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(TMS0)2C12]236 to +6.3 cm-' in [ C ~ ( d m g ) C l , ] ~ . ~ ~  The re- 
lationship between J and p/ro is essentially linear for the 
chloride-bridged dimers, but the range of J and v/ro is more 
limited than that of the sulfur-bridged compounds and cur- 
vature is anticipated. 

Since the angle at the bridge determines the sign of the 
exchange-coupling constant, we may expect that the line in 
Figure 2 will reach a maximum value at some larger value of 
q/r0 and then begin to decrease with an increase in p/ro. There 
are data which support this view. The compounds Cu(dimethy1 
s u l f o ~ i d e ) ~ C l ~ , ~ ~ ~ ~ ~  C ~ ( H ~ O ) ( c a f f e i n e ) C l ~ , ~ ~ ~ ~ ~  Cu(imidaz- 
~ l e ) ~ C l , , ~ ~ , ~ ~  and Cu[2-(2-(methylamino)ethyl)pyridine]- 
C1232,40,42 have single-chloride-bridged chain structures with 
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angles which range from 113' in C U ( M A E P ) C ~ , ~ ~  to 144' in 
C U ( M ~ ~ S O ) ~ C ~ ~ . ~ ~  Except for Cu(imidazole)2C12, which un- 
dergoes long-range ordering below 7.7 K,40 the exchange- 
coupling constant decreases (from +1.48 cm-' for Cu- 
(MAEP)C1232,40 to -6.1 cm-' for C U ( M ~ ~ S O ) ~ C ~ ~ ~ ~ )  as p/ro 
increases. Should examples of copper complexes with larger 
angles be found, it is likely that the exchange coupling con- 
stants will be negative. 

The results of this study have shown that sulfur donor 
bridges between copper ions in dimers and chains transmit 
superexchange interaction and that these interactions are large 
even though long bonds are involved in the bridged units. In 
addition it appears that the angle at the bridge and the length 
of the bridge bonds determine the nature of the exchange 
coupling in a systematic way. 
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Reaction of phenylhydrazine with the dichloromolydbenum( IV) porphyrin complex MoCI,(TTP) leads to the corresponding 
diazomolybdenum complex Mo(N2c6H&(TTP) (TTP is the dianion of the meso-tetratolylporphyrin). The molecular structure 
of this complex has been determined by X-ray diffraction techniques. The molybdenum is hexacoordinated with the diazo 
ligands in trans position with respect to the porphyrin plane. The complex is located on a crystallographic inversion center 
and thus presents Ci molecular symmetry. The geometry of the aryldiazo group is intermediate between singly and doubly 
bent. Some relevant metrical parameters are Mo-N(diazo) = 2.060 ( 5 )  A, N-N = 1.133 (9) A, N-C = 1.448 (12) A, 
M-N-N = 149.1 (9)", and N-N-C = 128.6 (9)". Mo(N,C,H,)~(TTP) crystallizes in space group C2/c with a = 26.734 
(20) A, b = 13.842 (9) A, c = 17.883 (1 1) A, @ = 124.71 (9)O, and Z = 4. The structure determination and refinement 
were based on 2222 reflections with I > 341). Final values of R and R, are 0.078 and 0.098, respectively. 

Introduction 
Aryldiazo ligands may represent models for intermediates 

in chemical reduction of dinitrogen to ammonia or hydrazine.2 
They can adopt various coordination geometries: A-E. 

A B C D E 

In the bonding modes A-C the aryldiazo ligand (obtained 
from diazonium salts3J3 or aromatic hydrazines4) behaves as 
the isoelectronic nitrosyl group. Nitrosyl and aryldiazo ligands 

(1) Laboratoire de Cristallochimie associ6 au CNRS (ERA 08). 
(2) D.L. DuBois and R. Hoffmann, Nouu. J .  Chim., 1, 479 (1977). 

