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Table I. Association Constants for the Receptor-Barbiturate 
Interaction" 

receptor barbiturate K„ M'1 (25 0C, CDCl3) 
6 barbital (lb) 2.08 X 10" 
5 mephobarbital (Id) 6.80 x 102 

5 phenobarbital (Ic) 1.97 X 10s 

5 barbital (lb) 1.37 x IQ6 

0At 250 MHz: [receptor] = 2.0 X 10"3 M, [barbiturate] = 4.0 x 
10~2 M. Measurements made on isophthaloyl-2H and both amide-
NHs by using 12-15 points. In all cases titration curves showed dis
tinct 1:1 stoichiometry. 

the hexa-hydrogen-bonded complex 7.14 The CH2 and CH3 

resonances of the barbital ethyl groups were shifted upfield by 
0.25 and 0.23 ppm, respectively, confirming their proximity to 
the diphenylmethane cleft in 7. Furthermore, the isophthaloyl 
resonances in uncomplexed 5 are broadened due to the confor
mational mobility of the macrocycle. In complex 7 the motion 
of the isophthaloyl group is restricted and its 1H resonances 
sharpen. CPK molecular modeling suggests that in 7 the iso-
phthaloyl-2 proton is forced to lie in the deshielding region of the 
barbital-2-carbonyl group, and, indeed, this resonance is shifted 
downfield by 0.4 ppm. 

Association constants for the receptor-barbiturate complexes 
were determined from 1H NMR titration data by using either 
Foster-Fife'5 or nonlinear least-squares analysis and are collected 
in Table I. The three key design features of the receptors (their 
macrocyclic structure, the six H-bonding interactions, and the 
5,5-binding region) are confirmed by these measurements. Good 
complementarity between barbiturate lb and macrocyclic receptor 
5 results in a large association constant (1.37 X 106 M"1). When 
the inwardly pointing binding site is no longer enforced, with 
acyclic 6, association to lb diminishes by almost 100-fold. Re
moval of three H-bonds from the binding interaction, as with 
mephobarbital Id, leads to a more than 1000-fold decrease in 
binding to 5. Incorporation into the barbiturate-5 position of a 
bulky substituent which cannot fit neatly into the receptor cavity, 
e.g., with phenobarbital Ic and 5, causes a 10-fold reduction in 
the binding constant. 

In summary, we have shown that complementary positioning 
of H-bonding groups within a cavity can lead to strong com-
plexation between uncharged molecules. We are currently seeking 
to increase the recognition characteristics of these receptors, 
particularly in the 5,5-region, and to extend the approach to other 
key biological molecules such as urea, uric acid, and xanthine. 
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(14) Complex (1:1) between lb and 5: 1H NMR (CDCl3) 12.40 (2 H, s, 
barb NH), 9.80 (2 H, s, isophth CONH), 9.55 (2 H, s, CH2 COKIH), 8.49 
(1 H, s, isophth-2H), 8.20 (2 H, d, J = 8 Hz, pyr-3H), 8.15 (2 H, d, J = 8 
Hz, pyr-5H), 7.98 ( 2 H , d , / = 8 Hz, isophtMH), 7.84 (2 H, t, J = 8 Hz, 
pyr-4H), 7.64 (1 H, t, J = 8 Hz, isophth-5H), 7.04 (4 H, d, J = 9 Hz, 
phenol-3,5H), 6.73 (4 H, d, J = 9 Hz, phenol-2,6H), 4.06 (4 H, t, / = 5.5 
Hz, CH2O), 2.66 (4 H, t, J = 7 Hz, CH2CO), 2.15 (4 H, m, CZf2CH2O), 1.78 
(4 H, q, J = 7.5 Hz, CH3CW2), 1.65 (6 H, s, CH3), 0.65 (6 H, t, J = 7.5 Hz, 
CH3CH2). 

