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Mol-C2 bond is about as short as the Mo-C double bond 
in [MO(C=C(CN),~C~{P(OM~)~~&~)] (1.833 (6) AIg but not 
as short as the Mo-C triple bond in [Mo(CCH,CMeJ(P- 
(OMe),],(Cp)] (1.798 (2) &.lo Carbonyl C4-04 has a much 
longer Mo-C bond, a C-O bond indistinguishable from the 
three terminal carbonyls in the structure, a long Zr-0 
bond, and a bent C-0-Zr linkage. This suggests that 0 4  
is simply acting as a relatively weak, ketone-like u-donor 
to the electron-deficient zirconium. The third isocarbonyl, 
C5-05, is intermediate in all lengths and angles; its in- 
teraction with zirconium is strong, but i t  is less like a 
"carbyne" than C2-02. 

The two zirconium amide bonds (to N1 and N2) are the 
shortest Zr-N bonds that have been reported, comparable 
to those in [Zr,(p-NCMe3),(NMe2),] which range from 
2.057 to 2.071 A,11 suggesting that N to Zr x-donation is 
important in alleviating the electron deficiency of zirco- 
nium. The zirconium-amine (N3) bond (in which x-do- 
nation is not possible) is considerably longer, comparable 
to Zr-N bonds in other zirconium amine complexes 
(2.43-2.54 The bonds from Zr to 0 4  and N3 are 
the longest in the structure, suggesting a structural trans 
influence due to effective ?r-donation from amides N1 and 
N2.I5 The major distortions of the zirconium coordination 
sphere from octahedral symmetry are toward these two 
weakly bonded ligands. 

The 12-membered ring in I resembles that in 
[ (Cp),TiMo(CO),(C,H,Me)l, (II), recently prepared from 
[Mo,(CO)~(C~H~M~),] and [Ti(CO),(Cp),] by Merola and 
co-workers.16 One major difference between I and Me- 
rola's compound is the absence of cyclopentadienyl ligands 
on zirconium. The severe electron deficiency of zirconium 
in I may explain why the isocarbonyls in I are more 
"carbyne"-like than those in 11, with slightly shorter Mo-C 
distances and more linear M-O-C angles by about 20'. A 
similar 12-membered (Al-O-C-W-C-0)2 ring has been 
observed in [A1Me2(W(CO)3(Cp))]2, prepared from [WH- 
(CO),(Cp)] and Me2A1X (X = H, Me) by Smith and co- 
workers." In this case, one independent AI-0-C angle 
is bent (149') and the second is nearly linear (176'). The 
origins of structural variation in Lewis acid adducts of 
metal carbonyls warrant further study. 

Infrared spectra of I6 show weak, low-frequency ab- 
sorptions at ca. 1725 and 1600 cm-', characteristic of Lewis 
acid addition to the oxygen of a metal carbonyl.ls Proton 
and carbon NMR spectra6 suggest that I dissociates into 
monomers in benzene solution, since only one cyclo- 
pentadienyl resonance is observed, whereas there are two 
distinct environments in the solid state. (Rapid exchange 
between bridging and terminal sites cannot be ruled out.) 
Cleavage probably occurs a t  the weak Zr-04 bond. Since 
diethylamine and diethylamido ligands retain distinct 
magnetic environments in solution, the amine proton does 
not pass rapidly from site to site. Presumably, the NH 
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resonance itself is too broad to directly observe in the 
NMR spe~trum. '~ 
[Z~(MO(CO),(C~)J~(NE~~)~(NHE~~)]~ reacts with Lewis 

bases. For example, dissolution in 1,2-dimethoxyethane 
rapidly causes I to dissociate into ions, as evidenced by the 
resulting IR spectrum of the [Mo(CO),(Cp)]- anion: u(C0) 
= 1897 (s), 1780 (8) cm-'. Dissolution in tetrahydrofuran 
produced similar spectral changes, which are partially 
reversed when the product is redissolved in benzene. 

