10) 
0.1232( 11) 
0.0728( 11) 
0.0705( 12) 
0.1256( 10) 

-O.1341(11) 
-O.2742( 11) 
-O.4201( 11) 
-0.42 14( 12) 
-O.2841( 12) 
-0.1376( 11) 
0.1499( 10) 
0.0727( 11) 
0.1527(13) 
0.3074( 14) 
0.3846( 1 1) 
0.3058(12) 
0.4624( 10) 
0.6076(11) 
0.3805(11) 
0.5160(11) 

3.18(6) 
2.79(6) 
2.87(6) 
2.39(6) 
2.83(6) 
2.4(2) 
2.6(2) 
2.9(2) 
3.0(2) 
2.7(2) 
3.5(2) 
5.6(3) 
6.2(4) 
5.3(3) 
4.1(3) 
2.7(2) 
3.3(2) 
3.8(3) 
4.3(3) 
4.4(3) 
3.2(2) 
2.9(2) 
3.2(2) 
4.3(3) 
4.6(3) 
4.4(3) 
3.8(2) 
2.8(2) 
4.0(3) 
5.4(3) 
5.3(3) 
5.0(3) 
4.2(3) 
3.0(2) 
5.0(3) 
4.6(3) 
5.2(3) 

‘ B ,  */~T~(UII (UU*)~ + Uzz(bb*)’ + U33(cc*)’ + 2 U i ~ ~ ~ * b b *  COS 
y + ~ U ~ ~ U U * C C *  COS 6 + 2U23bb*~~* COS a). 

C12 (M = Ti, Zr, Hf) with thelithiumreagents [Li(PhhP2N&R)- 
THF]2 in deoxygenated THF produces complexes of the type 
MCp2Cl(Ph4P2N&R) cleanly and in 4 0 4 5 %  yields (eq 1). 
Attempts to replace the remaining C1- ligand in these complexes 
by a second Ph4P2N&R- anion were unsuccessful, presumably 
owing to steric restrictions. 

The complexes 2a-j are highly oxygen- and moisture-sensitive, 
and it is essential to use thoroughly dry solvents that have been 
purged with argon in order to avoid decomposition in solution. 
The Ti complexes are orange-red whereas the Zr and Hf 
compounds are all colorless. 

(29) Creagh, D. C.; McAuley, W. J. In Infernafional Tables for Crysfal- 
lography; Wilson, A. J. C., Ed.; Kluwer Academic Publishers, Boston, 
MA, 1992; Vol. C, Table 4.2.6.8, pp 219-222. 

(30) teXsan. Crystal Structure Analysis Package. Molecular Structure Corp., 
1985 and 1992. 

atom X Y z B, 
0.4863(2) 
0.491 O(4) 
0.7640(4) 
0.5926(4) 
0.6756(4) 
0.5125(11) 
0.6792( 11) 
0.7314(10) 
0.5649( 10) 
0.5387( 13) 
0.4422(14) 
0.4039( 14) 
0.4535( 15) 
0.5455( 14) 
0.5903( 13) 
0.6 186( 13) 
0.6606(13) 
0.6847(12) 
0.6611(13) 
0.6155(14) 
0.5946( 13) 
0.68 14( 12) 
0.7514( 13) 
0.758 1 (16) 
0.6912(15) 
0.6230(15) 
0.6171(14) 
0.7228( 13) 
0.8110(14) 
0.8431 (15) 
0.7938(15) 
0.7043( 14) 
0.6663( 13) 
0.8343( 13) 
0.8715( 13) 
0.9239( 14) 
0.9356( 13) 
0.9035( 14) 
0.8468( 13) 

0.0407( 1) 
0.1846(2) 
0.1551 (3) 
0.1553(3) 
0.23 15(3) 
0.1879(7) 
0.1 120(9) 
0.2337(7) 
0.2114(8) 
0.0825(10) 
0.0901(11) 
0.0346(13) 

-0.0285(12) 
-O.0302( 12) 