(15) Foster, R.; Fife, C. A. Prog. Nucl. Magn. Reson. Spectrosc. 1969, 4, 
1. 
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We report the direct formation of a carbon-carbon bond be
tween two aryl isocyanides of a binuclear iridium(O) complex by 
using a Lewis acid promoter. Carbon-carbon bond-forming re
actions are among the most important organic chemical trans
formations mediated by transition-metal complexes. There has 
been a particularly keen interest recently in coupling pairs of 
coordinated carbonyl2-4 or isocyanide5 ligands of mononuclear3,5 

and binuclear2,4 transition-metal complexes. The coupling of the 
isocyanide ligands of the complex Ir2(CNR)4(dmpm)2

8'9 (1, R = 
2,6-Me2C6H3, dmpm = Me2PCH2PMe2), described herein, is 
unusual in several respects. Coupling is mediated by a late 
transition-metal complex, a d9-d9 Ir(O) system. The reaction does 
not require two external reducing electronic equivalents. Instead, 
coupling is effected by formal addition of a single "AlEt2 radical 
to two ^-isocyanides resulting in annulation to a five-membered 
C2N2Al ring. 

In view of the theoretical criteria for isocyanide coupling 
enumerated recently,6 complex 1 appears to be extremely prom
ising. The complex possesses the "cradle" type10 structure I'.1'.'3-15 

Address correspondence pertaining to crystallographic studies to this 
author. 
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Res. 1980, 13, 121. (c) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; 
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Chem. 1981, 20, 922. (c) Dewan, J. C; Giandomenico, C. M.; Lippard, S. 
J. Ibid. 1981, 20, 4069. (d) Dewan, J. C; Lippard, S. J. Ibid. 1982, 21, 1682. 
(e) Giandomenico, C. M.; Lam, C. T.; Lippard, S. J. / . Am. Chem. Soc. 1982, 
104, 1263. 
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D. C. J. Am. Chem. Soc. 1983, 105, 146. 

(7) Wu, J.; Reinking, M. K.; Fanwick, P. E.; Kubiak, C. P. Inorg. Chem. 
1987, 26, 247. 

(8) Complex 1 was prepared by Na/Hg reduction of [Ir2(2,6-
Me2C6H3CN)5(dmpm)2][PF6J2

7 in benzene. Anal. CaICdTOrC48H66N4P4Ir2 
(1-V3C6H6): C, 47.75; H, 5.51; N, 4.64. Found: C, 47.55; H, 5.72; N, 4.43. 
(A solvated benzene molecule is confirmed by the X-ray structural study and 
is partially removable under high vacuum.) Spectroscopic data: IR (KBr) 
KCN) 2038 (s), 1996 (s, br), 1600 (m), 1564 (m) cm"'; *'P NMR (81 MHz, 
benzene, reference to external H3PO4) 5 -34.7 (s, br); 1H NMR (200 MHz, 
toluene-d8) S 6.9 (m, 12 H, C6W3(CHj)2), 2.51 (s, 12 H, C6H3(CWj)2), 2.37 
(s, 12 H, C6H3(CWO2), 1.70 (s, 12 H, PCW3), 1.08 (s, 12 H, PCW3), 0.89 (m, 
4 H, PCW2P). 

(9) Crystal data for 1-C6H6: C52H70N4P4Ir2, fw = 1259.5, monoclinic, 
space group P2U a = 10.615 (2) A, b = 16.883 (3) A, c = 15.044 (3) A, /3 
= 94.23 (I)0 , V = 2689 (2) A3, Z = I, d^ = 1.555 g cm"3. The structure 
was solved by MULTAN least-squares Fourier methods and was refined to R 
and Rw values of 0.033 and 0.044, respectively, for 528 variables and 3229 
unique observations with / > Ia(I) with Mo Ka radiation. Data were cor
rected for absorption empirically. Changing the enantiomer did not signifi
cantly change the R factors. 
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1986, J, 1807. (b) Cotton, F. A.; Dunbar, K. R.; Verbruggen, M. G., sub
mitted for publication, (c) Karsch, H. H.; Milewski-Mahrla, B. Angew. 
Chem., Int. Ed. Engl. 1981, 20, 814. (d) Karsch, H. H.; Milewski-Mahrla, 
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B " I' R p i n 

