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(72.5 ppm and 78.6 ppm, respectively) slightly upfield from those 
of the corresponding precursor thiophosphoryl chlorides (84.6 and 
91.5 ppm). Reaction OfAlCl3 with an equimolar mixture of the 
precursors (Y2XPCl) e and e' gives 31P NMR signals at 72.3 and 
78.2 ppm and shows no phosphorus-phosphorus coupling (i.e., 
no asymmetric dimers) indicating that these signals correspond 
to monomeric species. However, while the 27Al NMR spectra 
contain a sharp signal at 102 ppm (AlCl4"),18 the more substantial 
(>50%) signal is a broad peak slightly downfield (106 ppm). 
These 27Al spectra are similar to those obtained for 
(NMe2)3P=S-AlCl3 and Ph3P=S-AlCl3.19 We conclude that, 
in solution, chloride ion reabstraction occurs allowing formation 
of a covalent Lewis acid-base adduct (Y2PSCl-AlCl3)

21 and that 
the ionic nature of 2e and 2e' is dependent on a crystal lattice 
factor. In contrast, a single sharp signal at 102 ppm (AICI4")18 

is observed in the 27Al NMR spectrum of solutions of 2f. 
Moreover, the 31P spectrum includes signals for (Et2N)2P+ (264.0 
ppm)20 and 2f (-7 ppm, J?.Sc = 341 Hz, identified as a triplet 
in the 77Se NMR spectrum Jp^ = 340 Hz) and other unidentified 
signals at 79-80 ppm, demonstrating complex equilibria involving 
only ionic species. 

The identification of derivatives of 2 in the solid state further 
demonstrates the dominant stability of the phosphetane frame­
work.14 However, this new cationic system has unique dissociative 
properties in solution, with the nature of the species dependent 
upon the chalcogen (X). We anticipate the stabilization of de­
rivatives of 1 through the suitable choice of substituents X and 
Y. 

Supplementary Material Available: Crystal structures, exper­
imental details, unit cell packing diagrams, and tables of crystal 
data, atomic positional parameters, anisotropic thermal param­
eters, bond lengths, bond angles, and least-squares planes for 
[(Et2N)2PS]2(AlCl4J2 and [(Et2N)2PSe]2(AlCl4)2 (16 pages); table 
of observed and calculated structure factors (10 pages). Ordering 
information is given on any current masthead page. 

(18) Akitt, J. W. Ann. Rep. NMR Spectrosc. 1972, 5, 465. Cowley, A. 
H.; Kemp, R. A.; Wilburn, J. C. Inorg. Chem. 1981, 20, 4289. 

(19) Burford, N.; Royan, B. W.; Spence, R. E. v. H. Unpublished results. 
(20) Cowley, A. H.; Kemp, R. A. Chem. Rev. 1985, 85, 367. 
(21) Similar adducts have been postulated for reaction of the nitrogen 

analog (Y2XPCl, b) with AlCl3.
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DNA intercalators typically contain planar, fused-aromatic 
systems that slide between base pairs in the complex.1 Molecules 
that bind in the minor groove generally contain unfused-aromatic 
systems with terminal basic functions.2 Detailed molecular models 

(1) (a) Waring, M. In The Molecular Basis of Antibiotic Action; Gale, 
F. F„ Cundiffe, E., Reynolds, R. E., Richmond, M. H., Waring, M. J., Eds.; 
Wiley: London, 1981; pp 314-333. (b) Neidle, S.; Pearl, L. H.; Skelly, J. 
V. Biochem J. 1987, 243, 1-13. (c) Saenger, W. In Principles of Nucleic Acid 
Structure; Springer-Verlag: New York, 1984. 
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Figure 1. Spectral shifts of DAPI on titration with polyd(G-C)2. The 
DAPI concentration was 2.5 X 10~5 M, and the polyd(G-C)2 base-pair 
molarity increased as follows (top to bottom curves at 340 nm): 0, 1.4, 
2.7, 4.0, 6.0 x 10~5. The titration was conducted in a 1-cm cuvette in 
MES buffer on a Cary 2200 spectrophotometer. The inset shows plots 
of log K vs -log [Na+] (NaCl added to MES buffer) for DAPI (•) and 
quinacrine12 (A). 

