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Abstract 

A study of the reactions of CLFM~CO)~(XP(OCH,CM~,CH,O)~, (X = Cl, Br) complexes with 
a variety of nucleophiles of the type HER (E = NH, 0, S; R = H, alkyl, aryl) IS reported. The 13C, 
31P and 95Mo NMR and IR data for the cu-Mo(CO),{REP(OCH,CMe,CH,O)), complexes are 
presented and compared to those previously reported for some Mo(CO)s(REP(OCH2CMe2CH20)) 
and cB-Mo(CO)&Ph,PER), complexes. This comparison demonstrates that the effects of variations 
m the RE substituents in these complexes are similar to those previously observed for the 
MdCO),{REP(OCH,CMe2CH20)} complexes. The X-ray crystal structures of err-Mo(CO$,- 
{‘PrOP(OCH,CMe2CH,0)), (triclinic space group Pi; a = 8.818(3), b = 8.899(l), c = 18.847(2) A; 
(Y = 93.35(l), p = 89.46(2), y = 115.31(l)“; V = 1334.6(4) w3; Z = 2) and crs-Mo(CO),- 
{iPrNHP(OCH,CMe,CH20))2 (monoclinic space group C2/c; a = 18.30(l), b = 10.72(2), c = 16.87(l) 
A; p = 119.82(S)“, V= 2871(4) K; Z = 4) have also been determmed. In these complexes, the O’Pr 
group is m an axial posItion, but the NH’Pr group is m an equatorial posmon. 

Introduction 

The reactions of coordinated P-donor ligands of the type R,PX CR, = Ph,, 
Me,, OalkyleneO; X = halogen) with N-, 0- and S-nucleophiles can be used to 
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prepare complexes containing P-donor ligands with a variety of unusual sub- 
stituents [l-14]. They can also be used to prepare complexes with unusual 
chelating ligands [15-201 and bimetallic complexes 121-311. These reactions are 
often the only route to these complexes owing to the instabilities of the free 
ligands. 

The factors affecting the rates of halide substitution in Mo(CO),_JR,PX), 
(X = Cl, Br) complexes by 0-, S- and N-nucleophiles are poorly understood, and 
this limits the usefulness of these reactions. In order to better understand these 
factors, we have studied the reactions of a variety of Mo(CO),_,(R,PX), (R, = 
Ph,, OCH,CMe,O; X = Cl, Br) complexes with N-, 0- and S-nucleophiles 
[1,5,7,13,14]. In this paper, we present the results of our studies of the reactivities 
of cis-Mo(CO),{XP(OCH &Me&H 20))2 complexes and compare these results 
with those obtained from earlier studies of related complexes [1,13,14]. The 
products of these reactions have been characterized by multinuclear NMR and IR 
spectroscopy, and the effects of variations in the phosphorus substituents on the 
chemical shifts of the carbonyl 13C 31P and 95Mo NMR resonances and on the 
carbonyl IR stretching force constants are compared to those reported for related 
complexes [13-17,32-361. X-Ray crystal structures of two of the complexes, cis- 
Mo(CO),{‘PrEP(OCH,CMe,CH,O)l, (E = NH, 01, have also been determined, 
and the results of these studies are presented. 

Experimental 

Phosphorus trichloride, phosphorus tribromide, all solid alcohols and amines 
and all thiols were opened under nitrogen and used as received. Liquid alcohols 
and amines were dried over molecular sieves, and tetrahydrofuran (TI-IF) and 
diethyl ether were distilled from calcium hydride under nitrogen before use. 
2-Chloro-5,5-dimethyl-1,3,2-dioxaphosphorinane (2-Cl-dmp) [37], 2-bromo-5,5-di- 
methyl-1,3,2-dioxaphosphorinane (ZBr-dmp) [13] and Mo(CO),(norbornadiene) 
(Mo(CO),(nbd)) [38] were prepared by literature methods. The ligands and solu- 
tions of the complexes were handled under a nitrogen atmosphere. 

cis-(CO),Mo{ClP(OCH,CMe,CH,O)), (Z) 
Solid Mo(CO),(nbd) (4.56 g, 15.2 mmol) was added to a solution of 5.11 g (30.3 

mmol) of 2-Cl-dmp in 30 ml of hexanes. The mixture was stirred for 10 min and 
then the solution was filtered to yield 6.38 g (94.4%) of pure I as an off-white solid 
(MS: 546, 462, 435, 133, 69 m/z). 

cis-(CO),Mo{BrP(OCH,CMe,CH,O)), (ZZ) 
The above procedure was repeated with 33.0 g (156 mmol) of 2-Br-dmp and 

23.76 g (79.2 mmol) of Mo(CO),(nbd) to yield 44.4 g (88.5%) of pure II as an 
off-white solid (MS: 634, 550, 522, 133, 69 m/z). 

cis-(CO),Mo{“PrOP(OCH,CMe,CH,O)), (ZZZ) 
A solution of 0.74 g (9.0 mmol) of sodium n-propoxide and 1.27 g (2.00 mmol) of 

II in 10 ml of n-propanol was stirred at ambient temperature for 44 h and then 
evaporated to dryness. The residue was treated with 40 ml of a 1: 1 diethyl 
ether/ hexanes mixture and 50 ml of water. The organic layer was separated, 
washed with 50 ml of water, dried over anhydrous MgSO, and filtered. The filtrate 
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was evaporated to dryness to yield 1.10 g (92.7%) of pure III as a white solid (MS: 
594, 566, 536, 506, 476, 133,69 m/z). 

cis-(CO),Mo{‘PrOP(OCH,CMe,CH,O)), (IV) 
The above procedure was repeated with 0.74 g (9.0 mmol) of sodium i-prop- 

oxide and 1.27 g (2.00 mmol) of II in 10 ml of i-propanol to yield 0.93 g (78%) of 
pure IV as a white solid (MS: 594, 566, 538, 510, 508, 133, 69 m/z>. 

