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Figure 3. Mossbauer spectrum of [Fe(02)TPpivP(SC6HF4)]"[K-2.2.2.]+ 

at 77 K. The sample is 85 ± 5% pure and may contain 15 ± 5% iron-
(III). 

at 1139 cm"1. This band is not present in the CO adduct or in 
the five-coordinate material (Figure 2). Substituting 18O2 for 
natural oxygen would shift this absorption to the 1073-cm"1 region. 
Unfortunately, this part of the spectrum is obscured by a near 
total absorption of chlorobenzene so the initial experiments could 
only indirectly confirm the attribution of the 0 - 0 stretching 
vibration: when 18O2 was used, there was indeed no absorption 
at this wavelength but we could not detect the oxygen-18 stretching 
vibration. A careful search for a different good solvent led to the 
use of fluorobenzene (Figure 2). The experiments carried out in 
this solvent revealed the appearance of the 18O2 stretch at 1076 
cm"1, in good agreement with the calculated value of 1073 cm"1 

for a pure harmonic oscillator. 
Finally, Mossbauer spectroscopy confirms the formulation of 

3 as an O2 adduct. The studies carried out on the anion [FeT-
PP(SC6H5)]" at low temperature have shown that a species dis
playing the Mossbauer features of an oxy adduct are indeed 
observed when oxygen is admitted to the solid sample: a quad
ruple doublet with IS = 0.312 mm-s"1, A£q = 2.015 mm-s", and 
rexpt = 0.272 mm-s"1 was observed at 77 K. These values are 
similar to those reported for oxy-P-450.12 They are quite in
sensitive to the nature of the sixth ligand and have the same 
magnitude for oxyhemoglobin13 and the oxyhemoglobin model 
compounds reported by Collman et al.14 However, despite re
peated attempts under various conditions of pressure and tem
perature, we could not obtain more than about 40% oxygenation 
on bulk samples of 100 mg.5 

The sample used in the present study, [Fe(02)TPpivP-
(SC6HF4)]", was obtained by exchanging CO in the carbonyl 
adduct 2. A solution of 2 was purged with oxygen for 30 min, 
pentane was added, and the resulting oil was frozen and transferred 
to the sample holder. The Mossbauer spectrum, reproduced in 
Figure 3, shows that 85 ± 5% exchange has taken place. There 
is about 15% of a second species, probably iron(HI) (vide infra). 
The parameters obtained at 77 K are nearly the same as for the 
TPP adduct, namely, IS = 0.30, A£q = 2.04, and rexpt = 0.48 
mm-s"1 (±0.02 mm-s"1). Present efforts are directed at obtaining 
a pure sample. A complete Mossbauer study of all three complexes 
will be reported later. 

Prolonged exposure of 3 to an oxygen atmosphere or UV ir
radiation at 190 nm results in the formation of a new species with 
absorptions at 419 and 505 nm. This spectrum is typical of 
five-coordinate iron(III), and Mossbauer spectroscopy indeed 
confirms that an iron(III) species is formed under these circum
stances (=<30% in 6 h). A material with an identical UV-visible 
spectrum, FeTPpivP(SC6HF4), 4, can be synthesized in a manner 
similar to Holm's preparation.2 The above-mentioned observations 
suggest that the oxy complex 3 is degraded following the reaction 
[Fe"(02)TPpivP(SC6HF4P)]" *± FemTPpivP(SC6HF4) -I- O2".
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(12) Sharrock, M.; Debrunner, P. G.; Schulz, C; Lipscomb, J. D.; Mar
shall, V.; Gunsalus, I. C. Biochtm. Biophys, Acta 1976, 420, 8. 

(13) Lang, G.; Marshall, W. Proc. Phys. Soc, London 1966, 87, 3. 
(14) Spartalian, K.; Lang, G.; Collman, J. P.; Gagne, R.; Reed, C. A. J. 

Chem. Phys. 1975, 63, 5375. 

Interestingly, solutions of 3 can be reduced to the iron(II) complex 
1 upon slight warming when the oxygen atmosphere is pumped 
off, even though there seems to be no excess thiolate left. In a 
separate experiment, solutions of 4 were reacted under argon at 
-30 0C with solutions of [K+-2.2.2.]02", resulting in the immediate 
formation of 3, as shown by the identity of UV-visible spectra. 
This parallels the results of Valentine et al.15 

That superoxide ions are formed upon degradation of the oxy 
complex 3 constitutes a further similarity with the behavior of 
cytochrome P-450.16 Current ESR experiments should further 
confirm this point. 