^ M - M, M ^ - ^ — — M " " ^ 

/ > / V / Np / \ 
P "^xJ / Pv. N x P y 

I I I 
1. M = I r ; R= 2.6-Me 2C 6H 3

9 2. M • I r ; R • 2.6-Me2C8H3; A-BH 3 

with a short 2.37 (2) A separation between the two bridging 
isocyanide carbon atoms. Both the terminal and bridging K(CN) 
bands, 2038 (s), 1996 (s) cm"1 and 1600 (m), 1564 (m) cm"1, are 
at extremely low energies, reflecting an abundance of electron 
density on the iridium(O) centers. Complex 1 also reacts readily 
with Lewis acids, including BHj'6 and CO2

17 to form N-adducts. 
Indeed, the aminocarbyne complex Ir2(CN)(A)R)2(CNR)2-
(dmpm)2 (A = BH3), 2, was structurally characterized and found 
to possess a "cradle" framework essentially identical with T and 
uncoupled aminocarbyne groups, structure I I ." An »j2-alkyne, 
complex of structure III (M = Rh, R = Ph) is also now known,18 

suggesting a plausible pathway for isocyanide coupling via am-
inocarbynes of structure II. This "rational" approach to isocyanide 
coupling however met with several surprising results as described 
below. 

Addition of 1 equiv of neat Al2Et6" to a toluene solution of 
1 at 25 "C causes an immediate reaction. The terminal n(CN) 
bands do not change noticeably; however, the bridging c(CN) 
bands lose intensity to a new band at 1520 cm"1. The 31P(1H) 
NMR spectra of 1 + Al2Et6 shows the disappearance of 1 at & 
-34.7 ppm and appearance of a doublet of triplets centered at S 
-38.6 and 6 -47.8 ppm (J = 40 Hz).20 These observations are 
consistent with the addition of AlEt3 to one of the N atoms of 
the bridging isocyanide ligands. A second slow reaction ensues, 
and after 24 h a product of stoichiometry Ir2(CNR)4(AlEt2)-
(dmpm)2, 3, was obtained as red-purple crystals. The FTIR 
spectrum of 3 displays two i»(CN) bands at 2047 and 1996 cm"1. 
These are very similar to those displayed by 1 and suggest no 
formal change of oxidation state in the transformation: 1 + Al2Et6 
—• 3. The K(CN) bands of the n-isocyanides of 3 are replaced 
by new bands below 1440 cm"1. Complex 3 is also paramagnetic. 

(11) The structure of complex 1 is similar to the bridged form of Co2(C-
O)8. See: (a) Sumner, G. G.; Klug, H. P.; Alexander, L. E. Acta Cryslallogr. 
1964,17, 732. (b) Bor, G.; Noack, K. J. Organomel. Chem. 1974, 64, 367. 
(c) Onaka, S.; Shriver, D. F. lnorg. Chem. 1976,15, 915, and is also related 
to various homoleptic isocyanide complexes of the cobalt group. See: ref 
13-15. 

(12) Carroll, W. E.; Green, M.; Galas, A. M. R.; Murray, M.; Turney, T. 
W.; Welch, A. J.; Woodward, P. J. Chem. Soc., Dalton Trans. 1980, 80. 

(13) (a) Yamamoto, Y.; Yamazaki, H. J. Organomel. Chem. 1977,137, 
C31. (b) Yamamoto, Y.; Yamazaki, H. Inorg. Chem. 1978, 17, 3111. 

