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The reaction of KNSO with (C0),M(RZPCl) (M = Cr, Mo; R = Me, Ph) in acetonitrile yields complexes 
of the type (CO),M(RzPNSO) (la-d). An X-ray crystal structure determination of (CO)5Mo(PhzPNSO) 
(la) shows that the PhzPNSO ligand adopts a cis configuration and is coordinated to molybdenum via 
the phosphorus atom. Crystal data: monoclinic, space group C2/c,  a = 30.236 (3) A, b = 11.034 (1) A, 
c = 12.056 (1) A, p = 96.762 (4)O, V = 3993.9 (6) A3, 2 = 8. The structure was solved by Patterson techniques 
and refined by full-matrix least squares to give a final R = 0.038 and R, = 0.030. The bond distances are 
d(P-N) = 1.699 (5), d(S-N) = 1.501 (6), and d(S-0) = 1.481 (7) A, and the bond angles at nitrogen and 
sulfur are 129.2 (4) and 118.6 (3)”, respectively. Complexes la-d react with potassium tert-butoxide in 
a 2:1 molar ratio to give the homodinuclear complexes (CO)5M(R2PNSNPRz)M(CO)5 (2a-d) in good yields. 
Treatment of la-d with potassium tert-butoxide in a 1:l molar ratio produces adducts of the type 
(CO),M(R,PNS(O)OBu-t)-K+ (3a-d). The reactions of these adducts with (CO),M’(R,PNSO) (M # M’) 
or (CO),M(R’,PNSO) (R # R’) produce symmetrical products in addition to heterodinuclear complexes 
of RzPNSNPRz or homodinuclear complexes of the unsymmetrical ligand RZPNSNPR’,, respectively. The 
mechanism of these condensation reactions of la-d in the presence of potassium tert-butoxide is discussed 
in terms of the product distribution as determined by 31P NMR spectroscopy. 

Introduction 
Recently we reported the preparation of Id, the first 

metal complex of a ligand of the type R2PNS0 from the 
reaction of (CO),Mo(Ph,PCl) with KNSO in acetonitrile.’ 
We also observed the formation of small amounts of 2d 
in this reaction and speculated that it was formed from 
Id via a base-catalyzed reaction, since purified samples of 
Id did not produce 2d in the absence of a base.l 

R2P NSO R~ P N s N PR ; 
I I /  

M 
Ln 

ML, M’L, 

l a ,  ML,=Cr(C0)5. R=Me 2a ,  ML,=M’L,=Cr(CO)s, R =  R’=Me 
b,MLn=Cr(CO)S, R=Ph b. MLn=M’L,=Cr(CO)5, R=R’=Ph 
c .  MLn=Mo(C0)5.R=Me c .  ML,=M’L,=Mo(C0)5, R=R‘=Me 
d. ML~.MO(CO)~,REP~ d, MLn=M‘L,=Mo(C0)5, R=R’=Ph 

e. ML, M’L.=Cr(C0)5, R = M e .  R’=Ph 
f .  MLn~Cr(C0)5.M’Ln=Mo(C0)5, R:R‘=Ph 

We have now carried out a detailed investigation of the 
base-catalyzed condensation reaction and find that com- 
plexes of type la-d react with potassium tert-butoxide to 
give high yields of homodinuclear complexes of 
R2PNSNPRz (2a-d). Two other methods are available for 
the preparation of such complexes: (a) the metathetical 
reaction of ML,(R,PCl) with K,SN,1,2 and (b) direct re- 
action of t-BuzPNSNPBu2-t with metal carbonyl com- 
plexes containing easily displaceable  ligand^.^ The latter 
method can only be used for R = Bu-t, since other ligands 
of the type R2PNSNPR2 (R = Et, Cy, Ph) are unstable.4 

The reactions of organic thionylamines, RNSO,, with 
potassium tert-butoxide to give sulfur diimides5 are known 
to proceed via the intermediate formation of adducts, 
RNS(0)OBu-t-Kf.6 By analogy, the corresponding re- 
actions of metal complexes of RzPNSO could provide a 
more versatile route to complexes of type 2. For example, 
the reaction of the potassium tert-butoxide adduct of l a  
with either l b  or IC might provide a source of either 
homodinuclear complexes of unsymmetrical ligands 
R2PNSNPR’2, e.g. 2e, or heterodinuclear complexes of 
R2PNSNPRz, e.g. 2f. We describe here experiments de- 
signed to prepare these complexes. The mechanism of the 
base-catalyzed condensation reactions of 1 is discussed in 
the light of the observed product distributions as found 
by 31P NMR spectroscopy. The X-ray structure of Id is 
also reported. 

Experimental Section 
Reagents and General Procedures. All experimental pro- 

cedures were performed under an atmosphere of dry nitrogen or 
argon. Solvents were dried by heating under reflux with the 
appropriate drying agents and distilled before use. The following 
chemicals were prepared by the literature methods: K2SNz,7 
(CO),Cr(Ph,PCl),s (C0)5Cr(Me2PCl)? (C0)5Mo(Me2PCl).’o For 
the successful preparation of KNSO from Me,SiNSO and 
KOBu-t,” we found it necessary to sublime commercial KOBu-t 
(Alfa) before use and to carry out the reaction in THF at 50 O C .  

The preparation of (CO)6Mo(Ph2PNSO) (ld),’ (CO),MoP- 
(Ph)zNSN(Ph),PMo(CO)5 (2d),’ and (CO)&rP(Ph),NSN- 

(1) Chivers, T.; Lensink, C.; Richardson, J. F. Organometallics 1986, 
5, 820. 

(2) (a) Chivers, T.; Lensink, C.; Richardson, J. F. Phosphorus Sulphur 
1987, 30, 189. (b) Chivers, T.; Lensink, C.; Richardson, J. F. J .  Organo- 
met. Chem. 1987, 325, 169. 