[Zr(NEt,),] and [MoH(CO),(Cp)] also react in molar 
ratios other than 1:2. Reaction in a 1:l ratio produces only 
I and unreacted [Zr(NEQ,]. Reaction in a 1:3 ratio in 
pentane gives a precipitate of I, whereas the same reaction 
in toluene leads to [Zr(Mo(C0),(Cp)J3(NEt2)(NHEtz)zl. 
The product of the 1:4 reaction is a red solid containing 
no ethyl groups (by NMR). Full characterization of these 
products is in progress. 

Several important conclusions can be drawn from this 
work: (1) Dinuclear amine elimination is a useful method 
for preparing mixed-metal complexes under mild condi- 
tions, without competing oxidation-reduction reactions. 
(2) Multiple amine eliminations can be used to build 
polynuclear species. (3) Isocarbonyl bridges, rather than 
direct metal-metal bonds as earlier assumed, may be 
present in the products. (4) Eliminated amines may be 
retained as ligands. 
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Summary: The first cationic selenoformaklehyde complex 
[(T$C,H,)R~(NO)(PP~,K~~*-CH,=S~)] + (3) has been pre- 
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Communications 

pared from the reaction of [(v5-C5H5)Re(NO)(PPh3)(= 
CH,)]' and PPh3=Se or KSeCN. The telluroform- 
aldehyde analogue could not be synthesized. Seleno- 
formaldehyde complex 3 is characterized by 'H, 13C, and 
3'P NMR, and I R  spectroscopy, FAB MS, and X-ray dif- 
fraction. 

Organometallics, Vol. 3, No. 12, 1984 1925 

Scheme I 
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Chalcoformaldehyde complexes are of current interest 
as potential model intermediates in catalytic CO/H2. re- 
actions.' A heterogeneous Fischer-Tropsch mechanism 
that relies heavily on oxygen bound formaldehyde species 
has been proposed recently.2 A formaldehyde complex 
is thought to be a key intermediate in the formation of 
ethylene glycol and methanol from synthesis gas and ho- 
mogeneous ruthenium catalysts., In addition to their 
catalytic importance, chalcoformaldehyde complexes may 
allow for facile synthetic utilization of the CH2=E (E = 
0, S, Se, Te)4 moiety. We therefore chose to investigate 
this interesting class of compounds and recently reported 
the syntheses, structures, and some reactivities of the 
formaldehyde and thioformaldehyde complexes [ ( ~ 7 ~ -  
CJ-15)Re(NO)(PPh3)(02-CH2=E)]+PF6- (E = 0 (l), S (2)): 
The stabilities of these rhenium complexes prompted in- 
vestigations into the synthesis of complexes of the then 
unknown seleno- and telluroformaldehyde ligands. During 
the course of these studies, the first examples of seleno- 
and telluroformaldehyde complexes were reported? This 
communication discloses (a) the synthesis of the first 
cationic selenoformaldehyde complex [ (q5-C5H5)Re- 
(NO)(PPh3)(.r12-CH,=Se)]+PF6- (3), (b) its X-ray crystal 
structure that represents the first structural characteri- 
zation of a mononuclear selenoformaldehyde complex, and 
(c) the apparent inability to form a stable telluroform- 
aldehyde complex in the (v5-C5H5)Re(N0)(PPh3) system. 

The reaction of the electrophilic methylidene complex 
[(q5-C,H5)Re(NO)(PPh3)(=CH2)]+PF,- (4)' with tri- 
phenylphosphine selenide (-78 - 25 OC) yields an equi- 
molar mixture of 3s and the known phosphonium salt 
[(T~~-C~H~)R~(NO)(PP~,)(CH,PP~,)]~PF,- (51.' The cat- 
ions are readily separated due to the low solubility of 3 in 
CHCl,; diffusion crystallization from CH2C12/hexanes 
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affords 3 and 5 in 39 and 41% isolated yields, respectively. 
Similar reaction of 4 with potassium selenocyanate forms 
3 and a new cyanomethyl complex, (s5-C5H5)Re(NO)- 
(PPh3)(CH2C=N) (6h9 Complex 6 is extracted from the 
evaporated reaction mixture with EbO and isolated in 13% 
yield by toluene/ heptane diffusion crystallization at  -20 
OC. The ether-insoluble residue affords 3 in 45% yield 
after CH2C12/hexane crystallization. Monitoring of the 
reaction between [(q5-C5H5)Re(NO)(PPh3)(CH2S- 
(CH3)2)]+PF[ (which has been shown to react as a sta- 
bilized source of 4) 'O  and KSeCN by 'H NMR indicates 
an equimolar product distribution. The low isolated yield 
of 6 is a consequence of its solution instability and reluc- 
tance to cryskalhe. An authentic sample of 6 was prepared 
in 79% yield by the reaction of 4 with NaCN. 

