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(C5H5)2Nb(CO)(P’PrPh): Efficient “Gauche Effect’’ and Low Inversion 

Summary: Reaction of Cp,Nb(CO)H with PIPrPhCI af- 
forded the ionic product [Cp,Nb(CO)(P’PrPhH)] CI, which 
upon treatment with NaOH gives the neutral niobium 
phosphido complex Cp,Nb(CO)(P’PrPh) (1). 1 crystallizes 
in the monoclinic space group P2,/c, with a = 16.899 
(3) A, b = 15.409 (2) A, c = 13.717 (3) A, /3 = 90.94 
( 2 ) O ,  V = 3571.2 A3, Z = 8, and R = 0.038, with two 
independent chiral molecules in the asymmetric unit of the 
unit cell. One of them is related to the other by rough 
translation by a half of the lattice vector a. The torsion 
angles in both molecules involving the metal and the 
phosphorus lone pairs are close to 73O, thus indicating an 
efficient operation of the “gauche effect”. The origin of 
the observed low inversion barrier at phosphorus is dis- 
cussed. 

There is an increasing interest in transition-metal 
phosphido compounds as appropriate complexes for ste- 
reochemical and theoretical studies., In addition, they 
appear to be promising ligands for the preparation of new 
bimetallic catalytic  system^.^ In the terminal phosphido 
transition-metal complexes, the geometry at the phos- 
phorus atom is strongly dependent on the electronic en- 
vironment of the metallic moiety. In the case where the 
metal fragment is electron-deficient, the phosphido ligand 
is able to donate three electrons and the phosphorus atom 
to adopt a trigonal-planar ge~metry;~ a pyramidal one, with 
a free nonbonding lone pair, is usually encountered with 
electronically saturated metalsV5 The torsion angle be- 
tween the phosphorus lone pair and the HOMO of the 
metal fragment has been recently discussed in terms of a 
“transition-metal gauche effect” by Gladysz et al. in some 
rhenium complexes;6 this “gauche effect” is assumed to 
exert an influence on both chemical and configurational 

(1) (a) Universite de Bourgogne. (b) Universita di Pisa. (c) Centro 
di Studio del CNR. 

(2) (a) Baker, R. T.; Fultz, W. C.; Marder, T. B.; Williams, I. D. Or- 
ganometallics 1990, 9, 2357 and references cited therein. (b) Gelmini, 
L.; Stephan, D. W. Organometallics 1988, 7, 849 and references cited 
therein. 

(3) (a) Senocq, F.; Randrianalimanana, C.; Thorez, A.; Kalck, P.; 
Choukroun, R.; Gervais, D. J. Mol. Catal. 1986,35,213. (b) Choukroun, 
R.; Gervais, D.; Kalck, P.; Senocq, F. J. Organomet. Chem. 1987,335, C9. 

(4) (a) McNamara, W. F.; Duesler, E. N.; Paine, R. T.; Ortiz, J. V.; 
Kolle, P.; Notz, H. Organometallics 1986, 5, 380 and references cited 
therein. (b) Cowley, D. H.; Kemp, R. A. Chem. Reu. 1985,85,367-382. 
(c) Baker, R. T.; Whitney, J. F.; Wreford, S. S. Organometallics 1983,2, 
1049. (d) Roddick, D. M.; Santarsiero, B. D.; Bercaw, J. E. J. Am. Chem. 
SOC. 1985, 107, 4670. 

(5) (a) Malisch, W.; Maisch, R.; Colquhoun, I. J.; McFarlane, W. J. 
Organomet. Chem. 1981,220, C1; 1985,286, C31. Maisch, R.; Barth, M.; 
Malisch, W. J. Organomet. Chem. 1984,260, C35. (b) Bohle, D. S.; Jones, 
T. C.; Rickard, C. E. F.; Roper, W. R. Organometallics 1986, 5, 1612. 

(6) Buhro, W. E.; Zwick, B. D.; Georgiou, S.; Hutchinson, J. P.; Gla- 
dysz, J. H. J. Am. Chem. SOC. 1988,110, 2427. 

0276-1333192 /2311-0964$03.OO/O 

ci4 

bo11 bo12 

Figure 1. Two independent enantiomeric molecules of Cp,Nb- 
(C0)P’PrPh (1). 

properties of the phosphido group, enhancing its nucleo- 
philicity and reducing its inversion barrier. For these 
reasons, we have synthesized the terminal phosphido d2 
complex Cp2Nb(CO)PiPrPh (1) with a well-defined met- 
al-fragment HOMO and we report its properties herein. 

