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to occur intramolecularly. No incorporation of boron into 
I1 from the BCl, reagent occurs. This was shown from a 
study of the reaction of l0BCl, with I. A "B NMR signal 
of normal intensity was observed for I1 while no 'lB NMR 
signals were produced for either C13B303 or its decompo- 
sition products. On a much slower time scale than the 
preparative time scale, 'OBCl, reacts with I1 to enrich I1 
with the 'OB isotope. 

A possible pathway (Scheme I) for formation of I1 could 
occur through initial adduct formation between BCl, and 
the oxygen of the unique carbonyl of I,6 resulting in re- 
duction of the CO bond order thereby inducing the carbon 
to move to a p2 site8 with the resulting exposed vertex 
boron accepting a chlorine atom. This halogen transfer 
would result in further reduction of CO bond order which 
could cause the carbon to move to a p3 position. With 
transfer of a second chlorine atom to boron, the BClz group 
would move to a pz site, and with the elimination of ClBO 
it could then move to a terminal site on the p3-carbon. The 
reaction of BH3 with I is believed to give an initial complex, 
( ~ L - H ) , ( C O ) ~ O ~ ~ ( ~ , - B C O B H ~ ) .  This reaction gives (p- 
H3)(C0)90~3(p3-B-~2-CHz) and H3B303 with transfer of two 
H atoms of the coordinated BH, to the terminal carbon.2 

For the synthesis of 11, BCl, (0.132 mmol) was condensed 
into a CH2C12 solution (2 mL) of I (0.0605 g, 0.070 mmol). 
The solution was warmed to room temperature and stirred 
for 10 min. Volatiles were pumped from the reaction 
mixture, leaving behind a white residue consisting of a 
mixture of I1 and B203 Cluster I1 was extracted from this 
residue with CH2C12 which was then pumped away leaving 
a white solid, 11, which was then washed with hexane. 
Yield of 11: 95% (0.061 g, 0.067 mmol). Cluster I1 is stable 
under vacuum a t  room temperature but is very mois- 
ture-sensitive. 

IR spectrum of I1 (vc0, CH2C12): 2020 (s (br)), 2089 (s) 
cm-'. NMR spectra of 11: 'H NMR (CDZCl2, 25 "C, 6- 
(Si(CH,),) 0.00) -19.43 (s) ppm; "B NMR (CD2C12, 25 "C, 
6(BF3.0Et2) 0.00) 57.4 (s, br) ppm; 13C NMR (CDzCl2, 25 
"C, 6(Si(13CH3)4) 0.00) 167.41 (3 C, s), 165.26 (6 C, d, JCH 
= 11.3 Hz), 132.50 (1 C, s, br) ppm. Signals (3:6:1) of the 
carbon-13 NMR spectrum are consistent with the solid- 
state structure of I1 (Figure 1). Spin coupling (13C-lH) 
indicated in the signal of relative area 6 is consistent with 
hydrogen trans to carbon, implying the presence of Os- 
H-0s bridges. 

The molecular structure of I1 (Figure 1) 'O has approxi- 
mate C, symmetry. The pseudo mirrow plane passes 
through B, C, Os(2), and the midpoint of the Os(l)-Os(3) 
bond. Positions of the hydrogen atoms, though not lo- 
cated, are implied as Os-H-Os bridges based on (1) Os-Os 
distances in the range observed for hydrogen-bridged os- 

(6) A Fenske-Hall calculation7 indicates that this is the most negative 
oxygen atom in the molecule. 

(7) Barreto, R. D.; Fehlner, T. P.; Hsu, L.-Y.; Jan, D.-Y.; Shore, S. G. 
Inorg. Chem. 1986,25, 3572. 

(8) The ability of a Lewis acid to induce a shift of CO from a terminal 
to a bridging site was first observed by S h r i ~ e r . ~  

(9) (a) Kristoff, J. S.; Shriver, D. F. Inorg. Chem. 1974, 13, 499. (b) 
Alich, A.; Nelson, N. J.; Stroppe, D.; Shriver, D. F. Ibid. 1972,II, 2976. 
(c) Alich, A.; Nelson, N. J.; Shriver, D. F. J.  Chem. Soc., Chem. Commun. 
1971, 254. 