0020-1669/80/ 13 19-3828$01 .OO/O 

have been compared structurally in almost identical coordi- 
nation  environment^.^ The bonding modes D6 and E7 were 
obtained with neutral RN2 species. Recently, we reported the 
synthesis and structural study of a nitrosylmolybdenum por- 

(3) (a) K. D. Schramm and J. A. Ibers, J .  Am.  Chem. Soc., 100, 2932 
(1978); (b) B. L. Haymore and J. A. Ibers, Inorg. Chem., 14, 1369 
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(1975); (d) G. Avitabile, P. Ganis, and M. Nemiroff, Acta Crystallogr., 
Sect. B, B27,725 (1971); ( e )  J. V. McArdle, A. J. Schultz, B. J. Corden, 
and R. Eisenberg, Inorg. Chem., 12, 1676 (1973); (f) A. P. Gaughan 
and J. A. Ibers, ibid., 14, 352 (1975); (9) R. E. Cobbledick, F. W. B. 
Einstein, N. Farrel, A. B. Gilchrist, and D. Sutton, J .  Chem. Soc., 
Dalton Trans., 373 (1977); (h) S. Krogsrud and J. A. Ibers, Inorg. 
Chem., 14, 2298 (1975); (i) W. A. Herrmann, M. L. Ziegler, and K. 
Weidenhammer, Angew. Chern., Int. Ed. Engl., 15, 368 (1976). 

(4) (a) V. F. Duckworth, P. G. Douglas, R. Mason, and B. L. Shaw, J .  
Chem. Soc., Chern. Commun., 1083 (1970); (b) M. W. Bishop, J. Chatt, 
and J. R. Dilworth, J .  Organomet. Chem., 73, C59 (1974); G. Butler, 
J. Chatt, G. J. Leigh, A. R. P. Smith, and G. A. Williams, Inorg. Chim. 
Acta, 28, L165 (1978); M. W. Bishop, G. Butler, J. Chatt, J. R. Dil- 
worth, and G. J. Leigh, J .  Chem. Soc., Dalton Trans., 1843 (1979); (c) 
A. Nakamura, M. Nakayama, K. Sugihashi, and S. Otsuka, Inorg. 
Chem. 18, 394 (1979). 
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Table I. Summary of Crystal Data and Intensity Collection 
compd 
formula 
fw 
space group 
cell const 

a, A 
b, A 
c, ‘4 
0, deg 
P ,  deg 
Y, deg v, A3 
2 

p(calcd), g cm-’ 
cryst dimens, mm 
radiatn 
p, cm-’ 
data collectn method 
scan mode 

w scan speed, deg m i d  
scan range 
20 limits, deg 
measd reflctns 
obsd reflctns used, I > 3 0 0  
P 

Mo(N,C6H,),TTPC,H,NHNH, 

1083.2 
c2/c 

C66H54N10Mo 

26.734 (20) 
13.842 (9) 
17.883 (11) 
90 
124.71 (9) 
90 
5440 
4 
1.332 
0.14 X 0.18 X 0.22 
Mo Kcu (h  = 0.7093 A) 
2.94 

flying step scan (step width = 

1.92 
0.70 t 0.34 tan 0 
4-55 
7752 

8-28 

0.05”) 

2222 
0.06 

0.078 
0.098 

phyrin derivative M o ( N O ) ~ ( T T P ) .  In this compound the 
slightly bent NO groups are in cis position with respect to the 
porphyrinato skeleton. In order to compare the structures of 
t h e  dinitrosyl and bis(ary1diazo) complexes, we have syn- 
thesized and studied the structure of Mo(N~C!~H~)~(TTP) from 
MoC12(TTP) as starting material (TTP is the dianion of 
meso-tetratolylporphyrin). 

Experimental Section 
Synthesis and Characterization. All solvents were refluxed over 

calcium hydride for a minimum of 24 h and freshly distilled. Phe- 
nylhydrazine was analytical grade and was used without further 
purification. All reactions were carried out under dry argon by using 
Schlenk tubes. Infrared spectra were recorded on a Perkin-Elmer 
337 spectrophotometer with Nujol mulls and visible spectra on a 
Beckman Acta 111 spectrophotometer in CH2Clz solutions. Mo- 
C12(TTP) was prepared as previously de~cr ibed .~  