Results and Discussion 
The niobiophosphine 1 was obtained by a two-step 

synthesis starting from the carbonyl monohydride 
Cp,Nb(CO)H and phenylisopropylchlorophosphine7 (eq 
1). 

1’ 

The salt 1’ was formed in high yield and characterized 
by IH and 31P NMR and IR spectroscopy. The ‘H NMR 
(D20) spectrum reveals the Cp nonequivalence (two 
doublets a t  5.45 and 5.53 ppm, 3JHp = 2.2 Hz) due to the 
asymmetric phosphorus center. Deprotonation of 1’ by 
sodium hydroxide led to the phosphido complex 1. The 
‘H NMR ((CD3),CO) spectrum of the neutral compound 
is temperature-dependent, in accordance with a dynamic 
process: at room temperature, a single Cp resonance is 
observed (6 4.42 ppm, d, 3JHp = 1.3 Hz), whereas two 
well-resolved signals appear at -70 O C  (6 5.31 ppm, d, 3JHp 
= 2 Hz and 6 4.78 ppm, 8) .  The coalescence temperature 
is found at  -40 OC, giving an inversion barrier of 48 f 2 
kJ mol-’. This value lies among the lowest inversion 
barriers a t  three-coordinate phosphorus, which were ob- 
served in the range of 48.1-60.2 kJ mol-’ in some rheni- 
um:~~ iron? and tungsten1° phosphido complexes. In order 

(7) Bonnet, G.; Lavastre, 0.; Leblanc, J.-C.; Moke, C. New J. Chem. 

(8) Buhro, W. E.; Gladysz, J. A. Inorg. Chem. 1985, 24, 3505. 
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Table I. Positional Parameters and Their Estimated 
Standard Deviations for Cp2Nb(CO)P1PrPh ( 1 ) O  

atom X Y 2 B,, A2 
Nb(1) 0.01025 (7) 0.13098 (5) 0.74392 (61 2.31 (2) 
Nb(2) 0.50659 (7) 

0.1594 (2) 
0.6542 (2) 

-0.0122 
-0.0446 
0.4492 
0.4885 
0.0638 (5) 
0.5668 (5) 
0.0483 (7) 
0.5477 (6) 
0.1712 (6) 
0.1270 (7) 
0.2608 (7) 
0.1929 (6) 
0.2078 (6) 
0.2288 (7) 
0.2400 (7) 
0.2289 (7) 
0.2065 (6) 
0.6644 (6) 
0.6125 (7) 
0.7507 (6) 
0.6915 (6) 
0.6943 (6) 
0.7237 (7) 
0.7508 (7) 
0.7495 (7) 
0.7224 (6) 

-0.0371 (7) 
-0.0821 (7) 
-0.0309 (7) 

0.0463 (7) 
0.0427 (7) 

-0.0632 (7) 
0.0076 (7) 
0.0073 (7) 

-0.0654 (7) 
-0.1092 (7) 
0.4971 (7) 
0.5006 (7) 
0.4332 (7) 
0.3882 (7) 
0.4267 (7) 
0.4733 (7) 
0.4187 (8) 
0.4607 (7) 
0.5422 (7) 
0.5474 (7) 
0.1980 
0.6924 

0.16453 (5j 
0.0916 (2) 
0.1123 (1) 
0.0736 
0.1532 
0.0945 
0.2123 
0.3217 (4) 
0.3373 (4) 
0.2510 (5) 
0.2725 (6) 

-0.0075 (6) 
-0.0847 (6) 
-0.0296 (7) 
0.1754 (5) 
0.2585 (6) 
0.3273 (6) 
0.3155 (6) 
0.2340 (6) 
0.1650 (6) 

-0.0074 (5) 
-0.0378 (7) 
-0.0280 (6) 
0.1223 (5) 
0.0573 (6) 
0.0737 (6) 
0.1543 (6) 
0.2196 (7) 
0.2048 (6) 
0.1420 (6) 
0.0776 (6) 
0.0081 (6) 
0.0276 (6) 
0.1129 (6) 
0.0787 (6) 
0.1153 (6) 
0.2045 (6) 
0.2222 (7) 
0.1453 (6) 
0.1189 (6) 
0.0418 (6) 
0.0379 (6) 
0.1125 (6) 
0.1615 (6) 
0.1417 (7) 
0.2029 (7) 
0.2754 (7) 
0.2611 (7) 
0.1805 (7) 
0.0823 
0.1604 