0.0231(11) 
0.2360( 10) 
0.2206( 11) 
0.2836(9) 
0.3554( 11) 
0.3699( 11) 
0.3076( 11) 
0.3259( 10) 
0.3747(10) 
0.4482( 12) 
0.4729( 12) 
0.4290( 12) 
0.3523(12) 
0.1729( 10) 
0.1828(11) 
0.1346( 13) 
0.0830(12) 
0.0709( 11) 
0.1 170( 11) 
0.1948(11) 
0.1422( 12) 
0.1693(11) 
0.246 1 ( 1 1) 
0.2974( 11) 
0.2750( 11) 

0.9776(2) 
1.0129(4) 
1.1072(5) 
1.2281(5) 
0.9238(4) 
1.1432(11) 
1.1721( 13) 
1.0412(12) 
0.9264( 13) 
1.3135(16) 
1.3404(17) 
1.4106(17) 
1.4499(19) 
1.4244(19) 
1.3563(16) 
1.3233( 16) 
1.4299( 16) 
1.4994( 16) 
1.4641( 18) 
1.3602(18) 
1.2870(17) 
0.8697( 15) 
0.9082(16) 
0.8626( 18) 
0.7871 (18) 
0.7522(18) 
0.7942(17) 
0.8 153( 15) 
0.7759( 17) 
0.6877( 18) 
0.6377( 18) 
0.6709( 17) 
0.7595(16) 
1.2217(16) 
1.2997( 17) 
1.3922( 18) 
1.4017( 16) 
1.3266( 18) 
1.2333(17) 

3.8( 1) 
2.3(3) 
1.9(3) 
1.6(3) 
1.7(3) 
1.4(3) 
2.3(3) 
1.8(3) 
2.1(4) 
2.1(5) 
2.4(5) 
3.9(5) 
3.9(6) 
3.5(5) 
2.4(5) 
1.7(4) 
2.6(5) 
2.2(4) 

2.8(5) 
2.3(5) 
1.5(4) 
2.3(5) 
4.3(6) 
4.0(6) 
3.7(6) 
2.7(5) 
2.0(4) 
2.4(5) 
3.6(6) 
3.8(6) 
3.0(5) 
2.3(5) 
2.0(4) 
2.5(5) 
3.6(5) 
2.8(5) 
3.0(5) 
2.9(5) 

3.4(5) 

Selected 31P, 13C, and 1H NMR data for 2a-j are collected in 
Table 1 .  The3IPNMRspectra show tworesonances in the regions 
44-52 and 35-38 ppm for the heterocyclic PPh2 groups. These 
resonances are both singlets with the exception of those for the 
Hf complexes 2f and 2g, which exhibit two doublets with a mutual 
four-bond 31P-31P coupling of ca. 3 Hz. In addition, both the *3C 
and 1H NMR spectra indicate that the Cp ligands in 2a-j are 
in inequivalent environments. Thus the NMR data point directly 
to an unsymmetrical attachment of the P2N4S2 ring to the metal 
in these complexes. Furthermore, the 31P NMR resonances of 
toluene-ds solutions of 2a remain sharp up to 100 “C, which 
would seem to preclude any fluxional behavior in solution. 

X-ray Structure of ZrCpzC1(Phg2N&ztBu) (2a). The bonding 
mode of the heterocyclic ring in 2a has been established by X-ray 
crystallography. The molecular geometry and atomic numbering 
scheme are given in Figure 2, and pertinent bond lengths and 
bond angles are given in Table 6. The Ph4P2N&Bu- ligand in 
2a is attached to zirconiumvia adjacent sulfur and nitrogen atoms 
of an NSN unit on the opposite side of the ring from the ‘Bu 
group. The three-membered metallacycle (zirconathiaaziridene) 
so formed has the dimensions d(Zr-S) = 2.634(2) A, d(Zr-N) 
= 2.206(5) A, and d(S-N) = 1.697(6) A. The Z r S  distance 
is significantly longer than the value of 2.529(3) A found for 
ZrCp2(PMe3)($-SCMeH).31 The Zr-N distance is slightly 
longer than that reported for CpCp*Zr(NS0)2 [d(Zr-N) = 
2.121(4) A],18 but falls within the range 2.105(4)-2.267(3) A 
reported for Zr complexes in which an imino group is acting as 

