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with the absence of deuterium scrambling (racemization) in 4-OH. 
These data also exclude significant "leakage" from 3 to 11. The 
structure(s) of the intermediate(s) en route to 4 and 5 will be 
discussed in a forthcoming full paper.15 The 4-OH/6-OH ratios 
of 4-NH2 and 6-NH2 (Table I) indicate that solvolytic dis
placement (£s) contributes to the formation of 4-OH from 6-N2

+. 
The generation of 3 from 6-N2

+, but not from 6-OBs, deserves 
comment. The small activation energy of nitrogen extrusion from 
diazonium ions brings the rates of several competing processes 
(A:s, /cc, kA) closer together.16 As a rule, kA processes provide 
low-energy reaction paths and are therefore more prominent in 
solvolysis than in deamination. The present case is thought to 
be exceptional because bridging is associated with increased strain 
energy. Thus k± is accentuated by the better leaving group. Our 
observations with 6-NH2 parallel previous reports on endo-2-
norbornylamine14 and add a new species to the C 7H n

+ manifold.17 

(15) The symmetrical 7-norbornyl cation (12), drawn here for the sake of 
simplicity, is not an adequate representation; see: Sunko, D. E.; Vancik, H.; 
Deljac, V.; Milun. M. J. Am. Chem. Soc. 1983, 105, 5364 and references cited 
therein. 

(16) Streitwieser. A. J. Org. Chem. 1957, 22, 861. 
(17) A referee has pointed out that our data do not distinguish the bis-

homocyclopropenyl cation 3 from a pair of rapidly equilibrating homoallylic 
ions, A ;=s A'. The open 4-cycloheptenyl cation (B), although not a precursor 

to the bicyclo[3.2.0]heptan-2-ols,7 may intervene on the reaction path from 
3 to 7. 
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There has been considerable interest in DNA endonucleolytic 
cleavage reactions that are activated by metal ions,1-2 both for the 
preparation of "footprinting" reagents3 and as models for the 
reactivity of some antitumor antibiotics, notably bleomycin4 and 
streptonigrin.5 The features common to these complexes are that 
the molecule has a high affinity for double-stranded DNA and 
that the molecule binds a redox-active metal ion cofactor. The 
delivery of high concentrations of metal ion to the helix, in locally 

(1) (a) Hertzberg, R. P.; Dervan, P. B. J. Am. Chem. Soc. 1982,104, 313. 
(b) Schultz, P. G.; Taylor, J. S.; Dervan, P. B. Ibid. 1982, 104, 6861. (c) 
Schultz, P. G.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 6834. 
(d) Taylor, J. S.; Schultz, P. G.; Dervan, P. B. Tetrahedron 1984, 40, 457. 

(2) (a) Sigman, D. S.; Graham, D. R.; Marshall, L. E.; Reich, K. A. J. 
Am. Chem. Soc. 1980, 102, 5419; (b) Biochemistry 1981, 20, 244. (c) Que, 
B. G.; Downey, K. M.; So, A. G. Ibid. 1980, 19, 5987. (d) Recently a 
phenanthroline-copper complex was shown to cleave right-handed DNA 
conformations preferentially. See: Pope, L. A.; Sigman, D. S. Proc. Natl. 
Acad. Sci. U.S.A. 1984, 81, 3. 

(3) (a) Van Dyke, M. W.; Hertzberg, R. P.; Dervan, P. B. Proc. Natl. 
Acad. Sci. U.S.A. 1982, 79, 5470. (b) Cartwright, I. L.; Hertzberg, R. P.; 
Dervan, P. B.; Elgin, S. C. R. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 3213. 
(c) Cartwright, I. L.; Elgin, S. C. R. Nucleic Acids Res. 1982, 10, 5835. (d) 
Jessee, B.; Gargiulo, G.; Razvi, R.; Woral, A. Ibid. 1982, 10, 5823. (e) Van 
Dyke, M. W.; Dervan, P. B. Biochemistry 1983, 22, 2372. (0 Lane, M. J.; 
Dabrowiak, J. C.; Vournakis, J. N. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 
3260. 