(10) Crystal data for (I~(-H)~(CO)~OS~(I~~-CBC~~) (0 "C): space group 
P2,/n, a = 9.636 (5) A, b = 13.810 (6) A, c = 13.526 (6) A, p = 93.52 (4)O, 
V = 1796.5 A, p(calcd) = 3.402 g cmd for M ,  919.5, Z = 4, ~r = 215.6 cm-I, 
for Mo Ka. Diffraction data were collected with an Enraf-Nonius CAD4 
diffractometer. All data were corrected for Lorentz and polarization 
effects. An empirical absorption correction was made. Crystallographic 
computations were carried out on a PDP 11/44 computer using the SDP 
(Structure Determination Package). The structure was solved by the 
direct method MULTAN 11/82 and difference Fourier syntheses. RF = 
0.045 and RwF = 0.057 (227 parameters refined) for 2444 reflections (I 2 
3.0u(O) of 3152 unique reflections collected in the range of 4O 5 28 5 50°. 
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mium atornsl2J3 and (2) 13C NMR spectrum discussed 
above. Structural parameters of the Os3C core of the 
cluster (Figure 1) are consistent with those reported for 
other Os& units.l'J2 The B-C distance in 11, 1.47 (2) A, 
is comparable to the B-C distance in (p-H)3(C0)90s3- 
(p3-BCO),l 1.469 (15) 8. These distances are significantly 
shorter than observed for a B-C single-bond distance, ca. 
1.6 8,13J4 and can be attributed to some B=C character. 

The p,-CBCl2 unit of I1 is tilted only 15" from perpen- 
dicularity with respect to the Os, plane. The tilt angle is 
60" for p3-BCH2 in (p-H)3(CO)SOs3(p3-B-~z-CH2),2~15 while 
tilt angles of 43" and 40" are observed for p3-CCH2 in 
( C O ) ~ C O ~ R U ( ~ , - C - ~ ~ - C R H )  (R = t-Bu, Ph).16 
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G. A. J .  Organomet. Chem. 1987, 185. 

(15) Two B-H-Os bridges in the structure probably force the r3-BCH, 
to an extreme tilt angle compared to the vinylidene complexes. 

(16) Calculated from data in ref 4. 
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Summary: The first use of transition-metal carbonyl 
cluster fragments, such as Co,(CO), and Cp,Mo,(CO), 
(Cp = $-C,H,), as infrared biological markers for the in 
vitro detection of femtomole concentrations of estradiol 
receptor sites in lamb uterine cytosol is described. 

Despite the tremendous advances in the chemistry of 
transition-metal carbonyl clusters over the past 10 years 
and their considerable potential in fields such as hetero- 
and homogeneous catalysis,'s2 and possibly even super- 
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cond~ctivity,~ there has been no report of their utility in 
a biochemical area. We present here the first use of this 
class of compounds as nonradiolabeled markers in estradiol 
receptor detection, a crucial step in early cancer diagnosis." 
Problems with the use of radioisotopes in general, such as 
legal restrictions, health hazards, and radiolysis in solution, 
have prompted a worldwide search for new nonradiotracer 
 procedure^.^ In an earlier paper,s we described some 
related work on estradiol derivatives labeled with mono- 
nuclear Cr(C0)3 fragments. However, the photosensitivity 
of these organochromium steroids has made them difficult 
to use in routine clinical studies, and so we decided to see 
if the attachment of certain organometallic carbonyl 
clusters to the steroids might make them more convenient 
for biochemical purposes. Such polymetallic steroid com- 
plexes can indeed be synthesized7 and are stable in air, 
light, and solution, even for the long periods of time nec- 
essary for biochemical incubations. These metal carbonyl 
derivatives exhibit intense v(C0) bands in the IR at about 
2000 cm-', a region where proteins do not absorb, and the 
basis of our new approach to hormone receptor assay is 
the detection of these IR bands at physiological levels (ca. 
100 fmol/mg of protein) using modern FT-IR instrumen- 
tation.8 