The evidence presented above shows that an oxy adduct mim
icking the properties of oxy-P-450 can be obtained. The rever
sibility of the oxygenation-carbonylation reaction demonstrates 
the presence of sulfur bonding to iron.17 The decreased frequency 
of the 0 - 0 stretching vibration relative to that reported for 
oxyhemoglobin models18 (1163 cm"1) would similarly indicate the 
presence of a larger charge on iron." This complex undoubtedly 
constitutes a model for the oxy state of cytochrome P-450. Its 
good thermal stability will facilitate further studies on other 
putative intermediates in the P-450 cycle. 
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The stereochemical influence of the hydride ligand and the 
structures of transition-metal hydrides have been topics of con
siderable controversy and discussion.1,2 Overlooked has been a 
close structural relationship between certain hydrido-metal com
plexes and AuPPh3 derivatives exemplified by such pairs of 
compounds as the complexes [Co(CO)4AuPPh3] and [Co(CO)4H] 
with capped tetrahedral geometries,3,4 the complex [Fe(CO)4-
JAuPPh3I2], which we have shown to have the same bicapped 
tetrahedral geometry as the hydride [Fe(CO)4H2],

4,5 and the 
double-bridged Os3 clusters [OS3(CO),0(M-X)(M-L)] with X = Cl 
or Br and L = H or AuPPh3.

6,7,8 

The structural similarities may seem to be surprising at first 
because it would seem that a gold phosphine group and a hydride 

(1) Frenz, B. A.; Ibers, J. A. "Transition Metal Hydrides", Muetterties, 
E. L.; Ed.; Marcel Decker: New York, 1971; p 33-74. 

(2) Teller, R. G.; Bau, R. Structure Bonding (Berlin) 1981, 44, 1. 
(3) Blundell, T. L.; Powell, H. M. J. Chem. Soc. A 1971, 1685. 
(4) McNeill, E. A.; Scholer, F. R. J. Am. Chem. Soc. 1977, 99, 6243. 
(5) Simon, F. E.; Lauher, J. W., unpublished work. 
(6) Churchill, M. R.; Lashewycz, R. A. Inorg. Chem. 1979, 18, 1926. 
(7) Churchill, M. R.; Lashewycz, R. A. Inorg. Chem. 1979, 18, 3261. 
(8) Bradford, C. W.; van Bronswijk, W.; Clark, R. J. H.; Nyholm, R. S. 

J. Chem. Soc. A 1970, 2889. 
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Table I. Selected Average Bond Distances (A) and Angles (Deg) 
for [FeCo3(CO)12AuPPh3], 5, [HFeCo3(CO), (P(OMe) J 3 ] , ^ 8 4, 
and [Co4(CO)12],

3 3 

Figure 1. ORTEP plot of the [FeCo3(CO)12AuPPh3] molecule. The 
phenyl groups are ommitted for clarity. The iron atom has not been 
directly distinguished but is assigned by analogy to its location in 4 (see 
text). 

would have little in common from either an electronic or steric 
viewpoint. Upon closer examination, however, they are not so 
different. Gold atoms are large, but there is no steric problem 
since with longer bonds they are further away from a transition 
metal. Hydrogen bonds to a metal by using its Is orbital; gold 
uses primarily its 6s orbital. The bonds formed between gold atoms 
and transition-metal anions are very polar and carbonyl infrared 
spectra indicate that the electron density on the transition metal 
tends to be intermediate between that of the free anion and its 
hydride. 

The first mixed-metal clusters ever reported were the cluster 
anion [FeCo3(CO)12]"", 1, and the hydride [HFeCo3(CO)12], 2, 
synthesized by Chini and co-workers more than 20 years ago.9 

Their basic structures were recognized to be analogues of [Co4-
(CO)12],'0,11 3, but there was considerable discussion regarding 

C - O 

the location of the hydrogen atom in the hydride.12"14 The 
controversy was ended when the structure of a trimethyl phosphite 
derivative, [HFeCo3(CO)9{P(OMe)3)3], 4, was determined by 
Kaesz15 and confirmed in a neutron study by Koetzle and Bau.16 

They found a C3v structure similar to that of 3, with the hydride 
bridging the three Co atoms. 

