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In a previous communication,3 we briefly reported that 
a stable five-coordinate Mo(O) complex, Mo(CO)(dpe)2 (dpe 
= Ph2PCH2CH2PPli2) (1), was obtained on bubbling argon 
gas into a benzene solution of ^aHs-Mo(CO)(N2XdPe)2-
V2CgHe (2) and this reaction was reversible. Since structural 
information on metal sites which have the capacity to bind 
dinitrogen as a ligand is strongly desirable, it seems of special 
interest to determine the molecular structure of 1. Further
more, the five-coordinate M(O) complexes (M = Cr, Mo, or 
W) are frequently postulated as the intermediates in S N I 
processes of six-coordinate group 6 metal complexes4 and the 
structures of such species have been extensively studied by 
trapping them in low-temperature solid matrices.5 Although 
a few examples of five-coordinate d6 complexes of Ru(II) and 
Rh(III) have been established by x-ray diffraction studies,6 

none is, to the best of our knowledge, known for group 6 tran
sition metal complexes.7 We wish here to report the synthesis 
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and the molecular structure of the first example of a stable 
five-coordinate d6 molybdenum complex 1, as well as of the 
dinitrogen complex 2. 

Experimental Section 

All reactions were carried out under an atmosphere of pure dini
trogen or argon using purified dioxygen-free solvents and standard 
Schlenk-tube techniques. The complex r/-a«j-Mo(N2)2(dpe)2 was 
prepared by the published method.8 Infrared spectra were recorded 
from KBr pellets using a Nihon-bunko IRAl double-beam spec
trometer. 

Preparation of frans-Mo(COXN2Xdpe)2-y2C6H6 (2). Method A. 
Dimethylformamide (DMF) (19.0 g, 0.26 mol) was added to a solu
tion of ?/ww-Mo(N2)2(dpe)2 (2.0 g, 2.1 mmol) in benzene (80 mL) 
under dinitrogen. The mixture was heated under reflux for 20 min, 
during which the orange solution had become dark red. After cooling, 
w-hexane (100 mL) was added and the precipitate formed was filtered 
off, washed with ether and «-hexane, and dried in vacuo to yield dark 

Preparation and Properties of Dinitrogen-Molybdenum 
Complexes. 6.1 Syntheses and Molecular Structures 
of a Five-Coordinate Mo(O) Complex 
Mo(CO)(Ph2PCH2CH2PPh2)2 and a 
Related Six-Coordinate Complex 
Mo(CO)(N2)(Ph2PCH2CH2PPh2)2.

1/2C6H6 
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Abstract: The reaction of rrfl«s-Mo(N2)2(dpe)2 (dpe = Ph2PCH2CH2PPh2) with benzyl propionate at reflux in benzene under 
dinitrogen yielded ^aW-S-Mo(CO)(N2HdPe)2-V2C6H6. On bubbling argon gas into a solution of the latter complex, a stable 
five-coordinate complex Mo(CO)(dpe)2 was obtained and this reaction was reversible. The structures of those two complexes 
have been determined from three-dimensional x-ray counter data. The complex Mo(CO)(dpe)2 crystallizes in the monoclinic 
system with the space group PlxJn, with the following cell dimensions: a = 17.849 (3), b = 24.295 (4), c = 10.939 (2) A; /3 = 
99.117 (4)°, V = 4683.5 (13) A3, and Z = 4. The molybdenum atom has square-pyramidal coordination with four phosphorus 
atoms as a basal plane and an axial linear carbonyl ligand (average Mo-P = 2.452 (2) A, Mo-C = 1.903 (9) A, and C-O = 
1.192 (12) A). The nearest hydrogen is 2.98 (11) A from molybdenum, suggesting van der Waals contact of the ortho hydrogen 
atom of one of the dpe phenyl groups with the metal. The complex Mo(CO)(N2)(dpe)2-V2C6H6 crystallizes in the monoclinic 
system with the space group C2/c, with the following cell dimensions: a = 48.50 (6), 6 = 11.07 (l),c = 18.25 (2) A;/3 = 97.98 
(3)°, V = 9699 (22) A3, and Z = 8. The molybdenum atom has octahedral coordination with average Mo-P = 2.448 (4) A, 
Mo-C= 1.973(16) A, Mo-N = 2.068 (12) A, C-O = 1.127 (20) A, and N-N = 1.087 (18) A. Bond distances in two com
plexes are compared and discussed. 
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Table I. Summary of Crystal Data Table II. Summary of Intensity Collection and Refinement 

compd 

formula 
formula wt 
a, A 
A1A 
c A 
Meg 
v, Â  
Z 
density, g/cm3 (calcd) 
systematic absences 

space group 
F(OOO) 
crystal dimensions 

M, cm -1 

maximum absorption 
effects 

Mo(CO)(dpe)2 

C53H48OP4Mo 
920.81 

17.849(3) 
24.295 (4) 
10.939(2) 
99.117(4) 

4683.5(13) 
4 
1.31 

hOl, h + / odd 
OkO, k odd 

P2]/n 
1904 

0.3 X 0.3 X 0.7 
mm 
4.5 

27% 

Mo(CO)(N2)(dpe)2-
V2C6H6 

C56H5IN2OP4Mo 
987.88 
48.50 (6) 
11.07(1) 
18.25(2) 
97.98(3) 

9699(22) 
8 
1.35 

khl, h + k odd 
AO/, / odd 

C2/c 
4088 

0.1 X 0.7 X 0.6 mm 

4.4 
27% 

Mo(CO)(dpe)2 

Mo(CO)(N2)-
(dpe)2-V2C6H6 

red crystals of Mo(CO)(DMF)(dpe)2 (1.6 g, 76%).9 Anal. Calcd for 
C56H55NO2P4Mo: C, 67.7; H, 5.6; N, 1.4. Found: C, 67.1; H, 5.7; N, 
1.3. 