(31) Buchwald, S. L.; Niclsen, R. B.; Dewan, J. C. J.  Am. Chem. SOC. 1987, 
109, 1590. 
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NMR spectrum exhibited a doublet at 10.3 ppm [2J(31P-1H) = 
21 Hz],attributabletotheNHgroups,inadditiontotheexpected 
resonances for the StBu and PPh2 groups. An HMQC lsN-lH 
2D NMR experiment provided additional NMR parameters for 
theNH groups of 4 [15(lsN) = -309 ppm, lJ(lSN-lH) = 86 Hz]. 
The only structure for 4 consistent with these NMR data is one 
in which a hydrogen atom is attached to each of the geminal 
nitrogen atoms separated by the two-coordinate sulfur of the 
P2N4s2 ring. This conclusion has been confirmed by the X-ray 
structural determination of 4 described below. 

By contrast, the reaction of 2a or 2c with bromine produces 
theS-bromo derivatives Phg2N4(SR)(SBr) (Sa, R = ‘Bu; 5b, R 
= Ph) as extremely moisture-sensitive yellow-orange solids, which 
were characterized by lH and 31P NMR spectra. The compound 
5b may also be obtained in excellent yields by the bromination 
of the lithium derivative [Li(PkPzN4S2Ph)THF]z and the X-ray 
structure of sb is described below. These S-bromo derivatives 
provide a good opportunity to investigate reactions of the PzNdS2 
ring that occur at the sulfur center, e.g. formation of the radicals 

The reaction of 2a with iodomethane results in the regiospecific 
methylationof the P2N4S2 ring at sulfur to give Ph&N4(SMe)(St- 
Bu) (6) as an air stable, white crystalline solid, which was 
characterized by elemental analyses, lH, I3C, and 3lP NMR 
spectroscopy, and mass spectroscopy. S,S’-Diorgano derivatives 
of the type Ph&N&R2 in which the organic groups attached 
to the two sulfur atoms are the same can be prepared by (a) the 
reaction of Li?[Ph&N&] with 2 molar equiv of M e P  or (b) 
treatment of PhzPNz(SiMe3)3 with 3 molar equiv of PhSC1.39 
The reaction of 2a with Me1 represents the first synthesis of an 
S,S’-diorgano derivative in which different organic groups are 
attached to the two sulfur atoms. However, inorganic heterocycles 
of this type are more conveniently obtained by the reaction of 
[Li(Ph&N4S2R)THF]2 with alkyl iodides.40 

Finally, we note in this section that the Ti and Hf derivatives 
react in a manner similar to 2a with electrophiles, so that the 
reactions described above for 2a can be viewed as applicable to 
all group 4 derivatives of the Ph4P2Na2R- anion. 
X-ray Structure of [PhS2N&BuH2lCl (4). The molecular 

structure and atomic numbering scheme for 4 are shown in Figure 
3. Selected bond lengths and bond angles are summarized in 
Table 7. The mean values of the S-N and P-N bond lengths 
involving the protonated nitrogen atoms, 1.685(6) and 1.656(6) 
A, respectively, are significantly longer than the mean values of 
the other S-N and P-N bond lengths, which are 1.625(6) and 
1.608(6) A, respectively. The mean value of the endocyclic bond 
anglesat the protonated nitrogens is 122.6(4)’ compared to 1 15.6- 
(4)O for the unprotonated nitrogens. As indicated in Figure 4, 
compound 4 exists as a dimer in the solid state as a result of 
hydrogen-bonding between NH protons and the C1- counterions. 
The H-Cl contacts are 2.23 and 2.44 A, and the corresponding 
N-Cl distances are 3.096(6) and 3.141(6) A. The P z N ~ S ~  ring 
in 4 has a long chair conformation with S(l)  and S(2) lying out 
of the best plane formed by the two NPN units by ca. 0.88 and 
1 I 12 A, respectively. 
X-ray Structure of PW2N4(SPh)(SBr) (Sb). The molecular 

Ph4F’2N4S2R’ (Cf. Ph6P3N4S’).3’ 

c19 
Figure 2. ORTEP drawing of ZrCpzCI(Ph&N&Bu) (2.) (50% 
probability ellipsoids). Hydrogen atoms are omitted for clarity. 