We have now prepared the gold derivative [FeCo3-
(CO)12AuPPh3], 5, by the direct reaction of the cluster anion 
[FeCo3(CO)12]", 1, with an equivalent amount of (triphenyl-
phosphine)gold(I) nitrate in acetone. The product has an intense 
purple color and an infrared spectrum similar [2075 (w), 2005 
(s), 1975 (m), 1930 (s), 1820 (m)] to that of the parent anion.9 

An X-ray diffraction study of 5 has revealed that the molecule 
crystallizes in space group Pl1 with a = 9.174 (2) A, b = 15.103 
(2) A, c = 12.708 (3) A, a = 108.08 (2)°, V = 1674 A3, palci 

(9) Chini, P.; Colli, L.; Peraldo, M. Gazz. Chim. Ital. 1960, 90, 1005. 
(10) Wei, C. H.; DaW, L. F. / . Am. Chem. Soc. 1966, 88, 1821. 
(11) Wei, C. H. Inorg. Chem. 1969, 8, 2384. 
(12) Mays, M. J.; Simpson, R. N. F. / . Chem. Soc. A 1968, 1444. 
(13) Knight, J.; Mays, M. J. / . Chem. Soc. A 1970, 711. 
(14) White, J. W.; Wright, C. J. J. Chem. Soc. A 1971, 2843. 
(15) Huie, B. T.; Knobler, C. B.; Kaesz, H. D. J. Chem. Soc, Chem. 

Commun. 1975, 684. J. Am. Chem. Soc. 1978, 100, 3059. 
(16) Teller, R. G.; Wilson, R. D.; McMullan, R. K.; Koetzle, T. F.; Bau, 

R. / . Am. Chem. Soc. 1978, 100, 3071. 

Fe-Co 
Co-Co 
Au-Co 
Fe-C 
c ° - c t r m 
Co-Cb r 

Co-Fe-Co 
Fe-Co-Co 
Au-Co-Fe 
Co-Au-Co 
C-Fe-C 
Fe-Co-C c i s . t r m 

Fe-Co-C t r a n s . t r m 

Fe-Co-Cb r 

5 

2.56 (8) 
2.52 (8) 
2.714 (7) 
1.79 (14) 
1.75 (6) 
1.94 (7) 

59.0 (2) 
60.5 (13) 

112.9(15) 
55.3 (3) 
96(2) 
78(3) 

173 (2) 
84(3) 

4 

2.560 (2) 
2.488 (12) 
1.734 (4) H-Co 
1.798 (9) 
1.755 (8) 
1.954 (13) 

58.1 (3) 
60.9 (1) 
83.8(5) H-Co-Fe 
91.8(2) Co-H-Co 
96(2) 
81(3) 

174(3) Fe-Co-P 
82(2) 

3 

2.49 (2) 

1.9 (2) 
2.07 (11) 

59.8 (1.3) 
60.1 (7) 

102 (2) 
92.8 (9.8) 

162.4 (5.8) 
82.6 (3.3) 

= 2.04 g cm"3, and Z = I. Diffraction data were collected on 
an Enraf-Nonius CAD4A diffractometer using Mo Ka radiation. 
The structure was solved by Patterson and difference Fourier 
methods and refined by least-squares methodology to final indices 
oiR = 3.8% and Rv = 4.2% for the 1915 data in the range O < 
20 < 50° with F0 > 3(T(F0). 

The structure consists of a trigonal-bipyramidal array of metal 
atoms with the gold atom at one apical position. We could not 
on the basis of our data distinguish the Fe atom from the Co atoms 
but have assigned the Fe atom to the opposite apical position by 
analogy to its location in 4. The FeCo3(CO)12 portion of the 
molecule has a structure similar to that of 3 with the same general 
arrangement of CO ligands, but the various bond angles, Table 
I, are much closer to those in the trimethyl phosphite substituted 
hydride 4. In particular, the average Fe-Co-C angle for the 
cis-terminal CO ligands is substantially less in the capped com
pounds (Au, 78°; H, 81°) than in 3 with a Co-Co-C angle of 
93°. However, the angles to the trans-terminal CO or phosphite 
ligands are greater in the capped compounds (Au, 173°; H, 174°) 
vs. 2 (162°). The average Fe-Co bond distances (2.56 A) are 
identical in 4 and 5 and the average Co-Co distances are similar 
(Au, 2.52 A; H, 2.49 A). We believe that the structure of 5 is 
likely to be even closer to that of the parent hydride, [HFeCo3-
(CO)12], 2, than it is to the phosphite derivative. 