0.74970 (6) 
0.7846 (2) 
0.7579 (2) 
0.6096 
0.8478 
0.6417 
0.8881 
0.6799 (5) 
0.6451 (5) 
0.7045 (6) 
0.6811 (6) 
0.8627 (6) 
0.8180 (7) 
0.8723 (8) 
0.8708 (5) 
0.8340 (6) 
0.8928 (6) 
0.9918 (6) 
1.0299 (6) 
0.9695 (6) 
0.7806 (6) 
0.8651 (7) 
0.8038 (6) 
0.6335 (6) 
0.5637 (6) 
0.4705 (6) 
0.4457 (7) 
0.5154 (6) 
0.6079 (6) 
0.5813 (6) 
0.6243 (6) 
0.6464 (6) 
0.6179 (6) 
0.5782 (6) 
0.8802 (6) 
0.9187 (6) 
0.8958 (6) 
0.8450 (7) 
0.8344 (6) 
0.5842 (6) 
0.6400 (6) 
0.6975 (7) 
0.6784 (7) 
0.6086 (6) 
0.9166 (7) 
0.8752 (7) 
0.8521 (7) 
0.8776 (7) 
0.9191 (7) 
0.6957 
0.8314 

2.50 i2j  
2.53 (7) 
2.44 (7) 

5.1 (2) 
4.3 (2) 
3.2 (3) 
2.7 (3) 
3.1 (2)* 
4.6 (2)* 
5.2 (3)* 
2.2 (2)* 
3.2 (2)* 
3.9 (2)* 
3.8 (2)* 
3.5 (2)* 
2.8 (2)* 
2.6 (2)* 
4.6 (2)* 
3.5 (2)* 
2.5 (2)* 
2.9 (2)* 
3.6 (2)* 
3.9 (2)* 
4.0 (2)* 
3.1 (2)* 
3.6 (2)* 
3.8 (2)* 
3.4 (2)* 
3.6 (2)* 
3.5 (2)* 
3.5 (2)* 
3.8 (2)* 
4.0 (2)* 
4.1 (2)* 
3.9 (2)* 
3.2 (2)* 
3.4 (2)* 
4.1 (2)* 
4.5 (2)* 
3.8 (2)* 
4.5 (2)* 
5.1 (3)* 
4.7 (3)* 
4.8 (3)* 
4.6 (2)* 

O CP denotes the gravity centers of cyclopentadienyl rings. HLP 
denotes the dummy hydrogen atoms representing the phosphorus 
lone pairs. Starred values denote atoms refined isotropically. 

to obtain precise geometrical information for 1, and in 
particular to ascertain the structural features of the nio- 
bium-phosphorus moiety, we undertook a single-crystal 
X-ray analysis. 

Structure of Cpm(CO)(PiPrPh) (1). There are two 
enantiomeric molecules of 1 in the asymmetric unit (Figure 
1) of the centrosymmetric P2,/c space group. It is worth 
noting that only one of these molecules per asymmetric 
unit could give rise to a racemic structure. An inspection 
of atomic coordinates (Table I) shows that the second 
molecule (isomer S' in Figure 1) is translated by half of 
the lattice vector a with respect to the first molecule 
(isomer R). In both molecules the arrangement of the 

(10) Malisch, W.; Maisch, R.; Meyer, A,; Greissinger, D.; Gross, E.; 
Colquhoun, I. J.; McFarlane, W. Phosphorus Sulfur Relat. Elem. 1983, 
18, 299. 

Table 11. Selected Bond Distances (A) and Angles (deg) for 
Cp,Nb(CO)PiPrPh (1)' 

molecule 1 molecule 2 
~ 

Nb(1)-P( 1) 2.644 (3) Nb(2)-P(2) 2.622 (3) 
Nb( 1)-C (1 1) 2.034 (9) Nb(2)-C(12) 2.039 (9) 

Nb( l)-CP(21) 2.063 Nb(2)-CP(22) 2.064 
C(ll)-O(ll) 1.18 (2) C(12)-0(12) 1.16 (2) 
P(l)-C(21) 1.874 (9) P(2)-C(22) 1.879 (9) 
P(l)-C(51) 1.834 (8) P(2)-C(52) 1.834 (8) 