cis-(CO),Mo{“PrSP(OCH,CMe,CH,O)}, (VI 
A solution of 0.79 g (9.6 mmol) of lithium n-propanethiolate and 1.64 g (3.00 

mmol) of I in 20 ml of THF was stirred at ambient temperature for 66 h and then 
evaporated to dryness. The residue was treated with 50 ml of dichloromethane and 
50 ml of a 5% aqueous Na,CO, solution. The organic layer was separated, dried 
over anhydrous MgSO, and then filtered. The filtrate was evaporated to dryness, 
and the residue was recrystallized from n-hexane to yield 1.40 g (74.8%) of pure V 
as a white crystalline solid (MS: 626, 598, 542, 471, 133, 69 m/z). 

cis-(CO),Mo{“PrNHP(OCH,CMe,CH,O)), (W) 
A solution of 1.27 g (2.00 mmol) of II in 10 ml of n-propylamine was refluxed for 

4 h and then evaporated to dryness. The residue was treated with 20 ml of diethyl 
ether, and the solution was filtered through a 1 X 2 cm alumina column. The 
alumina was washed with a 20 ml portion of diethyl ether, and the filtrate and 
wash were evaporated to dryness to yield 1.16 g (97.8%) of pure VII as a colorless 
oil which solidified upon cooling at -5°C (MS: 592, 564, 536, 508, 480, 478, 421; 
133, 69 m/z>. 

cis-(CO),Mo{‘PrNHP(OCH,CMe,CH,O)}, (WI) 
The above procedure was repeated with 1.27 g (2.00 mmol) of II and 10 ml of 

i-propylamine to yield 1.15 g (93.4%) of pure VIII as a colorless oil that solidified 
upon cooling to -5°C (MS: 592,564,536, 508, 480, 478, 421, 133, 69 m/z). 

cis-(CO),Mo{Me-p-C, H,OP(OCH,CMe,CH,O)), (WZZ) 
A solution of 0.78 g (6.0 mmol) of sodium p-methylphenoxide and 1.27 g (2.00 

mmol) of II in 20 ml of THF was stirred at ambient temperature for 6 days and 
then evaporated to dryness. The residue was treated with 40 ml of a 2: 1 diethyl 
ether/ hexanes mixture and 50 ml of a 5% aqueous Na,CO, solution. The organic 
layer was separated, washed with 50 ml of water, dried over MgSO, and filtered. 
The filtrate was reduced in volume to yield 1.23 g (89.3%) of pure IX as an 
off-white solid upon cooling (MS: 606, 578, 478, 394, 366, 338, 240, 133, 91, 69 
m/z). 

cis-(CO),Mo{Me-p-C, H4SP(OCH2CMezCH,0)), (ml 
The above procedure was repeated using 0.88 g (6.0 mmol) of sodium p-methyl- 

thiophenoxide and 1.27 g (2.00 mmol) of II to yield 1.26 g (87.5%) of pure X as an 
off-white crystalline solid (MS: 494, 466, 410, 382, 256, 133, 91, 69 m/z). 

[Et3 NH][cis-(CO),Mo{[(OCH,CMe,CH,O)PO], H},] (X) 
A solution of 3.00 g (4.73 mmol) of II, 3.0 ml of water and 3.0 ml of 

triethylamine in 30 ml of acetone was stirred at ambient temperature for 18 h and 
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Table 1 

CO 13C and 170, 3’P and 95Mo data for the cts-MofCO~,tREP(OCHliCMe2CH20)~2 complexes y 

RE trans CO QS co P MO 

s13c 12~(PC)+ a”0 S13C I *J(PC)( al70 S31P S95Mo I’J(MoP)I Av,,* 
ZAP ’ Cl I 

@pm) (Hzf (ppm) (ppm) (Hz) @pm> &pm) @Pm) @-Iz) (Hz) 

Cl (I) 209.37 39.6 367.9 204.42 14.3 357.5 161.72 - 1639 7 246 45 
Br (II) 209.98 41.8 370 1 205.08 13.9 358.5 159.13 - 1567.2 247 49 
0”Pr (III) 211.94 27 1 360.5 207.51 14.3 358.lsh 154.99 - 1824.4 223 24 
O’Pr (IV) 212.13 27 8 360.1 207.68 14.3 357.7 154.38 - 1809.5 222 28 
S”Pr (V) 212.39 31.5 364.9 207.09 13.2 358.1 184.97 - 1651.8 220 73 
NH”Pr (VI) 213.76 21.2 362.5 208.72 13.2 358.9 159.47 - 1815.1 195 28 
NH’Pr (VII) 213.89 212 362.5 208.88 13.2 358.9 158.28 - 1812.0 195 24 
OC,H,-p-Me (VIII) 210.60 30.8 360.9 205.98 14.3 358.5sh 151.22 - 1804.9 234 21 
SC,H,-p-Me (IX) 211.38 34.4 364 5 205.76 13.2 358.1 178.95 - 1639.5 229 99 
O,H- Et@I+ (X) 216.62 21.2 361.3 209.01 14 3 353.3 134.63 - 1840.3 201 21 
O&Me3 (XI) 212.81 29.3 360.1 207.90 15.0 355.7 149.37 - 1773.9 227 30 

’ sh, shoulder. 

then evaporated to dryness. The residue was washed with four 25-ml aliquots of 
water, and the insoluble portion was recrystallized from a dichloromethane/ 
hexanes mixture to yield 2.24 g (77.8%) of pure XI as a white crystalline solid. 

A solution of 1.22 g (2.00 mmol) of X, 0.51 ml (4.00 mmol) of chlorotrimethyl- 
silane and 0.28 ml (2.00 mmol) of triethylamine in 20 ml of THF was stirred at 
ambient temperature for 1 h and then evaporated to dryness. The residue was 
treated with 20 ml of diethyl ether, and the resulting mixture was filtered. The 
filtrate was evaporated to dryness, and the residue was washed with methanol to 
yield 0.74 g (60%) of pure XII as an off-white solid (MS: 654, 598, 570, 542, 540, 
133, 73, 69 m/z). 