(14) Yamamoto, Y.; Yamazaki, H. Bull. Chem. Soc. Jpn. 1984, 57, 297. 
(15) (a) Burkholder, S. P.; Fanwick, P. E.; Kubiak, C. P., manuscript in 

preparation, (b) Burkholder, S. P. M.S. Thesis, Purdue University, West 
Lafayette, IN 47907. 

(16) The single crystal structure of 2 has also been determined and will 
be reported separately. 

(17) Wu, J.; Fanwick, P. E.; Kubiak, C. P. Organomelallks 1987, 6, 1805. 
(18) Berry, D. H.; Eisenberg, R. Organomelallks 1987, 6, 1796. 
(19) In the liquid state, the lower aluminum alkyls such as AlEt, exist as 

dimers. See: (a) Cotton, F. A.; Wilkinson. G. Advanced Inorganic Chemistry, 
4th ed.; John Wiley: New York, 1980; p 343. (b) Moore. J. W.; Sanders, 
D. A.; Scherr, P. A.; Glick, M. D.; Oliver, J. P. / . Am. Chem. Soc. 1971, 93, 
1035. 

(20) Initial addition of 0.5 equiv, 2 equiv, or 3 equiv of AIjEt6 lead to 
unclean " P spectra, and the final product could not be obtained. 
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Figure I. ORTEP drawing of Ir2|C2(NR)2AIEt2|(CNR)2(dmpm)2 (3, R 
= 2,6-Me2C6H3) with 30% probability thermal ellipsoids. 

Figure 2. Skeletal view of 3 with selected bond distances and angles. 

thus preventing characterization by NMR. 
The molecular structure21 of 3 is shown in Figure 1. A skeletal 

view with selected bond distances and angles is given in Figure 
2. The structure of 3 reveals the coupling of two isocyanide 
ligands and their condensation with one AlEt2 fragment. The 
C10-C20 bond distance, 1.48 (1) A, is intermediate between 
typical values for C-C single and double bonds. The bond distance 
A1-N10 is significantly longer (0.043 (9) A) than AI-N20, 
suggesting dative and covalent bonds, respectively.27 There are 
also significant differences of 0.058 (12) A between C10-N10 
and C20-N20 in the C2N2AI ring. The structure displays the 
"1,2-dimetallated" or parallel mode of alkyne coordination for 
binuclear complexes.25 This is in contrast to the parent complex 
1 and to many other known binuclear acetylene complexes,8,22"25 

in which the vector formed by the bridging carbon atoms is 
perpendicular to the M-M bond.26 Complex 3 also differs sig
nificantly from the known binuclear alkyne complexes which 
exhibit 1,2-dimetallated olefin structures. The typical 1,2-di
metallated olefin complex is of the "A-frame" type structure with 
no metal-metal bond."-32 Complex 3 possesses the "cradle" 

(21) Crystal data for 3: Cs0H74N4AIP4Ir2, fw = 1266.5, monoclinic, space 
group P2,/c, a = 11.444(11 A, b = 19.072 (1) A, c- 25.602(3) A, 0 = 
102.91 (1)°, V = 5446 (2) AJ, Z = 4, </„,„, = 1.544 g c m ' . The structure 
was solved by MULTAN least-squares Fourier methods and was refined to R 
and /?„ values of 0.035 and 0.040, respectively, for 550 variables and 5330 
independent observations with / > 3CT(/) with Mo Ko radiation. Data were 
corrected for absorption empirically. 

(22) (a) Cotton, F. A.; Jamerson, J. D.; Stults, B. R. J. Am. Chem. Soc. 
1976, 98, 1774. (b) Sly, W. G. J. Am. Chem. Soc. 1959, S/, 18. (c) Bonnett, 
J.-J.; Mathieu, R. lnorg. Chem. 1978, 17, 1973. (d) Bird, P. H ; Fraser. A. 
R.; Hall. D. N. J. Am. Chem. Soc. 1977. 16, 1923. 

