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molecular structure of 2 is shown in Figure 1.15 It contains an 
unusual vinylcarbene ligand. The bond distance between tungsten 
and the carbene carbon C(9) is characteristic of a tungsten-carbon 
double bond;11'16'20b,c the distances between tungsten and the vinyl 
carbon atoms C(16) and C(17) are very long for an olefinic group 
coordinated to tungsten17 and even long compared to typical bond 
distances in tungsten-allyl complexes.18 The C(9)-C(16) distance 
is close to the value expected for a single bond between two sp2 

carbon centers (1.48 A) and the C(16)-C(17) distance is very 
close to values found in free olefins (1.35 A).19 The C(Ph)-
CHCHMe ligand may, therefore, be described as an ^-vinyl
carbene ligand with a very weakly coordinated vinyl group.20 

The characteristics of the vinylcarbene ligand in the present 
complex are intermediate between those of rigorously V-bonded 
vinylcarbene ligands, which are found in coordinatively saturated 
metal complexes,3 and those of more strongly 7j3-bonded ligands, 
which are found in low-valent iron complexes of the type [Fe-
(C3R4)(C03]9d '22 and which appropriately may be described as 
i;3-allylidene ligands. The difference in bonding clearly reflects 
better ir-back-bonding of the electron-rich, low-valent iron center 
to the vinyl group. In more electropositive metal complex systems 
the transfer of electron density from the metal to the ligand 
proceeds even further, resulting in metallacyclobutenes as in ti-
tanocene cyclobutenes.23 

Addition of 2 equiv of sodium diethyldithiocarbamate to a 
suspension of 2 in THF gives a red orange solution of a species 
with two infrared absorptions in the carbonyl region at 1931 and 
1850 cm"1. This initial product is formulated as the tungsten 
dicarbonyl complex [W(C(Ph)CHCHMe)(S2CNEt2)2(CO)2] (3). 
Compound 3 is unstable; it is activated toward coupling of the 
vinylcarbene ligand with a carbonyl ligand and transforms into 
the vinylketene complex [W(S2CNEt2)OCC(Ph)CHCHMe)-
(CO)] (4) (two diastereomers) within 1 h at 50 0 C (eq 2).24 

Complex 4 is isolated in 90% yield after recrystallization from 

(14) 2: 1H NMR (CDCl3) 6 5.61 (m, CHMe), 5.29 (d, VCH = 11.67 Hz, 
CH), 1,86 (d, VCH = 6.11 Hz, CH3); "C NMR (DC2Cl2) S 240.4 (CPh), 
122.9, 91.3 (CHCHMe); IR i/co (CH2Cl2) 2025 (m), 1944 (s) cm"1. 

(15) Crystal data for 2 and 4. 2: C18Hi7Br2NO2W, FW = 623.1, 
monoclinic, P2lt a = 7.549 (3) A, b = 12.64 (5) A, c = 9.931 (4) A, /3 = 90.65 
(3)°, V = 948.2 (6) A3, Z = I, PaM = 2.18 g cm"3, M(MO Ka) = 109.2 cm"1, 
1663 unique observed date, 3 < 29 < 50°, R = 0.036, R^ = 0.037. 4: 
C22H30N2O2S4W-CH2Cl2, FW = 751.6, monoclinic, />2,/«, a = 10.406 (2) 
A, b = 12.929 (2) A, c = 21.658 (4) A, 0 = 94.30 (2)°, V = 2905.6 (9) A, 
Z = 4, P08I01I = 1.72 g cm"3, Ai(Mo Ka) = 46.9 cm"1, 3806 unique observed 
data, 3 < 29 < 50°, R = 0.055. All intensity measurements were made at 
low temperature (-93 ± 3°C), using graphite-monochromated MoKa radia
tion (X = 0.71069 A) and a variable rate, u-scan technique. Empirical 
absorption corrections were applied based on the azimuthal scans of suitable 
reflections. Data with [\F0\ > Ia(F0)] were considered observed. The 
structures were solved by conventional heavy atom methods and refined by 
blocked-cascade least squares. All calculations were performed by using the 
SHELXTL programs. 
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Ions; Sutton, L. E., Ed.; The Chemical Society: London, 1965. 