Table 6. Selected Bond Distances (A) and Bond Angles (deg) for 
Z~C~~CI(P~I&N&~BU) (2a) 

N(  1 ) S (  1)-Zr 
N ( 2 ) S (  1)-Zr 
S( 1)-N( 1)-Zr 
P( I)-N( 1)-Zr 
S( I)-Zr-€l 
N(  1)Zr-CI 
N(1)-ZrS(1) 

Bond Distances 
2.634(2) N(l)-P(l) 

1.697(6) N(2)-P(2) 
1.650(5) N(3)-P(2) 
1.618(7) CI-Zr 
1.640(5) 

2.206( 5 )  ~ ( 4 ) - ~ ( 1 )  

Bond Angles 
56.4(2) N(4)-P( 1)-N( 1) 

116.4(2) N(3)-P(Z)-N(2) 
83.8(2) N(Z)S(l)-N(l) 

148.6(3) N(4)S(2)-N( 3) 
124.1(1) P(1)-N(I)S(I) 
84.4(1) P(2)-N(2)S(l) 
39.8 ( 1) P( 2)-N (3)S( 2) 

p( 1 ) - ~ ( 4 ) 4 ( 2 )  

1.648(5) 
1.603(6) 
1.615(6) 
1.600(7) 
2.530(2) 

115.6(3) 
120.2( 3) 
109.5(3) 
108.3(3) 
119.1(3) 
116.1(3) 
119.6(4) 
116.3(3) 

a one-electron donor.32 Consistent with previous observations,923 
coordination of a metal to a PzNdS2 ring induces a significant 
lengthening of the bonds involving the coordinated nitrogen atom. 
Thus the distances of 1.697(6) A for N(  1 ) S (  1) and of 1.648(5) 
A for N( 1)-P( 1) are longer than the mean values of 1.636(7) and 
1.606(7) A, respectively, for the other S-N and P-N bonds in 
2a. The effect on the S-N bond lengths is not as dramatic, 
however, as that observed for [Li(PhP2N&Ph)THF]zfor which 
distances of 1.72( 1) and 1.755(9) A are observed for the S-N 
bonds involving nitrogen atoms coordinated to lithium? 

R ~ P C ~ ~ O M  of ZrCp&l(PhS2N&Bu) with Electropblles. The 
application of zirconocene derivatives to the synthesis of organic 
compounds via electrophilic cleavage of C-Zr34 or N-Zr3S bonds 
is well established. In a similar vein we have investigated reactions 
of 2a with electrophilic reagents as a source of functionalized 
derivatives of the P2N& ring. 

The reaction of 2a with 2 molar equiv of HCl gas affords the 
diprotonated heterocycle [Ph4P2N4S2tBuH2]C1 (4).36 The 31P 
NMR spectrum of 4 showed a singlet at 39.7 ppm, and the 1H 

(32) (a) Dufour, N.; Majoral, J.-P.; Caminade, A.-M.; Choukroun. R. 
Organometallics 1991, I O ,  45. (b) Walsh, P. J.; Hollander, F. J.; 
Bergman, R. G. J. Am. Chem. Soc. 1990,112, 894. 

(33) Chivers, T.; Hilts, R. W. Inorg. Chem. 1!W, 31, 5272. 
(34) For example, see: Le Flcch, P.; Ricard, L.; Mathey, F. J. Chem. Soc., 

Chcm. Commun. 1993,789. 
(35) For example, see: Buchwald, S. L.; Wannamaker, M. W.; Watson, B 

T. J.  Am. Chem. Soc. 1989,111,176. 

(36) The reaction of 2a with 1 molar equiv of HCl or the removal of HC1 
from 4 with DBU yields a product, believed to be.Ph&N&lBuH, which 
exhibits a broad 3lP NMR resonance at ca. 33 ppm. We have ken  
unable to isolate a pure sample of this product. The treatment of the 
lithium derivatives [Li(Ph&N&R)THF]2 with HCl also produces 
compounds of the type Ph&N&RH (R = Me, IBu, Ph). The full 
characterization of thcsc products will be the subject of a future 
publication. 