(3) (a) Herberhold, M.; Buhlmeyer, W.; Guldner, K.; Suss-Fink, G. 
Abstracts of the International Conference on Coordination Chemistry, 
Athens, Greece, Aug 1986. (b) Herberhold, M.; Buhlmeyer, W.; Gieren, 
A.; Hubner, T. J .  Organomet. Chem. 1987,321, 37. (c) Herberhold, M.; 
Biihlmeyer, W.; Gieren, A,; Hubner, T.; Wu, J. J. Organornet. Chem. 1987, 
321, 51. (d) Hubner, T.; Gieren, A. Z. Cryst.  1986, 174, 95. 

(4) Ehrenreich, W. P. Ph.D. Dissertation, Universitat Bayreuth, 1983. 

(5) The terms thionylamine and sulfur diimide are used throughout 
the manuscript in preference to iminooxosulfurane and diiminosulfurane 
to describe derivatives of the type RNSO and RNSNR, respectively. 

(6) Horhold, H.; Fleszmann, K. D. Z. Chem. 1967, 9, 345. 
(7) Herberhold, M.; Ehrenreich, W. P. Angew. Chem., Int. Ed. Engl. 

1982. 21. 633. 
(8) Vincent, E.; Verdonck, L.; Van der Kelen, G. P. J.  Mol. Struct. 

(9) Ehrl, W.; Vahrenkamp, H. Chem. Ber. 1971, 104, 3261. 
(10) Kraihanzel, C. S.; Bartish, C. M. J.  Am. Chem. SOC. 1972,94,3572. 
(11) Armitage, D. A,; Brand, J. C. J .  Chem. Soc., Chem. Commun. 

1980, 69, 33. 

1979, 1078. 
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Similarly the hydrolysis of la, lb ,  or IC, prepared in situ, gave, 
respectively, (CO),Cr(Me2PNH2) (c~(~ 'P)  75.8 6(CH3) 1.64, 'JcH,-P 
= 7.0 Hz), (CO),Cr(Ph,PNHJ (b(31P) 87.01, or (CO),Mo- 
(Me2PNH2) (8(31P) 52.2, 6(CH3) 1.62, P J ~ H s - p  = 6.8 Hz (cf. lit.', 

Preparat ion of (CO)5Cr(P(Me),NSN(Me)2P)Cr(CO)5 (2a). 
A solution of (C0),Cr(Me2PC1) (0.29 g, 1.01 mmol) in acetonitrile 
(10 mL) was added dropwise to a stirred suspension of KzSNz 
(0.07 g, 0.50 mmol) in acetonitrile (10 mL) at  -40 "C. The reaction 
mixture was allowed to warm to 23 "C. After 16 h solvent was 
removed in vacuo and the brown oily residue was extracted with 
n-hexane (20 mL). The n-hexane solution was cooled to -20 "C 
to give red-brown crystals of 2a (0.27 g, 0.48 mmol), mp 74-76 
"C. Anal. Calcd for Cl4Hl2Cr2NzOloP2S: C, 29.69; H, 2.14; N, 
4.95. Found: C, 29.29; H, 2.26; N, 4.52. Spectroscopic data are 
summarized in Table I. 

Prepara t ion  of (CO)5Mo(P(Me)zNSN(Me)zP)Mo(CO)5 
(2c). Pale orange crystals of 2c (0.46 g, 0.70 mmol), mp 62-64 
"C, were obtained from the reaction of (CO)5Mo(MezPCI) (0.64 
g, 1.93 mmol) and KzSNP (0.14 g, 1.01 mmol) using the procedure 
described above for 2c. Anal. Calcd for Cl4Hl2Mo2N2OlOP2S: C, 
25.70; H, 1.85; N, 4.28. Found: C, 25.61; H, 1.95; N, 4.22. 
Spectroscopic data are summarized in Table I. 

Prepara t ion  of 2a-d by the Reaction of la-d w i t h  Po- 
tassium tert-Butoxide. Compound la, Ib, IC, or Id reacts with 
potassium tert-butoxide in a 2:l molar ratio in benzene or ace- 
tonitrile to give 2a, 2b, 2c, or 2d, respectively. A typical reaction 
procedure is described below. 

A dark orange solution of l b  (0.43 g, 0.98 mmol) in benzene 
(20 mL) was added dropwise to a stirred suspension of potassium 
tert-butoxide (0.05 g, 0.45 mmol) in benzene (10 mL) to  give a 
pale yellow solution which becomes orange after the addition of 
ca. 50% of the solution of l b .  Subsequently, this orange color 
intensified and the reaction mixture was heated a t  reflux for 1 
h. Removal of solvent in vacuo gave a dark orange oil which was 
extracted with n-hexane (20 mL). The n-hexane solution yielded 
dark red crystals of 2b (0.31 g, 0.38 mmol) identified by infrared 
and 31P NMR spectra. In a similar manner dark orange crystals 
of 2d (0.94 g, 1.01 mmol) were obtained by the reaction of Id (1.33 
g, 2.75 mmol) with potassium tert-butoxide (0.16 g, 1.40 mmol) 
in acetonitrile (10 mL). 

The preparation of 2a and 2c from la and IC, respectively, were 
also carried out by using the procedure described above, and the 
products were identified by comparison of their infrared and 31P 
NMR spectra with those of authentic samples. 