(4) (a) "Bleomycin: Chemical, Biochemical, and Biological Aspects"; 
Hecht, S. M., Ed.; Springer-Verlag: New York, 1979. (b) Sausville, E. A.; 
Peisach, J.; Horwitz, S. B. Biochemistry 1978, 17, 2740. (c) Burger, R. M.; 
Peisach, J.; Horwitz, S. B. Life Sci. 1981, 28, 715. (d) Dabrowiak, J. C. J. 
Inorg. Biochem. 1980,13, 317. (e) Lown, J. W.; Sim, S. K. Biochem. Biophys. 
Res. Commun. 1977, 77, 1150. 

(5) Cone, R.; Hasan, S. K.; Lown, J. W.; Morgan, A. R. Can. J. Biochem. 
1976, 54, 219. 

Figure 1. (A) Cleavage of plasmid CoIEl DNA in the presence of 
(phen)3Co3+ and light. The 1% agarose gel shows the distribution of 
DNA forms (100 ^M nucleotide) initially without cobalt (lane 1) and 
after irradiation at 254 nm (4-W mercury lamp) in the presence of 10 
MM Co(phen)3

3+ for 0, 20, 40, and 60 min (lanes 2-5, left to right). The 
samples were incubated in 50 mM Tris acetate buffer, pH 7.0, and 18 
mM NaCl and then electrophoresed for 1 h at 60 V and stained with 
ethidium. (B) The cleavage is also stereoselective. Plasmid CoIEl DNA 
(100 MM) was incubated with A- (left) or A-Co(DIP)3

3+ (right) (5 MM) 
and irradiated for 0, 0.5, 1.0, or 1.5 h (lanes 1-4 and 5-8 for the A and 
A isomers, respectively). Incubation of this DNA with A-Co(DIP)3

3+ in 
light has no effect, while incubation with A-Co(DIP)3

3+ in light causes 
complete conversion of form I to form II. 

generating oxygen or hydroxide radicals, yields an efficient DNA 
cleavage reaction. We have demonstrated6 that tris(phenan-
throline) complexes of zinc(II) and ruthenium(II) display enan
tiomeric selectivity in binding to DNA. This chiral discrimination 
is enhanced markedly in the case of tris(diphenyl-
phenanthroline)ruthenium(II) isomers, which serve as spectro
scopic probes in solution to distinguish right- and left-handed DNA 
helices.7 It occurred to us that a stereospecific DNA nicking 
agent might be prepared by using tris(diphenylphenanthroline) 
complexes with the suitable choice of a redox-active metal; me-
tallointercalation reagents8 offer that flexibility. Our work has 
been prompted also by the finding9 that cobalt(III) bleomycins 
cleave DNA in the presence of light.10 We report here that 
tris(phenanthroline)cobalt(III)" at low concentrations cleaves 

(6) (a) Barton, J. K.; Danncnberg, J. J.; Raphael, A. L. J. Am. Chem. Soc. 
1982, 104, 4967. (b) Barton, J. K.; Danishefsky, A.; Goldberg, J. Ibid., in 
press. 

(7) (a) Barton, J. K.; Basile, L. A.; Danishefsky, A.; Alexandrescu, A. 
Proc. Natl. Acad. Sci. U.S.A., in press, (b) Barton, J. K. J. Biomol. Struct. 
Dyn. 1983, / , 6 2 1 . 

(8) (a) Lippard, S. J. Ace. Chem. Res. 1978, / / , 2 1 1 . (b) Lippard, S. J.; 
Bond, P. J.; Wu, K. C; Bauer, W. R. Science (Washington, DC) 1976, 194, 
726. (c) Bond, P. J.; Langridge, R.; Jennette, K. W.; Lippard, S. J. Proc. Natl. 
Acad. Sci. U.S.A. 1975, 72, 4285. (d) Jennette, K. W.; Lippard, S. J.; 
Vassiliades, G. A.; Bauer, W. R. Proc. Natl. Acad. Sci. US.A. 1974, 71, 3839. 

(9) Chang, C. H.; Meares, C. F. Biochemistry 1982, 21, 6332. 
(10) Cobalt(III) polyamine complexes generally undergo photoreduction 

reactions. See: (a) Adamson, A. W. Coord. Chem. Rev. 1968, 3, 169. (b) 
Balzani, V.; Maggi, L.; Manfrin, M. F.; Bolletta, F. Ibid. 1975, 15, 321. (c) 
Adamson, A. W. Pure Appl. Chem. 1979, 5/ , 313. 
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DNA when irradiated at 254 nm. Furthermore the high ste-
reospecificity of the tris(diphenylphenanthroline) (DIP) metal 
isomers12 with DNA helices is preserved in these cleavage reac
tions. 