A solution of C6HS”NH2 (200 pL = 2.0 mmol) in benzene (100 
cm3) was degassed and added to MoC12(TTP) (300 mg, 0.36 mmol). 
This mixture was stirred overnight at room temperature. The solution 
turned from brown to red immediately, and a white solid began to 
precipitate. The infrared spectrum showed the precipitate to be 
C6HSNHNH3+Cl-. Thin-layer chromatography indicated the resulting 
solution to be a mixture of two red products. The red filtrate was 
purified by passing it through a column packed with standardized 
A1203 and eluted with benzene. The first eluate was identified as 
the oxo species MoO(TTP) in view of its IR spectrum (vM& = 970 
~ m - ’ ) . ~  The second product was eluted with CH2CI2, evaporated to 
dryness, and dissolved in freshly degassed benzene. Pentane was added 
to yield crystals of MO(N,C~H~)~(TTP).C,H,NHNH~ after several 
days’ storage at room temperature (208 mg, 55%). IR: 1595 cm-’ 
(N=N). Visible (A, nm (log e)): 431 (5.65), 554 (4.44), 593 (4.13), 
635 (4.01). 

X-ray Data Collection. Well-formed crystals suitable for an X-ray 
study were obtained at room temperature by slow diffusion of pentane 

(5) D. Sutton, Chem. SOC. Reu., 4, 443 (1975). 
(6) K. D. Schramm and J. A. Ibers, Znorg. Chem., 16, 3287 (1977). 
(7) A. Nakamura, T. Yoshida, M. Cowie, S. Otsuka, and J. A. Ibers, J.  Am. 

Chem. Soc., 99 2108 (1977). 
(8) Th. Diebold, M. Schappacher, B. Chevrier, and R. Weiss, J .  Chem. 

SOC., Chem. Commun., 693 (1979). 
(9) Th. Diebold, B. Chevrier, and R. Weiss, Znorg. Chem., 18, 1193 (1979). 
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N6 

Figure 1. Perspective drawing of the M O ( N ~ C ~ H ~ ) ~ ( T T P )  molecule 
as it exists in the crystal. The 30% probability vibration ellipsoids 
are shown. Tolyl groups have been omitted for clarity. 

/ 
-ol---0226 

Figure 2. Formal diagram of the porphinato core having the same 
orientation as Figure 1. Each atom symbol has been replaced by its 
perpendicular displacement, in units of A, from the (4N) plane. 

in a benzene solution of the complex containing traces of phenyl- 
hydrazine under argon. A crystal of 0.14 X 0.18 X 0.22 mm was sealed 
in a Lindemann glass capillary in a Vacuum Atmospheres inert-at- 
mosphere box with a gas purifying system (C1 ppm oxygen) and 
mounted on a Philips PW1100 diffractometer. Space group (C2/c 
or Cc) and unit cell parameters were determined from a least-squares 
analysis of the 0 ,  x, and 4 angles of 25 reflections centered auto- 
matically, by using graphite-monochromated Mo Ka: radiation. 
Crystal data are given in Table I. The diffraction data were collected 
at room temperature (20 f 1 “C). The intensities of three standard 
reflections were measured every 90 min; the deviations were all within 
counting statistics. The intensity data were corrected by application 
of standard Lorentz and polarization factors. Absorption effects were 
neglected in view of the small crystal dimensions and linear absorption 
coefficient. 

Solution and Refmement of the Structure. The structure was solved 
by the heavy-atom method in the space group C2/c. The Mo atom 
was located from a three-dimensional Patterson synthesis on an in- 
version center in the special position (O,O,O). Subsequent refinements 
and difference Fourier syntheses led to the location of all independent 
nonhydrogen atoms and confirmed the choice of space group. 

The phenylhydrazine molecule of crystallization was found on a 
C2 crystallographic axis passing through the nitrogen atom of the NH2 
group and the middle of two opposite C-C bonds of the ring. Thus, 
the N H  group attached to the ring is disordered and occupies two 
positions which were refined by using an occupancy factor of The 
structure was refined by usual full-matrix, least-squares techniques. 
Calculations were performed on a PDP 11-60 computer using an 
Enraf-Nonius structure determination package. The aromatic hy- 
drogen atoms were included as a fixed contribution, their position 
being idealized by assuming a trigonal-planar geometry and by using 
C-H distances of 1.00 A. Each hydrogen atom was assigned an 
isotropic thermal parameter of 6 A2. All nonhydrogen atoms were 
refined by assuming anisotropic thermal motion to yield R = 0.078. 
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Table 111. Molecular Bond Lengths (A) and Angles (Deg) in Mo(N,P~),(TTP).C,H,NHNH,~ 