Prepara t ion  of (CO)5Cr(Me2PNS(0)OBu-t)-K+ (3a). A 
solution of la (0.63 g, 2.0 mmol) in benzene ( 5  mL) was added 
dropwise to a stirred suspension of potassium tert-butoxide (0.20 
g, 1.8 mmol) in benzene ( 5  mL). A white precipitate of 3a (0.59 
g, 1.4 mmol) was obtained immediately. This adduct is insoluble 
in chloroform or acetonitrile and decomposes to the corresponding 
sulfur diimide in THF. Good analytical data could not be obtained 
due to the extreme moisture sensitity of the solid. IR (Nujol): 
1293 w, 1280 w, 1253 w, 1242 w, 1174 w, 1071 s, 1001 s, 933 m, 
903 m, 863 s, 852 m, 832 m, 782 m, 759 s, 709 m, 690 s, 682 s, 666 
s, 655 s, 478 m, 459 w, 441 w cm-'. 

Reaction of (CO),Mo(PhzPNS(0)OBu-t)-K+ (3d) wi th  
(CO),Cr(Ph,PNSO) (lb).  A solution of Id  (0.20 g, 0.41 mmol) 
in acetonitrile (5 mL) was added dropwise to a stirred suspension 
of potassium tert-butoxide (0.05 g, 0.04 mmol) in acetonitrile (10 
mL). To  the resulting brown-yellow solution of 3d was added 
dropwise a solution of l b  (0.18 g, 0.41 mmol) in acetonitrile ( 5  
mL). The reaction mixture was stirred for 16 h. The solvent was 
removed in vacuo, and extraction with n-hexane yielded a dark 
orange oil (0.28 g) identified as a mixture of Zb, 2d, and 2f by 
31P NMR spectroscopy. 

Reaction of (CO)5Cr(Ph2PNS(0)OBu-t)-K+ (3b) w i t h  
(CO)&r(Me,PNSO) ( la ) .  A solution of l b  (0.44 g, 1.0 mmol) 
in benzene ( 5  mL) was added dropwise to a stirred suspension 
of potassium tert-butoxide (0.11 g, 1.0 mmol) in benzene (10 mL) 
until the first indication of a persistent orange color. At  this point 
all potassium tert-butoxide had dissolved. To this solution of 
3b was added dropwise a solution of la (0.31 g, 1.0 mmol) in 
benzene (10 mL). The reaction mixture was heated at  reflux for 
1 h. The solvent was removed in vacuo, and extraction with 
n-hexane yielded a dark orange oil (0.43 g) identified as a mixture 

b(CH3) 1.62, 'JcHs-p = 6.4 Hz). 

Table 1. 31P NMR and I R  Data for la ,  Ib, IC, 2a, and 2c 
W'(CH3)zb 

6(31P)4 ('JHp, Hz) urn,' cm-' us,' cm-' u(CO),~ cm-' 
la 113.3 2.01 (d) (6.4) 1250 1108 2069 msh, 1988 

w, 1952 s, 
1946 s 

w, 1954 s, 
1944 s 

w, 1967 s, 
1956 s 

w, 1951 s, 
1944 s 

s, 1951 s 

l b  116.5 1232 1100, 1089 2069 msh, 1989 

IC 86.4 1.99 (d) (6.4) 1247 1106 2077 msh, 1993 

2a 106.0 1.90 (d) (6.6) 1180 1076 2063 msh, 1961 

2c 80.2 1.90 (d) (5.2) 1194 1079 2073 msh, 1957 

"In CDCl, at 20 "C; chemical shifts are in ppm relative to ex- 
ternal 85% H3P04 in D20. CDC13 at  20 "C; chemical shifts are 
in ppm relative to external Me,Si in CDC13. 'Nujol mulls. uaS and 
us refer to the asymmetric and symmetric stretching modes of NSN 
or NSO (see text for discussion of assignments). 

(Ph),PCr(CO), (2b)2b have been described previously. 
Ins t rumenta t ion .  Infrared spectra were recorded as Nujol 

mulls (KBr windows) or hexane solutions on a Nicolet DX-5 FTIR 
spectrometer. "P NMR spectra were obtained on a Varian 
XL-200 spectrometer. Chemical shifts are reported in parts per 
million downfield from 85% H,PO, in D,O. 'H NMR spectra 
were recorded by use of a Hitachi Perkin-Elmer R-24B spec- 
trometer. Chemical shifts are reported in parts per million 
downfield from external Me4Si in CDC13. Melting points were 
obtained on samples in open capillary tubes and are uncorrected. 
Chemical analyses were performed by the Analytical Services 
Division of the Department of Chemistry, University of Calgary. 

Prepara t ion  of (C0)5Cr(Me2PNSO) ( la ) .  A solution of 
(C0),Cr(Me2PC1) (0.29 g, 1.01 mmol) in acetonitrile (5 mL) was 
added dropwise to a stirred suspension of KNSO (0.10 g, 0.99 
mmol) in acetonitrile (10 mL) a t  -40 "C. The reaction mixture 
was allowed to  warm to  23 "C, and then solvent was removed in 
vacuo to give a dark brown oil which was extracted with n-hexane 
(5 mL). The n-hexane solution was cooled to -20 "C to give dark 
orange crystals of la (0.22 g, 0.70 mmol), which melted above ca. 
15 "c. Anal. Calcd for C7H6CrN06PS: c, 26.67; H, 1.92; N, 4.45. 
Found: C, 26.58; H, 1.78; N, 4.16. Spectroscopic data are sum- 
marized in Table I. 

Prepara t ion  of (CO),Cr(Ph,PNSO) ( lb) .  Compound l b  
(0.34 g, 0.77 mmol) was obtained as dark orange crystals (mp 82-84 
"C) from the reaction of (CO),Cr(Ph,PCl) (0.42 g, 1.02 mmol) and 
KNSO (0.10 g, 0.99 mmol) using the procedure described above 
for la. Anal. Calcd for Cl7Hl0CrNO6PS: C, 46.48; H, 2.30; N, 
3.19. Found: C, 46.48; H, 2.40; N, 2.95. Spectroscopic data are 
summarized in Table I. 