When Mo(CO)(DMF)(dpe)2 (1.6 g) was recrystallized from 
benzene//i-hexane under a dinitrogen atmosphere, dinitrogen replaced 
the DMF ligand from the complex to give orange crystals, which were 
separated, washed with «-hexane, and dried in vacuo to yield 2 (1.0 
g, 63%). Anal. Calcd for C56H51N2OP4Mo: C, 68.1; H, 5.2; N, 2.8. 
Found: C, 67.9; H, 5.4; N, 3.2. The presence of benzene in 2 was 
checked by gas chromatographic analysis of a toluene solution of 
2. 

Method B. Benzyl propionate (3.4 g, 21 mmol) was added to a so
lution of ?ra/w-Mo(N2)2(dpe)2 (2.0 g, 2.1 mmol) in benzene (60 mL). 
The mixture was heated under reflux for 30 min, during which the 
solution had become dark brown. On cooling under dinitrogen, the 
dark brown solution changed rapidly to orange. Addition of «-hexane 
(80 mL) deposited orange crystals, which were filtered off, washed 
with n-hexane, and dried in vacuo to yield 2(1.1 g, 53%). 

When toluene was used as solvent instead of benzene, 2 was ob
tained similarly in a moderate yield (54%); however, in this case or
ange crystals of 2 were mixed with a small amount (3%) of yellow 
crystals of w-Mo(CO)2(dpe)2.10 Gas chromatographic analysis of 
the reaction system disclosed the formation of ethylene, ethane, and 
benzene as decarbonylated products. 

Preparation of Mo(COXdpe)2 (1). Argon gas was bubbled through 
a solution of 2 (99 mg, 0.10 mmol) in benzene (10 mL) at 50 0C for 
3 min. The original orange color changed rapidly to dark brown. On 
addition of n-hexane (15 mL) to the resulting solution under an argon 
atmosphere, black crystals were formed, which were filtered off, 
washed with «-hexane, and dried in vacuo to yield 1 (48 mg, 52%). 
Anal. Calcd for C53H48OP4Mo: C, 69.1; H, 5.2; N, 0.0. Found: C, 
68.7; H, 5.3; N, 0.0. 

Reaction of Mo(COXdpe)2 (1) with Dinitrogen. Under a dinitrogen 
atmosphere benzene (5 mL) was added to crystals of 1 (46 mg, 0.05 
mmol). The moment the complex dissolved, the solution became or
ange. Addition of «-hexane (10 mL) deposited orange crystals of 
/ra/w-Mo(CO)(N2)(dpe)2-V2C6H6 (2, 37 mg, 75%). 

Reaction of Mo(COXdpe)2 (1) with Carbon Monoxide. Carbon 
monoxide was bubbled through a solution of 1 (95 mg, 0.10 mmol) 
in benzene (10 mL) at room temperature. The color of the solution 
immediately changed to yellowish orange and after a few minutes 
/i-hexane (15 mL) was added to deposit yellowish-orange crystals, 
which were filtered off, washed with n-hexane, and dried in vacuo to 
yield /rara-Mo(CO)2(dpe)2 (29 mg, 30%) (v (C=O) 1812 cm"1). 
Anal. Calcd for C54H48O2P4Mo: C, 68.4; H, 5.1, N, 0.0. Found: C, 
68.9; H, 5.0; N, 0.0. 

When the above reaction solution was allowed to stand for several 
hours and then n-hexane was added, the well-known compound cis-
Mo(CO)2(dpe)2

10 was exclusively isolated as yellow crystals. 
Crystal Preparation. Dark red crystals of 1 and orange crystals of 

2 were precipitated in the form of plates from benzene/«-hexane under 
argon and dinitrogen atmosphere, respectively, and were sealed in 

used data 
(F0 > 3(7F0) 
total data 
28 limits 
scan speed (26) 
scan length, min 
background 

weighting scheme" 

7122 3606 

Rb (isotropic) 
Rw

c (isotropic) 
R (anisotropic) 
Rw (anisotropic) 
R (final) 
Rw (final) 

13 341 
29 < 60° 
2°/min 
1 +0.45 tan 8 
measd for 10s 

at each end of 
the scan 

w = 0.7 for 
|Fo| < 19 

w = 1.0 for 
19 < |F0 | <76 

* = (76/1 F0I)2 

for 
76 < |F0 | 

0.108 
0.135 
0.091 
0.108 
0.076 
0.087 

5496 
28 < 42.5° 
2°/min 
1 + 0.45 tan 8 
measd for 10s 

at each end of 
the scan 

w = 0.7 for 
\F0\ <38 

w = 1.0 for 
38 < |F0 | < 7 

w = (76/|F0 |)2 

for 
76 < IF0| 

0.110 
0.146 
0.088 
0.120 
0.084 
0.120 

' The scale of F0 is approximately equal to absolute scale. * R • 
\F0\ - \FC\\/2\F0\.'RW = [Zw(IF0I - |F c | )2 /2w|F0 |2] ' /2 . 

Pyrex glass capillaries under the same atmosphere for x-ray data 
collection. 