Nb(1)-CP(11) 2.073 Nb(2)-CP(12) 2.062 

P(l)-Nb(l)-C(Il) 87.7 (3) P(2)-Nb(2)-C(12) 
P(l)-Nb(I)-CP(ll) 104.5 P(2)-Nb(2)-CP(12) 
P(l)-Nb(I)-CP(21) 107.2 P(2)-Nb(2)-CP(22) 
C(ll)-Nb(l)-CP(Il) 101.9 C(12)-Nb(2)-CP(12) 
C(ll)-Nb(l)-CP(21) 103.2 C(12)-Nb(2)-CP(22) 
CP(ll)-Nb(l)- 140.0 CP(12)-Nb(2)-CP(22) 

Nb(l)-C(11)-0(11) 174.4 (9) Nb(2)-C(12)-0(12) 
Nb(l)-P(l)-C(21) 113.6 (4) Nb(2)-P(2)-C(22) 
Nb(l)-P(l)-C(51) 104.9 (3) Nb(2)-P(2)-C(52) 
C(21)-P(l)-C(51) 100.1 (4) C(22)-P(2)-C(52) 

CP(21) 

86.5 (4) 
107.8 
103.0 
104.8 
101.0 
140.6 

175.1 (8) 
113.1 (3) 
106.0 (3) 
101.8 (4) 

a CP denotes the gravity centers of cyclopentadienyl rings. 

Cp2Nb(CO)PiPr fragments with respect to the lattice 
vectors is practically the same, so the overall structure may 
be regarded as an interpenetration of two sublattices: one 
of the isomers R and S of molecule 1 and the other of the 
isomers S' and R ' of molecule 2. The sole difference be- 
tween molecules l and 2 consists of the inversion of the 
lone pair and of the phenyl group at the phosphorus atom. 

The cyclopentadienyl rings are eclipsed. The Nb-CP- 
(centroid) distances of 2.062-2.073 A (Table 11) are slightly 
longer than those observed in other Nb"' bis(cyc1o- 
pentadienyl) carbonyl complexes (Cp,Nb(CO)H, 2.04 A;" 
Cp,Nb(CO)SH, 2.05 They are close to the values 
found in Cp2NbH3 (2.06 All3 and [Cp2Nbm(SiMe3)(C2H4)] 
(2.086 A)14 but shorter than the corresponding distances 
in Cp2NbIVC12 (2.09 A)15 and in some NbV bis(cyc1o- 
pentadienides) (2.10-2.13 A).14J6 The CP-Nb-CP angles 
(mean 140.3O) are among the largest observed in bis(cy- 
clopentadieny1)niobium complexes (126-1430).16 This 
suggests an electron-rich nature of the Cp2Nb fragment 
and a covalent nature of the niobium-phosphorus bond 
and indicates that the phosphido ligand behaves as a good 
electron donor." 

The P-Nb-CP(centroid) angles involving the cyclo- 
pentadienyl rings lying, with respect to the bisecting OC- 
Nb-P plane, on the side of the phosphorus lone pair (CP11 
and CP21, 104.5 and 103.0°) are smaller than the corre- 
sponding angles with the CP12 and CP22 rings lying on 
the side of the phenyl groups (107.2 and 107.8'). It is 
worth noting that in the structure of Cp,Mo(H)(p- 
PPh,)Mn(CO),Cp, in which the manganese atom is out of 
the bisecting H-Mo-P plane, both P-Mo-CP angles are 
exactly the same (107.8O).'* The asymmetry of the P- 
Nb-CP angles of 1 may thus be due not only to the steric 

(11) Kirillova, N. I.; Gusev, A. I.; Struchkov, Yu. T. Zh. Strukt. Khim. 
1972. 13. 473. 
- - - - I  - - I  

(12) Kirillova, N. I.; Gusev, A. I.; Pasynskii, A. A.; Struchkov, Yu. T. 

(13) Wilson, R. D.; Koetzle, T. F.; Hart, D. W.; Kvick, A.; Tipton, D. 

(14) Arnold, J.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J. Organo- 

Zh. Strukt. Khim. 1973, 14, 868. 

L.; Bau, R. J. Am. Chem. SOC. 1977, 99, 1775. 

metallics 1987, 6, 473. 

B.; Ries, G. V. Acta Crystallogr., Sect. B 1974,30, 2290. 

I.; Bois, C.; LHaridon, P. J. Organomet. Chem. 1981,219, 329. 

