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Metal-Metal Multiple Bonds. 13. Structural Diversity in 
the Reactions of Cp2M02(CO)4(Mo=Mo) with 
Diazoalkanes and Aryl Azides' 

Sir: 

The M w M o  triple bond in c ~ ~ M q ( C 0 ) ~  (1) has exhibited 
a diverse reactivity with both electrophiles and n~cleophiles,2.~ 
but nowhere has this diversity been more evident than in the 
reactions of 1 with diazoalkanes. The reactions of 1 with 
diaryldiazomethanes, Ar2CN2, gives complexes 2 (Scheme I), 
which readily lose N2 via an intramolecular process to produce 
the p-alkylidene complexes 3.45 These alkylidenes react with 
a further 1 equiv of Ar2CN2 to give the terminal carbene 
complexes 4. 

In addition, diazocyclopentadiene, C5H4NZ, reacts to give 
the p-o',$-cyclopentadienyl derivative 5.6 The p3-nitride 6 
was obtained in 5% yield from the reaction of 1 with ethyl 
diazoacetate, N2CH(C02Et), in refluxing t01uene.~ Even at 
-30 OC, this reagent gives a plethora of products with L8 We 
have also observed that 1 reacts with CH2Nz to give poly- 
methylene, some C2H4, and recovered Ia3v8 

Since dimetallic alkyidene complexes prepared from 1 and 
diazoalkanes could function as alkylidene'O transfer agents to 
olefins, CO, etc.,4v9 it was of interest to establish the reactivity 
patterns of 1 with a variety of diazoalkanes. In this paper, 
we report the reactions of 1 with two diazoalkanes, Me2CN2 
and N2C(C02Et),, which reveal yet two more distinct coor- 
dination modes for the diazoalkane ligands. In addition, the 
reaction of 1 with aryl azides is presented and shows certain 
parallels to the sequence of conversions 1 - 2 - 3 - 4. 

Diazopropane, Me2CN2, reacts with 1 to give a 1 : 1 adduct, 
7 (Scheme I, eq l) ,  which, unlike 2, does not cleanly lose N2 

0 o c  

1 + Me2CN2 Cp2M02(CO)4(N2CMe2) (1) 
7 

upon thermolysis or photolysis." In solution, complex 7 
exhibits unusual NMR behavior, which is attributed to the 
presence of two isomers that interconvert within minutes but 
too slowly to be fluxional on the NMR time scale. The relative 
amounts of these isomers, 7a and 7b, depend on the temper- 
ature and solvent polarity. In toluene-d8 at 0 OC, isomer 7a 
accounts for ca. 70% of the mixture and shows equivalent Cp 
groups in the 'H and I3C NMR spectra.12 In acetone-d6 at 
-40 OC, isomer 7b is the major species (ca. 85%).12 

Part 12: Curtis, M. D.; Fotinos, N. A.; Messerle, L.; Sattelberger, A. 
P. Inorg. Chem., in press. Part 11: Williams, P. D.; Curtis, M. D.; 
Duffy, D. N.; Butler, W. M. Organometallics, 1982, I, 165. 
Klingler, R. J.; Curtis, M. D. J. Organomer. Chem. 1978, 161, 23. 
Curtis, M. D.; Messerle, L.; Fotinos, N. A.; Gerlach, R. F. In 
"Reactivity of Metal-Metal Bonds"; Chisholm, M. H., Ed.: American 
Chemical Society: Washington, DC, 1981; ACS Symp. Ser. No. 155, 
pp 221-257. 
Messerle, L.; Curtis, M. D. J .  Am. Chem. SOC. 1980, 102, 7789. 
Messerle, L.; Curtis, M. D. J .  Am. Chem. SOC. 1982, 104, 889. 
Herrmann, W. A.; Krieckbaum, G.; Bauer, C.; Guggolz, E.; Ziegler, 
M. L. Angew. Chem. 1981, 93, 838. 
Knox, S. A. R.; Orpen, A. G. J. Chem. SOC., Chem. Commun. 1982, 
75. 
DErrico, J. J.; Curtis, M. D., unpublished results. With Cp*,Mq(CO)., 
(Cp* = CsMes), CH2N2 gives isolable adducts. 
Complex 3 reacts with C2H4 (50 OC, 2 atm) to give the homoligated 
olefin Ph2CHCHCH2: Curtis, M. D.; Messerle, L., unpublished results. 
Review: Herrmann, W. A. Adu. Orgunomet. Chem. 1982, 20, 160. 
Satisfactory elemental analyses have been obtained for all new com- 
pounds. 
H NMR (360 MHz, 0 OC, toluene-d8): 7a S 5.20 (Cp), 1.69 and 0.85 