(20) Related metal vinylcarbene entities are found in [(W=C(CMe3)-

CHCHCMe3)(r,
5-C5Hs)Cl3],

21a [(W=C(CF3)C(CF3)C(MeJC(Me))(S-I-

Pr)(q5-C5H5)(CF3C2CF3)],
2lb [(W=CPhCPhCPhCHPh)(O)(S2CNEt2),

2'* 

and [(Ta=CPhCPhCMeNCMe3)(^-C5H5)(CH3)].2"1 
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Templeton, J. L. J. Am. Chem. Soc. 1985, 107, 5004-5005. (d) Curtis, M. 
D.; Real, J. J. Am. Chem. Soc. 1986, 108, 4668-4669. 

(22) Nakatsu, K.; Mitsudo, T.; Nakanishi, H.; Watanabe, Y.; Takegami, 
Y. Chem. Lett. 1977, 1447-1448. 

(23) (a) Tebbe, F. N.; Harlow, R. L. J. Am Chem. Soc. 1980, 102, 
6151-5153. (b) McKinney, R. J.; Tulip, T. H.; Thorn, D. L.; Coolbaugh, T. 
S.; Tebbe, F. N. J. Am. Chem. Soc. 1981, 103, 5584-5586. 

(24) Vinylketene complexes of the same type as 4 have previously been 
obtained by reaction of [W(S2CNR2)2(CO)3] with cyclopropenes.10c 

CH2Cl2/hexane.25 The molecular structure of 4 is shown in 
Figure 2.15 The vinylketene ligand is bonded to the metal center 
via four carbon atoms. The W-C distances and the respective 
C-C distances are comparable to values found in tungsten and 
molybdenum butadiene complexes,26 with a somewhat shortened 
bond between tungsten and the ketene carbonyl carbon atom. 

Carbonyl-vinylcarbene coupling in the present system occurs 
slowly only after addition of two strong, chelating donor ligands. 
In the related (?;3-allylidene)tricarbonyliron9d'21 and dicyclo-
pentadienyltitanacyclobutene systems27 formation of vinylketene 
ligands occurs in the presence of carbon monoxide under at
mospheric pressure. Good transfer of electron density from the 
metal center to the vinylcarbene moiety appears to be a crucial 
factor favoring the carbonyl-vinylcarbene coupling step. 
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(25) Major diastereomer: 1H NMR (ppm, CDCl3) S 5.30(d, V = 7.82 Hz, 
CH), 2.87 (m, CtfMe), 2.01 (d, 3Z = 6.34 Hz, CH2); '

3C NMR (ppm, CDCl3) 
6 234.9 (C=O), 204.7 (CO), 79.4 (CH), 68.9(CHMe), 56.1 (CPh). 
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Metal complexes that recognize specific sites on biological 
macromolecules have potential as drugs and molecular probes.1"5 

Our interest in paramagnetic chelates as liver-enhancing relaxation 
agents for NMR imaging has led us to study the interactions 
between chelates and relevant binding proteins.6"11 In vivo, these 

(1) Sherman, S. E.; Gibson, D.; Wang, A. H.-J.; Lippard, S. J. Science 
{Washington, D.C.) 1985, 230, 412. 

(2) Dervan, P. B. Science {Washington, D.C.) 1986, 232, 464-471. 
(3) Shaw, C. F„ III; Schaeffer, N. A.; Elder, R. C; Eidsness, M. K.; 

Trooster, J. M.; Calis, G. H. M. J. Am. Chem. Soc. 1984,106, 3511-3521. 
(4) Wensel, T. G.; Chang, C-H.; Meares, C. F. Biochemistry 1985, 

3060-3069. 
(5) Barton, J. K. Science {Washington, D.C.) 1986, 233, 727-734. 
(6) Lauffer, R. B. Chem. Rev., in press. 
(7) Koutcher, J. A.; Burt, C. T.; Lauffer, R. B.; Brady, T. J. / . Nucl. Med. 

1984, 25, 506-513. 
(8) Lauffer, R. B.; Greif, W. L.; Stark, D. D.; Vincent, A. C; Wedeen, 

V. J.; Brady, T. J. / . Comput. Assist. Tomogr. 1985, 9, 431-438. 
(9) Lauffer, R. B.; Vincent, A. C; Padmanabhan, S.; Villringer, A.; Saini, 

S.; Elmaleh, D. R.; Brady, T. J. Magn. Reson. Med., in press. 
(10) Lauffer, R. B.; Brady, T. J. Magn. Reson. Imaging 1985, 3, 11-16. 
(11) Lauffer, R. B.; Brady, T. J.; Brown, R. D., Ill; Baglin, C; Koenig, 

S. H. Magn. Reson. Med. 1986, 3, 541-548. 

0002-7863/87/1509-2216S01.50/0 © 1987 American Chemical Society 



Communications to the Editor J. Am. Chem. Soc, Vol. 109, No. 7, 1987 2217 

H% 

meso-[Fe(5-Br-EHPGr] 