Characterization of the complexes 
All of the complexes were characterized by 13C, “0, 31P and 95Mo NMR 

spectroscopy, and their NMR spectral data are summarized in Tables 1 and 2. The 
NMR spectra of 0.50 M ~~-chlorofo~ solutions of the complexes in nitrogen-filled 
10 mm NMR tubes were run on a JEOL FX90Q multinuclear NMR spectrometer 
(references: 13Clnt TMS; “O,_, H,O; 31Pea 85% H,PO,; 95M~,, 2.0 M Na,MoO,). 
A complex was considered to be pure if a single resonance appeared in its 31P 
NMR spectrum and if all its 13C NMR resonances could be assigned. 

All neutral complexes were characterized by IR spectroscopy ~21~-18~ cm-‘). 
The spectra were run on a Perkin-Elmer 283B infrared spectrometer with dilute 
n-hexanes solutions of the complexes and pure n-hexanes in matched 0.20 mm 
NaCl cells. Three medium to strong absorptions and, in some cases, a poorly 
resolved shoulder, were observed. The highest energy absorption was always 
assigned to the A, (i) band. The assignment of the lower energy absorptions to the 
Aic2), B, and B, bands was carried out as follows. Approximate infrared stretching 
force constants (~tton-~aihanzel appro~mation [39]) were calculated from all 
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Table 2 

Aliphatic t3C NMR data for the c~-Mo(CO),IREP(OCH,CMe,CH,O)}, complexes ’ 

RE (Hz C CH, Group Other 

6l3C I *.r(Pc)+ 6W I 3JfPc) + 6tsc 6% I “J(Pc)+ n 
(ppm) 4J(PC’)I (ppm) 5JGWI (ppm) (ppm) n + ZJ(P ‘C) I 

0-M (Hz) 0-w 

Cl (I) 73.31aq 8.8 32.12aq 5.9 

Br (II) 75.53aq 6.6 32.52aq 5.9 

0”Pr (III) 72.09aq 5.1 32.42aq 6.6 

O’Pr (IV) 72.15aq 5.9 32.32aq 6.6 

S”Pr Q 73.32aq 8.1 32.7laq 5.9 

NH”Pr (VI) 73.84s 32.32aq 7.3 

NH’Pr (VII) 73.97s 32.32aq 7.3 

OC,H,-p-Me (VIII) 72.54aq 5.9 32.35aq 5.9 

SC,H,-p-Me (IX) 73.81aq 7.3 32.61aq 5.9 

OsH-Et,NH+ (X) 71.60s 32.55aq 5.9 

OSiMe, (XI) 71.44aq 5.9 32.32aq 5.9 

22.18s 
21.72s 
21.46s 
20.91s 
23.53s 
21.75s 
22.12s CH, 10.44s 

CH,CH, 23.67aq 6.6 
CH,O 65 62s 

23.83s CH, 22.21s 
22.21s CH 69.06aq 4.4 
22.53s CH, 13.66s 
22.08s CH,CH, 24.29s 

CH,S 31.83aq 5.1 
23.15s CH, 11.32s 
21.62s CH,CH, 25.13aq 4.4 

CH,NH 41.81aq 5.1 
23.22s CH, 26.08s 
21.56s CH 42.56aq 5.9 
22.30s CH, 22.04s 
20.71s 
22.04s CH, 21.72s 
21.14s 
22.82s CH, 8.49s 
21.92s CH, 45.68s 
22.34s CH, 1.07s 
22.18s 

3 

2 

’ s, singlet; aq, apparent qumtet (A portion of an AXX’ spin system). 

possible assignments of these bands. The approximate stretching force constants 
were then used to calculate the frequency of the band assumed to be due to the 
poorly resolved shoulder. The assignments that gave the best match between the 
calculated and observed frequencies for this band and for which k, < k, are given 
in Table 3. When no poorly resolved shoulder was observed, the band assignments 
were made so as to be consistent with those made for the other complexes. 

Mass spectra of all of the complexes, except for X, which is ionic, were obtained 
on a Hewlett Packard 5993/95 GS/MS using the solids inlet probe. Parent ions 
were observed for all of the complexes except VIII and IX. 

Collection and reduction of X-ray data 
Crystals of IV and VII were grown from dichloromethane/ heptanes. A clear 

block of IV of dimensions 0.29 x 0.26 x 0.16 mm3, and a clear prism of VII of 
dimensions 0.16 x 0.26 x 0.81 mm3 were used for intensity measurements. Diffrac- 
tion data were collected on a Syntex P2, for IV and on a Nicolet P3, for VII. 
Cu-K, radiation with a graphite monochromator for IV and a Ni filter for VII was 



186 

Table 3 

Carbonyl IR stretchtng frequencies, force constants and calculated frequency for the B2 band 

RE Al (1) A ,(2) B, Bz k, kz k, B, (catc.) 

2058 1982 1961’ 1971sh 15.98 16.11 0 29 1971 Cl (I) 
Br (II) 
O”lPr (III) 
O’Pr (IV) 
S”Pr (VI 
NH ” Pr (VI) 
NH’Pr (VII) 
OC,H,-p-Me &III) 
SC,H,-p-Me (IX) 
O&Me, (XI) 

2056 1980sh 1954 0 15.99 16.01 0.30 1971 
2043 1961 1936 1948sh 15.67 15.76 0.32 1950 
2042 1961 1933 1950sh 15.70 15.72 0.32 1952 
2043 1962 1940 n 15.66 15.81 031 1950 
2030 1942 1919 1930sh 15.35 15.53 0.33 1929 
2029 1941 1918 1928sh 15.34 15.51 0.33 1928 
2048 1964 1945 a 15.67 15.90 0.31 1950 
2045 1963 1944 a 15.66 15 87 0.31 1950 
2042 1957 1932 1943sh 15.60 15.72 0.32 1945 

a Not observed. 

used for intensity measurements. Unit cell parameters were detecmined accurately 
by least squares fits of Cu-K,, 28 values (A(CU-K,~) = 1.5402 A) for 25 high 28 
reflections [40]. Intensity data were measured with a step-scan technique. Ten 
reflections were periodically monitored and showed no loss of intensity during the 
data collection. Standard deviations in the intensities were approximated by the 
equation: 

s*(I) = f2fI)fou”t,“gstat,st,cs + (L)I)* 
where the coefficient (D = 0.009 for IV, 0.020 for VII) of I was calculated from the 
variations in intensities of the monitored reflections. Lorentz and polarization 
corrections appropriate for a monochromator with 50% perfect character were, 
applied. An abso~tion correction for intensities of the data from IV was applied 
(min transmission was 0.267 and max transmission was 0.507) [41]. No absorption 
correction for the data from VII was applied. 