The mechanism for the formation of 3 from 4 and 
PPha=Se or KSeCN is depicted in Scheme I. Nucleo- 
philic attack at  the methylidene carbon of 4 forms inter- 
mediate 7 (not observed) that yields 3 upon loss of the 
nucleophilic leaving group X. However, nucleophile X is 
now free to react with additional 4 to yield 5 or 6. Stoi- 
chiometry, dilution, or order to reagent addition does not 
seem to affect the equimolar product distribution. A 
similar mechanism for the formation of 1 and 2 has been 
p r ~ p o s e d . ~  

The stability and ready synthesis of 3 indicated that the 
tellurium analogue should be accessible by similar tech- 
niques. Unfortunately, extensive experimentation has 
failed to provide conclusive evidence for the existence of 
the telluroformaldehyde complex [ ( Q ~ - C ~ H ~ ) R ~ ( N O ) -  
(PP~,)(T~~-CH~=T~)]+PF~- (8). Reactions of 4 with 
[(PPh,),N+] [TeCN-1" or (Me2N),P=Te,12 under condi- 
tions used for the synthesis of 3, lead to the precipitation 

(8) 3: IR (cm-l, CH2C1J v ( N W )  1752 ( 8 ) ;  'H NMR (200 MHz, 
CD3CN, 6) 7.60-7.36 (m, PPhJ, 6.02 (e, C5H5), 5.74 (d, CHSe, J('H,-'Hb) 

acetone-d,, 6) 7.7 (m, PPh3), 6.40 (8 ,  C5H5), 5.97 (br s, CH,Se), 4.75 (br 
8, CH,Se); 'SC NMR (50 MHz, CD3CN, ppm) 134.0,133.0,129.5 (m, PPh3, 
ipso carbon not observed), 100.1 (s, C5H5), 30.8 (a, CH2Se); NMR (81 
MHz, CD3CN, ext. H3P04, ppm) 5.4 (8 ,  PPh3), -143.2 (septet, PF,, J- 
(31P-1gF) = 707 Hz); FAB MS (8 keV, m/z ,  relative intensity) 638 (M', 
ls7Re, @%e, l), 558 (M+ - Se, 12), 544 (M+ - CH,Se, 4); mp 214-216 "C 
dec. Anal. Calcd for C2,H22F6NOP2ReSe: C, 36.88; H, 2.84; N, 1.79. 
Found C, 37.1; H, 2.9; N, 1.8. 

(9) Complete chafacterization of 6 and 9 is found in the supplementary 
material. 

(10) McCormick, F. B.; Gladysz, J. A. J. Organomet. Chem. 1981,218, 
c57. 

(11) Martinsen, A.; Songstad, J. Acta Chem. Scand. 1977, A31, 645. 

= 1.6 Hz), 4.65 (d, CHbSe, J('H,-'Hb) = 1.6 Hz); 'H NMR (60 MHz, 
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Figure 1. Molecular structure of 3. 

of elemental tellurium and the formation of 6 or the new 
phosphonium salt [ (q5-C5H5)Re(NO)(PPh3)(CH2P- 
(NMe2)3)]+PF6- (9)9 as the major identifiable products. 
Low-temperature, lH NMR monitored reactions of 4 and 
[ (q5-C5H5)Re(NO) (PPh,) (CH2S( CH3)2)]+PF6- lo with 
[ (PPh3)2N+] [TeCN-] and (Me2N)3P=Te indicate that the 
rhenium complexes react rapidly, but resonances assign- 
able to 8 are not unequivocally identified. In all cases, the 
major products are 6 or 9 and tellurium mirrors. An au- 
thentic sample of 9 has been prepared in 74% yield by the 
reaction of 4 with P(NMe2)3. The inability to prepare a 
stable telluroformaldehyde complex in this rhenium system 
is surprising considering the accessibility and stability of 
telluroformaldehyde complexes in other metal systems.6 
In addition, TeCN- has recently been used to convert an 
alkylidene ligand into a telluroketone ligand.13 