(23) (a) Bennett. M. A.; Johnson, R. N.; Robertson, G. B.; Turney, T. W.; 
Whimp, P. O. / . Am. Chem. Soc. 1972, 94. 6540. 

(24) Angoletta, M.; Bellon, P. L.; Demartin, F.; Sansoni, M. J. Organomel. 
Chem. 1981, 208, C12. 

(25) Hoffman, D. M.; Hoffmann, R.; Fisel, C. R. J. Am. Chem. Soc. 1982. 
104, 3858, and references therein. 

(26) From a theoretical calculation a perpendicular structure would be 
expected for 3 while a parallel structure would be expected for an A-frame 
complex where two diphosphine ligands are trans to each other. See ref 25. 
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geometry and a metal-metal bond, d(Ir-Ir) = 2.7861 (6) A. 
Complex 3 has one unpaired electron, which is introduced by 

the addition of a neutral 'AlEt2 radical to the diamagnetic complex 
1. At -150 0 C the EPR powder spectrum of 3 exhibits a com
pletely isotropic signal with g = 2.005. The isotropic nature of 
the low-temperature powder spectrum suggests that the unpaired 
electron 3 resides in a molecular orbital with essentially no con
tribution from the iridium atoms. This result is in accord with 
FTIR c(CN) data which suggest no change in the formal oxidation 
state of 3 compared to 1 and indicates the unpaired electron likely 
is delocalized exclusively within the C2N2Al ring of 3. 

The formation of 3 by annulation of two ^-isocyanides with 
an AlEt2 radical is unprecedented, eq 1. The "AlEt2 radical is 

E«V - E t 

R ^ ^ R / A f ^ 
N N R—Nv • ' N - R 

A x A + A|2Et« — / \ m 

I r ^ - ^ I r Ir Ir 
1 3 

presumably formed by AlEt3 abstraction of C2H5" from an N-
complexed AlEt3 followed by electron transfer. The complexation 
of 1 equiv of AlEt3 to 1 is observed in the early stages of reaction 
(vide supra). Upon abstraction of C2H5" from the initial adduct, 
one would expect formation of the species [Ir2(C2(NR)2AlEt2)-
(CNR)2(dmpm)2]+[AlEt4]-( [3+][AlEt4"]. We note Schmidbaur 
has reported an apparently similar disproportionate of Al2Me6 

to [AlMe2
+]/[AlMe4"] and annulation of [AlMe2

+] in the case 
of bis(trialkylphosphoranylimino)silanes.31 We find the molecular 
cation 3+ can be prepared by one-electron oxidation of 3. Cyclic 
voltammetric studies of 3 in THF reveal one reversible oxidation, 
£ l / 2(3+ /3) = -0.22 V versus SCE. Chemical oxidation of 3 with 
[FeCp2][PF6] affords [3+][PF<f]. The cationic species 3 + does 
not show any i/(CN) band in the 1700-1450-cm"1 region, sug
gesting that the carbon-carbon bond in the C2N2Al ring of 3 is 
not cleaved by one-electron oxidation. The diamagnetic cation 
3 + is however reducible by AlEt4" to yield the isolated radical 
product 3. Our results thus imply that it is the condensation of 
an AlEt2

+ fragment with two bridging isocyanide ligands which 
induces carbon-carbon bond formation, not the injection of an 
electron from AlEt4", formed during the coupling reaction. Our 
studies of the relative importance of the Lewis acid employed in 
ligand coupling versus electron transfer are continuing. 
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(27) The Al-N bond distances of 1.939 (9) A and 1.896 (9) A lie at the 
extrema for known Al-N distances, 1.937 (5)-1.902 (4) A.28 
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137, 265. 
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paper. 
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CC-1065 (1, NSC-298223), an antitumor-antibiotic isolated 
from Streptomyces zelensis2 initially identified by spectroscopic 
techniques38 and confirmed in a single-crystal X-ray structure 
determination,3b has been shown to possess exceptional, potent 
in vitro cytotoxic activity, antimicrobial activity, and confirmed, 
potent in vivo antitumor activity.4 In sharp contrast to the early 
observations made with simplified analogues of CC-1065 bearing 
modified central and right-hand subunits, e.g., U-71,184,5 in which 
the antitumor activity and DNA binding properties have been 
found to be restricted primarily to the agent enantiomer bearing 
the natural 3bR,4aS-CPl left-hand segment,6 recent efforts have 