for both binding modes have been developed from X-ray crys-
tallographic and molecular modeling results.3,4 For example, (i) 
binding in the DNA minor groove is sterically inhibited by the 
2-NH2 group of G2,4 and (ii) several aromatic diamidines, 4'-6-
diamidino-2-phenylindole5 (DAPI, Figure 2), berenil,lb and hy-
droxystilbamidine,6 are AT specific minor groove-binding agents.2 

Early investigations with DAPI suggested that it binds to DNA 
by intercalation,56 but more detailed studies indicated that it binds 
specifically to AT base pairs in the minor groove.2,5a_d 

The intercalation with DNA of a group of unfused-aromatic 
cations, similar in structure to classical groove-binding molecules, 
has led to the conclusion that intercalation and groove-binding 
modes should be viewed as two variable depth potential wells on 
a continuous energy surface.7 This result requires the investigation 

(2) (a) Zimmer, C; Wahnert, U. Prog. Biophys. MoI. Biol. 1986, 47, 
31-112. (b) Dervan, P. B. Science (Washington, D.C.) 1986, 232, 464-471. 
(c) Pullman, A.; Pullman, B. Quart. Rev. Biophys. 1981, 14, 289-380. 

(3) (a) Jain, S. C; Sobell, H. M. J. Biomol. Str. Dyn. 1984, /, 1179-1194. 
(b) Lybrand, T.; Kollman, P. Biopolymers 1985, 24, 1863-1879. (c) Wang, 
A. H.-J.; Ughetto, G.; Quigley, G. J.; Rich, A. Biochemistry 1987, 26, 
1152-1163. (d) Neidle, S.; Sanderson, M. R. In Molecular Aspects of 
Anti-Cancer Drug Action; Neidle, S., Waring, M., Eds.; Verlag Chemie: 
Weinlan, 1983; pp 35-57. (e) Ginell, S.; Lessinger, L.; Burman, H. M. 
Biopolymers 1988, 27, 843-864. 

(4) (a) Kopka, M. L.; Yoon, C; Goodsell, D.; Pjura, P.; Dickerson, R. D. 
Proc. Natl. Acad. Sci. U.S.A. 1985, 82, 1376-1380. (b) Coll, M.; Agmami, 
J.; van der Marel, G. A.; van Bloom, J. H.; Rich, A.; Wang, A. H-J. Bio­
chemistry 1989, 28, 310-320. (c) Pjura, P. E.; Grzeskowiak, K.; Dickerson, 
R. E. J. MoI. Biol. 1987, 197, 257-271. (d) Teng, M.-K.; Usman, N.; 
Fredrick, C. A.; Wang, A. H.-J. Nuc. Acids Res. 1988, 16, 2671-2690. 

(5) (a) Kapuscinski, J.; Szer, W. Nuc. Acids Res. 1979, 6, 3519-3534. (b) 
Manzini, G.; Barcellona, M. L.; Avitabile, M.; Quadrifoglio, F. Nuc. Acids 
Res. 1983, 11, 8861-8876. (c) Kubista, M.; Akerman, B.; Norden, B. Bio­
chemistry 1987, 26, 4545-4553. (d) Portugal, J.; Waring, M. Biochim. 
Biophys. Acta 1988, 949, 158-168. (e) Chandra, P.; Mildner, B. Cell. MoI. 
Biol. 1979,25, 137-146. 

(6) Festy, B.; Daune, M. Biochemistry 1973, 12, 4827-4834. 
(7) (a) Wilson, W. D.; Strekowski, L.; Tanious, F.; Watson, R.; Mokrosz, 

J. L.; Strekowska, A.; Webster, G.; Neidle, S. J. Am. Chem. Soc. 1988, 110, 
8292-8299. (b) Wilson, W. D.; Tanious, F. A.; Watson, R.; Barton, H. J.; 
Strekowska, A.; Harden, D. B.; Strekowski, L. Biochemistry 1989, 28, 
1984-1992, and references therein. 
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Figure 2. 1H NMR titrations of (right side) the aromatic proton region of DAPI with sonicated polyd(G-C)2 at 80 0C in D2O and (left side) the imino 
proton region of sonicated polyd(G-C)2 with DAPl at 30 °C in H20/D20. The molar ratio of DAPI to base pairs is shown. Spectra were collected" 
on a Varian VXR 400 MHz spectrometer in MES buffer with 0.1 M NaCl. Assignments (figure) were made with standard COSY and NOESY 2D 
methods. 