The golden orange selenoformaldehyde complex 3 is air 
stable in solution and in the solid state. Comparison of 
the spectral features of 38 with 1 and Z5 indicates the 
chalcoformaldehyde ligands are electronically very similar. 
Complexes 2 and 3 have identical nitrosyl stretches (1752 
cm-l) in their infrared spectra. The 'H and 13C NMR 
chbmical shifts for the C5H5 ligands (lH 6 6.40 f 0.01; 13C 
100.5 f 0.4 ppm) are essentially the same for all three 
chalcoformaldehyde complexes. Fast atom bomardment 
MS of 214 and 38 reveal strong molecular ion peaks with 
the major fragmentations being the loss of S or Se and the 
loss of the chalcoformaldehyde ligand. Relative intensities 
indicate that loss of Se from 3 is more facile than loss of 
S from 2. Facile loss of chalcogen could account for our 
inability to observe the telluroformaldehyde complex. 

Since the structures of 1 and 2 have been determined5 
while no structures of mononuclear selenoformaldehyde 
complexes have been reported, we undertook an X-ray 
diffraction analysis of 3. X-ray data on a rectangular prism 
of 3 was collected at 25 OC and refined as described in the 
supplementary material. Of the 5702 reflections measured 
(0 I 27OC), 4152 were considered observed [F: I l.Oa(F,2)] 
and were used in the refinement. The crystal belongs to 
the monoclinic system of space group P21/c (2 = 4) with 
a = 9.689 (2) A, b = 18.608 (3) A, c = 15.054 (3) A, and p 
= 104.98 (1)O. Complex 3 is essentially isostructural with 
2. The selenoformaldehyde hydrogens were located from 
a difference map, and their positions were refined iso- 
tropically. The molecular structure of 3 is shown in Figure 
1, and pertinent bond lengths and angles are listed in Table 

(12) (a) Grechkin, N. P.; Nuretdinov, I. A.; Buina, N. A. Izu. Akad. 
Nauk SSSR, Ser. Khim. 1969,168. (b) Itiiuchle, F.; Pohl, W.; Blaich, B.; 
Goubeau, J. Ber. Bunsenes. Phys. Chem. 1971, 75, 66. 

(13) Fischer, H.; Zeuner, S. J .  Organomet. Chem. 1983, 252, C63. 
(14) 2: FAB MS (8 keV, m/z ,  relative intensity) 590 (M+, IS7Re, 32S, 

I), 558 (M+ - S, 5), 544 (M' - CHzS, 2). 

Table I .  Selected Bond Lengths ( A )  and Angles (deg)  in 3 

Bond Lengths (esd) 
R e 4 1  2 . 1 7 3  ( 6 )  Re-Pl  2 .447 (1) 
Re-Sel  2 . 5 2 2  (1) C1-H1 0 . 8 7  ( 5 )  
C1-Sel  1 . 8 7 9  ( 6 )  C1-H2 1 . 0 9  ( 6 )  
Re-N 1 1.765 ( 5 j  NI-010 1 . 1 6 9  ( 6 )  
Rc?-C,H,~ 2 . 2 9 9  

Bond Angles (esd) 
R e 4 1  -Sei 7 6 . 6  ( 2 )  P l - R e - C l  1 2 3 . 8  ( 2 )  
Re-Se 1-C 1 5 7 . 0  ( 2 )  R e - N 1 - 0 1 0  1 7 3 . 2  ( 5 )  
C1-Re-Sel 4 6 . 5  ( 2 )  H1-C1-H2 101 ( 5 )  
N1-Re-Pl 8 8 . 9  (1) H1-C1-Sel 1 1 4  ( 4 )  
N l -Re-Cl  8 9 . 6  ( 3 )  H2-Cl -Se l  1 3 5  (3)  
Pl -Re-Sel  81.08 ( 3 )  H1-C1-Re 1 1 2  ( 4 )  
N l - R e - S e l  1 0 7 . 5  ( 2 )  H2-Cl -Re 1 1 7  ( 3 )  

a Average distance from Re to  C,H, carbons. 