(Me); 7b 6 5.18 and 4.76 (Cp), 2.33 and 1.43 (Me). 'H NMR (360 
MHz, -40 OC, acetone-d,): 7a S 5.71 (Cp); 1.99 and 1.29 (Me); 7b 6 
5.68 and 5.63 (Cp), 2.37 and 1.80 (Me). "C NMR (90.55 MHz, -50 
OC, CDZC12): 7n S 246.6 and 244.0 (CO), 137.3 (Me$"), 97.1 (Cp), 
23.5 and 22.0 (Me); 7b S 250.0 and 247.8 (CO), 140.4 (Me2CN2), 95.9 
and 95.2 (Cp), 24.2 and 16.1 (Me). 
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Figure 1. Inner coordination sphere of 8. 

Considerable difficulty was encountered in growing X- 
ray-quality single crystals of 7. A data set was collected on 
a crystal that appeared to be marginally acceptable, but the 
resulting solution revealed a severe disorder about a crystal- 
lographically imposed mirror plane. However, the coordination 
mode of the Me2CNz group was clearly discernible and is 
assigned to isomer 7b (eq 2) since this structure requires 

/ 
'C/ I NPc\ 

7a l b  

nonequivalent Cp groups.13 Structure 7a (eq 2) is assigned 
to the second isomer since the cis Cp groups are equivalent 
and the Me groups inequivalent, and this structural type has 

(13) This type of coordination is also observed in the adduct of Me2CN2 and 
Cp*2M2(CO),: Hermann, WA., personal communication. 
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Figure 2. Inner coordination sphere of 9 (Ar = 4-t-BuC6H4). 

been documented for complex 2.4 Structure 7b is very similar 
to that of the Me2NCN adduct of l . 1 4  

The reaction of 1 with diethyl diazomalonate, NzC(C02Et)z, 
yields an entirely different coordination mode. Adduct 8 forms 
in 45% yield after p~rification. '~ The structure of 8 (eq 3, 

1 t N2C(C02Et)2 - Cp(C0)pMo - N = N 5 Mo(CO)~CC~ (3) 
I I  

OE t 

8 

Figure 1) was elucidated by a single-crystal X-ray analysis.16 
The diazomalonate acts as a 6e donor and completely dis- 

rupts the M w M o  triple bond." The Mol-N1 distance is 
consistent with a Mo=N double bond (cf. the Mo2-N2 
single bond), and the Nl-N2 and C15-Cl6 distances are 
compatible with bond orders of 2. Drawing the structure as 
in eq 3 (N1 = 3e donor, N2 = 2e donor, 0 5  = l e  donor) gives 
each Mo an 18e count. 

Organic azides are known to react with the M m M o  bond 
in M o ~ ( O R ) ~  to give nitrene complexes.'* We wished to 
determine whether bridging nitrenes, similar to bridging al- 
kylidenes 3, could be prepared and, if so, whether these species 

(14) Chisholm, M. H.; Cotton, F. A.; Extine, M. W.; Rankel, L. A. J.  Am. 
Chem. Soc. 1978, 100, 807. 