Crystallographic Data. The crystals of 2 belonged to the monoclinic 
system with the absent spectra: hkl, h + k odd; hOI, I odd, that were 
characteristic of the centrosymmetric space group C2/c or the non-
centrosymmetric space group Cc. The centrosymmetric space group 
was shown to be the correct one on the basis of the following results: 
(a) the acceptable positional parameters, thermal parameters, and 
agreement indexes in the successful refinements; (b) the clear and 
distinct location of all the 48 unique hydrogen atoms except solvent 
hydrogens in a difference Fourier map. Lattice parameters of both 
crystals were determined by a least-squares fit to the setting angles 
for 12 hand-centered reflections with 20° < 28 < 32° for the complex 
1 and 16° < 28 < 31 ° for the complex 2 using the average of positive 
and negative 28 angles for Mo Ka. Because of air sensitivity and good 
solubility of the complexes, only approximate densities, values of which 
were between those of chloroform (d = 1.49) and glycerol (d = 1.26), 
could be observable by flotation. Table I shows the pertinent crystal 
information for both crystals. 

Data collection was carried out with LiF-monochromatized Mo 
Ka (X = 0.7107 A) radiation, using a Rigaku automated four-circle 
diffractometer by 20-u> scan technique. Four standard reflections for 
each complex were monitored every 50 measurements to check any 
unfavorable effects. The systematic changes in the intensities were 
not observed. The variation of their intensities was within 2.3% for the 
crystal of 1 and 5.5% for the crystal of 2, respectively. Lorentz and 
polarization corrections were applied in the usual manner, but no 
absorption correction was made since maximum absorption effects 
(MR) are 0.63 and 0.62 for 1 and 2, respectively. Table II shows the 
details of intensity collections and refinements of both crystals. 

Structure Refinement." The Patterson synthesis was used to locate 
the molybdenum atom for each complex. Subsequent Fourier syn
theses revealed the positions of all the nonhydrogen atoms except the 
carbon atoms of the solvated benzene of the complex 2 because of the 
disorder of it. The structures were refined by block-diagonal least-
squares technique for nonhydrogen atoms first with isotropic thermal 
parameters, then with anisotropic thermal parameters. The quantity 
minimized was 2w(|F0 | - |FC |)2 where in the case of 2, disordered 
benzene was neglected in Fc. The atomic scattering factors were taken 
from the International Tables123 and the anomalous terms for Mo and 
P were those of Cromer and Liberman12b and were included in F0. At 
this stage, difference Fourier syntheses showed clear peaks of hydrogen 
atoms of both complexes except those of the solvated molecule in the 
complex 2. Then we carried out block-diagonal least-squares calcu
lations including the positional parameters of the hydrogen atoms. 
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Table IHa. Positional and Thermal Parameters for the 
Nonhydrogen Atoms of Mo(CO)(dpe)2 

Table IVa. Positional and Thermal Parameters for the 
Nonhydrogen Atoms of Mo(CO)(N2)CdPe)2-V2C6H6 

Atom x a 

Mo 1 3 7 5 ( 1 ) 

P ( I ) 1 3 3 B ( I ) 

P U ) 129« i l ) 

P ( 3 ) 3 3 4 6 ( 1 ) 

P ( O 3*26 (1) 

O 1 8 7 5 ( 4 ) 

C[S ) 2 0 5 8 ( 4 } 

C I l ) 4 0 3 ( 4 ) 

C ( 2 ) 3 6 0 ( 4 ] 

C ( 3 ) 4189 (4) 

C ( O 4 3 4 1 ( 4 ) 

C ( I I l ) 1 2 1 4 ( 5 ) 

CC112) 1 8 4 1 ( 6 ) 

C U 1 3 ) 1 7 7 1 ( 8 ) 

C ( I l O 1 1 0 5 ( S ) 

C (1155 5 0 7 ( 8 ) 

C ( I l S ) 5 3 3 ( 6 ) 

C U 2 1 ) 1 2 1 8 ( 4 ) 

C (122 J 1 3 6 4 ( 6 ) 

C ( 1 2 3 ) 1 3 0 6 ( 7 ) 

C ( 1 2 4 ) 1 1 0 9 ( 6 ) 

C U 2 5 ) 9 6 6 ( 6 ) 

C U 2 6 ) 1 0 2 7 ( 6 ) 

C ( 2 1 1 ) 9 1 9 ( 4 ) 

C ( 2 1 2 ) 3 0 0 ( 5 ) 

C ( 2 1 3 ) 2 2 ( 5 ) 

C ( 2 1 4 ) 3 6 6 ( 5 ) 

C I 2 1 5 ) 984 (6) 

C ( 2 1 6 ) 1 2 6 3 ( 4 ) 

C ( 2 2 1 ) 1 3 7 3 ( 4 ) 

C ( 2 2 2 ) 1 6 2 0 ( 6 ) 

C ( ! 2 3 ) 1 7 7 4 ( 8 ] 

C ( 2 2 4 ) 16B5 ( ? ) 

C ( 2 2 5 ) 1 4 7 1 ( 7 ) 

C ( 2 2 6 ) 1 3 1 4 ( 5 ) 

C ( 3 1 1 ) 3 7 6 9 ( 4 ) 

C ( 3 1 2 ) 4 4 6 8 ( 5 ) 

C ( 3 1 3 ) 4 7 9 2 ( 6 ) 

C [ 3 1 4 ) 4 4 0 2 ( 7 ) 

C (3155 3 7 3 1 ( 7 ) 

C1316) 3 3 6 4 ( 6 ) 

C ( 3 2 1 ) 3 3 1 4 ( 4 ) 

C ( 3 2 2 ) 3 2 3 5 ( 5 ) 

C I 3 2 3 ) 3 1 9 3 ( 6 ) 

C ( 3 2 4 ) 3 2 0 9 ( 7 ) 

C ( 3 2 5 ) 3 2 6 7 ( 7 ) 

C 1 3 2 6 ) 3 3 2 4 ( 6 ) 

C ( 4 1 1 ) 3 5 6 4 ( 4 ) 

C ( 4 1 2 ) 3 7 8 6 ( 5 ) 

C ( 4 1 3 ) 3 7 9 6 ( 6 ] 

C ( 4 1 4 ) 3 5 9 0 1 7 ) 

C I 4 1 5 ) 3 3 7 5 ( 1 0 . 