Figure 1. (a) Structures of the complexes, (b) Scatchard plot of the 
binding of racemic (O) and meso (O) forms of 59Fe(5-BrEHPG)~ to HSA 
as measured by equilibrium dialysis. Also shown are data obtained for 
the racemic complex after the addition of 1 mol of bilirubin IXa per mole 
of HSA (•), r represents the molar ratio of bound chelate to HSA; C!rx 
is the molar concentration of free (unbound) chelate. Data were obtained 
at 5 0C with 100 fiM HSA in 0.1 M sodium phosphate buffer, pH 7.4, 
containing 0.15 M NaCl. The curve through the data for the racemic 
complex represents the best fit25 to a single high-affinity site (K = 2.2 
X 104 M"1) as well as to nonspecific sites. 

agents may behave similarly to bilirubin, the heme breakdown 
product, which is transported to the liver bound to the blood protein 
albumin and then extracted by liver cells.12,13 Since albumin 
possesses a remarkable capacity to bind structurally dissimiliar 
anionic and hydrophobic ligands,14~17 strong binding of one such 
agent, iron(III) N,./V'-ethylenebis[(5-bromo-2-hydroxyphenyl)-
glycinate] [Fe(5-BrEHPG)~], to human serum albumin (HSA) 
in vitro was not unexpected.9 However, the structural basis for 
the binding is poorly understood. We have isolated diastereomeric 
forms of Fe(5-BrEHPG)~ and report here that one form binds 
stereoselectively to the bilirubin site on HSA, indicating the im
portance of molecular shape in the binding interaction. The 
complexes thus serve as novel probes of this important binding 
site and provide a structural link toward understanding the com
mon in vivo chemistry of bilirubin and various metal chelates. 

The racemic (RR + SS) and meso (RS) diastereomers of 
Fe(5-BrEHPG)" (Na+ salts) can be separated on the basis of 
solubility in methanol.18,19 The structure of these isomers can 

(12) Klaassen, C. D.; Watkins, J. B., Ill Pharmacol. Rev. 1984, 36, 1-67. 
(13) Berk, P. D.; Stremmel, W. In Progress in Liver Disease; Popper, H., 

Schaffner, F., Eds.; Grune & Stratton: Orlando, FL, 1985; Vol. VIII, pp 
125-144. 

(14) Kragh-Hansen, U. Pharmacol. Rev. 1981, 33, 17-53. 
(15) Fehske, K. J.; Muller, W. E.; Wollert, U. Biochem. Pharmacol. 1981, 

30, 681-692. 
(16) Brown, J. R.; Shockley, P. In Lipid-Protein Interactions; Jost, P., 

Griffith, O. H., Eds.; Wiley: New York, 1982; pp 25-68. 
(17) Peters, T., Jr. Adv. Protein Chem. 1985, 37, 161-245. 
(18) See the supplementary material for details. 

Figure 2. (a) Structure of bilirubin IXa. (b-d) Possible conformations 
of bilirubin as a function of the two torsional angles about the central 
methylene: 0„ N-C9-C10-C11; 02, N-C11-C10-C9. (b) 0, = 02 = 
0° (porphyrin-like configuration); (c) 0i = 02 = -60.8° (intramolecular 
hydrogen-bonded form exhibited in the crystal structure of the dianion33); 
(d) 0! = 02 = -135° (example of an extended conformation); (e) su
perposition of a stick representation of (R,/?)-Fe(5-BrEHPG)~ (thick 
lines) within the van der Waals surface of bilirubin (dots and dashed 
lines) in the extended (^1 = 02 = -135°) conformation. The iron atom 
is placed at the central methylene of bilirubin and the complex is posi
tioned to illustrate the similarity between the orientation of its bromo-
phenolate rings with respect to the dipyrromethene moeities of bilirubin. 
In (b)-(e), selected peripheral atoms and all hydrogens have been omitted 
for clarity. In (e), the two carboxylates of the complex are not displayed. 

be inferred from those of the parent compound on the basis of 
NMR evidence and similarity of TLC properties and visible 
spectra.20-22 The racemic isomer (RR shown in Figure la) is 
a distorted octahedral complex with two equivalent phenolates 
coordinated to the metal in the equatorial plane but twisted relative 
to one another; a 2-fold axis of symmetry bisects the N-Fe-N 
angle. The meso isomer, on the other hand, lacks this symmetry 
since one phenolate (from the S carbon) coordinates to the iron 
at an axial site from above the equatorial plane. 1H NMR spectra 
of the paramagnetically shifted ring proton resonances confirm 
the anticipated equivalence of the two rings in the racemic isomer 
and the inequivalence in the meso isomer.18,23 