1990,29, 5244. 

(15) Prout, K.; Cameron, T. S.; Forder, R. A,; Critchley, S. R.; Denton, 

(16) Holloway, C. E.; Melnik, M. J. Organomet. Chem. 1986, 303, 1. 
(17) Kubicki, M. M.; Kergoat, R.; Guerchais, J. E.; BkoucheWaksman, 

(18) Barre, C.; Kubicki, M. M.; Leblanc, J.-C.; Moise, C. Znorg. Chem. 
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factors but also to the electronic effects of the phosphorus 
lone pair. The N W O  units are nearly linear with normal 
Nb”LC bond lengths close to 2.03-2.04 A. 

There are few reports of niobium-phosphorus bond 
lengths in organometallic compounds. In monocyclo- 
pentadienyl complexes they were found in the range 2.445 
(5)-2.734 (1) A.16 The longest bonds are observed in 
CpNbIVCl3(dppe) bearing a sterically demanding dppe 
ligand.Ig The mean niobium-phosphorus (phosphine) 
distance of 2.565 (15) A in CpNb1*1(PPh3)2(CO)(H)220 is 
shorter than the Nb-P (phosphide) bond lengths found 
in our structure (2.644 (3) and 2.622 (3) A). It has been 
observed in some other cases that the M-P bonds to py- 
ramidal phosphide ligands are longer than those to 
phosphines.6pz1 This was attributed to repulsionsz2 be- 
tween the nonbonding electron pairs a t  the transition 
metal and at  the phosphido ligand. Such an interaction 
consisting of avoided overlap between the adjacent metal- 
and ligand-donor orbitals is called a transition-metal 
“gauche effect”. Its operation was established by Gladysz 
in some rhenium phosphido complexes? The s u m  of the 
three bond angles about P1 and P2 are equal to 318.6 and 
320.9O, respectively, and are close to the corresponding 
values observed in other pyramidal terminal phosphido 
complexes?pZ1” It has been suggested that the larger bond 
angles about phosphorus atoms in transition-metal phos- 
phido complexes than in simple organophosphines (PMe3, 
95O; PPh3, 103’”) are probably due to steric and electronic 
effects of the bulky electron-releasing metal substituents. 
However, in the structure of 1 there are electron-buffering 
Cp ligands, which are able to retain an excess electron 
density, and an electron-accepting carbonyl group on the 
metal; the bulky, electron-releasing substituent is the ‘Pr 
group of the phosphide. Consequently, it seems possible 
that some interactions involving the phosphorus lone pair 
and an antibonding orbital of the Cp2Nb(CO) fragment 
occurs therein. This will be discussed below. 

The “Gauche Effect”. According to Hoffmann’s model 
of bonding in bent metal locene~,~~ the metal lone pair in 
dz metal complexes (Nbm, Mow, ...) occupies an orbital (la, 
in C, or la’ in C, point groups, respectively) that is clearly 
localized in the plane bisecting the CP-M-CP angle. This 
nonbonding HOMO orbital may be stabilized by s-back- 
bonding interactions with electron-withdrawing ligands 
such as CO but remains highest in energy. Thus, these dz 
bent bis(cyc1opentadienides) seem to be a very likely class 
of compounds for conformational studies of the gauche 
effect. To measure its extent in 1, we needed the positions 
of the phosphorus lone pairs in both molecules. They were 
determined by locating the dummy hydrogen atoms (HLP, 
Table I) 1.4 A away from P1 and P2 with the idealized 
geometries (HYDRO program of S D P ~ ~ )  for tetrahedral 
phosphorus. The torsion angles C(C0)-Nb-P-HLP, rep- 

Notes 

(19) Daran, J.-C.; Prout, K.; De Cian, A.; Green, M. L. H.; Siganporia, 
N. J. Organomet. Chem. 1977,136, C4. 

(20) Kirillova, N. I.; Gusev, A. I.; Pasynskii, A. A.; Struchkov, Yu. T. 
Zh. Strukt. Khim. 1974, 15, 288. 

(21) (a) Buhro, W. E.; Georgiou, S.; Hutchinson, J. P.; Gladysz, J. A. 
J. Am. Chem. SOC. 1985,107,3346. (b) McNamara, W. F.; Reisacher, H. 
U.; Duesler, E. N.; Paine, R. T. Organometallics 1988, 7, 1313. 