Prepara t ion  of (CO),Mo(Me2PNSO) (IC). Compound IC 
(0.29 g, 0.83 mmol) was obtained as a pale orange liquid from the 
reaction of (CO),Mo(Me,PCl) (0.36 g, 1.08 mmol) and KNSO (0.11 
g, 1.08 mmol) using the procedure described above for la. Anal. 
Calcd for C7H6MoN06PS: C, 23.41; H,  1.69; N, 3.90. Found: C, 
23.63; H, 1.70; N, 3.75. Spectroscopic data are summarized in 
Table I. 

Hydrolysis of (CO),M(R,PNSO) Complexes. (CO),Mo- 
(Ph,PNSO) (la) was prepared from (CO),Mo(Ph2PC1) (0.91 g, 
2.0 mmol) and KNSO (0.22 g, 2.2 mmol) in acetonitrile (30 mL). 
Wet solvents were used in the workup procedure. Chromatog- 
raphy on a silica-60 column (20 X 2 cm) using a mixture of 
pentane/CH,Cl,  (4:l)  as  e luant  yielded (CO)5Mo- 
(PhzPNSNPPh2)Mo(C0)5 (0.11 g, 0.12 mmol) and (CO)5Mo- 
(Ph2PNH2) (0.72 g, 1.65 mmol) (IR, u(NH) 3457, 3361 em-'; 6(31P) 
66.7). The hydrolysis product had the same IR spectrum and 31P 
NMR chemical shift as an authentic sample of (CO),Mo- 
(Ph2PNH,) prepared from (CO),Mo(Ph,PCl) by the literature 
procedure.12 

hexane. 

(12) Kraihanzel, C. S.; Bartish, C. M. J. Organomet. Chem. 1972,43, 
343. 
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Table 11. Crystallographic Parameters 
formula C ~ ~ H ~ ~ M O N O B P S  
fw 483.25 

a, A 30.236 (3) 
b,  A 11.034 (1) 
c, A 12.056 (1) 
P, deg 96.762 (4) 
v, A 3  3993.9 (6) 
Z 8 
Dcalcdr g cm-3 1.607 
F(000) 1920 
radiatn, A 

scan range, Aw, deg 
scan speed, deg min-' 0.5-3.3 
max 8, deg 60 
octants, collcd hth, - k ,  -2 
no. of unique reflctns 2966 
no. of obsd reflctns (>3a) 1850 
cryst dimens, mm 0.2 X 0.26 X 0.30 

min/max abs correctn 0.802, 1.357 
weighting formula [a2@') + 0.00003F]-' 
no. of reflectns used in final cycle" 2464 
no. of variables in final cycle 244 
GOF 1.065 
R, RWb 0.038, 0.030 
max shift/error in final cycle 0.006 

"Including those for which I > 3a(O. b R  = C(IlF,I - lFcll)/ 

space group c2 /c  

X = 1.54056 (Ni prefilter) 

1.5 (0.74 + 0.142 tan 8 )  
temp, "C 21 

(Mo Ka) ,  cm-' 75.99 

CIFoI; Rw = [C4Fol - IFc12/C~l~0121"2. 

of 2a, 2b, and 2e by 31P NMR spectroscopy. 
X-ray Analysis. The crystal data and experimental conditions 

are given in Table 11. The crystal chosen for data collection was 
sealed in a capillary tube under nitrogen and held in place with 
a thin layer of grease. Cell constants and orientation matrices 
were determined by least-squares refinement of the diffraction 
geometry for 25 accurately centered reflections (25 < 6 < 29.5'). 
The space group was determined by the systematic absences (hkl,  
h + k = 2n + 1; h01, 1 = 2n + l), the centric distribution of E 
values ( k  curve),13 and the successful solution of the structure. 
The data were collected on an Enraf-Nonius CAD4F automated 
diffractometer using the w-20 scan technique. The data were 
corrected for background, Lorentz, and polarization effects as well 
as a small degree of crystal decay (<3% drop in intensity of three 
standard reflections). The data were corrected for absorption by 
using an empirical method (DIFABS)14 in order to account for 
the grease, a small amount of impurity on the surface of the 
crystal, and the capillary used. Details concerning data collection 
and reduction can be found in ref 15. 

Atomic scattering factors for non-hydrogen atoms were those 
of Cromer and Mann,16 the H scattering factors were taken from 
ref 17, and real and anomalous dispersion corrections were applied 
to  all non-hydrogen atoms.l8 The  structure was solved by 
Patterson techniques (location of the Mo atom) followed by a 
series of least-squares and difference Fourier syntheses. Re- 
finement was carried out by full-matrix least-squares techniques 
based on F ,  minimizing the function Cw(lF,,l - lFC1)*. H atoms 
were clearly observed on a difference Fourier map and included 
in the model in calculated positions with isotropic thermal pa- 
rameters set to  1.1Beq~" of the bonded C atom, but not refined. 
The region about the phenyl ring connected through C(21) was 

(13) All computations were performed with XRAY 76 unlesa otherwise 
stated: Stewart, J. M., Ed. Technical Report TR-446; Computer Science 
Center, University of Maryland College Park, MD, 1976. 

(14) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A: Found. Crys- 
tallogr. 1983, A39, 158. 

(15) Chivers, T.; Richardson, J. F.; Smith, N. R. M. Inorg. Chem. 1985, 
24, 2453. 

(16) Cromer, D. T.; Mann, J. B. Acta Crystallogr., Sect. A: Cryst. 
Phys., Diffr., Theor. Gen. Crystallogr. 1968, A24, 321. 

(17) Stewart, R. F.; Davidson, E.; Simpson, W. J. Chem. Phys. 1968, 
42, 3175. 