Equilibrium dialysis studies reveal that HSA has a distinct 
preference for binding the racemic isomer of Fe(5-BrEHPG)~. 
Figure lb displays Scatchard plots for both isomers. The meso 
isomer exhibits only nonspecific binding most likely to low affinity, 
high capacity sites as demonstrated by the flat appearance of the 
binding plot, whereas the racemic isomer binds additionally to 

(19) Characteristics of the complexes. maso-Fe(5-BrEHPG)~: \max, water 
= 495 nm; TLC (silica) 7:3 CHCl3/MeOH, R1= 0.36. raoFe(5-BrEHPG)~: 
m̂ax = 486 nm; Rf = 0.60. 

(20) Ryskiewich, D. P.; Boka, G. Nature (London) 1962, 193, 472-473. 
(21) Patch, M. G.; Simolo, K. P.; Carrano, C. J. Inorg. Chem. 1983, 22, 

2630-2624. 
(22) Bailey, N. A.; Cummins, D.; McKenzie, E. D.; Worthington, J. M. 

Inorg. Chim. Acta 1981, 50, 111-120. 
(23) NMR spectra were obtained in D2O at 50 0C on a Bruker AM300 

and assigned by analogy to other phenolate-iron(III) complexes.24 rac-Fe-
(5-BrEHPG)"-61 (3 H), 61 (4 H), 40 ppm (6 H);m&so-Fe(5-BrEHPG)--61, 
-55 (3 H), 58, 64 (4 H), 36, 39 ppm (6 H). 

(24) Heistand, R. H.; Lauffer, R. B.; Fikrig, E.; Que, L„ Jr. J. Am. Chem. 
Soc. 1982, 104, 2789-2796. 
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a single high-affinity site with an estimated association constant 
of 2 x 104 M"1.18-25 

The specific binding site of /vzoFe(5-BrEHPG)~ appears to be 
at or near the high-affinity site for bilirubin IXa (Figure 2a). One 
equivalent of bilirubin IXa added to HSA (K « 108 M~') com
pletely inhibits the high-affinity binding of the racemic complex 
(Figure lb). Other experiments show that the specific site does 
not appear to be one of the common drug-binding sites, denoted 
site I and site II, that were identified by Sudlow et al.27 in dis
placement studies using the fluorescent probes dansylamide and 
dansylsarcosine, respectively. The addition of a large molar excess 
of the structurally analogous but colorless gallium(III) complex 
of 5-BrEHPG to both types of HSA-probe complexes results in 
only small reductions of fluorescence intensity in each case ( ~ 
20%).18 The lack of preferential displacement of either probe 
removes site I and II as candidates for the high-affinity site for 
/•ac-Fe(5-BrEHPG)~. In addition, no significant degree of tryp
tophan^ 14 fluorescence quenching, seen for some site I binding 
drugs,28'29 is observed with the gallium analogue.18 

ra>Fe(5-BrEHPG)~ shares certain chemical features in com
mon with bilirubin, such as anionic charge, hydrogen-bonding 
groups, and hydrophobic regions, which, while prerequisite for 
binding, are insufficient by themselves in directing the complex 
to this specific site since the meso isomer exhibits these same 
features yet lacks the high-affinity binding. The stereoselectivity 
of the binding, therefore, suggests that the unique structure of 
«rc-Fe(5-BrEHPG)~ may be similar to that of HSA-bound bi
lirubin. The conformation of bilirubin when bound is still not 
known despite extensive study. Although circular dichroism studies 
suggest that the two dipyrromethene chromophores are held in 
a chiral configuration at some angle relative to one another, the 
flexibility inherent in the central methylene gives rise to a wide 
range of such conformers (Figure 2c,d).30~32 Remarkable sim
ilarity exists between rac-Fe(5-BrEHPG)_ and extended con
formations of bilirubin in terms of the relative orientation of the 
planar groups with respect to each other and with respect to the 
central anionic region (Figure 2e).18 Such a conformation of 
HSA-bound bilirubin seems reasonable since it would allow the 
dipyrromethene units to project into different regions of the HSA 
molecule, as suggested by others,34 affording noncovalent contacts 
with both halves that would contribute collectively to the high 
association constant. 