C ( 4 1 6 ) 3 3 6 2 ( 8 ) 

C ! 4 2 1 ) 3 5 5 9 ( 4 ) 

C ( 4 2 2 ) 2 9 5 5 ( 5 ) 

C ( 4 2 3 ) 3 0 4 1 ( 7 ) 

C ( 4 2 4 ) 3 7 0 3 ( 7 ] 

C I 4 2 5 ) 4 3 1 2 ( 6 ) 

C ( 4 2 6 ) 4 2 3 7 ( 5 ) 

a T h e q u a n t i t i e i 

y 

1705 (1) 

1 0 3 1 ( 1 ) 

2 3 2 0 ( 1 ) 

2 3 6 3 ( 1 ) 

1 0 6 6 ( 1 ) 

1 6 8 3 ( 3 ) 

1 6 9 4 ( 4 ) 

1 3 6 2 ( 3 ! 

1 9 2 2 ( 3 ) 

2 0 3 7 ( 4 ) 

1 4 9 2 ( 3 ) 

8 7 5 ( 3 ) 

9 8 6 ( 6 ) 

9 4 6 ( 7 ) 

7 7 9 ( 6 ) 

6 5 1 ( 6 ) 

7 2 1 ( 5 ) 

3 5 9 ( 3 ) 

- 1 4 0 ( 4 ) 

- 6 4 5 ( 4 ) 

- 6 4 2 ( 4 ) 

- 1 5 4 ( 5 ) 

3 5 9 ( 4 ) 

2 6 6 8 ( 3 ) 

3 2 0 4 ( 4 ) 

3 6 0 8 ( 4 ) 

3 6 7 8 ( 4 ) 

3 3 5 8 ( 4 ) 

2 9 5 2 ( 3 ) 

2 7 1 9 ( 3 ) 

3 2 6 4 ( 4 ) 

3 5 5 6 ( 5 ) 

3292 (5) 

2 7 5 7 ( 5 ) 

2 4 6 2 ( 4 ) 

2 6 1 4 ( 3 ) 

2 8 7 8 ( 4 ) 

2 9 5 9 ( 5 ) 

2 7 8 7 ( 5 ) 

2 5 2 0 ( 6 ) 

2 4 3 5 ( 5 ) 

3 0 1 2 ( 3 ) 

2 9 4 7 ( 4 ) 

3 4 0 9 ( 5 ) 

3 9 2 6 ( 5 ) 

4 0 0 5 ( 4 ) 

3 5 4 5 ( 4 ) 

5 8 9 ( 3 ) 

7B3<4) 

424 (4) 

- 1 1 4 ( 5 ) 

) - 3 1 3 ( 5 ) 

41 14) 

6 1 9 ( 3 ) 

5 1 4 ( 4 ) 

1 3 4 ( 5 ) 

- 1 4 1 ( 5 } 

- 3 6 ( 6 ) 

3 5 0 ( 5 ) 

s g i v e n i i 

The f o r m o f t h e a m s o t i 

+ 2hk«*b*U , + 2 h l a * c " U . 

Z 

3 3 5 2 ( 1 ) 

2 8 5 5 ( 2 ) 

2 7 7 8 ( 2 ) 

4 0 5 5 ( 2 ) 

4 0 6 5 ( 2 } 

6 1 7 0 ( 6 ) 

S 1 6 9 ( 7 ) 

2 9 5 5 ( 7 ) 

2 2 8 9 ( 7 ) 

4 9 5 7 ( 7 ) 

4 2 9 8 ( 8 ) 

1 1 6 5 ( 7 ) 

5 7 9 ( 1 0 ) 

- 7 2 0 ( 1 1 } 

- 1 4 2 5 ( 1 1 ) 

- 8 6 8 ( 1 1 ) 

4 5 4 ( 1 0 ) 

3 6 0 0 ( 7 ) 

3 0 6 9 ( 9 ) 

3 7 2 5 ( 1 1 ) 

4BBS(IO) 

5 4 1 2 ( 1 0 ) 

4 7 8 8 ( 1 0 ) 

3 7 3 9 ( 7 ) 

3 2 5 7 ( 8 ) 

3 9 6 7 ( 9 ) 

5 2 0 3 ( 9 ) 

5 6 8 2 ( 7 ) 

4 9 5 5 ( 7 ) 

1 3 5 7 ( 6 ) 

1 4 5 4 ( 8 ) 

428 (101 

- 7 1 1 ( 9 ) 

- 8 3 9 ( 8 ) 

2 1 6 ( 7 ) 

2 7 0 8 ( 7 ) 

2 7 7 6 ( 9 ) 

1 6 6 5 ( 1 2 ) 

5 5 0 ( 1 1 ) 

4 6 5 ( 9 ) 

1526 (8) 

4 9 3 8 ( 7 ) 

6 2 5 5 ( B ) 

7 0 1 1 ( 9 ) 

6524 (11) 

5 2 9 4 ( 1 2 ) 

4 5 1 8 ( 9 ) 

2 8 3 3 ( 7 ) 

1 7 2 5 ( 8 ) 

7 2 7 ( 8 ) 

8 1 0 ( 1 0 ] 

1 8 8 5 ( 1 1 ) 

2 8 9 0 ( 9 ) 

5 4 3 8 1 6 ) 

6 0 5 1 ( 9 ) 

7 0 4 8 ( 1 2 ) 

7 3 7 9 ( 9 ) 

6796 (10) 

5B36{9) 

i t h e t a b l 

n b un 

2 4 7 ( 2 ] 

3 3 5 ( 9 ) 

296 (S] 

316 (B) 

3 0 8 ( 8 ) 

1 1 5 4 ( 5 7 ) 

5 4 6 ( 4 7 ) 

3 2 9 ( 3 5 ) 

2 8 6 ( 3 2 ) 

3 3 4 ( 3 6 ) 

3 0 6 ( 3 5 ) 

5 9 7 ( 4 8 ) 

655 (64) 

1 3 1 5 ( 1 1 5 ) 

1 4 6 9 ( 1 2 3 ) 

1 2 4 3 ( 1 1 1 ) 

7 8 1 ( 6 8 ! 