(18) International Table for X-ray Crystallography; Kynoch: Bir- 
mingham, England, 1974. 

Table 111. Positional Parameters (XlO') and Be, (XlO) for 
the  Non-Hvdrosen Atoms of (CO).Mo(PPh,NSO) 

Mo 4171.9 (1) 3642.2 (4) 1127.2 (4) 
C(1) 4653 (2) 2388 (6) 1017 (6) 
O(1) 4924 (1) 1685 (4) 915 (4) 
C(2) 4632 (2) 4939 (6) 1126 (5) 
O(2) 4893 (1) 5701 (4) 1149 (4) 
C(3) 4043 (2) 3698 (7) -567 (6) 
O(3) 3950 (2) 3708 (5) -1502 (4) 
C(4) 3705 (2) 4951 (6) 1112 (5) 
O(4) 3449 (1) 5726 (4) 1062 (4) 
C(5) 4268 (2) 3588 (6) 2826 (5) 
O(5) 4301 (1) 3591 (5) 3778 (3) 
P 3632 (1) 1956 (2) 1195 (1) 
N 3327 (2) 1652 (5) -49 (4) 
S 2991 (1) 2435 (3) -731 (2) 
O(6) 2867 (2) 3609 (6) -259 (5) 
C(l1) 3213 (2) 1995 (6) 2169 (5) 
C(12) 3122 (2) 3029 (6) 2716 (5) 
C(13) 2797 (2) 3065 (6) 3437 (6) 
C(14) 2553 (2) 2060 (8) 3579 (6) 
C(15) 2645 (2) 1000 (7) 3081 (7) 
C(l6) 2972 (2) 952 (6) 2347 (6) 
C(21) 3885 (2) 492 (6) 1477 (6) 
C(22) 4130 (3) 298 (6) 2487 (7) 
C(23) 4355 (3) -753 (8) 2749 (8) 
C(24) 4346 (5) -1626 (10) 1980 (12) 
C(25) 4106 (5) -1495 (11) 957 (10) 
C(26) 3869 (3) -410 (8) 704 (7) 

the trace of the B ,  matrix. (I Be, = 

38.7 (2) 
52 (4) 
76 (3) 
43 (3) 
58 (2) 
57 (4) 
85 (3) 
49 (4) 
77 (3) 
44 (3) 
63 (2) 
47 (1) 
68 (3) 

102 (2) 
118 (4) 
49 (3) 
54 (4) 
65 (4) 
74 (5) 
78 (5) 
67 (4) 
58 (4) 
75 (5) 

104 (7) 
132 (10) 
144 (10) 
97 (6) 

'C121 

O(2) 

Figure  1. ORTEP plot (50% probability ellipsoids) and atomic 
numbering scheme for (CO),Mo(Ph,PNSO) (la). Only the a- 
carbon atoms of phenyl groups are shown for clarity. 

examined for possible disorder, but a simple disorder model could 
not be found, suggesting a high degree of libration for these atoms. 
In the final cycles all non-hydrogen atoms were refined with 
anisotropic thermal paramet,ers and an isotropic extinction 
coefficient was refined to a value of 3.9 (1.1) X W5. The final 
atomic coordinates are given in Table 111. 

Results and Discussion 
Synthesis of Transition-Metal Complexes of 

R2PNS0 (R = Me, Ph). The meta the t ica l  reaction of 
KNSO wi th  chromium or molybdenum pentacarbonyl  
complexes of chlorodialkyl- or chlorodiphenylphosphines 
is a convenient route for the synthesis of the corresponding 
complexes of the novel R2PNS0 ligand, la-d, i n  70-75% 
yield. 

(CO),M(R,PCl) + KNSO - (CO),M(R,PNSO) + KCl  

These complexes are obtained as orange solids (R = Ph)  
or l iquids (R  = Me). T h e y  can be hand led  i n  a i r  in  the 
solid state but undergo  hydrolysis i n  solution to give 
(CO),M(R2PNH,). These  hydrolysis products can  be  
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Table IV. Selected Bond Lengths (A) and Bond Angles 
(deg) for (CO),Mo(Ph2PNSO) 

Bond Distances 
Mo-C(l) 2.024 (6) S-0(6) 1.481 (7) 
Mo-C(2) 1.996 (6) C(l)-O(l) 1.144 (8) 
MO-C(3) 2.035 (7) C(2)-0(2) 1.149 (7) 
MO-C(4) 2.017 (6) C(3)-0(3) 1.129 (8) 
MO-C(5) 2.035 (6) C(4)-0(4) 1.151 (8) 
Mo-P 2.484 (2) C(5)-0(5) 1.140 (7) 
P-N 1.699 (5) P-C(11) 1.827 (6) 
N-S 1.501 (6) P-C(21) 1.803 (7) 

Bond Angles 
C(l)-Mo-C(Z) 89.1 (2) P-Mo-C(5) 87.8 (2) 
C(l)-Mo-C(3) 90.6 (3) Mo-C(l)-O(l) 177.5 (6) 
C(l)-Mo-C(4) 175.1 (3) Mo-C(2)-0(2) 178.2 (5) 
C(l)-Mo-C(5) 91.6 (3) Mo-C(3)-0(3) 176.6 (6) 
C(2)-Mo-C(3) 91.7 (3) Mo-C(4)-0(4) 176.6 (6) 
C(2)-Mo-C(4) 88.5 (2) Mo-C(5)-0(5) 176.4 (5) 

C(3)-Mo-C(4) 85.3 (3) Mo-P-C(11) 120.8 (2) 
C(3)-Mo-C(5) 177.1 (2) Mo-P-C(21) 114.2 (2) 

P-Mo-C( 1) 88.3 (2) N-P-C(21) 99.5 (3) 
P-Mo-C(2) 176.7 (2) C(ll)-P-C(Bl) 102.2 (3) 
P-Mo-C(3) 90.4 (2) P-N-S 129.2 (4) 
P-Mo-C (4) 94.3 (2) N-S-0(6) 118.6 (3) 

readily detected by their characteristic 31P NMR chemical 
shifts. 