The compound 5 contains the first example of a Au atom triply 
bridging three transition-metal atoms. The average Au-Co bond 
length of 2.714 A is 0.21 A longer than the 2.50 A single-bond 
distance found in [Co(CO)4AuPPh3].3 In a neutron diffraction 
study of 4 the Co-H distances averaged 1.734 A, also about 0.2 
A longer than the expected single-bond distance (1.52 A).2,16 

It should be possible to prepare gold phosphine analogues of 
most transition-metal hydrides with the obvious exceptions of 
cluster interstitials. Investigations of the structures of the gold 
analogues may in some cases be more appropriate than studies 
of the hydrides themselves. This will be true in cases where the 
hydride is unstable. For example, the compounds [V(CO)6H] 
and [WC5H5(CO)3H] are quite reactive and good crystallographic 
studies have not been possible, but structures of the analogous 
gold derivatives have been determined17'18 and are likely good 
hydride models. 

Gold derivatives may also prove to be useful as analogues of 
heavy metal or cluster hydrides in which the location of the 
hydrogen cannot be determined by X-ray diffraction. Finally a 
gold derivative of a fluxional hydride might serve as a model of 
one single stabilized isomer. 
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The efficient conversion of (L-a-amino-5-adipyl)-L-cysteinyl-
D-valine (1) to isopenicillin N (2) by a partially purified cell-free 
system from Cephalosporium acremonium has been studied in 
detail during investigations of the mechanism of formation of the 
pencillin ring system.1,2 We now report the results of experiments 
with structural analogues1 of tripeptide 1 designed to evaluate the 
substrate specificity of this conversion. The results of these ex
periments have shown, for the first time, that the cyclase enzyme 
system, which converts 1 to 2, is able to accept and transform 
modified substrates into new penicillins. Furthermore, these 
substrates act as inhibitors of the conversion of the natural sub
strate 1 into isopenicillin N. 

Table I. Conversion of Peptides to Penicillins in 
Extracts of C. acremonium 

CO2 0 

I1R1 = R2 = CH3 
3, R1 = CH3; R

2 = CH3CH2 
4, R' = CH3CH2; R

2 = CH3 
5, R1 = H; R2 = CH3 

CO2 0 ^7~^-O^ i C0,H 

2, R1 = R2 = CH3 
11,R' = CH3;R

2 = CH3CH2 
12, R1 = CH3CH2; R

2 = CH3 
14, R1 = H; R2 = CH3 

The L,L,D-tripeptides 3, 4, and 5 were synthesized by standard 
procedures3,4 and separately incubated with a cell-free system from 
C. acremonium C-91.1 The extent of conversion to bioactive 
products was assayed with Staphylococcus aureus NCTC 6571. 
Under these conditions each peptide was converted into a peni-
cillinase-sensitive antibiotic, presumed to be an analogue of iso
penicillin N. However, the extent of conversion under the con
ditions used was much less than the virtually quantitative yield 
from the natural substrate 1. After 60-min incubation a significant 
proportion of these analogues remained unchanged and they 

(1) Abraham, E. P.; Huddleston, J. A.; Jayatilake, G. S.; O'Sullivan, J.; 
White, R. L. In "Recent Advances in the Chemistry of 0-Lactam Antibiotics" 
(2nd International Symposium); Gregory, G. I., Ed.; Special Publication, The 
Royal Society of Chemistry; London, 1981. 

(2) Baldwin, J. E.; Johnson, B. L.; Usher, J. J.; Abraham, E. P.; Hud
dleston, J. A.; White, R. L. /. Chem. Soc, Chem. Commun. 1980, 1271. 