170-Estradiol can be readily modified at several different 
positions, and we chose the l7a-position because of the 
known tolerance of the receptor sites to steroidal modi- 
fication in this p o ~ i t i o n . ~  17a-Ethynylestradiol (1) and 
17a-propynylestradiol (2)'O were labeled with cobalt and 
molybdenum carbonyl clusters,'l and then the products 
3-6 were incubated in vitro with lamb uterine cytosol. The 
labeled complexes were produced in approximately 
60-80% yields by reaction of the acetylenic steroids with 
either CO,(CO)~ or C~,MO,(CO)~ (Cp = v5-C5H5) in ap- 
propriate solvents.', 

Communications 

(1) Whyman, R. In Transition Metal Clusters; Johnson, B. F. G., Ed.; 

(2) Suss-Fink, G.; Herrmann, G. J.  Chem. SOC., Chem. Commun. 1985, 

(3) Mingos, D. M. P. Acc. Chem. Res. 1984, 17, 311. 
(4) (a) McGuire, W. L. Prog. Cancer Res. Ther. 1983, 25, 20. (b) 

Vollenwider-Zeragui, L.; Barrelet; Wong, Y.; Lemarchand-Beraud, T.; 
Gomez, F. Cancer 1986,57, 1171. 

(5) (a) Wehmeyer, K. R.; Halsall, H. B.; Heineman, W. R.; Volle, C. 
P.; Chen, I.-W. Anal. Chem. 1986, 58, 135. (b) Van Egmond, H. P.; 
Paulsch, W. E. Pure Appl. Chem. 1986,58, 315. 

(6) Jaouen, G.; VessiBres, A.; Top, S.; Ismail, A. A.; Butler, I. S. J. Am. 
Chem. SOC. 1985, 107, 4778; C. R. Acad. Sci., Ser. 2 1984, 298, 683. 

(7) Although different types of cobalt-steroid complexes were syn- 
thesized in the present work, the first ever report of such complexes 
appears to be by: Palyi, G.; Varadi, G.; Viziorosz, A.; Marko, L. J.  Or- 
ganomet. Chem. 1975, 90, 85. 

(8)  For a recent discussion on the sensitivity of FT-IR spectrometers, 
see: Griffiths, P. R. Science (Washington, D.C.) 1983, 222, 297. 

(9) Raynaud, J. P.; Ojasoo, T.; Bouton, M. M.; Philibert, D. In Drug 
Design; Ariens, A. J., Ed.; Academic: New York, 1979; Vol. VIII. p 165. 

(10) More formal names for these acetylenic steroids are as follows: 1, 
17a-ethnynl-l,3,5(10)-estratriene-3,17~-dio~ 2, 17a-propynyl-1,3,5(10)- 
estratriene-3,17&diol. Compound 1 is available commercially from Sig- 
ma, while 2 was prepared by the stereospecific reduction of estrone in 
T H F  solution with the Grignard reagent CH,C=CMgBr. 

(11) CO,(CO)~ and C~,MO,(CO)~ may be considered as small clusters; 
see: Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th. 
ed.; Wiley: New York, 1980; p 1081. The structures of the four clusters 
3-6 are formally trigonal bipyramidal nido; see: Mlekuz, M.; Bougeard, 
P.; Sayer, B. G.; Peng, S.; McGlinchey, M. J.; Marinetti, A,; Saillard, J .  
Y.; Naceur, J .  B.; Mentzen, B.; Jaouen, G. Organometallics 1985,4, 1123. 
For structural NMR studies see: Savignac, M.; Jaouen, G.; Rodger, C. 
A.; Sayer. B. G.; McGlinchey, M. J. J .  Org. Chem. 1986, 51,  2328. 