(37) Bestari,K.;Cordes,A. W.;Oakley,R.T.J. Chem.Soc.,Chem.Commun. 
1988, 1328. 

(38) Chiven, T.; Cowie, M.; Edwards, M.; Hilts, R. W. Inorg. Chem 1992, 
31, 3349. 

(39) Chivers, T.; Kumaravel, S. S.; Meetsma, A.; van der Grampel, J. C.;van 
der Lee, A. Inorg. Chem. 1990,29,4591. 

(40) Chiven, T.; Hilts, R. W.; Vollmerhaus, R. Unpublished results. 
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C11' c11 
Figure3. ORTEPdrawingof [ P ~ ~ P ~ N ~ S ~ ' B U H Z ] C I  (4) (50% probability 
ellipsoids). The asterisk indicates a symmetry-related atom. 

Table 7. Selected Bond Distances (A) and Bond Angles (deg) for 
[PhJ'zN4SztB~H21 (4) 

Bond Distances 
S( 11-w 1) 1.638(6) P(l)-N(1) 1.603(6) 
S(l)-N(4) 1.6 1 3 (6) P(l)-N(2) 1.661(6) 
W)-N(2) 1.677(6) P W N ( 3 )  1.65 l(6) 
~ ( 2 ) - ~ ( 3 )  1.694(6) ~ ( 2 ) - ~ ( 4 )  1.612(6) 

Bond Angles 
N( 1 ) S (  1)-N(4) 106.2(3) S(1)-N(1)-P(1) 113.9(4) 
N(2)S(2)-N(3) 102.6(3) S(2)-N(2)-P(2) 122.6(4) 
N( 1)-P( 1)-N(2) 1 12.1 (3) S(2)-N( 3)-P(2) 122.7(4) 
N(3)-P(2)-N(4) 114.2(3) S(l)-N(4)-P(2) 117.3(4) 

Figure 4. Packing diagram for [Ph4P2N4SztBuH2]C1 (4). 

structure. and atomic numbering scheme for 5b are shown in 
Figure 5 .  Pertinent endocyclic bond distances and bond angles 
for 5b are compared with the corresponding values for the related 
symmetrical derivatives Ph4P~N4S2Ph2~~ and Ph4P2N4S2Br241 in 
Table 8. The S-Br distance of 2.573(5) A is significantly longer 
than the values of 2.454(7) and 2.440(8) 8, reported for d(S-Br) 
in Ph4P2N4S~Br2.41 Long sulfur-halogen bonds are also a feature 
of the structures of the related six-membered rings Ph4PzN3SX 
(X = C1, I).42943 They are indicative of significant ionic 
contributions to the S-X bond. In contrast to the long chair 

(41) (a) Burford, N.; Chivers, T.; Rao, M. N. S.; Richardson, J. F. Inorg. 
Chem. 1984,23, 1946. (b) Marsh, R. E.; Slagle, K. M. Inorg. Chem. 
1985, 24, 21 14. 

(42) The covalent radii for S and Br are 1.04 and 1.14 A, respectively. Purcell, 
K.; Kotz, J. C. Inorganic Chemistry; W. B. Saunders: Philadelphia, PA, 
1977. 

(43) Burford, N.; Chivers, T.; Hojo, M.; Laidlaw, W. G.; Richardson, J. F.; 
Trsic, M. Inorg. Chem. 1985, 24, 709. 

c4 

Brl 
U 

p 2 3  

Figure 5. ORTEP drawing of Ph,PzN4(SPh)(SBr) (Sb) (50% probability 
ellipsoids). 