4 0 9 ( 3 8 } 

8 5 6 ( 7 0 ! 

1 2 2 8 ( 9 B ) 

8 7 0 ( 7 5 ) 

921 (77) 

8 3 4 ( 6 B ) 

312 ( 3 2 ! 

5 6 0 ( 4 8 ) 

5 4 4 ( 5 2 ) 

6 4 3 ( 5 6 ) 

862 (66) 

4 9 5 ( 4 3 ) 

3 3 1 ( 3 3 ) 

944 (70) 

1275 (105} 

9 1 6 ( 7 6 ) 

9 4 8 ( 7 9 ) 

5 2 5 ( 4 7 ] 

4 0 8 ( 3 7 } 

4 8 4 ( 4 7 ) 

6 3 7 ( 6 1 ) 

1 0 6 6 ( 9 1 ) 

1 0 2 5 ( 8 8 ) 

738 (61) 

3 1 7 ( 3 4 ] 

5 4 8 ( 4 8 ) 

6 4 0 ( 5 9 ) 

8 3 1 ( 7 6 ) 

9 6 8 ( 8 4 } 

7B6{65) 

4 0 9 ( 3 7 ) 

5 1 9 ( 4 5 ) 

7 1 3 ( 6 0 ) 

1 2 7 0 ( 1 0 0 ) 

1984 (153) 

1 4 6 6 ( 1 0 7 ) 

545 (43) 

5 9 2 ( 5 3 ) 

989 (85) 

1 2 7 5 ( 9 6 ) 

811 (73) 

59 3 ( 5 5 ) 

e a r e t h e 

U 2 2 

367 (2) 

4 1 5 ( 1 1 ) 

4 3 0 ( 1 0 ) 

4 3 0 ( 1 0 ) 

4 2 6 ( 1 0 ) 

8 4 5 ( 4 9 ) 

565 !4?) 

4 8 8 ( 4 5 ) 

471 (41) 

651 (54) 

546 (47) 

420 (44) 

1384 ( 1 0 9 ! 

1716 (142) 

1192 (107) 

1 2 9 3 ( 1 1 8 ) 

9 7 0 ( 3 3 ! 

526 (4B) 

5 9 0 ( 6 0 1 

46 3 ( 5 9 ) 

667 (68) 

665 (66) 

516 (54} 

4 8 4 ( 4 2 ) 

8 2 4 ( 6 9 ) 

8 6 6 ( 7 4 ) 

7 2 1 ( 6 4 ] 

811 (70) 

4 8 6 ( 4 6 ) 

6 2 7 ( 4 9 ) 

5 8 0 ( 5 5 ) 

742 (74 ! 

1 0 9 4 ( 9 0 ! 

1 2 0 1 ( 9 6 ) 

724 (59) 

4 2 7 ( 4 1 ) 

6 9 4 ( 6 1 ) 

7 7 8 ( 7 4 } 

9 2 5 ( 8 4 ) 

1 3 2 1 ( 1 0 6 ) 

9 2 3 ( 7 4 ! 

6 1 2 ( 5 0 ! 

7 0 7 ( 6 0 ) 

1 0 5 0 ( 9 1 ) 

1 1 3 9 ( 9 9 ) 

5 2 3 ( 6 1 ) 

5 5 0 ( 5 5 ) 

3BB(38) 

585 (52) 

8 7 7 ( 7 3 ) 

724 (72) 

5 6 8 ( 7 0 ) 

5 6 8 ( 6 1 ) 

474 (44) 

6 9 6 ( 6 3 ) 

9 4 9 ( 8 8 ! 

B06 174} 

1 3 5 3 1 1 1 3 ) 

1 2 0 1 ( 9 7 ) 

p o s i t i o n a l 

r o p i c t h e r m a l e l l i p s o i d i s e x p 
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while their isotropic thermal parameters were fixed at 6.0 A2. After 
the final refinement, the standard deviations of observations of unit 
weight [Sw(|F0| - |Fc|)

2/(m - «)]1/2 were 3.41 and 10.7, respec
tively, where the numbers of reflections (m) were 7122 and 3606 and 
the numbers of refined parameters (n) were 725 and 743, respectively. 
In the final cycle, no parameter shifted by more than 0.3 of its esti
mated standard deviation. Analyses of w(|F0 | - IFc |)

2 as functions 
of setting angles, F0, and Miller indexes revealed that agreement was 
not good at low angles of the complex 2. This is to be expected in view 
of our inadequate treatment for the rather ill-defined solvent molecule. 
The maximum densities in the final difference Fourier syntheses were 
0.7 and 0.8 e/A3 for 1 and 2, respectively. 

The positional and thermal parameters obtained from the last cycle 
of refinement are listed in Tables IHa,b and IVa,b with the associated 
standard deviations estimated from the inverse matrix. A listing of 
the observed and calculated structure amplitudes used in the refine
ments is available. 