of the mode by which AT-specific, groove-binding molecules bind 
to GC-rich regions in DNA to determine whether the groove-
specific agents bind in the GC minor groove, simply interact 
electrostatically with the DNA phosphate groups, or intercalate 
at GC base pairs. Since a significant effort is being expended 
to design and synthesize base-pair, particularly GC, specific 
groove-binding agents,2,8 it is extremely important to answer these 
questions. The structure of DAPI is similar to some unfused 
intercalators,7 and it was selected for initial analysis with po-
lyd(G-C)2 as a model system. We present here the first conclusive 
evidence that AT-specific, groove-binding agents can bind strongly 
to GC-rich regions of DNA by intercalation. 

The interaction of DAPI with polyd(G-C)2 results in large 
visible spectral shifts (Figure 1), a significant induced visible CD 
signal, and enhanced fluorescence. Spectral changes were used 
to construct Scatchard plots,9 and the results are well-fitted by 
the site exclusion model of McGhee and von Hippel.10 In a buffer 
with 0.1 M Na+, for example, the binding constant (K) is 1.2 X 
105 M"' with 2-3 base pairs per binding site, similar to results 
for ethidium under these conditions." A plot of log K vs -log 
[Na+] (inset, Figure 1) has a slope of 2.3 suggesting two ion pairs 
in the DAPI complex with ion release as expected for intercala­
tion." The DAPI binding constants and slope are similar to those 
observed for intercalation of the dicationic acridine quinacrine 
with DNA"b (inset, Figure 1). The binding of DAPI to AT base 
pairs5 is stronger than the binding to GC base pairs, but this is 

(8) Lee, M.; Krowicki, K.; Hartley, J. A.; Pon, R. T.; Lown, J. W. J. Am. 
Chem. Soc. 1988, 110, 3641-3649, and references therein. 

(9) Spectrophotometric binding, viscosity, kinetics, and NMR measure­
ments were made as previously described7'""14 in MES buffer (0.01 M MES, 
1 mM EDTA, pH 6.0) with NaCl added to give the desired ionic strength. 

(10) McGhee, J. D.; von Hippel, P. H. J. Mot. Biol. 1974, 86, 469-489. 
(11) (a) Wilson, W. D.; Krishnamoorthy, C. R.; Wang, Y.-H.; Smith, J. 

C. Biopolymers 1985, 24, 1941-1961. (b) Wilson, W. D.; Lopp, I. G. Bio-
polymers 1979, 18, 3025-3041. 

because the binding in AT regions is very strong, not because the 
binding in GC regions is weak. 

Viscometric and NMR titrations of polyd(G-C)2 with DAPI 
were used to evaluate the binding mode.9 Increases in viscosity, 
up to a ratio of 0.2-0.3 (compound/base pair), are very similar 
for DAPI and intercalators.12 1H NMR experiments to monitor 
the chemical shifts of aromatic protons of molecules on addition 
of sonicated DNA provide a sensitive, direct method of distin­
guishing intercalation from groove-binding modes.7'13 AU proton 
signals of DAPI shift significantly upfield and broaden on addition 
of sonicated polyd(G-C)2, and the imino and aromatic protons 
of polyd(G-C)2 also shift upfield on addition of DAPI (Figure 
2) as expected for an intercalation binding mode.7,13 

For a dication a plot of log r (the average dissociation kinetics 
half-life) as a function of log [Na+] will have a slope of ap­
proximately -0.6 for intercalation and of-1.6 for groove-bind­
ing.11,14 For the SDS driven dissociation of DAPI from polyd-
(G-C)2 the slope of such a plot is-0.8 ±0.1 (r of 3.0 ms, 0.1 M 
Na+). Dissociation experiments with polyd(A-T)2 yielded a slope 
of-1.8 ± 0.1 (rof 150 ms, 0.1 M Na+). These results for DAPI 
strongly support an intercalation binding mode at GC sites and 
groove-binding interactions at AT sites.1'2'7,14 