Solution and refinement of the structure 
All of the calculations were carried out using the CRYM system of computer 

progr&s 1421. Pirtial trial solGtions for IV (23 atoms) and VII (6 atoms) were 
obtained by Dikect Methods,. using GENTAN 1431 and MULTAN 1441, fespectively. 
Subsequently Fourier syntheses clearly Yevealed the other non-hydrogen atoms df 
the complexes. Hydrogen atops were :dbserved in difference maps Gery close to 
pdsitions generated tising planar or tetrahedral geometry, and gene&ted positions 
were used f& each stnicture. The structures were refined by least squares with the 
coordinates and anisotropic thermal parameters for non-hydrogen atoms included 
iti the refinement. Isotro@c thermal parameters for hydrogen atoms Cere set 0.5 
units higher than the isbt‘ropic equivalents of the thermal parameters of the 
attached heavier atoms. The function minimized in the refinement was Cw(F,* - 
F,‘>*, where weights w were l/o*(&,*>. Atomic form factors were from Doyle and 
Turner [45], except for hydrogens which were from Stewart et al. [46]. In the final 
refinement cycles, all shifts were less than 0.23~ for ,jV and 0.05~ for VII.,A final 
difference map showed no peaks greater than 0.7 e AT3 for IV and 0.2 e Ae3 for 
VII. Relevant crystal and experimental data for the complexes are given in T&ble 4. 
The positional and isotropic thermal parameters of all non-hydrogen atoms in IV 
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Table 4 

Crystal data and data collection procedures for IV and VII 

Formula W3~MoO1oP2 
Molecular weight (Da) 592.37 
Crystal system Toclinic 
Space group pi 
a (A) 8 818(3) 

6 (Al 8.899(l) 

c (Al 18.847(21 
a (“1 93 35(l) 
p (“1 89.460) 
y (“1 115.36(l) 
v (A31 1134.6(4) 
2 2 
P k/cm31 1.47 
Crystal dimenstons (mm1 0.29x026x0.16 
p (Cu-K,) (cm-‘) 53 4 
Radtatton (A) Cu-K, (1.5418) 
Temperature (K) 123 
20 hmits (“1 2.0 ~28 d 136 
Scan type w-20 
Scan speed P/mitt) 2 
Scan wtdth (“1 3.4 
Number of unique data 4413 
Number of data wtth I > 3u 4324 
R (%I 4.1 
R, (%ol 10.0 
Standard deviation of fit 6.41 

%H,&“N2%P2 

590.40 
Monoclinic 
cz/c 
18 30(l) 
10.72(2) 
16.87(l) 

119.82W 

2871(41 
4 
1.34 
0.16x0.26x0.81 
48.1 
Cu-K, cl.54181 
291 
2.0 d 20 < 136 
o-28 
2 
3.4 
1000 
930 
4.1 
97 
3.80 

and VII are given in Table 5, and bond lengths and angles in IV and VII are given 
in Tables 6 and 7. Pertinent torsion angles for IV and VII are given in Table 8. 
Tables of anisotropic thermal parameters, close intermolecular contacts, positional 
parameters for hydrogen atoms and structure factors are available from the 
authors. ORTEP drawings of the molecules with the atom numbering schemes are 
shown in Pigs. 1 and 2. Ball and stick drawings of the 1,3,2-dioxaphosphorinane 
rings and substituents in each structure are shown in Figs. 3 and 4. 

Results and discussion 

Syntheses 
We have reported that the rates of halide substitution by N-, 0- and S- 

nucleophiles in Mo(CO),(XP(OCH,CMe,CH,O)] (X = Cl (XII), Br (XIII)) are 
much lower than in Mo(CO),(Ph,PCl) (XIV) and that bromides are more rapidly 
displaced than chlorides 1131. We have now extended this study to include ci.r- 
Mo(CO),{XP(OCH,CMe,CH,O)], (X = Cl (I), Br (II)), prepared as shown in 
eq. 1. 
Mo(CO),(nbd) + 2XP(OCH,CMe,CH,O) hD 

cis-Mo(CO),(XP(OCH,CMe,CH,O)}, (1) 

X = Cl (I), Br (II) 
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Table 6 

Bond lengths and angles with estimated standard deviations for lV 

Atoms 

Bond lengths (L$ 
MO-al) 
MO-C(~) 
MO-C(~) 
MO-C(~) 
MO-P(~) 
MO-P(~) 
cW-o(l) 
C(2)-O(2) 
C(3)-O(3) 
C(4)-O(4) 
P(l)-O(Al) 
P(l)-OW) 
PWO(5) 
O(AlHX42) 
C&2)-aA3) 
aA31-aMA 
aA3HXMA2) 

2.003(4) 
2.028(3) 
2.013(3) 
2.051(3) 
2.452(l) 
2.444(l) 
1 157(5) 
1.147(4) 
1.146(4) 
1.135(4) 
1.595(2) 
1.609(2) 
1.601(2) 
1.459(4) 
1.529(5) 
1.528(3) 
1.528(6) 

93.7(l) 
88.9(l) 
90.6(l) 

176.20) 
88.00) 
89.7(l) 

175.7(2) 
86.8(l) 
94.20) 
89.90) 
87.3(l) 

175.2(l) 
88.9(l) 
86.40) 
95.80) 

178.9(3) 
177.3(3) 
178.5(3) 
179.6(3) 
113.4(l) 
110.5(l) 
124.9(l) 
103.2(l) 
99.2(l) 

103.2(l) 
118.5(2) 
111.6(3) 
108.4(2) 

aMAl)-aA3)-aMA2) 110.4(2) 
aA21-CW)-aMA 110.9(2) 

Angles (“) 