C(2)-Mo-C(5) 90.3 (2) Mo-P-N 114.2 (3) 

C(4)-Mo-C(5) 92.7 (3) N-P-C(11) 103.1 (3) 

(CO),M(R,PNSO) + H20 - (CO),M(R2PNH2) + SO2 
When a small excess of KNSO was used in the synthesis 

of la-d, small amounts of 2a-d were also obtained. I t  
seems likely that the formation of 2a-d is a result of a 
base-catalyzed condensation reaction similar to that de- 
scribed below for the reactions of la-d with potassium 
tert-butoxide. No other minor products were observed. 

Crystal and Molecular Structure of (C0)5Mo- 
(Ph,PNSO) (ld). The crystal structure of Id consists of 
discrete molecular units with no unusual molecular con- 
tacts. Figure 1 shows an ORTEP drawing with the atomic 
numbering scheme for the molecule. Seleded bond lengths 
and bond angles are given in Table IV. Complex Id has 
approximately octahedral geometry about the molybde- 
num atom. The PNSO moiety is planar to within 0.02 8, 
and is tilted a t  an angle of 30.9' with respect to the plane 
through C(l)C(3)C(4)C(5)Mo unit, which is planar to 
within 0.04 8,. The PhzPNSO ligand adopts a cis config- 
uration with respect to the S-N bond. Previous structural 
studies have revealed only cis isomers for RNSO deriva- 
tives, e.g. R = H (micro~ave) , '~  R = Me (electron dif- 
fraction),,O R = Ar (IR and Raman spectra of l5N-enriched 
compounds),21 R = PhzCNS (X-ray),22 and R = OSNS 
(X-ray).23 The cis conformation is also retained in the 
S-bonded complex (Ph,P),Pt(ArNSO) (X-ray).z4 

The value of the bond angle at  the sulfur atom of 118.6 
(3)' is close to the values of 117-118' found in previous 
X-ray studies of RNSO compound~,2~,~~ but the bond angle 
of 129.2 (4)' a t  nitrogen is larger than the corresponding 
values reported for Ph2CNSNS0 (122.7 (2)o)n or S(NSO)z 
(mean value is ca. 124°).23 The S-0 bond length of 1.481 

(19) Kirchoff, W. H. J. Am. Chem. Soc. 1969, 91, 2437. 
(20) Beagley, B.; Chantrell, S. J.; Kirby, R. G.; Schmidling, P. G. J. 

Mol. Struct. 1975, 25, 319. 
(21) Meij, R.; Oskam, A.; Stufkens, D. J. J. Mol. Struct. 1979,51,37. 
(22) Chivers, T.; Oakley, R. T.; Pieters, R.; Richardson, J. F. Can. J. 

Chem. 1985, 63, 1063. 
(23) (a) Steudel, R.; Steidel, J.; Rautenberg, N. 2. Naturforsch; B: 

Anorg. Chem., Org. Chem. 1980,35B, 792. (b) MacLean, G.; Passmore, 
J.; White, P. S.; Banister, A. J.; Durrant, J. A. Can. J. Chem. 1981, 59, 
187. 

(24) Meij, R.; Stufkens, D. J.; Vrieze, K.; Roosendaal, E.; Schenk, H. 
J. Organomet. Chem. 1978, 155, 323. 

Table V. Variable-Temperature 31P NMR Spectra of 2a-f0 
S(3lP) 

a t  -90 "C at 20 "C 
2a 109.4 111.1, 108.1 
2bb 116.4 117.8, 114.2 
2c 84.1 85.9, 83.1 
2db 93.7 96.0, 90.5 
2e 115.9, 109.2 114.5, 109.5 
2f 116.4, 93.9 117.4, 113.4, 95.5, 91.3 

"In acetone-& bData taken from ref 2b. 

(7) A is longer, and the S-N bond length of 1.501 (6) 8, is 
shorter than the corresponding values for Ph2CNSNS0 
(1.453 (3) and 1.529 (2) A)22 or S(NS0)2 (mean values of 
1.455 and 1.535 A).z3 The P-N bond length of 1.699 (5) 
8, is shorter than the value of 1.77 8, usually quoted for 
P-N single bonds.25 This may indicate some N(p,)-P(d,) 
contribution to this bond (cf. 2d).3 No unusual trends were 
observed in the structural parameters associated with the 
Mo-CO or Ph groups. 

Spectroscopic Data for la-d. as indicated in Table 
I, complexes of the ligands R2PNS0 (R = Me, Ph) show 
two characteristic bands in their infrared spectra a t  
1230-1250 cm-l [v,,(NSO)] and ca. 1100 cm-l [v,(NSO)]. 
The latter is of lower intensity. Earlier studies of the 
vibrational spectra of NSO compoundsz6 and more recent 
investigations of 15N-labeled sulfinylanilines, ArNS0,21 
have shown that these two stretching modes are not 
strongly coupled and can thus be assigned as v(NS) and 
v(SO) ,  respectively. The characteristic NSO deformation 
mode, which appears at  600-700 cm-1,21,z6 was obscured 
by other bands in this region in the infrared spectra of 
la-d. 