Results and Discussion 
Synthesis of a Five-Coordinate Molybdenum(O) Complex 

Mo(COXdpe)2 (1) from ^raiis-Mo(N2)2(dpe)2. The molybdenum 
bis(dinitrogen) complex trans-Mo(N2)2(dpe)2 (3) reacts with 

DMF in benzene at reflux to yield a dark red complex 
Mo(CO)(DMF)CdPe)2. The only other example of carbon 
monoxide abstraction from amides was found in a rhodium 
complex.13 Infrared measurements show absorptions assign
able to 1/(C=O) at 1690 cm-' and (/(C=O) at 1630 cm"1, 
where the //(C=O) of the DMF ligand is ca. 30 cm -1 lower 
than that of free DMF. 

The molybdenum carbonyl complex with a strong a donor, 
Mo(PMe3)(CO)S, shows KC=O) bands at 2071, 1952, and 
1943 cm-1,14 while the analogous complex containing DMF, 
Mo(DMF)(CO)5, exhibits KC=O) bands at 2068, 1924, and 
1847 cm-'. '5 Cotton'5 attributed this lower shift of KC=O) 
bands in the latter complex to the x-donor capacity of DMF, 
which can be understood by considering the bonding in terms 
of the hybridization of the canonical forms, as shown here. The 

(CH,)2iQ 
;c=o^Mo 

(CHa)2N+ 

;c—O=^Mo-

exceedingly low KC=O) band of the complex Mo(CO)-
(DMF)(dpe)2 described here may be, therefore, due to both 
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Figure 1, Perspective view of Mo(CO)(dpe)2. The shapes of the atoms in 
this drawing represent 50% probability contours of thermal motions. 

Figure 2. Perspective view of Mo(CO)(dpe)2. The shapes of the atoms in 
this drawing represent 50% probability contours of thermal motions. 

the strong ff-donor property of dpe ligands and the strong 
7r-donor property of the DMF ligand.16 This complex can be 
recrystallized from benzene under an argon atmosphere, but 
is completely converted to 2 on recrystallization under dini
trogen. 

Mo(CO)(DMF)(dpe)2 
DMF 

rrans-Mo(CO)(N2)(dpe)2 

On the other hand, 2 can be directly obtained from the re
action of 3 with benzyl propionate in toluene at reflux under 
dinitrogen. In this reaction, ethylene, ethane, and benzene are 
detected as decarbonylated products.17 The infrared spectrum 
of 2 shows medium bands at 2110 and 2080 cm -1, which 
change position to 2036 and 2009 cm -1 upon 15N substitution 
and are therefore associated with e(N=N), and strong bands 
at 1812 and 1789 cm - ' assignable to v(C=0). The splitting 
of e(N=N) and v(C=O) is due to a crystal effect since such 
splitting was not observed in solution (i/(C=0) 1799 cm -1 and 
1/(N=N) 2128 cm-1 in benzene). A sharp singlet observed at 
-69 ppm (relative to 85% H3PO4) in the 31P NMR spectrum 
indicates a trans configuration of 2. The dinitrogen ligand of 
2 is very labile in solution, which is consistent with the high 
[/(N=N) caused by the presence of a strong ir-acceptor CO 
ligand in the trans position. Thus, on removing dinitrogen in 
vacuo or with a stream of argon, the original orange color of 

Figure 3. Perspective view of Mo(CO)(N2)(dpe)2-V2C6H6. The shapes 
of the atoms in this drawing represent 50% probability contours of thermal 
motions. 

a benzene solution of 2 changes rapidly to dark brown. From 
this solution, an unsaturated complex 1 is isolated as black 
crystals. The infrared spectrum of 1 exhibits a band at 1807 
cm -1 assignable to v(C=O). This reaction is reversible and, 
dissolved in benzene under dinitrogen, 1 is easily reconverted 
to 2. 

rra^-Mo(CO)(N2)(dpe); 
- N ^ 

Mo(CO)(dpe)2 

1 

Structures of Mo(COXdpe)2 (1) and Mo(COXN2Xdpe)2-
V2C6H6 (2). The structure of 1 consists of discrete, well-sepa
rated monomers. A perspective view of the complex, showing 
the numbering scheme, is shown in Figures 1 and 2. The carbon 
ring atoms are labeled as C(xyz), x being the first ring index 
[(l)-(4)], _v the second index [(l)-(2)],and z the position of 
the atom [(l)-(6)]. The carbon C{xyz) attaches P(x). The 
hydrogen atom of phenyl group H{xyz) bonds to C(xyz), and 
the methylene hydrogen atom H(xy) bonds to C(x). This 
five-coordinate complex has a nearly square-pyramidal 
structure with four phosphorus atoms as a basal plane and a 
linear carbonyl ligand in the axial position. The minimum angle 
between the vector from Mo to C(5) and the four phosphorus 
atoms' least-squares plane18 is 87.4° and it may be regarded 
as perpendicular. 

The structure of the complex 1 is not unexpected, because 
substantial evidence has been presented that five-coordinate 
group 6 metal(O) carbonyls and their derivatives exhibit 
square-pyramidal rather than trigonal bipyramidal geomet-
ry_4b,c,s,i9 Furthermore the predominant square-pyramidal 
intermediates of SN 1 processes have been shown to contain the 
best 7r-accepting ligand in the axial position.4c'5b As expected, 
the complex 1 has an axial carbonyl ligand, which is compatible 
with the finding that the reaction of 1 with carbon monoxide 
results in the formation of trans-Mo(CO)2(dpe)2, followed by 
isomerization to the thermodynamically more stable cis iso
mer.20 