(22) Jolly, W. L. Acc. Chem. Res. 1983, 16, 370. 
(23) Hutchins, L. D.; Duesler, E. N.; Paine, R. T. Organometallics 

1982, I, 1254. Weber, L.; Reizig, K.; Boese, R. Chem. Ber. 1985,118,1193. 
(24) Corbridge, D. E. C. The Structural Chemistry of Phosphorus; 

Elsevier: New York, 1974. 
(25) Lauher, J. W.; Hoffmann, R. J. Am. Chem. SOC. 1976,98, 1729. 
(26) Frenz, B. A. The Enraf-Nonius CAD4-SDP. A Real Time System 

for Concurrent X-Ray Data Collection and Crystal Structure Determi- 
nation. In Computing in Crystallography; Schenk, M., Olthof-Hazek- 
amp, R., Van Koningsveld, M., Eds.; Delft University Press: Delft, 
Holland, 1978. 

resentative of the gauche effect, are equal to 72.9O (mol- 
ecule l) and 74.8’ (molecule 2). These values are some 15O 
higher than those reported by Gladysz for rhenium ter- 
minal phosphides,6 thus indicating that the gauche effect 
is efficiently operating in the structure discussed here and 
that the d2 bent metallocenes are probably among the best 
adapted compounds for these kinds of stereochemical 
considerations. The maximal value of 90° for the torsion 
angles cannot be reached because of the steric hindrance 
induced by the presence of ‘Pr and Ph groups at the 
phosphorus atoms. The operation of the gauche effect 
forbids the phosphorus lone pair to lie in the bisecting 
plane. Consequently, this position, assuring the weakest 
repulsions with the Cp rings, is occupied by the ‘Pr group, 
which is bulkier than Ph.z7 The torsion angles C(C0)- 
Nb-P-C(jPr) are equal to 14.5 and 18.4O for molecules 1 
and 2, respectively. 

Phosphorus Inversion. We have already mentioned 
that the phosphorus inversion barrier in 1 is observed in 
the lowest known range. The primary explanation of this 
low energy barrier may be approached by a supposition 
of the niobium-phosphorus bond breaking. At first sight 
this seems to be apparently supported by the long Nb-P 
bonds, suggesting some ionic nature (Nb*+-P“) for these 
bonds. However, such a singular explanation is not likely, 
because the cyclopentadienyl protons are observed at high 
field in the ‘H NMR spectrum, which indicates a rather 
electron-rich Cp2Nb fragment. Moreover, as discussed 
above, the long Nb-P bonds may result from the repulsions 
between the metal and the phosphorus lone pairs. Gen- 
erally, inversion barriers are decreased by substituents that 
are good u donors or good s acceptors. A carbonyl ligand 
in 1 is formally able to accept some electron density from 
a phosphorus lone pair. One of its antibonding s* orbitals 
(a’ in the bisecting plane) is already involved in the in- 
teractions with the HOMO (metal lone pair), but the 
second a* one (a”) remains free. If there could be some 
overlap of this orbital with a phosphorus lone pair, the 
infrared stretching frequency vc0 should be shifted to lower 
energies with respect to any other structurally analogous 
system without a potential s-donor ligand. However, in 
an example of such a system, CpzNb(CO)H, the vco vi- 
bration was observed at 1902 cm-1,z8 20 cm-’ lower than 
in 1 (1922 cm-’). 

Consequently, we looked for an alternative origin of the 
low inversion barrier in 1 by considering the electronic 
structure of the metallocene Cp,Nb fragment. We have 
already noted in the discussion of the gauche effect that 
in the presence of a carbonyl ligand the HOMO is stabi- 
lized by the in-plune a’ s* CO orbital. Interestingly, some 
mixing of the a” s* CO orbital with the a” antibonding 
Cp2M orbitals occurs, leading also to stabilization of this 
unoccupied a” (Cp2M) orbital. Hoffmann suggested that 
the molecular orbital resulting from this interaction is 
occupied in the 20-electron nitrosyl complexes of molyb- 
denum C ~ , M O ( N O ) R . ~ ~ * ~ ~  Given the formal electronic 
analogy between the 10-electron [Mo(NO)R] fragment and 
[Nb(CO)PR2] in 1, we conclude that the phosphorus lone 
pair may interact with the Cp,Nb a” antibonding orbital, 
thus allowing an easier transient planarization of phos- 
phorus. A gauche effect assures the best overlap between 
the phosphorus lone pair, which is roughly perpendicular 
to the bisecting plane, and the symmetry-adapted Cp,Nb 

(27) Tolman, C. A. Chem. Rev. 1977, 77, 313. 
(28) Foust, D. F.; Rogers, R. D.; Rausch, M. D.; Atwood, J. L. J. Am. 