Mo-N(l) 
Mo-N(2) 
Mo-N(S) 

N(6)-C(71) 
C(71)-C(72) 
C(72)-C(7 3) 
C(73)-C(74) 
C(74)-C(75) 
C(75)-C(76) 
C(76)-C(71) 
N(l)-C(ll) 
C(ll)-C(12) 
C(12)-C(13) 
C(13)-C(14) 
C(14)-N(1) 

N(5 k N  (6) 

N(l)-Mo-N(2) 
N(l)-Mo-N(S) 
N(2)-Mo-N(5) 
Mo-N(5)-N(6) 
N(S)-N(6)-C(7 1) 
N(6)-C(7 1)-C(76) 
N(6)-C(7 1)-C(72) 
C(7 1)-C(72)-C(7 3) 
C(72)-C(73)-C(74) 
C(73)-C(74tC(75) 
C(74)-C(75)-C(76) 
C(75)-C(76)-C(7 1) 
C(76)-C(7 1)-C(72) 
Mo-N(l)-C(lI) 
Mo-N( 1)-C(14) 
N( l)-C(ll)-C(12) 
C( 1 1)-C( 12)-C( 13) 
C(12)-C(13)-C(14) 
C(13)-C(14)-N(l) 
C(14)-N(l)-C(ll) 
N(l)-C(ll)-C(6) 
C(6)-C(ll)-C(12) 
N(l.)-C(14)C(5) 
C(S)-C(14)-C(13) 

2.060 ( 5 )  
2.081 (5) 
2.060 (5) 
1.133 (9) 
1.448 (12) 
1.318 (14) 
1.384 (14) 
1.376 (15) 
1.311 (15) 
1.307 (16) 
1.307 (16) 
1.382 (8) 
1.437 (9) 
1.354 (9) 
1.442 (9) 
1.388 (8) 

89.46 (19) 
87.51 (22) 
91.32 (22) 

149.10 (93) 
128.62 (92) 
127.62 (1.63) 
114.12 (1.50) 
120.06 (1.12) 
119.74 (1.06) 
116.11 (1.10) 
122.94 (1.24) 
122.69 (1.30) 
118.25 (1.14) 
125.10 (42) 
126.45 (44) 
107.33 (58) 
108.99 (61) 
107.16 (61) 
108.04 (58) 
108.43 (53) 
126.73 (59) 
125.92 (62) 
125.53 (62) 
126.42 (63) 

Bond Lengths 
N(2)-C(21) 1.379 (8) 
C(21)-C(22) 1.422 (9) 
C(22)-C(23) 1.333 (9) 
C(23)-C(24) 1.456 (8) 
~ ( 2 4 > - ~ ( 2 )  1.367 (7) 
C(S)-C( 14) 1.409 (9) 
C(S)-C(2 1) 1.385 (8) 
C(S)-C(5 1) 1.510 (8) 
C(5 W W )  1.372 (9) 
C(52)-C(53) 1.393 (10) 
C(53)-C(54) 1.360 (10) 
C(54)-C(55) 1.350 (10) 
C(55)-C(56) 1.383 (10) 
C(56)-C(51) 1.395 (9) 
C(54)-C(5M) 1.554 (9) 

Bond Angles 
Mo-N(2)-C(21) 126.55 (43) 
Mo-N(2)-C(24) 125.25 (43) 
N(2)-C(21)-C(22) 108.66 (57) 
C(21)-C(22)-C(23) 108.16 (60) 
C(22)-C(2 3)-C(24) 107.7 3 (5 8) 
C(23)-C(24)-N(2) 107.61 (58) 
C(24)-N(2)-C(21) 107.85 (52) 
N(2)-C(21)-C(5) 125.66 (59) 
C(5)-C(2 l)-C(22) 125.53 (63) 
N(2)-C(24)-C*(6) 125.99 (59) 
C*(6)4(24)-C(23) 126.36 (6) 
C(14)-C(5t.C(21) 126.31 (60) 
C(14)-C(5)-C(5 1) 116.74 (60) 
C(2l)-C(5)-C(51) 116.93 (57) 
C(S)-C(5l)-C(52) 121.36 (63) 
C(S)-C(Sl)-C(56) 120.91 (63) 
C(Sl)-C(52)-C(53) 119.89 (67) 
C(52)-C(53)-C(54) 122.21 (70) 
C(53)-C(54)-C(55) 117.92 (70) 
C(54)-C(55)-C(56) 121.81 (72) 
C(55)-C(56)-C(51) 120.44 (67) 
C(56)-C(51)-C(52) 117.73 (62) 
C(SM)-C(54)-C(53) 119.76 (72) 
C(SM)-C(54)4(55) 122.32 (75) 