Figure 1 shows gel electrophoretic separations of plasmid CoIEl 
DNA after incubation with cobalt complexes and irradiation for 
variable times. DNA cleavage is followed by monitoring the 
conversion of supercoiled (form I) closed circular plasmid DNA 
to the nicked circular (form II) and linear (form III) species.13 

Figure IA reveals the complete conversion of form I to II after 
a 1-h irradiation in the presence of 10 /*M Co(phen)3

3+. Neither 
irradiation of the DNA at these low intensities without cobalt nor 
incubation with cobalt without light yielded significant strand 
scission.14 It is likely that the reduction of Co(III) is the important 
step leading to DNA cleavage and not that irradiation provides 
a means to generate cobalt(II) in situ. DNA incubation with the 
tris(phenanthroline) complex initially in the cobaltous form yielded 
no reaction unless irradiated. Presumably the cobaltous complex 
is oxidized in solution to the cobaltic species, since it is the +3 
oxidation state in cobalt polyamine complexes that is photo-
chemically active. Also dithiothreitol inhibits activity of Co-
(phen)3

3+, perhaps by precluding regeneration of an active co-
balt(III) species.15 Interestingly, electrophoresis also reveals with 
increasing irradiation a small reproducible increase in the mobility 
of form II; this may reflect some short-range radical-induced DNA 
cross-linking.16 

The cleavage reaction is furthermore strongly stereospecific. 
Figure IB shows pColEl DNA after incubation with either A-
Co(DIP)3

3+ or A-Co(DIP)3
3+17,18 and irradiation with ultraviolet 

light. Incubation of pColEl DNA with the A isomer, which 
cannot bind to a right-handed duplex owing to steric constraints, 
yields no appreciable reaction,19 whereas incubation with A-Co-
(DIP)3

3+, which is able to associate closely with right-handed 
B-DNA, shows efficient nicking activity comparable to that seen 
with Co(phen)3

3+. This different cleavage efficiency by each 
enantiomer is consistent with our earlier finding7 of conformational 
discrimination by the ruthenium(II) isomers; one enantiomer of 
Ru(DIP)3

2+ binds to B-DNA, but both A- and A-Ru(DIP)3
2+ bind 

to the left-handed Z-DNA helix. These results underscore the 
importance of an intimate association of the metal with the duplex. 

(11) Dollimore, L. S.; Gillard, R. D. J. Chem. Soc, Dalton Trans. 1973, 
933. 

(12) The low spin d6 octahedral cobalt(III) complexes are kinetically inert 
to racemization. See: (a) Ellis, P.; Wilkins, R. G.; Williams, M. J. G. J. 
Chem. Soc, Chem. Commun. 1957, 4456. (b) Yamamoto, M.; Uwate, Y.; 
Yamamoto, Y. lnorg. Nucl. Chem. Lett. 

(13) The original CoIEl preparation contained 60% form I and 40% form 
II molecules. 

(14) Irradiation at 310 nm where there are strong ligand transitions also 
leads to cleavage. 

(15) This finding is in contrast to the iron and copper systems where thiols 
are thought to stimulate activity by generating the metal species in the reduced 
form.1"5 

(16) (a) Tullius, T. D.; Ushay, H. M.; Merkel, C. M.; Caradonna, J. P.; 
Lippard, S. J. ACS Symp. Ser. 1983, TVo. 209, 51. (b) Cohen, G. L.; Bauer, 
W. R.; Barton, J. K.; Lippard, S. J. Science (Washington, D.C.) 1979, 203, 
1014. 