(15) Selected spectral parameters of 8 vco(KBr) 1935, 1915, 1855, 1795, 
1665 cm- ; IH NMR (360 (MHz) 6 5.41, 5.07 (Cp), 4.22 (CHz AB 

J = 7.05 H a ,  1.13 (t. J = 7.09 Hz), 0.97 (t, J = 7?10 Hz); "C(H] NMR 
(90.55 MHz) 6 261.0, 255.8,244.5,240.44 (CO), 168.6, 161.9 (s$ CO), 
98.0, 97.5 (Cp), 61.7, 58.8 (CH2), 15.0, 14.9 (CH3). (All NMRspectra 

mult, J D ( ~ H  = 7.05 Hz, J M ~ H ~  6.99 Hz, J H ~ H  3.87 Hz), 3.91 (q, 

were recorded in C6D6 at 30 "C.) 
(16) Crystal data for 8 u = 11.144 (2), b = 7.497 (I), c = 28.939 (7) A; 

B = 95.13 (2)O; V = 2408 (1) A'; Z = 4; space group E , / c  (No. 14); 
R = 0.048 on 1755 reflections with 11. 341)  (full-matrix anisotropic 
refinement). 

(17) This type of coordination was reported recently for the adducts Mz- 
(RC(O)C(Nz)R'), suggesting the generality of this reaction type for 1 
and &carbonyl diazoalkanes: Hermann, W. A.; Kriechbaum, G. W.; 
Ziegler, M.; Pfisterer, H. Angew. Chem., Inr. Ed. Engl. 1982,21,707. 

(18) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Ratermann, A. L. Inorg. 
Chem. 1982, 21,978. 
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would transfer the nitrene to groups such as CO or alkenes.4~~ 
Aryl azides react with 1 to give a 1:l adduct,19 which reacts 

with ArN3 nearly as fast as it forms to produce the diadduct 
9 (eq 4; Ar = 4-RC6H4 (R = H, Me, t-Bu, N0z)).20*21 The 

7 
1 t 2ArN3 - Cp(CO)pMo-MoLN-Ar t N2 t CO (4) 

'N' \- 
/c=o 

'N 
I 
Ar 

9 

structure of the 1:2 adduct is shown in eq 4 and Figure 2. 
The Mo-N1 distances are commensurate with their being 

Mo-N single bonds bridging a metal-metal bond, and the 
Mo-Mo distance (2.904 A) is relatively short and reflects the 
tightness of the N-bridged metal-metal bond. 

A possible mechanism for the formation of 9 is shown in 
Scheme 11. The monoadduct is believed to be the bridging 
nitrene 11 formed by N2 loss from the 1,3-dipolar adduct 10. 
The conversion 2 - 3, which also involves a loss of Nz, has 
been postulated to occur via a 1,3-dipolar adduct! The nitrene 
complex 11 then reacts with an additional 1 equiv of azide to 
give a terminal nitrene, 13, which then collapses to the final 
product via nucleophilic attack on the coordinated CO (14). 
This sequence of events is very similar to the bridge - terminal 
carbene conversion 3 - 4.5 Regardless of the exact sequence 
of steps, the terminal nitrene must at some point change its 
coordination mode from a 2e donor to a 4e donor, a behavior 
reminiscent of the l e  - 3e interconversion proposed for bent 
vs. linear nitrosyl groups. 

(19) The 1:l adduct may be observed spectroscopyically, but its lability and 
high reactivity toward ArN, have so far precluded its isolation in the 
pure state. 

(20) Selected spectral data for 9 (Ar = 4-r-BuC6H4): vco(KBr) 1910, 1830, 
1620 cm- ; 'H NMR (360 MHz) 6 1.07, 1.22 (1-Bu), 5.05, 5.63 (Cp), 
6.95 (d), 8.14 (d) ( J  = 8.70 Hz, ring A), 7.36 (d), 7.39 (d) J = 8.74 
Hz, ring B); "C(HJ NMR (90.5 MHz) 6 236.9, 234.2 (CO), 208.5 (sp2 
CO), 103.5, 93.6 (Cp), 34.8, 34.5 (CMe'), 31.4, 31.1 (CMe,). 