Table 8. Endocyclic Bond Distances (A) and Bond Angles (deg) for 
Ph4PzN&Ph)(SBr), PhnNd(SPh)z, and PhnN4(SBr)* 

1.54(1) 
1.54(1) 
1.63(2) 
1.65(1) 
1.63(1) 
1.61( 1) 
1.58(1) 
1.65(1) 

1.620(4) 
1.624(5) 
1.620(4) 
1.624(5) 
1.622(5) 
1.614(4) 
1.622(5) 
1.614(4) 

1.521(6) 
1.532(6) 
1.521(6) 
1.531 (6) 
1.6 13(6) 
1.629(6) 
1.613(6) 
1.629(6) 

angle 

"4(2)-N(3) 
N(1)-P(1)-N(2) 
N(3)-P(2)-N(4) 
S( 1)-N( 1)-P( 1) 
S(Z)-N(Z)-P( 1) 
S(2)-N(3)-P(2) 
S( l)-N(4)-P(2) 

N(M( 1) -~(4)  

Ph&N,(SPh)(SBr). 
118.7(9) 
112.7(8) 
119.2(8) 
119.4(8) 
136(1) 
124(1) 
121.4(9) 
139(1) 

PhnN,(SPh)z* 
108.8(2) 
108.8(2) 
119.7(2) 
119.7(2) 
117.4(3) 
1 17.1 (3) 
117.4(3) 
117.1(1) 

PhnN,(SBr)f 
116(1) 
112(1) 
118(1) 
121(1) 
132(1) 
137(1) 
144(1) 
145(1) 

This work. Taken from ref 39. Bond distances and bond angles 
taken from parts b and a of ref 41, respectively. 

conformation observed for the PzN4S2 ring in both Ph4PzN4Sz- 
Ph239 and Ph4P2N&Br2,4' the eight-membered ring in 5b has an 
Yenvelopen conformation with an almost planar N (  1)S( 1)N(4)P- 
(2)N(3) unit and the other three atoms [S(2), N(2) and P(l)]  
lie well out of and on the same side of this plane. An interesting 
feature of the solid-state structure of 5b is the face-to-face 
arrangement of the phenyl group on S(2) and one of the phenyl 
groups onP( 1) (see Figure 5). Thedistance between the centroids 
of these two CsHs rings is 3.53 A. It is not clear whether this 
represents a 7r-7r interaction or a packing effect. 

Attempted Reactions of ZrCpzCl(Phg~Nfi+Bu) with Nu- 
cleophiles. In an attempt to replace the chloride ligand in 2a by 
hydride or an alkyl group, reactions with the strong nucleophiles 
Li[Et3BH] and methyllithium were investigated. Surprisingly, 
the zirconium complex 2a was unaffected by either of these 
reagents. Thus, in distinct contrast to the susceptibility of the 
Zr-N and Zr-S bonds in 2a to cleavage by electrophiles, the 
Zr-Cl linkage appears to be effectively shielded from nucleophilic 
attack by thecombined steric bulkof the heterocyclic PNS ligand 
and the two Cp groups. Presumably, the nitrogen and sulfur 
sites are more accessible to attack by external reagents than the 
metal center. 

Conclusions. The first early transition metal complexes of 
Ph&N&R- anion have been prepared by metathetical reactions 
of the lithium derivatives of these anions with the metallocene 
dihalides MCp2C12 (M = Ti, Zr, Hf). The 92-N,S bonding mode 
observed for the heterocyclic ligand in Group 4 metal complexes 
provides support for the notion that the Ph4P2N4S2R- anion is an 
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adaptable ligand that can readily adjust its hapticity to accom- 
modate the electronic and/or steric requirements of a specific 
metal center. Further investigations of the versatility of these 
cyclic S-N ligands in complexes with early transition metals, 
lanthanides and actinides are in progress. The group 4 complexes 
provide a useful, and sometimes preferable, alternative to the 
lithium derivatives [Li(Ph4P2N&R)]2 for the regiospecific 
functionalization of the P2N4S2 ring. 
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