The molybdenum atom of the five-coordinate complex 1 is 
displaced 0.13 A out of the least-squares plane18 defined by 
the four coordinated phosphorus atoms toward the carbon 
atom of the carbonyl ligand, indicating that the molybdenum 
atom and the four phosphorus atoms lie nearly in the same 
plane. This is consistent with Hoffmann's prediction21 that the 
conformation of an ML5 molecule, if it is a square pyramid, 
will clearly depend upon the number of the d electrons and d6 

systems will favor a "flat" square pyramid. In the case of an
other d6 square-pyramidal complex, RuCl2(PPh3)3,6a the 



Hidai et al. / Mo(CO)(N2)(Ph2PCH2CH2PPh2)^I2C6H6 4451 

Table V. Selected Distances (A) and Angles (deg) 

Mo-C(5) 
Mo-N(I ) 
Mo-P(I) 
Mo-P(2) 
Mo-P(3) 
Mo-P(4) 
C ( 5 ) - 0 
N ( l ) - N ( 2 ) 
P( I ) -C( I ) 
P ( I ) - C ( H i ) 
P(l)-C(121) 
P(2)-C(2) 
P(2)-C(211) 
P(2)-C(221) 
P(3)-C(3) 
P(3)-C(311) 
P(3)-C(321) 
P(4)-C(4) 
P(4)-C(411) 
P(4)-C(421) 
C-C (phenyl) 
C-H (phenyl) 
nonbonded distance 
Mo-H(112) 

C(5 ) -Mo-N( l ) 
C(5) -Mo-P( l ) 
C(5)-Mo-P(2) 
C(5)-Mo-P(3) 
C(5)-Mo-P(4) 
N ( I ) - M o - P ( I ) 
N( l ) -Mo-P(2) 
N( l ) -Mo-P(3) 
N( l ) -Mo-P(4) 
P( l ) -Mo-P(2) 
P(3)-Mo-P(4) 
P( l ) -Mo-P(3) 
P(2)-Mo-P(4) 
P( l ) -Mo-P(4) 
P(2)-Mo-P(3) 
M o - C ( 5 ) - 0 
Mo-N( l ) -N(2) 

Mo(CO)(dpe)2 

Bond Distances 
1.903(9) 

2.438 (2) 
2.448 (2) 
2.453 (2) 
2.468 (2) 
1.192(12) 

1.871 (8) 
1.865(9) 
1.851 (8) 
1.891 (8) 
1.864(8) 
1.866(8) 
1.865(9) 
1.846(8) 
1.849(9) 
1.892(9) 
1.856(7) 
1.867(8) 

av 1.394 (25) 
av 0.97 (10) 

2.98(11) 

Bond Angles 

90.36 (27) 
92.15(27) 
95.05 (27) 
95.04 (27) 

79.81 (7) 
79.75(7) 

174.60(7) 
172.81 (7) 
99.83(7) 
99.92(7) 

178.6(8) 

Mo(N2)(CO)-
(dpe)2- V2C6H6 

1.973(16) 
2.068(12) 
2.459 (4) 
2.447 (4) 
2.435 (4) 
2.452(4) 
1.127(20) 
1.087(18) 
1.852(17) 
1.847(14) 
1.805(14) 
1.840(16) 
1.829(18) 
1.825(16) 
1.829(16) 
1.817(17) 
1.831 (15) 
1.845(17) 
1.842(15) 
1.854(16) 

av 1.377(32) 
avl .01 (11) 

174.61 (59) 
85.05 (48) 
87.30 (48) 

100.37(48) 
90.16(48) 
90.78 (36) 
95.29(36) 
84.07 (36) 
87.64(36) 
79.29(13) 
79.48(13) 

172.89(14) 
174.60(14) 
105.26(13) 
96.28(13) 

175.0(14) 
177.0(12) 

displacement from the basal plane is 0.456 A, which may be 
ascribed to the bulkiness of the axial phosphine ligand. 

In the complex 1, the nearest hydrogen, H(112), is 2.95 (11) 
A from molybdenum, suggesting van der Waals contact of the 
ortho hydrogen of one of the dpe phenyl groups with the metal. 

Figure 4. Perspective view of Mo(CO)(N2XdPe)2-V2C6H6. The shapes 
of the atoms in this drawing represent 50% probability contours of thermal 
motions. 

Any other significant intra- and intermolecular contacts are 
not observed. The maximum and minimum C-C bond dis
tances are 1.450(19) and 1.347 (21) A, respectively, while the 
C-H bond distances are 1.18 (11) and 0.77 (11) A, respec
tively. We conclude that the complex 1 has a five-coordinate, 
16-electron molybdenum atom, and therefore can readily 
combine with gaseous dinitrogen of other two-electron do
nating species to form six-coordinate 18-electron systems. The 
reversibility of the dinitrogen coordination is probably due to 
the tendency of the ortho hydrogen of one of the dpe phenyl 
groups to block this unused octahedral site, as well as the ni
trogen ligand being weakly bound. Various substrates other 
than dinitrogen such as amines, pyridines, olefins, and amides 
react with 1 to yield complexes of the type trans- Mo(CO)-
L(dpe)2- In these reactions, the bulkiness of the substrate has 
a large effect in its reactivity toward I.3'22 

The structure of 2 also consists of discrete, well-separated 
monomer and solvent molecules. A perspective view of the 
complex, showing the numbering scheme, is shown in Figures 
3 and 4. The carbon and hydrogen atoms are named in the 
same way. This six-coordinate complex has octahedral ge
ometry, with four phosphorus atoms as a basal plane and di
nitrogen and carbonyl ligands in the trans axial positions. There 
are no significant intra- and intermolecular contacts. The 
maximum and minimum C-C bond distances are 1.428 (26) 
and 1.264 (50) A, respectively, while the C-H bond distances 
are 1.44 (22) and 0.83 (20) A, respectively. The solvent mol
ecule exists near the C2 axis, but we cannot refine the position 
of the molecule because of its disorder. There is a high electron 
density sphere (1.0-2.2 e/A3) (radius ca. 1.7 A) at the center 