(3) Baldwin, J. E.; Herchen, S. R.; Johnson, B. L.; Jung, M.; Usher, J. J.; 
Wan, T. /. Chem. Soc., Perkin Trans. 1, in press. 

(4) Fawcett, P. A.; Usher, J. J.; Huddleston, J. A.; Bleaney, R. C; Nisbet, 
J. J.; Abraham, E. P. Biochem. J. 1976, 157, 651. 

peptide 

1 
3 
4 
5 

product 

2 
11 
12 
14c 

% 
yield" 

100 
36 
4 

10 

% 
inhibition6 

40 
75 
78 

a Peptides (1 mM) and cell-free extract (4-10 mg/mL protein) 
were incubated at 27 0C. Yields after 60 min were estimated by 
bioassay (S. aureus NCTC 6571) on the assumption that penicillins 
11,12 and 14 had about 50% of the specific antibacterial activity 
of isopenicillin N (2).s Since conversion of 1 to 2 was quantitative 
within 30 min. the yields shown may provide an overestimate of 
the relative rates of conversion of the peptide analogues of 1. ''In
hibition is defined as the decrease (%) in the bioactivity generated 
after 30 min when a peptide analogue (1 mM) was incubated with 
the cell extract (1-2 mg/mL protein) for 15 min at 27 0C before 
addition of the natural substrate (1) (0.4 mM). c Predominant 
product. 

behaved as inhibitors of the natural substrate (see Table I). 
The nature of the biosynthesis products was determined as 

follows. Oxidation (performic acid, 4 0C, 5 h) of the incubation 
mixture from 3, followed by electrophoresis on paper (pH 1.8), 
gave a sulfonic acid6 (cadmium ninhydrin positive) which co-
migrated with the more mobile of a diastereomeric pair of sulfonic 
acids 6 produced by similar oxidation of a diastereomeric mixture 

CH2CH2 X^' ^ Ji 
H S ' 

6,R= SO3H 
7, R = SH 

CO7H 

8,R = CH3; R
1 = CH3; R

2 = CH3CH2 
9, R = CH3; R

 = CH3CH2; R — CH3 
10, R = CD3; R

1 = CH3CH2; R
2 = CH3 

HS H 
> « C H , 

M H / X * CO, 

13 

of /3-mercapto-DL-isoleucine 77. This result, coupled with the 
antibiotic activity and penicillinase sensitivity, is consistent with 
a stereospecific conversion of 3 into a penicillin bearing a 2-ethyl 
substituent. The stereochemistry was determined as follows. 
Fractional crystallization (acetone, ethanol) of the thiazolidine 
mixture 8 and 9 prepared by reaction of 7 with acetone (reflux) 
gave one diasteromer, 8, mp 182-184 0C (dec),8 which was ox
idized (performic acid) to a sulfonic acid which comigrated with 
that derived from the biosynthetic experiment (electrophoresis 
on paper, pH 1.8). The relative configuration of 8 was established 
by observation of an NOE (300 MHz, D2O) on the C-5 ethyl 
group on irradiation of the C-4 (S 4.38) hydrogen. The minor 
isomer 9, corresponding to the less mobile sulfonic acid, gave an 
NOE (18%) on C-4 (8 4.45) hydrogen upon irradiation of the C-5 
(5 1.47) methyl group. This NOE was also observed in 10, the 
deuterated analogue, thereby removing the possibility of misas-
signments of the methyl groups. Thus the relative stereochemistry 
of 8 is as shown and hence that of the new penicillin corresponds 
to 11. 

Incubation of 4, derived from D-alloisoleucine, gave a smaller 
yield (Table I) of a bioactive, penicillinase-sensitive product. The 
latter was oxidized to a sulfonic acid and shown (electrophoresis) 

(5) Claes, P. J.; Hoogmartens, J.; Janssen, G.; Vanderhaeghe, H. Eur. J. 
Med. Chem—CMm. Ther. 1975, 10, 573. 

(6) This oxidative degradation of penicillin to penicillaminic acid is well 
established; cf. ref 4. 

(7) du Vigneaud, V.; Stacy, G. W.; Todd, D. J. Biol. Chem. 1948, 176, 
907. 

(8) All new compounds, apart from the incubation products, have satis
factory analytical and/or spectral data. 
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