Stereochemically reasonable complexes can be constructed with 
DAPI and an intercalation site of standard geometry.15 As 

(12) Viscometric titrations were also performed with sonicated calf thymus 
DNA and Col E1 superhelical DNA. The viscosity increases with calf thymus 
DNA were slightly less than one-half those obtained with polyd(G-C)2. 
Ethidium gave a viscosity maximum at a ratio of 0.05 with the superhelical 
DNA, while DAPI had a maximum at approximately 0.3 and did not rewind 
the DNA as efficiently as ethidium. Both of these results are consistent with 
intercalation of DAPI at GC sites on natural DNA after saturation of the 
strong AT binding sites. 

(13) Chandrasekaran, S.; Kusuma, S.; Boykin, D. W.; Wilson, W. D. 
Magn. Resort. Chem. 1986, 24, 630-637. 

(14) Strickland, J. A.; Marzilli, L. G.; Gay, K. M.; Wilson, W. D. Bio­
chemistry 1988, 27, 8870-8878. 
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observed with the cationic side chains of an unfused intercalator,7 

the amidine groups of DAPI cannot sterically fit into the minor 
groove but can fit quite well into the DNA major groove in a CG 
intercalation site (not shown). The phenyl and indole rings of 
DAPI stack well with base pairs at the intercalation site, and the 
cationic amidines associate with phosphate groups on opposite 
chains of the complex by H-bonding and electrostatic interactions. 

Our results clearly demonstrate that DAPI binds to polyd(G-C)2 

by intercalation with binding strength and kinetics in the range 
typical of intercalators. More limited results indicate that DAPI 
binds to polyd(A-C)-polyd(G-T) in a manner similar to that for 
polyd(G-C)2 but quite different from its groove-binding mode with 
po!yd(A-T)2. This is consistent with observations that groove-
binding of DAPI requires three to four consecutive AT base pairs.5 

DAPI can thus intercalate at a broad range of sites, with little 
specificity, as with most other intercalators. More GC and mixed 
base-pair intercalation sites are available than consecutive AT 
base-pair, groove-binding sites on any natural DNA sequence. 
DAPI should thus be viewed as an intercalator that has unusual 
and very favorable interactions in the minor groove at AT se­
quences. The intercalation binding mode would not be easily 
detected by methods such as DNA footprinting due to its short 
lifetime. Preliminary modeling studies with other classical AT 
specific-groove-binding molecules suggest that they can also bind 
to GC base pairs by intercalation. 
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(15) Molecular mechanics calculations were conducted on a Micro-
VaxII-Evans and Sutherland PS390 system with the program MACROMODEL 
(Professor Clark Still, Columbia University). DAPI was docked in a central 
CG intercalation site (to be described elsewhere) in the dodecamer sequence 
d(CGTACGTACG) and minimized to a gradient of less than 0.1 kcal/mol-A. 
Various orientations of DAPI, with the amidine groups in both the minor and 
the major grooves, were considered in the initial docking experiments. In all 
minor groove complexes the DAPI was forced out of the intercalation site by 
unfavorable van der Waals contacts. 

Metalloradical Activation of CO: Formation and 
Carbonyl Coupling of a Bent 17-Electron M-CO Unit 

Alan E. Sherry and Bradford B. Wayland* 

Department of Chemistry, University of Pennsylvania 
Philadelphia, Pennsylvania 19104-6323 

Received February 22, 1989 

Carbonyl carbon centered radical reactivity in organo-
transition-metal complexes has been previously observed only for 
transient 19-electron species.1"3 Abstraction of hydrogen from 
metal hydrides by [Fe(CO)5]" to form an intermediate 18-electron 
formyl complex, [Fe(CO)4CHO]", is a prominent example of this 
type of reactivity.1 The characteristic reactions of 17-electron 
metal carbonyl species are one-electron reduction, M-M and M-X 
bond formation which occur at the metal center to produce 18-
electron species.4"7 Studies of rhodium porphyrins with CO that 

(1) (a) Narayanan, B. A.; Amatore, C; Kochi, J. K. Organometallics 
1986, 5, 926. (b) Narayanan, B. A.; Kochi, J. K. / . Organomet. Chem. 1984, 
272, C49. 