Scheme V 

PhCH2O RO 0 

u i — R = CH-Ph 12 2 
h L* P = H U 

"(a) 1.10 equiv of 1-piperidino-l-propene, CH2Cl2, 0-23 0C, 12 h; 
(b) 10% aqueous HCl-THF (1:5), 23 0C, 12 h; (c) 1.0 equiv of N-
bromosuccinimide, THF, H2SO4 (catalyst), -23 0C, 1 h, 97%; (d) 1.1 
equiv of NaH, DMF, 23 0C, 15 min; 3 equiv of 3-bromopropyne, 
DMF, 23 0C, 3 h, 67% from 7; (e) 2.1 equiv of H-Bu3SnH, AIBN 
(catalyst), benzene, 80 0C, 4-5 h; (0 2-3 equiv of BH3-SMe2, THF, 
0-23 0C, 1-3 h; 1 equiv of 2 N aqueous NaOH, 3 equiv of 30% H2O2, 
45 0C, 30 min, 40% from 9; (g) 5% anhydrous HCl-CH3OH, 50 0C, 2 
h, 83%; (h) 1 atm of H2, 10% Pd/C, EtOAc, 23 0C, 20 h, 85%; (i) 1.5 
equiv of Ph3P, 1.95 equiv of diethyl azodicarboxylate, THF, 23 0C, 3 
h, 50%. 
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(GM 07775). David Ross Fellow, Purdue University, 1986-1987. 
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Stewart, J. C; Visser, J. J. Antibiot. 1981, 34, 1119. 
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J. Antibiot. 1980, 33, 902. (b) Chidester, C. G.; Krueger, W. C; Mizsak, S. 
A.; Duchamp, D. J.; Martin, D. G. J. Am. Chem. Soc. 1981, 103, 7629. 

(4) For a recent review of the chemistry, mechanism of action, and bio
logical properties of CC-1065, see: Reynolds, V. L.; McGovren, P. J.; Hurley, 
L. H. J. Antibiot. 1986, 31, 319 and references cited therein. For a review 
on the covalent binding of CC-1065 to the minor groove of DNA, see: Hurley, 
L. H.; Needham-VanDevanter, D. A. Ace Chem. Res. 1986, 19, 230 and 
references cited therein. See, also: Hurley, L. H.; Reynolds, V. L.; Swenson, 
D. H.; Petzold, G. L.; Scahill, T. A. Science (Washington, D.C.) 1984, 226, 
843. Needham-VanDevanter, D. R.; Hurley, L. H.; Reynolds, V. L.; Ther-
iault, N. Y.; Krueger, W. C; Wierenga, W. Nucleic Acids Res. 1984, 12, 
6159. 

(5) (a) Warpehoski, M. A. Tetrahedron Lett. 1986, 27, 4103. (b) War-
pehoski, M. A.; Gebhard, I.; Kelly, R. C; Krueger, W. C; Li, L. H.; 
McGovren, J. P.; Prairie, M. D.; Wicneinski, N.; Wierenga, W. J. Med. 
Chem., 1988, in press, (c) Li, L. H.; Wallace, T. L.; DeKoning, T. F.; 
Warpehoski, M. A.; Kelly, R. C; Prairie, M. D.; Krueger, W. C. Investiga
tional New Drugs, in press, (d) For a review of the biological activity of 
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