C*(24)-C(6)-C(11) 
C*(24)-C(6)-C(61) 
C(ll)-C(6)-C(61) 
C(6)-C(6 lkC(62) 
C(6 1)-C(62)-C(63) 
C(62)-C(6 3)-C(64) 
C(6 3 )-C(64)-C(6 5 )  
C(64)-C(65)-C(66) 
C(65)-C(66)-C(6 1) 
C(66)-C(6 lhC(62) 
C(6M)-C(64)-C(6 3) 
C(6M)-C(64)-C(65) 
C(81)-C(82)-C(83) 
C(82)-C(83)-C*(83) 
C(82)-C(81)-C*(81) 
C*(81)-C(8 1)-N(7) 
C(81)-N(7)-N(8) 

1.386 (8) 
1.409 (9)b 
1.508 (9) 
1.362 (9) 
1.420 (9) 
1.362 (10) 
1.378 (10) 
1.393 (10) 
1.369 (9) 
1.553 (9) 
1.288 (16) 
1.328 (16) 
1.441 (29) 
1.356 (27) 
1.373 (18) 
1.570 (22) 

126.08 (59) 
116.08 (58) 
117.83 (58) 
121.49 (66) 
120.99 (71) 
120.36 (74) 
118.40 (70) 
120.78 (72) 
121.34 (73) 
118.11 (66) 
119.75 (81) 
121.83 (76) 
123.69 (1.45) 
116.60 (91) 
119.61 (91) 
104.92 (1.18) 
123.90 (1.69) 

a Phenylhydrazine solvate atoms are labeled C(81), C(821, C(83), N(71, and N(8). C*(i) atom is centrosymmetric of C(i) atom. 

Figure 3. Stereoscopic view of the crystal packing of M o ( N ~ P ~ ) ~ ( T T P ) ,  CsHSNHNH2 looking down the z axis. The drawing shows the two 
directions in which the disordered phenylhydrazine molecule was resolved. 
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Table IV. Least-Squares Planes for Mo(N,Ph),(TTP) 
Planes and Deviations (A) 

(4N): N(l), N(2), N*(l), N*(2) (Real Plane) 
(COR): N(1), C(l1)-C(l4), N(2), C(21)-C(24), N*(l), 

C*(ll)-C*(14), N*(2), C*(21)-C*(24), C(5), C(6), C*(5), C*(6) 
-0.012 (7) 0.080 (8) 

N(2) 0.066 (10) 
NU) 
CU1) 0.015 (10) C(21) 
C(12) -0.026 (11) C(22) -0.012 (10) 
C(13) -0.038 (11) C(23) -0.058 (11) 
C(14) -0.014 (10) C(24) 0.007 (9) 

N(5) 2.989 (15)' 
C(5) 
C(6) 0.048 (10) N(6) 
Mo 0.000 (0)' 

0.033 (9) 2.054 (8)' 

(Nl): N(l), C(11), C(12), C(13), C(14) 
-0.013 (7) C(13) -0.002 (11) 

N(l) C(11) 0.011 (10) C(14) 0.009 (10) 
C(12) -0.006 (11) 

(N2): N(2), C(21), C(22), C(23), C(24) 
N(2) 0.000 (8) C(23) -0.003 (11) 
C(21) -0.002 (10) C(24) 0.002 (9) 
C(22) 0.003 (10) 

(Ph5): C(51)-C(56) 
C(51) -0.006 (8) C(55) -0.002 (10) 
C(52) 0.005 (9) C(56) 0.004 (10) 
C(53) -0.003 (10) C(5M) 0.034 (11) 
C(54) 0.002 (9) C(5) -0.025 (8)' 