C(l)-MO-C(~) 
CWMo-C(3) 
C(l)-MO-C(~) 
C(l)-MO-P(~) 
C(l)-MO-P(~) 
C(2)-MO-C(~) 
C(2)-MO-C(~) 
C(2)-MO-P(~) 
c(2)-MO-P(~) 
C(3)-MO-C(~) 
C(3)-MO-P(~) 
C(3)-MO-P(~) 
C(4)-MO-P(~) 
C(4)-MO-P(~) 
P(l)-MO-P(~) 
MO-al)-O(1) 
MO-C(2)-0(2) 
MO-C(3)-0(3) 
MO-C(4)-0(4) 
MO-P(l)-O(A1) 
MO-PWO(A5) 
MO-P(l)-0(5) 
O(Al)-P(l)-O&5) 
o(Al)-P(lkO(5) 
oW&PWo(5) 
P(l)-O(AlkaA2) 
O(Al)-aA2kaA3) 
C(A2)-C(A3)-aA4) 

aA3kaA4) 
aA4)-o(A5) 
0(5)-c(6) 
C(6)-a71 
C(6ka8) 
P(2)-O(B1) 
P(2)-O(B5) 
P(2)-O(9) 
o(Bl)-C(B2) 
aB2kaB3) 
aB3kaMBl) 
aB3)-aMB2) 
aB3kaB4) 
aB4)-O(B5) 
0(9)-c~10) 
alokail) 
alokal2) 

aA2)-aA3)-aMA2) 
C(MAl)-C(A3)-C(A4) 
aMA2)-aA3)-aA4) 
aA3)-aA4)-o(A5) 
P(l)-oL45)-aA 
PW-O(5)-c(6) 
0(5)-ci6)-C(7) 
0(5)-a6)-C(8) 
a7)-a6)-a8) 
MO-P(2)-O(BI) 
MO-P(2)-O(B5) 
MO-P(2)-o(9) 
P(2)-O(Bl)-aB2) 
O(Bl)-P(2)-O(B5) 
O(Bl)-P(2)-O(9) 
O(B5)-P(2)-O(9) 
O(BlkaB2kaB3) 
aB2)-aB3WB4) 
aMBlkaB3kaMBZ) 
aB2)-aB3)-aMB1) 
aB2)-aB3)-aMB2) 
C(MBl)-C(B3)-C(B4) 
aMB2)-C(B3kaJ34) 
C(B3)-C(B4)-O(B5) 
P(2)-O(B5kaB4) 
P(2)-o(9)-aio) 
0(9)-a1o)--all) 
o(9)-alO)-a121 
al I)-aloka12) 

1.526(4) 
1.467(4) 
1.461(3) 
1518(5) 
1.511(5) 
1.612(2) 
1.598(3) 
1.605(2) 
1.460(4) 
1.519(S) 
1.537(4) 
1.527(4) 
1.527(4) 
1.457(4) 
1.465(5) 
1.503(3) 
1.514(6) 

107.7(3) 
110.1(3) 
109.2(2) 
111.1(2) 
117.7(2) 
123.0(2) 
110.5(2) 
105.7(3) 
113.0(2) 
111.2(l) 
116.10) 
122.1(l) 
118.40) 
102.7(l) 
103.60) 
98.7(l) 

111.5(3) 
108.6(3) 
109.6(3) 
111.0(2) 
108.X3) 
110.0(3) 
108.6(2) 
110.7(2) 
119.4(2) 
123.20) 
105.8(3) 
110.0(3) 
113.2(3) 
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Table 7 

Bond lengths and angles with estimated standard deviations for VII 

Atoms 

Bond lengths (A) 
MO-C(~) 
MO-C(~) 
MO-P(~) 
C(l)-O(l) 
C(2)-O(2) 
P(WN(5) 
P(l)-O(3) 
P(l)-O(4) 
N(5)-C(6) 

Angles (“1 
C(l)-MO-C(~) 
C(l)-MO-P(~) 
C(2)-MO-P(~) 
MO-C(l)-O(1) 
MO-C(2)-O(2) 
MO-P(l)-N(5) 
MO-P(lkO(3) 
MO-P(l)-O(4) 
N(5)-P(l)-O(3) 
N(5)-P(l)-o(4) 
O(3)-P(l)-O(4) 
P(l)-N(5)-C(6) 
N(5)-C(6)-C(7) 

2.029(8) 
1.997(7) 
2 4550) 
1.134(11) 
1.162(10) 
1.629(5) 
1.608(5) 
1 642(4) 
1.440(10) 

89.3(3) 
85.7(2) 
92 5(2) 

176.1(6) 
178.3(8) 
113 8(2) 
119.3(2) 
118.2(2) 
100.5(3) 
103.6(2) 

98.7(2) 
127 5(4) 
111.7(6) 

C(6)-C(7) 1.457(13) 
C:(6)-c(8) 1.491(13) 
O(3)-CXA3) 1.428(6) 
O(4)-C(A1) 1.416(6) 
C(AlWX42) 1.553(12) 
CWHS3) 1.547(10) 
CW)-C(MA1) 1.467(13) 
C(A2)-C(MA2) 1.493(9) 

N(S)-C(6)-C(8) 
C(7)-C(6)-C(8) 
P(l)-O(3)-C(A3) 
P(l)-O(4)-C(A1) 
O(4)-C(AlHU2) 
C(Al)-C(A2)-C(A3) 
C(Al)-CW)-C(MA1) 
C(Al)-CW2)-C(MA2) 
C(A3)-C(A2)-C(MA1) 
c(A3)-cL42HxvlA2) 
C(MAl)-C&2)-C(MA2) 
0(3Wc43)-cc42) 

111.5(8) 
111.8(8) 
118.0(5) 
117.1(4) 
112.9(6) 
104.8(5) 
111.3(7) 
109.6(8) 
111.7(8) 
108 8(6) 
110.5(6) 
112 8(5) 

The rates of halide substitutions in I and II are lower than those in XII and 
XIII. Complex I reacts with NaO”Pr in n-propanol at ambient temperature to give 
a mixture of products after 8 days of reaction. In contrast, XII reacts with LiO”Pr 
in THF to give a quantitative yield of the alkoxy-substituted product after 66 h at 
ambient temperature. Complex II does react cleanly with either NaO”Pr in 