Chem. SOC. 1982,104, 5646. 
(29) Calderon, J. L.; Cotton, F. A.; Legzdins, P. J. Am. Chem. SOC. 

1969,91,2528. Cotton, F. A.: Rusholme, G. A. J. Am. Chem. SOC. 1972. 
94, 402. 
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Table 111. CrsstalloPraDhic Data for CD,Nb(CO)P'PrPh (1) 
~ ~~ 

mol formula CmH22NbOP 
fw, g 
cryst syst 
space group 
cell dimens 

a, A 
b, A 
c, A 

402.28 
monoclinic 
P 2 1 / ~  (NO. 14) 

16.899 (3) 
15.409 (2) 
13.717 (3) 

& deg 90.94 (2) v. A3 3571.2 
z 
p ~ a l ~ ,  g c w 3  
linear abs coeff, p, cm-' 
F(000) 
radiation, A 
scan type 
scan speed, deg min-' 
scan width, deg 
rflns measd 
9 range, deg 
no. of rflns meads 
temp, K 
decay, % 
cutoff for obsd data 
no. of unique obsd data (NO) 
no. of variables (NV) 
transmissn coeff (DIFABS) 
R(F) 
RAF) 
weighting scheme 
GOF 

8 
1.496 
7.346 
1648 
X(Mo Ka) = 0.71073 
w-29 
1.5-8.3 
Aw = 1.2 + 0.347 tan 8 
i=h,k,Z 
2-22 
4411 
296 (1) 
-3.6, cor 
I 1  3 4 )  
1920 
225 
0.9107, 1.1340 
0.038 
0.039 
w-l = [az(I) + (0.041)2]'~2 
2.780 

antibonding orbital. This may contribute to an explana- 
tion of asymmetry observed for the P-Nb-CP angles in 
the structure of 1. 

Finally, the low inversion barrier due to an easy anti- 
bonding-orbital-assisted planarization of the phosphorus 
atom may be responsible for the particularity observed in 
the crystal structure of 1 consisting of the presence of two 
enantiomers in the asymmetric unit of the unit cell. 

Experimental Section 
Syntheses were performed under an argon atmosphere by using 

standard Schlenk-tube techniques. 'H and 31P NMFt spectra were 
recorded on JEOL FXlOO and Bruker WM400 spectrometers; 
chemical shifts are given relative to TMS and H3P0,. IR spectra 
were obtained on a Perkin-Elmer 580B spectrophotometer. 
Cp,Nb(CO)H was prepared according to the literature procedure.28 

[Cp2Nb(CO)PiPrPhH]+C1- (1'). To a toluene solution (20 
mL) of Cp2Nb(CO)H (0.3 g, 1.19 mmol) was added dropwise a 
toluene solution (2 mL) of P'PrPhCl (0.27 g, 1.22 mmol). An 
orange precipitate was gradually formed which, after the system 
was stirred for 30 min, was collected, washed with heptane, and 
dried under vacuum (0.41 g, yield 78%). Anal. Calcd for 

(6, ppm): 'H (DzO) 7.61-7.54 (m, Ph), 5.45 (d, J = 2.2 Hz, Cp), 
5.53 (d, J = 2.2 Hz, Cp), 2.31 (m, CH), 1.22 (m, CH,), 5.54 (dd, 

Cp2Nb(CO)PiPrPh (1). A 1 M aqueous solution of NaOH 
(15 mL) was added to  a suspension of 1' (0.4 g, 0.91 mmol) in 15 
mL of toluene, and the mixture was stirred for 15 min. The 
organic layer was separated and evaporated, yielding a maroon 
product, which was washed with heptane and dried (0.26 g, yield 
72%). Anal. Calcd for CmHZ20PNb: C, 52.86; H, 4.85. Found 
C, 51.7, H 4.3. NMR (6, ppm): lH (C,D,) 7.61-6.89 (m, Ph), 4.42 
(d, J = 1.3 Hz, Cp), 1.85 (m, CH), 1.20 (dd, J = 6.6, 13 Hz, CH,); 
31P (C,D,) -13.7. IR (VCO,  toluene): 1922 cm-'. 