(21) Crystal data for 9: (I = 12.724 (3), b = 13.180 (S), c = 21.464 (9) A; 
@ = 101.29 (3)O; V = 3530 (2) A'; Z = 4; space group n , / c  (No. 14); 
R = 0.053 on 3144 reflections with I > 341)  (full-matrix anisotropic 
refinement). 
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The reactions of 1 with diazoalkanes (and organic azides) 
show an amazing structural diversity. The nature of the 
products depends on subtle electronic and steric factors and 
on the availability of other electron-donor groups adjacent to 
the terminal nitrogens.22 
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(22) Since submission of this manuscript, several pertinent papers have 
emerged: (a) Cp*,Moz(CO)d + RC(O)C(Nz)R Bell, L. K.; Herrm- 
ann, W. A.; Krieckbaum, G. W.; Ziegler, M. L.; Pfisterer, H. Or- 
ganometallics 1982, 1, 1673. (b) Cp*zMq(CO)4 + M%CN*: Bell, L. 
K.; Herrmann, W. A,; Krieckbaum, G. W.; Pfisterer, H.; Ziegler, M. 
L. J.  Organornet. Chem. 1982,240,381. (c) C P * , M ~ ( C O ) ~  + CHzNz: 
Herrmann, W. A.; Bell, L. K. Ibid. 1982, 239, C4. 
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Hydrogen Bonding from Coordinated Imidazole in Ferric 
Porphyrin Complexes. Effect on the Fe(III)/Fe(II) 
Reduction Potential 
Sir: 

Most heme proteins contain one or more histidine residues 
bound to the iron through the imidazole imine nitrogen. The 
acidity of the imidazole N H  proton is increased by coordi- 
nation, e.g., by about 4 pK, units in methemoglobin and 
metmyoglobin.'S2 Several studies involving simple imidazole 
complexes of ferrous and femc porphyrins show that hydrogen 
bonding or deprotonation of the imidazole N,-H moiety can 
have substantial effects on stability  constant^,^.^ visible and 
Raman spectra,&' and additions and substitution9 kinetics. 
X-ray structures of several heme proteins suggest that the 
proximal imidazole N H  is hydrogen bonded to electron-rich 
groups in the ~ r 0 t e i n . l ~ ' ~  MO  calculation^^^ and resonance 
Raman15J6 and ESRl7+l8 results have also been interpreted in 

(1) Mohr, P.; Scheler, W.; Schumann, H.; Muller, K. Eur. J .  Biochem. 
1967, 3, 158. 

(2) Morishima, I.; Neya, S. ;  Yonezawa, T. Biochim. Biophys. Acta 1980, 
621, 218. 

(3) Walker, F. A.; Lo, M. W.; Ree, M. T. J.  Am. Chem. SOC. 1976, 98, 
5552. 

(4) Quinn, R.; Nappa, M.; Valentine, J. S .  J .  Am. Chem. SOC. 1982, 104, 

( 5 )  Mincey, T.; Traylor, T. G. J.  Am. Chem. SOC. 1979, 101, 765. 
(6) Stein, P.; Mitchell, M.; Spiro, T. G. J.  Am. Chem. Soc. 1980,102,7795. 
(7) Peisach, J.; Mims, W .  8. Biochemistry 1977, 16, 2795. 
(8) Stanford, M. A.; Swartz, J. C.; Phillips, T. E.; Hoffman, B. M. J .  Am. 

Chem. Soc. 1980, 102, 4492. 
(9) Doeff, M. M.; Sweigart, D. A. Inorg. Chem. 1982, 21, 3699. 

(10) Salemme, F. R.; Freer, S. T.; Xuong, N. H.; Alden, R. A.; Kraut, J. 
J .  Biol. Chem. 1973,248, 3910. 

(11) Mathews, F. S.;  Argos, P.; Levine, M. Cold Spring Harbor Symp. 
Quant. Biol. 1971, 36, 387. 

(12) Mathews, F. S.; Czenvinski, E. W.; Argos, P. Porphyrins 1979, 7, 108. 
(13) Timkovich, R. Porphyrins 1979, 7, 241. 
(14) Valentine, J. S.;  Sheridan, R. P.; Allen, L. C.; Kahn, P. C. Proc. Nutl. 