The 31P NMR chemical shifts of la-d are shifted 25-35 
ppm upfield from the corresponding R2PC1 complexes and 
5-7 ppm downfield from the corresponding R2PNSNPR2 
complexes 2a-d.zb 

Fluxional Behavior of the Dinuclear Complexes 
2a-f. An X-ray structural determination of 2d has shown 
that the sulfur diimide ligand adopts a cis,trans confor- 
mation in the solid state.l Consistently, the 31P NMR 
spectra of 2b or 2d in acetone-d6 at  -90 'c show two signals 
of equal intensity attributable to phosphorus atoms in cis 
and trans positions with respect to an S=N bond. At 25 
"C, however, a sharp singlet is observed for both 2b and 
2d. This dynamic behavior has been interpreted in terms 
of a rapid cis,trans - trans,cis interconversion.lS2 The 31P 
NMR spectra of the MezPNSNPMez complexes 2a and 
2c exhibit identical behavior (Table V), and it is reasonable 
to assume that a similar process is taking place for these 
complexes. 

R2P PR'2 

M'L,, 
I I 

M L n  

cis, trans trans, CIS  

By analogy, homodinuclear complexes of an unsymme- 
trical sulfur diimide ligand, e.g. 2e, or heterodinuclear 
complexes of a symmetrical sulfur diimide ligand, e.g. 2f, 
should both display four signals a t  low temperatures and 
two signals at  room temperature. Thus, when M # M' 

(25) Cruickshank, D. W. J. Acta Crystallogr. 1964,17, 671. 
(26) Eysel, H. H. J. Mol. Struct. 1970, 5, 275. 
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0 M = M I =  C r  . M = M ' =  M o  

M = Cr, MI= M o  

0 
I 

Chivers et al. 

0 R : R ' ;  Ph 

v R = R ' : M e  

8 R = P h  , - ' = M e  

90°C I/ 

, I I / , , I I  

I16 106 96 8 6  

Figure 2. 31P NMR spectrum at -90 "C in acetone-d6 of the 
mixture of products (CO),M(P(Ph),NSN(Ph),P)M'(CO), from 
the reaction of (C0)5Mo(Ph2PNS(0)OBu-t)-K+ (3d) and 
(CO)5Cr(Ph,PNSO) (Ib). Chemical shifts are in ppm relative to 
external 85% H3P04 in D20.  

and R = R' four signals are expected in the low-temper- 
ature-limiting 31P NMR spectrum due to cis and trans 
phosphorus atoms attached to either M or M'. When the 
cis,trans and trans,cis isomers are interconverting rapidly, 
however, the different conformations of the phosphorus 
atoms would be averaged on the NMR time scale so that 
only two signals due to phosphorus atoms attached to 
different metals will be observed. A similar pattern of 
behavior is expected when M = M' and R # R'. Attempts 
to prepare 2e and 2f are described below. 

Condensation Reactions of ML,(R,PNSO). The 
formation of sulfur diimides via a condensation reaction 
involving thionylamines, usually in the presence of a 
catalyst such as AlCl,, SnCl,, pyridine, or alkoxides, is a 
well-documented r e a ~ t i o n . ~ , ~ ' - ~ ~  This transformation has 
been studied in detail for sulfinylanilines and potassium 
tert-butoxide, and the intermediate formation of an adduct 
has been established.6 

2ArNSO + 2KOBu-t - 2ArNS(O)OBu-t-K+ - 2ArNSO 

2ArNSNAr + K2S206 + t-Bu,O 

The reaction of la, lb, IC, or Id with potassium tert- 
butoxide in a 2:l molar ratio, either in acetonitrile a t  23 
"C for 17 h or in benzene a t  reflux for 1 h, produced the 
corresponding sulfur diimide 2a, 2b, 2c, or 2d, respectively, 
in 70-75% yields. When a 1:l molar ratio was employed 
for this reaction, however, the characteristic dark orange 
color of the RzPNSO complexes disappeared immediately 
to give a pale yellow solution of the potassium tert-but- 
oxide adducts. In one case, (CO)5Cr(Me2PNS(0)OBu- 
t)-K+ (3a), the adduct was obtained as a white precipitate 
from benzene solution, but the full characterization of this 
and other adducts has been hampered by their extreme 
sensitivity to moisture and rapid decomposition to the 
corresponding sulfur diimides in solution. 

The attempted preparation of a heterodinuclear complex 
of Ph2PNSNPPh2 by the reaction of a solution of 
(CO)5Mo(PhzPNS(0)OBu-t)-K+ (3d) with lb  in benzene 

(27) Wucherpfennig, W.; Kresze, G. Tetrahedron Lett. 1966,15,1671. 
(28) Hancock, J.; Market, A. R. Tetrahedron Let t .  1966, 15, 6157. 
(29) Roesky, H. W.; Schmidt, H. G.; Noltemeyer, M.; Sheldrick, G. M. 

Chern. Bpi-. 1983, 116, 1411 

I28 120 I12 I04 96 

Figure 3. 31P NMR spectrum at -90 "C in acetone-d6 of the 
mixture of products (CO)5Cr(P(R)2NSN(R')2P)Cr(CO), from the 
reaction of (CO)5Cr(PhzPNS(0)OBu-t)-KC (3b) and (CO),Cr- 
(Me2PNSO) (la). Chemical shifts are in parts per million relative 
to external 85% H3P04 in DzO. 

a t  reflux produced the homodinuclear complexes 2b and 
2d in addition to 2f as indicated by 31P NMR spectroscopy 
(Figure 2). The low-temperature-limiting spectrum 
showed two signals each for 2b and 2d that could be as- 
signed on the basis of the known 31P chemical shifts of 
these homodinuclear complexes.2b In addition, four signals 
attributable to the cis,trans and trans,cis isomers of 2f were 
observed. When the temperature of a solution of this 
mixture was raised to +20 "C, only two signals were ob- 
served at  116.4 and 93.9 ppm. Since the 31P chemical shifts 
of 2b and 2d in acetone-d, at +20 "C occur a t  116.4 and 
93.7 ppm, respectively,2b we interpret this to indicate that 
the two signals expected for 2f under conditions of rapid 
interconversion (vide supra) are accidentally degenerate 
with those found for 2b and 2d. This interpretation seems 
reasonable as the two signals for 2f represent phosphorus 
atoms attached to Cr and Mo, respectively, in averaged 
cis,trans environments. It was not possible to separate this 
mixture of products due to their similar solubilities. 