I. Final R indices were R = 0.038 and R, = 0.047 with 
a goodness of fit of 1.89. 

The bonding parameters for the (q5-C5H5)Re(NO)(PPh3) 
moiety are very similar to those found in related struc- 
t u r e ~ . ~ * ' ~  The CH2=Se ligand is v2 bound with the 
Re-C=Se plane twisted 21.8O away from the Re-P bond 
vector (toward the C5H5 ligand). This conformation allows 
good overlap of the rhenium HOMO15" with the CH2=Se 
T* orbital. The C-Se bond length of 1.879 (6) A is very 
close to those found in selenoureas (1.82-1.87 A).16 It is 
somewhat shorter than a typical C-Se single bond 
(1.95-1.99 A)16 but is significantly longer than the C=Se 
bond found in CSe2 (1.6917 (15) A)." It is also shorter 
than the bond length determined for the p,q2-CH2=Se 
ligand of a dimanganese selenoformaldehyde complex 
which was assumed to be a single bond.6b The Re-C- 
(selenoformaldehyde) bond length (2.173 (6) A) is slightly 
shorter than those normally found for Re-C single bonds 
(2.2-2.4 A).15J8 The Re-Se distance (2.522 (1) A) in 3 is 
also shortened relative to the Re-Se distance in 
[(Me3P)2(CO)3Re]2Se (2.653 (4) 

In summary, chalcoformaldehydes are becoming gen- 
erally available ligands in organometallic chemistry. Our 
methods, in conjunction with those of other groups: could 
lead to a broad series of seleno- and telluroformaldehyde 
complexes. Formaldehyde and thioformaldehyde deriva- 
tives may be even more readily a~ai lable .~ The chemistry 
of these complexes is of great interest in regards to their 
synthetic potential and suitability as catalysis models. The 
reactivities of 2 and 3 are currently under investigation, 
and preliminary results indicate they are dominated by 
nucleophilic attack at  the chalcoformaldehyde carbon. 
Details of these studies will be reported in due course. 
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Summary: The results of chemical and electrochemical 
experiments demonstrate that the 0-lactam 

CH,CHMeNBzCO, 4, is generated from Cp- 
(CO),FeCH,CHMeNHBz by deprotonation and cyclization 

to form Cp(CO)FeCONBzCHMeCH,- followed by sequen- 
tial one-electron oxidations of the anion to give a transient 
iron(1V) complex. This iron( IV) complex then collapses 
to the P-lactam. 

Electrochemical, chemical and spectroscopic evidence 
indicate that the formation of the P-lactam 4 during the 
oxidative degradation (via metal oxidants) of the P-ami- 
noalkyl (1) or P-aminoacyl (2) iron complexes occurs by 
reductive elimination of the P-lactam from an iron(1V) 
complex, 11. 

Syntheses of P-lactams via transition-metal complexes 
has been accomplished by the rhodium-catalyzed ring 
expansion of aziridines in the presence of carbon mon- 
oxide,l the photochemical reactions between chromium 
carbene complexes and imines,2 the oxidative degradation 
of allyliron tricarbonyl ~omplexes,~ and the oxidative 
degradation of P-aminoalkyl or (P-aminoacyl complexes4) 
of the type q-Cp(CO)2FeCH2CHRNHR.5p6 Although this 
latter class of compounds is readily available, their utili- 
zation in the syntheses of penicillin precursors has not been 
suc~essful.~ 

The reasons for this failure remains obscure. In part this 
is attributable to a lack of knowledge concerning the 
mechanism of the oxidative degradation of the @-amino- 
alky1)iron complexes. In his recent papers Rosenblum 
suggested that the iron(II1) radical cation 3 is the imme- 
diate progenitor of the P-lactam formed during the oxi- 
dative degradation of either 1 or 2.5 This hypothesis is 

I I 

I i 

(1) Alper, H.; Urso, F. J. Am. Chem. SOC. 1983, 105, 6737. 
(2) Hegedus, L. S.; McGuire, M. A.; Schultze, L. M.; Yijun, C.; An- 

derson, 0. P.; J. Am. Chem. SOC. 1984,106, 2680. 
(3 )  Hodgson, S. T.; Hollinshead, D. M.; Ley, S. V. J. Chem. SOC., 

Chem. Commun. 1984,494. 
(4) Broadley, K.; Davies, S. G. Tetrahedron Lett. 1984,25, 1743. 
(5) (a) Wong, P. K.; Madhavardo, M.; Marten, D. F.; Rosenblum, M. 