Wiley: New York, 1980; Chapter VIII. 
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The IR-active v(C0)  band6 of compound 6 in CHC1, are 
shown in Figure la; Figure Ib  depicts the v(C0) region of 
the difference spectrum obtained by subtraction of the 
spectrum of the precipitated protein from the in vitro 
incubation of compound 6 with lamb uterine cytosol at the 
same concentration level (1 X M) as used in [6,7I3H- 
170-estradiol radiochemical assays14 from that obtained 
under identical conditions except in the presence of excess 
diethylstilbestrol (DES) as well in order to eliminate the 
nonspecific binding.15J6 The necessary subtraction scaling 
factor was determined from the subtraction of the 4OH) 
harmonic at 6700 cm-' which was used as the reference 
peak. Three of the four v(C0) peaks expected for complex 
6 are clearly discernible above the background at 1999 (m), 
1920 (sh), and 1893 (s), cm-' after the co-addition of 1000 
scans while the band at 1825 cm-I falls below the low- 
frequency cutoff of the detector used. These peaks provide 
for the first time a direct measure of the specific binding 
of an organometallic steroid (complex 6) to the estradiol 
receptor sites, the concentration of which is estimated to 
be 300 fmol/mg of protein.l7 It should be mentioned that 

(12) For example, a typical synthesis of 6 is as follows. Under an argon 
atmosphere, a solution of 0.5 g (1 mmol) of Cp,Mo2(CO), in 20 mL of 
freshly distilled diglyme was heated at  reflux for 3 h. The solvent was 
then evaporated off to afford C~,MO,(CO)~. T H F  (30 mL) containing 
0.34 g (1.15 mmol) of 1 was then added to this crude product. The 
mixture was heated at  reflux for 4 h. After cooling and solvent removal, 
the crude product was chromatographed on silica gel by using ethyl 
acetate/hexane (1/3) as eluant. The dark red solid obtained (compound 
6) was recrystallized from ether/pentane (yield 60%; mp dec). Anal. 
Calcd for C,4H3,0GMoz: C, 55.90; H, 4.69; Mo, 26.27. Found: C, 56.03; 
H, 4.89; Mo, 26.46. IR (in CHC1,) u(C0) 1985 (m), 1914 (sh), 1895 (s), 
1825 (s) cm-'. 'H NMR (ppm, acetone-d,): H-1, 7.10 d; H-2, 6.59 dd; H-4, 
6.52 d;  H - 6 4 ,  2.77 m; Me-13, 0.99 s; OH-3, 7.95 s; =CH, 7.03 s; Cp, 5.56 
s. Mass spectroscopy: m/e 712 (M' - H,O). [alZzD: f202O (CHC13, c 
4 g/L). The purity and authenticity of the order products were estab- 
lished by TLC, spectroscopic methods (I3C and 'H NMR, FT-IR, mass), 
and elemental analysis. The relative binding affinity (RBA) values are 
as follows: 1, 70; 2, 44; 3, 5 ;  4, 12; 5, 13; 6, 16%. The procedure used to 
determine the binding affinities of such modified estrogens has been given 
previ0usly,6.'~ except that the incubation time for compounds 2, 4, and 
5 was 17 h rather than 3 h. 

(13) Katzenellenbogen, J. A.; Johnson, H. J.; Myers, H. N. Biochem- 
istry 1973, 12, 4085. 

(14) Katzenellenbogen, J. A.; Heiman, D. F.; Carlson, K. E.; Lloyd, J .  
E. In Receptor-Binding Radiotracers; Eckelman, W. C., Ed.; CRC Press: 
Boca Raton, FL, 1982; Vol. I, pp 93-126. 