Crystallographic Studies. An orange irregularly shaped 
crystal grown from acetone solution (approximate dimensions 0.25 
X 0.15 X 0.12 mm) was mounted on an Enraf-Nonius CAD4 
diffractometer. The crystal data and data collection parameters 
are summarized in Table 111. The unit cell was determined and 
refined from 25 randomly selected reflections obtained by use 
of the CAD4 automatic routines. Intensities were corrected for 
Lorentz and polarization effects. All calculations were carried 
out by use of the Enraf-Nonius SDP package% with neutral-atom 
scattering factors. The structure was solved and refined by 
conventional three-dimensional Patterson, difference Fourier, and 
full-matrix least-squares methods. The empirical absorption 
correction DIFABS~ was applied. The Nb, P, 0, and C (carbonyl) 
atoms were refined with anisotropic temperature factors and all 
other carbon atoms with isotropic factors. The positions of all 
the hydrogen atoms were calculated by the HYDRO program of SDP, 
and these atoms were placed riding on the carbon atoms bearing 
them and included in the final calculations with Elbo fixed a t  5.0 
A2. 

Registry No. 1, 137966-97-3; l', 137966-98-4; Cp,Nb(CO)H, 
11105-68-3; P'PrPhCl, 54006-34-7. 

Supplementary Material Available: Tables of anisotropic 
thermal parameters, hydrogen atom coordinates, complete bond 
distances and angles, and least-squares planes (7 pages); a listing 
of observed and calculated structure factors (10 pages). Ordering 
information is given on any current masthead page. 

C&IZ,OPClNb C, 54.73; H, 5.21. Found C, 54.3; H, 5.4. NMR 

J = 7.7,349 Hz, PH); 31P (DzO) +36. IR (YCO, CHZClJ: 1960 ~m-' .  

(30) Walker, N.; Stuart, D. Acta Crystallogr., Sect. A 1983, A39,158. 

Convenient One-Pot Synthesis of tert -Butyldimethylantimony 
Robert W. Gedridge, Jr. 

Chemistry Division, Research Department, Na Val Weapons Center, China Lake, California 93555 
Received August 22, i99 1 

Summary: tetf-Butyldimethylantlmony, ( t  -Bu)Me,Sb, was 
prepared by a one-pot reaction of SbCI, with 1 equiv of 
(t-Bu)MgCI at -50 O c  followed by 2 equiv of MeMgBr at 
0 OC in diethyl ether. (t-Bu)Me,Sb was isolated in 64% 
yield (based on SbCI,) after fractional vacuum distillation 
(63 OC at 30 Torr) and can be used as a precursor in the 
chemical vapor deposition of antimony-containing semi- 
conductor materials. 

infrared detectors operating in the 3-5- and 8-12-pm 
Spectral ranges.' 'I'heSe wavelength ranges are important 
Since they are natural windows in the atmosphere for IR 
transmission- 

The ternary alloy InAs,-,Sb, has the smallest band gap 
( x  = 0.6, E ,  = 0.1 eV at  300 K) of any of the III/V sem- 
iconductor materials, and this has attracted interest for 

(1) (a) Chiang, P. K.; Bedair, s. M. J. Electrochem. SOC. 1984, 131, 
2422. (b) Biefeld, R. J. Cryst. Growth 1986, 75, 255. (c) Biefeld, R.; 
Kurtz, S. R.; Fritz, I. J. J. Electron. Mater. 1989, 18, 775. (d) Biefeld, 
R. M.; Hebner, G. A. Appl .  Phys. Lett. 1990,57,1563. (e) Reihlen, E. 
H.; JOU, M. J.; Fang, Z. M.; Stringfellow, G. B. J. A P P ~ .  PhYs. 1990, 68, 
4604. (f) Gaskill, D. K.; Stauf, G. T.; Bottka, N. Appl. Phys. Lett. 1991, 
58, 1905. (8) Chen, C. H.; Fang, Z. M.; Stringfellow, G. B.; Gedridge, R. 

The m t h o n y c o n e g  semiconductor 
are useful in infrared detection, high-speed devices, and 
o p t i d  fiber communication systems, A variety of binary, 

and quaternary lll/v semiconductor systems 
containing antimony have been investigated for use in w., Jr. Appl. Phys. Lett. 1991,58,2532. 

This  article no t  subject to U S .  Copyright. Published 1992 by the American Chemical Society 
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