J .  Am. Chem. SOC. 1977,99, 2823. (b) Berryhill, S. R.; Rosenblum, M. 
J. Org. Chem. 1980,45, 1984. 

(6) Liebskind, L. S.; Welker, M. E.; Goeden, V. J.  Am. Chem. SOC. 
1984,106, 441. 

(7) Price, T. A. Ph.D. Dissertation, Brandeis University, Waltham, 
MA, 1982. 
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strongly supported by the demonstrated kinetic and 
thermodynamic enhancement of the alkyl to acyl migratory 
insertion reaction in the iron(II1) state as compared to the 
iron(I1) states and the often facile transformation of 1 to 
2 in the iron(I1) state.5 

Experimental evidence now shows that 3 is not the 
precursor of the P-lactam 4. Complex 3 is readily prepared 
chemically by the oxidation of 2 by ferricenium tetra- 
fluoroborate in methylene chloride at 24 "C. The addition 
of petroleum ether effects the precipitation of 3 as a green 
solid that has been obtained in analytically pure form. The 
structure of 3 is conclusively established by consideration 
of its chemical and spectroscopic properties. Thus, the IR 
spectrum of 3 exhibits terminal and acyl carbonyl ab- 
sorptions at  2010 and 1730 cm-l, respectively. A single 
intense signal is observed in the ESR spectrum of 3. The 
cyclic voltammetry behavior of 2 and 3 are identical (E  
- E, = 60 mV, Eo' = 0.06 mV, LiC104, AN, 24 OC, 20 m v  
s-l, QCE), thereby indicating that 3 does not differ struc- 
turally from 2 in a significant manner. 3 is quantitatively 
reduced to 2 by triethylamine. 3 is the most stable of the 
organoiron(II1) carbonyls that we have studied. It de- 
composes slowly ( t l12 = ll h at  22 "C) via a process that 
is first order in complex for at least 3 half-lives. At no time 
during the decomposition was more than a trace of P- 
lactam observed. Attempts to force the transformation 
of 3 to 4 by deprotonation of 3 with sodium hydroxide or 
silver oxide (one of the oxidants that transforms 2 to 4) 
resulted in gross decomposition. Complex 3 also decom- 
poses in the presence of 1 without formation of any P- 
lactam. 

Since the basic oxidants Ag20 and Pb02 are most ef- 
fective in transforming 1 or 2 to 4, it was thought that 
deprotonation may occur before oxidation. Surprisingly 
the deprotonation of either 1 or 2 with sodium hydride 
does not afford deprotonated 2 but rather the isomeric 
anion 6. Thus, treatment of 1 with excess sodium hydride 
in tetrahydrofuran or treatment of 5 with greater than 2 
equiv of sodium hydride affords the anionic aminocarbonyl 
complex 6 in 10-20 min at  room temperature. Complex 
2 is also transformed to 6 but only under more drastic 
conditions-5 h in refluxing tetrahydrofuran. The anion 
6 was characterized by IR and NMR spectroscopy and its 
chemical reactivity. Thus, 6 exhibits a terminal carbonyl 
absorption at 1850 cm-' that is characteristic of an anionic 
iron carbonyl. The acyl absorption is observed at  1495 
cm-', some 35 cm-l lower than for an analogous alkoxy- 

(8) (a) Magnuson, R. H.; Meirowitz, R.; Zulu, S. J.; Giering, W. P. J. 
Am. Chem. SOC. 1982,104,5790. (b) Magnuson, R. H.; Zulu, S.; Tsai, W. 
M.; Giering, W. P. J. Am. Chem. SOC. 1980,102,6887. (c)  Magnuson, R. 
H.; Meirowitz, R. E.; Zulu, S. J.; Giering, W. P. Organometallics 1983, 
2, 460. 
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