(CO)5Mo(PhzPNS(0)OBu-t)-K+ + (C0)5Cr(Ph,PNSO) 
3d l b -  

+ (CO),M(Ph2PNSNPPh,)M'(CO), 
2b,d,f 

M = M' = Cr, 2b; M = M' = Mo, 2d; M = Cr, M' = 
Mo, 2f 

Similarly, the attempted preparation of a complex of the 
unsymmetrical ligand MezPNSNPPhz by treatment of 
(CO)5Cr(Ph2PNS(0)OBu-t)-K+ (3b) with 1 molar equiv 
of la in boiling benzene produced complexes of symme- 
trical sulfur diimides 2a and 2b in addition to the desired 
product 2e. In this case the low-temperature-limiting 31P 
NMR spectrum of the mixture of products shows six rather 
than the expected eight signals (Figure 3). Two pairs of 
these signals are assigned to the homodinuclear complexes 
2a and 2b on the basis of their known chemical shifts. The 
other two signals are attributed to the complex of an un- 
symmetrical sulfur diimide ligand, 2e, in one isomeric 
form. Although it is not possible to make an unambiguous 
assignment of the two signals observed in the low-tem- 
perature 31P NMR spectra of complexes of type 2, we have 
shown that the upfield chemical shifts are most likely 
associated with the phosphorus atom in the cis confor- 
mation and the downfield shifts can be attributed to the 
trans phosphorus atom when M = M'.2b For 2e shifts from 
115.9 to 114.5 ppm for the PhzP group and from 109.2 to 
109.5 ppm for the Me,P group are observed upon lowering 
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Scheme I 

(CO)5Cr(Ph2PNS(O)OBu - t ) - K +  (CO)&(Ph2PNSO) t KOBu-t 

3b l b  

1 ld 

2d 

the temperature (Table V). This suggests that these two 
groups are in cis and trans conformations, respectively; i.e., 
only one isomeric form of 2e exists at low temperature. 

(C0)5Cr(Ph2PNS(0)OBu-t)-K+ + (C0)5Cr(Me2PNSO) 
3b la - (CO)5Cr(R2PNSNPR’2)Cr(C0)5 

2a,b,e 
R = R’ = Me, 2a; R = R’ = Ph, 2b; R = Me, R’ = 

Ph, 2e 

In order to explain the formation of all three products 
in these reactions we propose that dissociation of the po- 
tassium tert-butoxide adduct occurs as indicated in 
Scheme I for the formation of 2b, 2d, and 2f. In support 
of this suggestion we observed the formation of 2b when 
3b is heated alone at reflux in benzene. 

Finally, when a solution of 3b in benzene was heated a t  
reflux in the presence of 2a, a small quantity of 2e (2%) 
was formed in addition to 2b. We conclude from this result 
that a second mechanism, i.e. the reaction of sulfur diimide 
complexes with the potassium tert-butoxide adducts, plays 
a minor role in the determination of the final products in 

the base-catalyzed condensation reactions of la-d. 
In summary, we have found that the reaction of 

(CO),M(R,PNSO) with potassium tert-butoxide is an ex- 
cellent route to homodinuclear complexes of R2PNSNPR2. 
Although this synthetic approach can be e tended to the 
formation of heterodinuclear complexes of this ligand or 
homodinuclear complexes of the unsymmetrical ligand 
R2PNSNPR’2, the e products are fori led together with 
symnietrical products. The separation of these mixtures 
is difficult due to the similar soli1.bility properties of all 
three products. 
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Small-Ring Cyclic Cumulenes: Synthesis and X-ray Crystal 
Structure of 

Bis( triphenylphosphine)chloro( q2- 1,2,3-cyclononatriene)rhodium 

Richard 0. Angus, Jr., Musiri N. Janakiraman, Robert A. Jacobson, and Richard P. Johnson*+ 

Department of Chemistry and Ames Laboratory-USDOE, Iowa State Uni. wsity, Ames, Iowa 5001 1 

Received May 19, 1986 

Reaction of the strained cumulene 1,2,3-~yclononatriene (1) with Wilkinson’s catalyst (2; chlorotris- 
(tripheny1phosphine)rhodium) yields an air-stable crystalline complex (6). The complex shows a cumulenic 
infrared absorption at 1992 cm-I. Com lex 6 crystallizes in the orthorhombic space group Pbca (No. 61) 
with a = 23.629 (6) A, b = 23.912 (30) [ c = 13.173 (8) A, and 2 = 8. The X-ray crystal structure shows 
that the cumulene is complexed via the in-plane central double bond and is trans to the chlorine atom. 
C-7 of the cyclic cumulene shows two distinct locations in the crystal structure (50% prok tbility each), 
which is best described in terms of a “flapping” disorder. 

Introduction 
We have recently reported the synthesis and charac- 

terization of 1,2,3-cyclononatriene (11, which may be the 
smallest isolable cyclic butatriene.1,2 Molecular orbital 

+To whom correspondence should be addressed at the Depart- 
ment of Chemistry, University of New Hampshire, Durham, NH 
03824. 

0276-7333/87/2306-1909$01.50/0 0 

calcula‘ .,ns led to the predi . ion that th normally linear 
butatrijne moiety should be beiLt ca. 15 19” in I ,  due to 

(1) Angus, R. O., Jr.; Johnson, R. P. J .  0 . Chern. 1984, 49, 2880. 

*987 American Chemical Societv 
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