Table 8 

Torsion angles with estimated standard deviations for the 1,3,2_phosphorinane rmgs in IV and VII 

Atoms 

&U)-PWO~AlXX42~ 
P(l)-O(Al)-C&2)-C(A3) 
O(Al)-CW)-C(A3)-C(A4) 
CL42)-CL43)-c(A4)-0@5) 
C(A3)-C(A4HX45)-P(l) 
C(A4)-o(A5)-P(l)-O(A1) 

VII 
o(4)-P(l)-O(3)-cc431 
P(1)-0(3)-C(A3)-C(A2) 
0(3WX43)-CW)-C(A1) 

Angle U 

- 45.8(2) 
55.9(2) 

- 58.2(3) 
58.9(3) 

- 57.2(3) 
46.3(l) 

- 55.2(4) 
61.8(7) 

- 56.8(8) 

Atoms Angle t9 

O(BS)-P(2)-O(Bl)-C(B2) 
P(2)-o(Bl)-C(B2)-C(B3) 
O(Bl)-C(B2)-C(B3)-CXB4) 
CCB2)-c(B3HX34)-O(B5) 
C(B3WX34)-o(BS)-P(2) 
CG34-o(B5)-P(2)-O(Bl~ 

CW)-C(A2)-CtAl)-o(4) 
(X42)-C(Al)-0(4)-P(l) 
C(Al)-O(4)-P(l)-O(3) 

- 44 2(2) 
55.9(3) 

- 59.1(2) 
58.8(3) 

- 56.3(3) 
45.1(2) 

57 6(7) 
- 62.0(6) 

52.3(5) 
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Fig. 1. OR-W drawmg of c~s-Mo(CO)4(‘PrOP(OCH2CMe,CH,0)12 (IV) [671. The hydrogens are 
omitted for clarity, and the thermal ellipsoids are drawn at the 50% probability level. 

n-propanol (complete after 44 h) or NaO’Pr in i-propanol (complete after 114 h) at 
ambient temperature to give III and IV, respectively (eq. 2). 

cb-Mo(C0)4{BrP(OCH,CMe,CH,0)}, + 2NaOR 3 

II 
cis-Mo(C0)4(ROP(OCH,CMe,CH,0)}, (2) 

R =“Pr(III), R =‘Pr (IV) 
The reaction of I with LiS”Pr in THF at ambient temperature (eq. 3) was also 

much slower than the reaction of XII with LiS”Pr under nearly identical conditions 
(80 h versus 18 h). In further contrast to XII, I did not react cleanly with LiS’Pr in 
THF at ambient temperature but gave a number of unidentified products. 

cis-Mo( CO),(ClP( OCH,CMe,CH,O)}, + 2NaS”Pr % 

I 
cb-Mo(CO),{“PrSP(OCH,CMe,CH,O)}z (3) 

V 
Complex II reacted with refluxing aliphatic amines to yield the corresponding 

cis-Mo(CO),(RNHP(OCH,CMe,CH,O)}, (R = “Pr (VI), ‘Pr (VII)) complexes in 
high yields as shown in eq. 4. These are the same conditions used to substitute the 
chloride in XII with n-propylamine. In contrast, the reaction of XIII with neat 
i-propylamine was complete after 66 h at ambient temperature [13]. 

cis-Mo(C0)4{BrP(OCH,CMe,CH,0)}2 + excess RNH, refluq 

II 
cti-Mo(CO),{RNHP(OCH,CMe,CH,0)]2 (4) 

R=“Pr (VI), R=‘Pr (VII) 
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Fig. 2. ORTEP drawing of cis-Mo(CO)4{‘PrNHP(OCH~CMe,CH,0)), (VII) [671. The 
omitted for clarity, and the thermal elhpsoids are drawn at the 50% probability level. 

hydrogens are 

The reactions of II with the sodium salts of p-methylphenol or p-methyl- 
thiophenol in THF at ambient temperature (eq. 5) were complete after 6 days and 
18 h, respectively. The reaction of NaOC,H,-p-Me with II was much slower than 

HBC 

Fig. 3. Ball and stick drawmg of crs-Mo(CO),{‘PrOP(OCHH2CMe,CH,0))2 showmg the ring conforma- 
tion. 



193 

H’C 

Fig. 4. Ball and stick drawing of cLF-MdCO),(‘PrNHP(OCH2CMe2CH,0))2 
mation. 

showing the ring 

that with XII (6 days versus 66 h). 

cis-Mo(CO),{BrP(OCH,CMe,CH,O)}, + 2NaEC,H,-p-Me z 

II 

ck-Mo(C0)4((Me-p-C,H,E)P(OCH,CMe,CH,0)}, (5) 

E = 0 (VIII), E = S (IX) 

The reaction of II with Et,N and water in acetone at ambient temperature 
(eq. 6) occurred at approximately the same rate as did the hydrolysis of XIII under 
the same conditions. It is not appropriate to compare the rates of these reactions, 
however, because quite different products are obtained. 

cis-Mo(CO),{BrP(OCH,CMe,CH,O)}, + excess H,O + excess Et,N a- 

II 

[Et,NH][&-Mo(CO),({(OCH,CMe,CH,O)PO),H)] (6) 

X 

The reaction of X with ClSiMe, (eq. 7) is complete in 1 h at ambient 
temperature. This reaction is quite similar to that of [Et,NH][Mo- 
(CO),{(OCH,CMe,CH,O)POl with ClSiMe,. 

[Et,NH][ck-Mo(CO).,({(OCH,CMe,CH,O)PO},H)] + 2ClSiMe, + Et,N z 

X 

cis-Mo(C0)4(Me,SiOP(OCH,CMe,CH,0)}r + 2Et,NHCl (7) 

XI 
The slower reactions of N-, 0- and S-nucleophiles with I and II compared to 

those with XII and XIII, and the very different reactions of II and XIII with 
NaO”Pr and NaO’Pr and with LiS”Pr and LiS’Pr are most easily explained by the 
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increased steric congestion in the cis complexes. This supports the hypothesis that 
the lower rates of halide substitution reactions in the 2-halo-1,3,2-dioxaphos- 
phorinane complexes compared to chlorodiphenylphosphine complexes are due to 
steric effects [ 131. 