(15) Hochberg, R. B. Science (Washington, D.C.) 1979, 205, 1138. 
(16) The IR spectra were recorded on a Bomem Model DA3.02 spec- 

trometer equipped with a liquid-nitrogen cooled In/Sb detector, a CaF, 
beamsplitter, and an evacuable sample chamber. The protein samples 
were pressed into 3-mm, self-supporting wafers weighing approximately 
1-1.5 mg (which corresponds to ca. 0.5 mL of original cytosol). The 
protein wafers containing the organometallic moiety could be handled in 
the presence of air and light for up to 1 month without any apparent 
decomposition. 
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future since (a) the binding affinities when these types of 
molecules are attached to hormonal steroids are reasonably 
comparable to those of the free steroids themselves, (b) 
the labeled steroids are sufficiently soluble and stable in 
biological media for long periods of time, and (c) their 
v(C0) peaks are strong enough to be detected by com- 
mercially available FT-IR spectrometers a t  about the 
femtomole concentration levels associated with hormone 
receptor sites by virtue of the fortuitous IR spectral win- 
dow available in the case of proteins. Preliminary work 
on extending the applications of IR markers to other bi- 
ological areas, e.g., other hormone receptors, mycotoxins, 
peptides and drugs, has already begun. 

2 0 5 0  2 0 0 0  1950 1900 1050 1000 

W A V E N U M B E R S  CM-' 

1750 

b x 102 

0.78 

W 

! 0.52 
0 

m 

0.26 

2 0 5 5  1980 1905 1830 

WAVENURBERS 

Figure 1. (a) FT-IR spectrum of compound 6 in CHC13 (30 scans 
at 2 cm-' resolution). (b) FT-IR difference spectrum v(C0) region 
obtained by subtracting the spectrum of precipitated protein, 
following incubation with compound 6 (1 X 10-8 M) in the presence 
of diethylstilbestrol (DES, 1 X M), from that of precipitated 
protein incubated with compound 6 (1 X M) in the absence 
of DES. 

the choice of IR detector for these extremely low concen- 
tration measurements is a critical factor in detecting the 
v(C0) peaks of the organometallic carbonyl cluster labels. 
We were unsuccessful by using the more conventional 
triglycine sulfate (TGS) and liquid-nitrogen-cooled mer- 
cury-cadmium-telluride (MCT) detectors and had to re- 
sort to the more sensitive liquid-nitrogen-cooled indium- 
antimonide (In/Sb) detector. Attempts to detect specific 
binding of a cobalt cluster labeled steroid through the 
agency of a doubly labeled species by exchange of some 
of the CO groups with 14C0 (specific activity = 50 mCi/ 
mmol) failed essentially because the level of precision for 
14C detection proved to be insufficient. 

The use of organometallic carbonyl cluster complexes 
as IR markers for biological systems augers well for the 

(17) The specific-bound fractions were determined in parallel exper- 
iments by incubation of lamb uterine cytosol at 0 OC for 3 h with [6,7- 
3H]-17fi-estradiol (2 X M; specific activity = 52 Ci/mmol). 
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Summary: Rhenaenolate, (v5-C,Me,)Re(NO)(PPh,)- 
(COCH,Li), generated in situ from (v5-C5Me5)Re(NO)- 
(PPh,)(COCH,) and n -BuLi, reacts with M(CO),(OSO,CF,) 
(M = Re, Mn) to give the first p-malonyl complexes 

(q'-C,Me,)Re(NO)( PPh,)(p-v', q2-COCH,CO)M(CO), (1 -Re, 
M = Re; 1-Mn, M = Mn). The enolate anion of 1-Re 
undergoes both diastereoselective alkylation and regios- 
elective silylation chemistry to give 3 and 4, respectively. 

- 

The role of acyl species in metal-catalyzed CO chemistry 
has for many years focused attention on the synthesis and 
properties of transition-metal acyl complexes. In view of 
the central place that carbonyl compounds claim in organic 
chemistry, a significant recent development is the increased 
utilization of acyl complexes for organic synthesis. A 
number of groups have now employed transition-metal 
enolate anions, derived by deprotonation of acyl complexes, 
as reagents for stereoselective carbon-carbon bond for- 
mation.' In contrast to simple metal acyl species, tran- 
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