(Ph6): C(61)-C(66) 
C(61) -0.007 (8) (365) 0.005 (9) 
C(62) 0.005 (9) C(66) 0.002 (8) 
C(63) 0.001 (9) C(6M) 0.006 (1 1) 

(MoN,): Mo, N(5), N(6) 
C(64) -0.006 (8) C(6) -0.062 (7)" 

C(71) -1.082 (11)' N*(2) 0.078 (6)' 

cN,C): N(5), N(6), (371) 
MO -1.012 (0)' 

(Ph7): C(71), C(72), C(73), C(74), C(75), C(76) 
C(7 1 ) 0.027 (10) C(75) 0.000 (16) 
C(72) -0.011 (12) C(76) -0.022 (16) 
C(73) -0.009 (14) N(6) 0.100 (11)' 
C(74) 0.015 (12) 

Equationsb 
plane A B C D 

(4N) 0.9220 -0.3651 -0.1288 0.0000 
(COR) 0.9323 -0.3312 -0.1452 0.0001 
(N1) 0.9305 -0.3280 -0.1628 0.0291 
(N2) 0.9500 -0.2738 -0.1501 0.1892 
(Ph5) 0.0290 -0.9711 -0.2368 0.0142 
(Ph6) -0.3687 0.2559 -0.8936 0.3011 
(MoN2) -0.3548 -0.4942 -0.7937 0.0000 

0.5409 0.2892 -0.7898 1.0117 
(Ph7) 0.0828 0.9705 -0.2263 -1.4827 

Angles (Deg) between the Planes 
(4N)-(COR) 2.2 (COR)-(Ph5) 67.5 
(4N)-(N1) 2.9 (COR)-(Ph6) -72.6 
(4N)-(N2) 5.6 (4N)-(MoN2) -87.5 
(Nl)-(N2) 3.4 (N,Ph)-(Ph7) 59.7 

' Atoms not included in the calculation. All planes are un- 
weighted and in the form A X  + BY + CZ - D = 0 referring to the 
axial system a, b, c* .  

The corresponding weighted factor R, was 0.098. A p value of 0.06 
was employed in the weighting scheme, and the standard deviation 
of a unit weight observation was 1.96. A listing of the observed and 
computed structure factor amplitudes is available." The final 
positional and thermal parameters of the nonhydrogen atoms are given 
in Table 11. 

Description of the Structure and Discussion. 

The unit cell contains four molecules of Mo(N2CsH,),(TTP) 
and four phenylhydrazine solvate molecules. The molybdenum 
atom lies on an inversion center, implying a Ci symmetry for 
the whole molecule and a trans configuration for the two diazo 
ligands. Consequently, the molybdenum atom and the four 
porphyrinato nitrogen atoms are rigorously coplanar. A view 
of the Mo(N2C6H5),(TTP) molecule with the numbering 
scheme is shown in Figure 1. Bond distances and angles are 
presented in Table 111. Figure 2 shows the atom displacements 
of the porphyrinato skeleton with respect to the (4N) plane. 
The porphyrin is not planar. Whereas two opposite pyrroles 
are approximately in the (4N) plane, the two others are slightly 
bent centrosymmetrically, one upward and the other down- 
ward. Mean planes were determined by least-squares methods 
(Table IV). The Mo-N( 1) and Mo-N(2) bond lengths are 
not significantly different, 2.081 ( 5 )  and 2.060 (5) A, and 
compare well with those found in other planar mol bdenum- 
porphyrin derivatives: 2.074 (6) and 2.096 (4) for Mo- 
C12(TTP)9 and Mo(O~)~(TTP)," respectively. 

The bond parameters for the porphinato core are in good 
agreement with those reported for several metalloprphyrins.12 
With C a  and CP to denote the respective a- and P-carbon 
atoms of a pyrrole ring, Cm for methine carbon, and Cp for 
a phenyl carbon bonded to the core, the porphine skeleton is 
characterized by the avera ed bond lengths N-Ca = 1.379 

= 1.397 ( 5 )  A, and Cm-Cp = 1.509 (6) A. The averaged 
bond angles are Ca-N-Ca = 108.1 (4)', N-Ca-CP = 107.9 
(3)', N-Ca-Cm = 126.0 (3)O, Ca-CP-CP = 108.0 (3)', 
Ca-Cm-Ca = 126.2 (4), and Ca-Cm-Cp = 116.6 (3)'. The 
average value of the 12 individually determined C-C bond 
distances in the peripheral tolyl rings is 1.378 (3) A. As 
currently observed, the tolyl groups are tilted with respect to 
the plane of the porphinato core; the angles of tilt are 67.5 
and 72.6'. 