(2) (a) Amatore, C; Verpeaux, J. N.; Krusic, P. J. Organometallics 1988, 
7, 2426. (b) Crocker, L. S.; Heinekey, D. M.; Schulte, G. L. / . Am. Chem. 
Soc. 1989, ; / / , 405. (c) Pan, Y. H.; Ridge, D. P. J. Am. Chem. Soc. 1989, 
111, 1151. 

(3) (a) Fairhurst, S. A.; Morton, J. R.; Preston, K. F. J. Chem. Phys. 1982, 
77, 5872. (b) Fairhurst, S. A.; Morton, J. R.; Preston, K. F. J. Chem. Phys. 
1982, 76, 234. 

(4) Lee, K. W.; Brown, T. L. J. Am. Chem. Soc. 1987, 109, 3269. (b) 
McCullen, S. B.; Brown, T. L. J. Am. Chem. Soc. 1982, 104, 7496. (c) 
Herrinton, T. R.; Brown, T. L. J. Am. Chem. Soc. 1985, 107, 5700. 

(5) (a) Halpern, J. Pure Appl. Chem. 1986, 58, 575. (b) Kochi, J. K. J. 
Organomet. Chem. 1986, 300, 139. 

Figure 1. EPR spectra for (TMP)Rh11 and (TMP)Rh-CO in toluene, 
(a) Anisotropic EPR spectrum for (TMP)Rh11 (90 K) [g, 2 = 2.65, g3 = 
1.915; A103Rh(g,,2) = 197 MHz, A103Rh(g3) = 158 MHz]. (b) Aniso­
tropic EPR spectrum that results from exposing a frozen solution of 
(TMP)Rh11 to 12CO CPC0 = 200 Torr, T = 100 K), warming to 195 K 
and refreezing to 100 K. (c) Anisotropic EPR spectrum for (TMP)-
Rh-13CO (90 K) [g, =s 2.17, A13C(gi) a* 307 MHz; g2 = 2.14, A13C(g2) 
= 330 MHz; g3 = 1.995, A13Qg3) = 299 MHz; A103Rh(g3) = 67 MHz]. 
(d) Isotropic EPR spectrum for (TMP)Rh-13CO (90 K) Kg)150 = 2.101; 
(A13C) = 312MHz]. 

produce metalloformyl,8"10 dimetal ketones,"-12 and dimetal a-
diketones12 have suggested that a 17-electron metalloorganic 
radical, (por)Rh-CO,10 may function as an intermediate, but this 
type of species has eluded direct observation. This article reports 
on the reversible reaction of tetramesitylporphyrinrhodium(II), 
(TMP)Rh', 1, with CO to form (TMP)Rh-CO, 2, which di-
merizes by C-C bond formation. EPR and reactivity studies of 
2 indicate the presence of a bent CO fragment with a partially 
rehybridized CO unit that facilitates one-electron reactions at the 
carbonyl carbon center. 

(6) (a) Shi, Q. Z.; Richmond, T. G.; Trogler, W. C; Basolo, F. J. Am. 
Chem. Soc. 1984,106, 71. (b) Richmond, T. G.; Shi, Q. Z.; Trogler, W. C; 
Basolo, F. J. Am. Chem. Soc. 1984,106, 76. (c) Therien, M. J.; Trogler, W. 
C. J. Am. Chem. Soc. 1987, UO, 4942. 

(7) Halpern, J. Ace. Chem. Res. 1970, 386 and references therein. 
(8) Wayland, B. B.; Woods, B. A. J. Chem. Soc, Chem. Commun. 1981, 

700. 
(9) Wayland, B. B.; Woods, B. A.; Pierce, R. J. Am. Chem. Soc. 1982,104, 

302. 
(10) Paonessa, R. S.; Thomas, N. C; Halpern, J. J. Am. Chem. Soc. 1985, 

107, 4333. 
(11) Wayland, B. B.; Woods, B. A.; Coffin, V. L. Organometallics 1986, 

5, 1059. 
(12) (a) Coffin, V. L.; Brennen, W.; Wayland, B. B. J. Am. Chem. Soc. 

1988, UO, 6063. (b) Wayland, B. B.; Sherry, A. E.; Coffin, V. L. J. Chem. 
Soc, Chem. Commun. 1989, in press. 
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