Table VI. Distances and IR Spectra of Carbonyl Ligands 

complex'' 

Mo(CO)(dpe)2" 
Mo(CO)(N2)(dpe)2 

Mo(CO)3(COt)* 

Mo(CO)4(dpm)c 

Uo[CO) 2{intn)d 

V2C6H6" 

KO = 0 ) , c m - ' 

1807 
1812 
1791 
1887 
1734 
2020 
1919 
1907 
1881 
1898 
1758 

distances 
Mo-C 

1.903(9) 
1.973 (16) 

* 1.99(1) 

* 1.93(1) 

* 2.05 (3) 

* 1.943(6) 

A/ 
C O 

1.192(12) 
1.127(20) 

* 1.15 (1) 

* 1.18(2) 

* 1.12(1) 

* 1.152(9) 

Carbonyls trans 
to the C = C 

Carbonyls trans to 
the phosphorus atoms 

Two mutually trans 
carbonyls 

Carbonyls trans to 
the nitrogen atoms 

" This work. * J. S. McKechnie and I. C. Paul, J. Am. Chem. Soc, 88, 5927 (1966); S. Winstein, H. D. Kaesz, C. G. Kreter, and E. C. Friedrich, 
ibid., 87, 3267 (1965). c K. K. Cheung, T. F. Lai, and K. S. Mok, J. Chem. Soc. A. 1644 (1971); J. Chatt and H. R. Watson, J. Chem. Soc, 
4980 (1961). d F. A. Cotton and R. M. Wing, lnorg. Chem., 4, 314 (1965); ref 15. e dpe = Ph2PCH2CH2PPh2; cot = cyclooctatetraene; dpm 
= Ph2PCH2PPh2; trien = diethylenetriamine. / *, average value. 
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(x = '/2, y = 0.16,2 = 1A), but there are not suitable peaks for 
carbon atoms. 

Selected bond distances and angles are shown in Table V. 
The average Mo-P distances of 2.452 (2) and 2.448 (4) A 
found in the complexes 1 and 2, respectively, are nearly equal 
to that of 2.454 (I)A found in the complex 3,23 but shorter 
than that of 2.541 (4) A found in [MoF(N2H2)CdPe)2][BF4]

24 

and 2.559 (5) A in MoBr2(CO)3(dpe).25 The average P-Mo-P 
angles of 79.79 (7) and 79.39 (13)° found in the complexes 1 
and 2, respectively, are essentially equal to those found in the 
other three complexes. Transition metal-phosphorus bonds 
are usually considered to have some double bond character 
presumably through back-donation (d-7r-d*7r) from the metal, 
which greatly depends upon the electron density of the metal. 
The shorter average Mo-P distances of the molybdenum ze-
rovalent complexes 1 and 2 compared with those of high-valent 
molybdenum complexes reflect the greater back-donation from 
the metal to phosphorus ligands, which results in the shortening 
of the metal-phosphorus distances. 

The Mo-C(5) distance of 1.903 (9) A found in the complex 
1 is one of the shortest Mo-C distances and the C-O distance 
of 1.192 (12) A is one of the longest C-O distances, as shown 
in Table VI. On the other hand, the complex 2, which has di-
nitrogen in the trans position of the carbonyl ligands, shows 
the longer Mo-C distance of 1.97 3 (16) A and the shorter C-O 
distance of 1.127(20) A. 

Goldberg and Raymond applied the "constrained model" 
to the polycarbonyl tungsten complex, W(CO)s-
(O=PPh2CHPPh3),26 in which they assumed a constant C-O 
distance since four equatorial carbonyl ligands are chemically 
equivalent. However, their constrained model could not be 
applied in this work, since both complexes 1 and 2 are mono-
carbonyl complexes. Insofar as this work, the differences of 
C-O or Mo-C distances of 1 and 2 are significant. These facts 
suggest that, in the complex 1, the carbonyl ligand accepts a 
considerable back-donation from the molybdenum atom and 
the shorter Mo-C distance and the longer C-O distance are 
presumably ascribable to the absence of any ligand in the trans 
position competing for bonding electrons. In the complex 2, 
however, the Mo-C distance becomes longer, since both di-
nitrogen and carbonyl ligands have to compete for bonding 
electrons. 

The Mo-N-N linkage in the complex 2 is essentially linear 
and the Mo-N distance and the N-N distance are 2.068 (12) 
and 1.087 (18) A, respectively. The C-Mo-N linkage is also 
nearly linear and the N-Mo-P angles are within the range of 
84.1 (4)-95.3 (4)°. The N-N distance of the complex 2 is 
shorter by 0.038 A than the N-N distance of the complex 3,23 

and the Mo-N distance is longer by 0.054 A than that of the 
complex 3. Since the carbonyl ligand is a much stronger ir 
acceptor compared with the dinitrogen ligand, the back-
donation from the molybdenum atom to the dinitrogen ligand 
in the complex 2 does not occur as much as in the complex 3, 
which is substantiated by the Mo-N and N-N distances ob
served and the higher i/(N=N) at 2110 and 2080 cm-1 of the 
complex 2 compared with e(N=N) at 2020 and 1970 cm -1 

of the complex 3.8 

Supplementary Material Available: Tables IIlb and IVb, positional 
parameters for the hydrogen atoms of Mo(CO)(dpe)2 and Mo(CO)-
(N2)(dpe)2,1/2C6H6, respectively, and the table of observed and cal
culated structure amplitudes (18 pages). Ordering information is given 
on any current masthead page. 
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