(17) Tris(diphenylphenanthroline)cobalt(III) (Co(DIP)3
3+) tritartrate was 

prepared as follows: 4,7-diphenyl-l,10-phenanthroline (Aldrich) was dissolved 
in a minimum volume of ethanol to which one third stoichiometric CoCl2-
6H2O was added. The green brown solution was oxidized by using Br2/H20, 
and a heavy orange precipitate formed immediately. The solution was refluxed 
for 1 h, and concentrated hydrochloride acid was added. The bromine oxi
dation was then repeated. The crude chloride salt was used directly for 
enantiomeric separations. With either /- or rf-tartaric acid (Aldrich), the deep 
red tartrate (Tar) diastereomeric salts [A-Co(DIP)3]-(/-Tar)3 and [A-Co-
(DIP)3H^-Tar)3, were prepared by several successive recrystallizations in 50% 
ethanol, pH 7.0. 

(18) Chemical and spectroscopic data for these complexes are as follows: 
Anal. Calcd for [Co(DIP)3] (Tar)3-H20 (CoC84N6O19H65) C, 66.32; H, 4.32; 
N, 5.52. Found: C, 65.87; H, 4.46; N, 5.78. Absorption spectra showed \ m j 
at 278 and 312 nm (shoulder). The circular dichroic spectra resemble those 
of enantiomers OfRu(DIP)3

2+, and absolute configurations have been assigned 
on that basis. 

(19) After a 1-h irradiation, a 15% reduction in the supercoiled band 
intensity is found on incubation with the A isomer. Cleavage by the A isomer 
could result from a small amount of A-Co(DIP)3

3+ in the preparation or 
photoracemization. No change in the supercoiled band intensity on irradiation 
without cobalt is evident during this time period. 
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pColEl 
O 

A 

Figure 2. Plot showing the percent reduction in form I band intensity 
for pBR322 DNA (closed symbols) and pColEl DNA (open symbols) 
incubated with either A- (triangles) or A-Co(DIP)3

3+ (circles) (5 nM) 
as a function of time irradiated. Extensive strand scission is evident in 
pBR322 with both isomers. 

In Figure 1B the overall concentrations of the cobalt isomers are 
equal,20 yet the A trication, if it cannot intercalate, does not yield 
DNA strand scission. 

The A-tris(phenanthroline) metal complexes do, however, bind 
to left-handed Z-DNA.21'22 We examined the plasmid pBR322 
containing a 42-base-pair alternating guanine-cytosine insert 
(pLP42)23 and which was shown23,24 to adopt the Z-conformation 
in 4 M NaCl. Under these conditions, cleavage by both Co-
(DIP)3

3+ enantiomers is obtained. Hence the A isomer may 
recognize and cleave left-handed helices. More interesting, 
however, is the finding, plotted in Figure 2 as percent loss of 
supercoiled form, that the plasmid pBR322 at physiological salt 
concentrations and without extreme superhelix underwinding also 
is significantly cleaved by the A isomer. Given our other results 
of differential binding based on DNA helicity7 and the differential 
cleavage of CoIEl described above, it is tempting to suggest that 
A-Co(DIP)3

3+ binds to and cleaves a natural left-handed segment 
in pBR322 DNA in normal salt concentrations. These observa
tions support the findings by Rich and co-workers25 of anti-Z 
antibody binding to the 14-base-pair alternating purine-pyrimidine 
segment in pBR322.26 

We think these experiments are important in several respects. 
The photoactivated DNA cleavage reaction with Co(phen)3

3+ 

illustrates with a simple inorganic complex the notion of DNA 
strand scission mediated by a locally generated redox reaction. 
We suspect here it is a reduction of Co(III) with perhaps con-

(20) Presumably the rate of photodecomposition of each isomer is also 
equal, unless photosensitization of the bound complex occurs through DNA 
absorption. 

(21) Racemic Co(DIP)3
3+ and Co(phen)3

3+, despite the high concentration 
of positive charge, do not promote a B - * Z transition in poly(dGC) as judged 
by circular dichroism. 

(22) (a) Wang, A. H.-J.; Quigley, G. J.; Kolpak, F. J.; Crawford, J. L.; 
van Boom, J. H.; van der Marel, G.; Rich, A. Nature (London) 1979, 282, 
680; (b) Cold Spring Harbor Symp. Quant. Biol. 1983, 47. 

(23) (a) Peck, L. J.; Nordheim, A.; Wang, J. C. Proc Natl. Acad. Sci. 
U.S.A. 1982, 79, 4560. (b) Peck, L. J.; Wang, J. C. Ibid. 1983, 80, 6206. We 
thank Professor C. Cantor for a gift of this plasmid. 