The coordination polyhedron of molybdenum has a sym- 
metry very close to Oh. Indeed, the aryldiazo ligands are 
bonded nearly perpendicularly to the porphinato core (N- 
(l)-Mo-N(5) = 87.51 (22)' and N(2)-Mo-N(5) = 91.32 
(22)') and the Mo-N(N,Ph) bond distance of 2.060 ( 5 )  A 
is equal to the Mo-N(pyrro1e) bond distances. The two 
aryldiazo ligands present a "half doubly bent" geometry as 
reflected in the angles Mo-N(5)-N(6) = 149.1 (9)' and 
N(5)-N(6)-C(71) = 128.6 (9)'. To our knowledge, it is the 
second example of such a geometry, the other one being 
[IrC1(N2Ph)(PMePh2)3]PF6.13 All nonbonded contacts be- 
tween N(6) and the porphinato core are larger than 3.6 A and 
could permit the MeN(5)-N(6) angle to approach the value 
of 120'. This intermediate geometry is well-known for nitrosyl 
complexe~.'~ The Mo-N-N-Ph linkages eclipse the Mo-N(2) 
bonds as evidenced by the mean-planes calculation. The same 
eclipsed conformation has been previously observed for Mo- 
(N02(TTP),8 Mo(PhC=CPh)(TTP)15 and MO(O~)~(TTP). ' '  
Table V compares the observed bond angles and lengths in 
some aryldiazo compounds. Relatively few (ary1diazo)mo- 
lybdenum complexes are known and all are singly bent species. 
In Mo(N,Ph),(TTP) the metal-nitrogen bond distance (2.060 
( 5 )  A) is significantly longer and the N-N distance (1.133 
(9) A) is shorter than in other (ary1diazo)molybdenum com- 

(4) A, Ca-CP = 1.425 ( 5 )  1 , CP-CP = 1.343 (7) A, Ca-Cm 

(1 1)  B.  Chevrier, Th. Diebold, and R. Weiss, Inorg. Chim. Acta, 19, L57 
(1976). 

(12) J .  L. Hoard in "Porphyrins and Metalloporphyrins", K. M .  Smith, Ed., 
Elsevier, Amsterdam, 1975, p 327. 

(13) M. Cowie, B. L. Haymore, and J .  A. Ibers, J .  Am. Chem. Soc., 98,7608 
(1976). 

(14) J .  H. Enemarkand R. D. Feltham, Coord, Chem. Rea, 13, 339 (1974). 
(1 5 )  R. Weiss and co-workers, unpublished result. (10) Supplementary material. 
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Table V. Dimensions of Some Aryldiazo Complexes from X-ray Diffraction Studies 
compd M-N, A N-N, A N-C, A M-N-N, deg N-N-C, deg ref 

Singly Bent 
Mo(N,Ph)(dtc), 1.781 (4) 1.233 (6) 1.417 (7) 171.5 (4) 120.5 (5) 4b 
[HB(pz), lMo(CO),CN,Ph) 1.825 (4) 1.211 (6) 1.432 (7) 174.2 (1) 121.1 (2) 3d 
[IrCl(N ,Ph) (PPh, 1, 1 + 1.794 1.159 1.45 116.1 126 3a 
RuOl-N,C6H,CH3)C13~Ph3), 1.796 (9) 1.144 (10) 1.40 171.2 (9) 135.9 (11) 3e 
Re(N,Ph)Cl,(PMe,Ph), 1.80 (1) 1.23 (1) 172 118 4a 

Doubly Bent 
[ Rh(N, Ph)Cl(PPP) ] + a 1.961 (7) 1.172 (9) 1.445 (11) 125.1 (6) 118.9 (8) 3f 

IrCl,(o-N,C,H,N0,)(CO)(PP3), 2.05 (4) 1.19 (4) 1.47 (5) 115 (3) 115 (3) 3g 
PtCl@-N,C,H,F)(PEt,), 1.975 (28) 1.17 (3) 1.49 (3) 118 (2) 118 (2) 3h 

“Half Doubly Bent” 
[IrCl(N,Ph)(PMePh,), 1 [PF6 1 1.835 (8) 1.241 (11) 1.421 (11) 1.55.2 (7) 118.8 (8) 13 
MoCN,Ph) , (TTP) 2.060 (5) 1 .133  (9) 1.448 (12) 149.1 (9) 128.6 (9) this work 

a PPP = PhP(CH,CH,CH,PPh,),. 

plexes suggesting considerably less T interaction between the 
metal and adjacent nitrogen of the NzPh ligand. 