The rates of halide substitution in ci.s-Mo(CO),{XP(OCH,CMe,CH,O)}, (X = 
Cl (I), Br (II)) are also substantially lower than in cis-Mo(CO),(Ph,PCl), (XV). 
Displacements of the chloride in XV by N-, 0- and S-nucleophiles are completed 
in 30 min at ambient temperature in the presence of triethylamine [51. In contrast, 
as discussed in detail above, the reactions of I and II with the same nucleophiles 
require several hours or days and more forcing reaction conditions. 

Spectroscopic characterization 
The 13C and 170 NMR data for the carbonyl ligands in the cis- 

Mo(CO),{REP(OCH,CMe,CH,O)), complexes are given in Table 1. Two, equally 
intense 13C NMR resonances are observed for the carbonyl ligands of each of the 
cis-Mo(CO),{REP(OCH,CMe,CH,O)), complexes. The downfield resonances are 
assigned to the carbonyls tram to the phosphorinane ligands (tram carbonyls) and 
are apparent quintets (A portions of AXX’ spin systems). The upfield resonances 
are assigned to the carbonyls tram to other carbonyls (cis carbonyls) and are 
triplets (A portions of AX, spin systems) [15]. Two equally intense singlets are also 
observed in the 170 NMR spectra of these complexes. The downfield resonances 
are assigned to the trans carbonyls on the basis of our earlier studies [32]. The 
carbonyl 13C NMR resonances are upfield and the 170 NMR resonances are 
downfield of similar resonances for cis and trans carbonyl ligands in cis- 
Mo(CO),(Ph,PER), complexes. This is consistent with earlier results that suggest 
that the REP(OCH,CMe,CH,Ol ligands are better r-acceptors than are the 
Ph,PER ligands [13,14]. 

Four 13C NMR resonances are generally observed for the 5,5-dimethyl-1,3,2-di- 
oxaphosphorinane rings in each of the cis-Mo(CO),{REP(OCH,CMe,CH,O)), 
complexes as shown in Table 2. One resonance is observed between 71.4 and 75.6 
ppm and is due to the 4,6-methylene carbons adjacent to the oxygens. This 
resonance is either a singlet or an apparent quintet depending on the magnitude of 
‘J(PC) l t4J(P’C). A second resonance is observed between 32.1 and 32.8 ppm and 
is due to the 5 carbon that is bonded to both methyls. This is always an apparent 
quintet. The last two resonances are observed between 20.7 and 23.8 ppm and are 
due to the two inequivalent methyls. These are always singlets. The only exception 
to this is in the 13C NMR spectrum of cis-Mo(CO),{ClP(OCH,CMe,CH,O)), (I) 
which has four methyl resonances. The four methyl 13C NMR resonances of I do 
not appear to be due to inequivalent conformations of the phosphorinane rings 
because a single resonance is observed for each of the other carbons and for the 
phosphorus and because only two ‘H NMR resonances are observed for the 
methyls. 

A single 31P and 95Mo NMR resonance are observed for each of the cis- 
Mo(CO),(REP(OCH,CMe,CH,O)), complexes as shown in Table 1. The 31P 
NMR resonances are all singlets and are used as a measure of the purity of the 
complexes. The 95Mo resonances are all triplets (A portions of AX, spin systems). 
The magnitudes of ‘J(MoP) range from 195 to 246 Hz. These magnitudes are 
similar to those observed for Mo(CO),(REP(OCH,CMe,CH,O)l complexes [131 
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in the ER groups have exactly the same effects upon the steric and electronic 
properties of the 1,3,2-dioxaphosphorinane ligands in the two complexes. 

The correlations between the chemical shifts of the various NMR resonances of 
the cz&Mo(CO),{REP(OCH,CMe,CH,O)}, and cis-Mo(CO),(Ph,PER), com- 
plexes are much worse. The only good correlations that are observed as the ER 
groups are varied are between the chemical shifts of the truns 13C0 (r = 0.954) 
and 95Mo (r = 0.943) NMR resonances of the two sets of complexes. A fair 
correlation is observed between the cb 13C0 NMR resonances of the complexes 
(r = 0.813). The correlation coefficients are similar to those reported for the 
correlations between the chemical shifts of similar resonances in Mo(CO),(REP- 
(OCH ,CMe,CH,O)) and Mo(CO),(Ph,PER) (trans 13C0, r = 0.967; 95M~, r = 
0.925; cis 13C0, r = 0.848). Because these are the resonances that would be least 
affected by variations in the steric bulk of the ligands, this suggests that variations 
in the ER groups have different effects on the steric properties of the ligands. This 
also supports the hypothesis that the effects of the phosphorus substituents on the 
chemical shifts of the various NMR resonances of their complexes are not additive 
b31. 

Crystallographic studies 
There is considerable interest in the phosphorus stereochemistry and ring 

conformation in 1,3,2-dioxaphosphorinanes [29,31,55-651. Earlier studies have 
demonstrated that the phosphorus stereochemistry depends upon both the steric 
and electronic properties of the phosphorus substituents. However, most of these 
studies have focussed on 3-coordinate 1,3,2-dioxaphosphorinanes and their 0x0, 
thio and seleno derivatives, and few have examined metal complexes of the 
3-coordinate 1,3,2-dioxaphosphorinanes. In addition, no crystallographic studies of 
isoelectronic 2-alkoxy- and 2-allcylamino-5,5-dimethyl-1,3,2-dioxaphosphorinane 
complexes have been reported. Thus, comparison of the molecular structures of 
the cis-Mo(COl,{‘PrEP(OCH,CMe,CH,O)1, (E = 0 (IV), NH (VII)) complexes 
should provide new insight into the factors affecting the phosphorus stereochem- 
istry in the 1,3,2-dioxaphosphorinanes. 