Acad. Sci. U.S.A. 1979, 76, 1009. 
(15) Teraoka, J.; Kitagawa, T. Biochem. Biophys. Res. Commun. 1980,93, 

694. 
(16) Spiro, T. G. Isr. J. Chem. 1981, 21, 81. 
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Figure 1. Half-wave potentials of the Fe(III)/Fe(II) couple in acetone 
at room temperature for (A) [[Fe(TPP)(HIm),]Cl] = 1.00 X lo-' 
M, [HIm] = 0.020 M, [phen] as shown; (B) [[Fe(TPP)(HIm),]Cl] 
= 1.00 X M, [HIm] as shown; (C) [[Fe(TPP)(N-MeIm),]Cl] 
= 1.00 X M, [N-MeIm] = 0.101 M, [phen] as shown. 

terms of proximal imidazole hydrogen bonding in hemoglobin, 
cytochrome c, and horseradish peroxidase. 

Several groups have discussed the possible significance of 
hydrogen bonding from the proximal imidazole in heme pro- 
teins. It has been suggested that such hydrogen bonding allows 
alterations in the electron density at the metal and thereby 
affects the kinetics and thermodynamics of trans ligand 
binding, the Fe(III)/Fe(II) reduction potential, and the ease 
of protein conformational change.4J4J9-20 These ideas have 
been suggested to account in part for the cooperative binding 
of ligands and for the control of the O2/CO affinity ratio in 

Hydrogen bonding from the proximal imidazole increases 
the electron density on the metal and therefore would be 
expected to stabilize the ferric state (relative to ferrous). 
Changes in the hydrogen-bond strength with the metal oxi- 
dation state may be coupled to tertiary structural changes in 
the p r~ te in .~ , '~  This provides a mechanism whereby the protein 
can modulate the redox potential. A correlation of redox 
potential with the extent of hydrogen bonding to sulfur has 
been suggested for iron-sulfur p r ~ t e i n s . ~ ~ J ~  

In this report we show that hydrogen bonding from coor- 
dinated imidazole in [Fe(TPP)(HIm)2]Cl (1; TPP = anion 
of meso-tetraphenylporphyrin; HIm = imidazole) has a sub- 
stantial effect on the Fe(III)/Fe(II) reduction potential. 
Walker3 has shown that excess imidazole forms hydrogen 
bonds to the coordinated Him in 1. It is also known25,26 that 
1,lO-phenanthroline (phen) forms similar hydrogen bonds to 
1. phen is a particularly useful base for hydrogen-bonding 
studies with complexes such as 1 because it is not able to 
replace the imidazole ligands.25 

The electrochemistry of complexes 1 and [Fe(TPP)(N- 
MeIm)2]C1 (2) was studied by cyclic voltammetry at room 
temperature in acetone solvent. The metalloporphyrin com- 

hemoglobin,6.8.14.16.17,21,22 

(17) Chevion, M.; Salhany, J. M.; Peisach, J.; Castillo, C. L.; Blumberg, W. 
E. Isr. J .  Chem. 1977, 15, 311. 

(18) Brautigan, D. L.; Feinberg, B. A.; Hoffman, B. M.; Margoliash, E.; 
Peisach, J.; Blumberg, W. E. J.  Biol. Chem. 1977, 252, 574. 

(19) Morrison, M.; Schonbaum, R. Annu. Reu. Biochem. 1976, 45, 861. 
(20) Peisach, J. Ann. N.Y. Acad. Sci. 1975, 244, 187. 
(21) Ward, B.; Wang, C. B.; Chang, C. K. J .  Am. Chem. SOC. 1981, 103, 

5236. 
(22) Traylor, T. G.; Mincey, T. C.; Berzinis, A. P. J .  Am. Chem. Soc. 1981, 

(23) Adman, E.; Watenpaugh, K. D.; Jensen, L. H. h o c .  Narl. Acud. Sci. 
U.S.A. 1975, 72, 4854. 

(24) Carter, C. W. J .  Biol. Chem. 1971, 252, 7802. 
(25) Balch, A. L.; Watkins, J. J.; Doonan, D. J. Inorg. Chem. 1979, 28,1228. 
(26) Abbott, E. H.; Rafson, P. A. J .  Am. Chem. SOC. 1974, 96, 7378. 

103,7084. 
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