This work represents the first use of rigid metal complexes to 
explore the shape of a protein binding site for a potentially flexible 
ligand. The unique stereochemistry of metal complexes makes 
them well suited for probing macromolecules as shown in recent 
applications to DNA.5 Further studies will determine if the 
binding of rac-Fe(5-BrEHPG)" to the bilirubin site on HSA is 
enantiomerically specific (i.e., preferential binding of either the 
RR or SS isomers). 

(25) The binding data for rac-Fe(5-BrEHPG)~, in the form of a r (moles 
of complex bound per mole of HSA) vs. Cttec (unbound complex concentration) 
plot, was fit to the following: 

r = (KC1n.)/(I + KCfm) + PQ,« 

A single high affinity site with association constant K was assumed. P rep
resents a simple partition coefficient26 to take into account the nonsaturable, 
nonspecific binding noted for the meso isomer. A least-squares fit yielded K 
= 2.2 X 104 m_1 and P = 6.2 X 103 M"1. The calculated isotherm was recast 
into the Scatchard format for display in Figure 1. 

(26) Hsia, J. C; Er, S. S.; Tan, C. T.; Tinker, D. O. J. Biol. Chem. 1982, 
257, 1724-1729. 

(27) Sudlow, G.; Birkett, D. J.; Wade, D. N. MoI. Pharmacol. 1976, 12, 
1052-1061. 

(28) Chignell, C. F. Ann. N. Y. Acad. Sci. 1973, 226, 44-59. 
(29) Maes, V.; Hoebeke, J.; Vercruysse, A.; Kanarek, L. MoI. Pharamacol. 

1979, 16, 147-153. 
(30) Harmatz, D.; Blauer, G. Arch. Biochem. Biophys. 1975, 170, 

375-383. 
(31) Blauer, G.; Wagniere, G. J. Am. Chem. Soc. 1975, 97, 1949-1954. 
(32) Lightner, D. A.; Reisinger, M.; Landen, G. L. J. Biol. Chem. 1986, 

261, 6034-6038. 
(33) Mugnoli, A.; Manitto, P.; Monti, D. Acta Crystallogr., Sect. C Cryst. 

Struct. Commun. 1983, 39, 1287-1291. 
(34) Jacobsen, J.; Brodersen, R. J. Biol. Chem. 1983, 258, 6319-6325. 

Our results also point to the feasibility of metal-containing 
drugs, especially for diagnosis, which mimic the chemistry of 
endogenous substances. The binding of rac-Fe(5-BrEHPG) to 
the bilirubin site on HSA illustrates how simple structural features 
of a complex, such as the relative placement of charged, hydro
gen-bonding, and hydrophobic groups, can be sufficient for its 
recognition by in vivo binding sites. The utility of these iron(III) 
complexes as hepatobiliary imaging agents8,9 most likely stems 
from hepatocellular binding interactions at sites involved in the 
transport of bilirubin. 
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In the past decade there has been considerable interest in 
AlCl3-containing molten salts. These melts provide novel media 
for fundamental studies and are also of interest in high-energy 
batteries and for catalytic applications.1 Relatively few molten 
salt systems are liquid at or below room temperature. The 
properties of these systems, mainly organic chloroaluminates, have 
been reviewed by Hussey;2 several other room temperature molten 
salts have been described recently.3 This paper describes tet-
rachloroborate salts that are stable liquids at room temperature; 
they are products of the reaction between /i-butylpyridinium 
chloride or methylethylimidazolium chloride and boron trichloride. 

iV-Butylpyridinium chloride (BPC) and l-methyl-3-ethyl-
imidazoliunf chloride (MEIC) were prepared as described in ref 
4-6. Melts were prepared by distillation of a measured volume 
of BCl3 onto a weighed amount of BPC or MEIC in a glass tube 
cooled with liquid nitrogen. The tube was then sealed and warmed 
to room temperature. The composition of such melts is uncertain 
by about 15%. 

Conductivity cells were calibrated with standard KCl; a YSI 
conductivity bridge was used for specific conductance measure
ments. PAR equipment was used for electrochemical measure
ments. Raman spectra were obtained with an ISA Ramanor 2000 
spectrometer, an argon ion laser, and a photon-counting system. 

Both solid chlorides react exothermically with gaseous BCl3 

to form droplets of colorless, viscous melt at room temperature. 
The reaction with MEIC is more exothermic. When the mole 
ratio of BCl3 to the organic chloride is approximately 1:1, a single 
phase is formed; when the ratio is 2:1, two immiscible liquid phases 
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