The space groups of the crystals of IV and VII are quite different. Complex IV 
crystallizes in a Pi space group with a complete molecule of IV as the asymmetric 
unit. This means that the phosphorinane rings are symmetry inequivalent. In 
contrast, VII crystallizes in a C2/c space group with the molecule occupying a 
special position on a twofold axis. One half of VII comprises the asymmetric unit in 
this crystal, and thus the phosphorinane rings are symmetry equivalent. 

The very different conformations of IV and VII appear to be due primarily to 
differences in the stereochemistry at the phosphorus. In IV, the molybdenum 
carbonyl group is equatorial in both phosphorinane rings (torsion angles: Mo- 
P(l)-O(Al)-C(A2) = - 165.3(2)“, MO-P(l)-OW)-C(A4) = 167.8(l)“, MO-P(~)- 
O(Bl)-C(B2) = - 169.2(2Y, Mo-P(2)-O(B5)-C(B4) = 166.7(W) and the i-propoxy 
group is axial (torsion angles: 0(5)-PWOL45)-C(A41= - 56.5(2Y’, 0(5)-P(l)- 
O(Al)-C(A2) = 62.(2)“, O(9)-P(2)-O(BlK(B2) = 57.9(3)“, 0(9l-P(2)-O(B5)- 
C(B4) = - 61.0(2)“). In contrast, in VII, the molybdenum carbonyl group is axial 
(torsion angles: MO-P(l)-O(4)-C(A1) = - 77.8(5Y, MO-P(l)-0(3)-C&3) = 
77.1(4)“) and the i-propylamino group is equatorial (torsion angles: N(5)-P(l)- 
O(4)-C(A1) = 155.4(5)“, N(5)-P(1)-0(3)-C(A3) = - 157.9(4Y). The equatorial i- 
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propylamino groups in VII apparently allow the phosphorinane ligands to rotate 
about the molybdenum-phosphorus bonds to achieve a symmetrical arrangement, 
but this is not possible with axial i-propoxy groups. These conformations are 
consistent with those previously reported for other molybdenum carbonyl com- 
plexes of $5dimethyl-1,3,2-dioxaphosphorinane ligands [29,31,57]. 

The axial site preference for 2-alkoxy groups in 1,3,2-dioxaphosphorinanes is 
well established and has been explained using electronic arguments [55]. In 
contrast, the site preference for amino substituents is less clear. Dimethylamino 
groups tend to occupy equatorial sites but primary amines, even with sterically 
demanding substituents, show less equatorial site preference. The greater equato- 
rial site presence of the dimethylamino group has been explained as arising from 
unfavorable steric interactions between the N-methyl group and axial 4,6-phos- 
phorinane hydrogens [55] when the amine is in the axial position. These do not 
occur with primary amines [55]. For example, the phenylamino group in 5,5-di- 
methyl-2-oxo-2-(phenylaminoZ1,3,2-dioxaphosphorinane is in the axial position 
[66]. Given the steric bulk of the molybdenum carbonyl group, it seems unlikely 
that the above steric arguments can be used to explain the equatorial site 
preference of the i-propylamino groups in VII, especially in view of the fact that 
the very similar i-propoxy groups in IV occupy the axial sites in both phosphori- 
nane rings. 

The equatorial site preference of the i-propylamino groups in VII is not due to 
hydrogen bonding between the two primary amines. The N(5)-N(5)’ distance of 
3.38 A is too long and the N(5)-H(N5)-N(5) angle of 95.4” is much too low for a 
hydrogen bond. In addition, we have observed similar site preferences for oxygen- 
and nitrogen-substituents in 1,3,2-dioxaphosphorinane_(pentacarbonyl)molyb- 
denum complexes in which hydrogen bonding could not occur [29,31]. This strongly 
supports our contention that electronic effects are responsible for the site prefer- 
ences in IV and VII. 

The different phosphorus stereochemistries in IV and VII also affect the 
phosphorinane ring conformations in the two complexes. The rings in both 
complexes are chairs that are somewhat flattened about the P(OC), group because 
the P-O-C angles are larger than the tetrahedral angle (average of 118.5” for IV 
and 117.6” for VII) and the O-P-O angles are smaller than the tetrahedral angle 
(average of 103.0” in IV and 98.7” in VII>. However, the flattening of the P(OC), 
groups is more pronounced in IV as indicated by the significantly smaller P-O-C-C 
torsion angles (Table 8). 

Summary 

The rates of halide substitution by N-, 0- and S-nucleophiles in the cis- 
Mo(CO),{XP(OCH,CMe,CH,O)}, (X = Cl, Br) complexes are significantly lower 
than in the Mo(CO),{XP(OCH,CMe,CH,O)) complexes. This appears to be due 
to the increased steric congestion in the cti complexes and supports our hypothesis 
that the steric effects are the primary reason for the low rates of nucleophilic 
displacement of halides in 1,3,2-dioxaphosphorinane complexes. 

The correlations between chemical shifts of similar NMR resonances of the 
cLr-Mo(CO),(REP(OCH,CMe,CH,O)}, and Mo(CO),{REP(OCH,CMe,CH,O)} 
(E = NH, 0, S; R = alkyl, aryl, silyl or ER = Cl, Br) complexes as the RE groups 
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are varied are good. In contrast, correlations between chemical shifts of similar 
NMR resonances of the cti-Mo(CO),{REP(OCH,CMe,CH,O)), and &-MO- 
(CO),(Ph,PER), complexes as the RE groups are varied are poor. These results 
indicate that the effects of the variations in RE groups on the steric and electronic 
properties of REP(OCH,CMe,CH,O) and Ph,PER ligands are quite different. 

The isoelectronic cis-Mo(CO),{‘PrEP(OCH,CMe,CH,OIl, (E = NH (VII), 0 
(IV)) complexes have different molecular structures. The i-propylamino group in 
VII is equatorial but the i-propoxy group in IV is axial. Studies of related systems 
provide no explanation for this behavior; however, it would seem to be electronic, 
rather than steric in origin because the i-propylamino and i-propoxy groups, with 
the exception of the sterically insignificant amine hydrogen, are the same size. 
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