Usually, the M-N-N-Ph linkage is planarO3v4 It is not the 
case in M O ( N ~ P ~ ) ~ ( T T P )  as reflected by the torsion angles 
(MoN2,NzC) = 73O and (NzC,Ph7) = 59.7O. This particular 
geometry seems to result from crystal packing. As shown in 
Figure 3, the phenyl group of the diazo ligand lies in a parallel 
and staggered position with respect to a tolyl group of a 
neighboring molecule. The distance between the two aromatic 
rings is 3.6 A. 

In addition the N(6)-N(7) distance of 2.928 A reveals a 
weak hydrogen bond between the nitrogen atom N(6) of the 
diazo ligand and the phenylhydrazine of crystallization. As 
the N H  group of the solvate molecule involved in this hydrogen 
bond with N(6) is disordered (occupancy factor of 1/2), this 
hydrogen bond induces a slight disorder to N(6). Thus, a large 
thermal motion due to disorder affects N(6), and consequently 
the N(5)-N(6) bond length of 1.133 (9) A is slightly too short. 
On the other hand, the thermal motion of N(5) is small so that 
the M e N ( 5 )  bond distance of 2.060 ( 5 )  A is not affected by 
the slight disorder of N(6). 

If one regards the singly bent aryldiazo as N,Ph+ and the 
doubly bent ligand as N2Ph-, the formal oxidation state of Mo 

is correspondingly either Mo(0) or Mo(1V). In the nitrosyl 
derivative MO(NO)~(TTP), the two nitrosyl groups are in cis 
position with respect to the porphyrin ligand, and in view of 
the Mo-N(N0) distances (1.70 (1) A), it may be described 
as a Mo(0) complex, MoO(NO+),(TTP), despite the nonlin- 
earity of the Mo-N-O linkage. Ignoring possible steric effects, 
the complexes Mo(N,Ph),(TTP) and Mo(NO),(TTP) should 
have the same geometry if NzPh+ were present, since NzPh+ 
and NO+ are formally isoelectronic. The only example of 
six-coordinate molybdenum(1V)-porphyrin complexes is 
MoClZ(TTP) which exhibits two chlorines in trans configu- 
ration. Thus, considering the geometry and the Mo-N(N2Ph) 
bond length, the present aryldiazo complex is formally best 
described as Mo1V(N2Ph)2(TTP). 
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The properties of the outer-sphere optical charge-transfer (CT) band in the ion pair Fe(CN)6e,PQZ+ (where PQz+ = 
1, 1’-Mez-4,4’-bpyz+) are used to calculate the rate constant for intermolecular electron transfer within the ion pair, 
Fe(CN),&,PQ2+ Fe(CN)63-,PQ+, and from that value and an appropriate thermochemical cycle, a rate constant for 
the overall reaction, PQz+ + Fe(CN);- - PQ+ + Fe(CN)63-, can be calculated (k l z  = (0.2-3) X lo4 M-’ s-l, I = 0.10 
M, 23 OC, in water). The calculated value compares well with a value estimated with the use of self-exchange rate constants 
for the PQz+/+ and Fe(CN)2-le couples and the Marcus cross-reaction equation (k t z  = M-’ s-’ ). The results obtained 
suggest that for a variety of CT-type transitions it may be possible to obtain detailed information about the innate 
electron-transfer characteristics of the redox sites involved from a straightforward analysis of the absorption band. 

The observation of optical electron transfer between elec- 
tronically weakly coupled redox sites provides, in principle, 
a means for exploring in detail the relationships between 

spectral transition energies, thermodynamics, and electron- 
transfer processes. Especially well documented are the low- 
energy transitions which appear in mixed-valence dimers or 
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