(24) (a) Klysik, J.; Stirdivant, S. M.; Larson, J. E.; Hart, P. A.; Wells, R. 
D. Nature (London) 1981, 290, 672. (b) Pohl, F. M.; Jovin, J. M. J. MoI. 
Biol. 1972, 67, 375. 

(25) (a) Azorin, F.; Nordheim, A.; Rich, A. EMBO J. 1983, 2, 649. (b) 
Nordheim, A.; Lafer, E. M.; Peck, L. J.; Wang, J. C; Stollar, B. D.; Rich, 
A. Cell 1982, 31, 309. (c) Rich, A.; Nordheim, A.; Azorin, F. / . Biomol. 
Struct. Dyn. 1983, 1,1. 

(26) The statistically significant 14 base pair sequence 
(CACGGGTGCGCATG) in pBR322 shows alternation of purine and pyri-
midine with one base out of register.27 Alternating purine-pyrimidine se
quences tend to adopt the Z conformation.22,28 The plasmid pColEl sequence 
contains no comparable stretch of alternation.29 

(27) Sutcliffe, J. C. Cold Spring Harbor Symp. Quant. Biol. 1979, 43, 77. 
(28) (a) Haniford, D. B.; Pulleybank, D. E. Nature (London) 1983, 302, 

632. (b) Nordheim, A.; Rich, A. Proc. Natl. Acad. Sci. U.S.A. 1983, 80, 
1832. (c) Mcintosh, L. P.; Grieger, L; Eckstein, F.; Zarling, D. A.; van de 
Sande, J. H.; Jovin, T. M. Nature (London) 1983, 304, 83. 

(29) Yamada, M.; Ebina, Y.; Miyata, T.; Nakazawa, T.; Nakazawa, A. 
Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 2827. 
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comitant hydroxide oxidation that is responsible for cleavage. 
With regard to applications, this photoactivated reaction should 
make possible "footprinting" as a function of time. Most im
portantly, the differential cleavage of CoIEl DNA by enantiomers 
of Co(DIP)3

3+ represents a clear example of a conformation-
specific DNA cleaving molecule. This molecule will be useful 
in determining regions of Z-DNA conformation within long 
segments of native DNA. Moreover the high level of recognition 
of DNA conformation by these chiral inorganic complexes suggests 
to us the powerful application of stereospecificity in DNA drug 
design. 
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A totally convincing interpretation of the electronic emission 
spectra of quadruply bonded transition-metal dimers has not yet 
been achieved.1"* This is in contrast to the increasingly detailed 
understanding of the absorption spectra of these complexes that 
has been realized in recent years.7'8 Conclusive assignment of 
the emissive state and establishment of its geometry have been 
hindered in these systems by the general observation of a lack of 
mirror symmetry between the emission and lowest energy ab
sorption band. The sole unambiguous example of prompt 
fluorescence from the singlet 58* excited state to the 82 ground 
state was observed for Mo2Cl4(P-«-Bu3)4 and was attributed to 
the fact that the arrangement and steric bulk of the ligands 
imposed a considerable barrier to certain geometrical distortions 
generally available to this excited state.3 Our interest in deter
mining the extent of ligand participation in these formally met
al-localized excited states has led us to examine the electronic 
spectra of a number of derivatives of the M2X4(PRj)4 type.9 

The electronic absorption spectrum of Mo2X4(PMe3),, (X = 
Cl, Br, I)10 exhibits a band attributable to the singlet 52 — 85* 
(1B2 *- 1A1; D2J) transition3,7,11 as its lowest energy feature. This 
band both red shifts and increases in intensity according to Cl 
< Br < I (X = Cl, Xmax = 585 n m , / = 0.026; X = Br, Xmax = 
598 n m , / = 0.032; X = I, Xmax = 636 n m , / = 0.040; 300 K, 
2-methylpentane). Upon excitation of this transition, crystals and 
hydrocarbon solutions of Mo2X4(PMe3)4 display an intense red 
luminescence. The radiative efficiency of this luminescence is, 
by an order of magnitude, the highest yet observed for a quadruply 

(1) Trogler, W. C; Solomon, E. I.; Gray, H. B. Inorg. Chem. 1977, 16, 
3031-3033. 

(2) Trogler, W. C; Solomon, E. I.; Trajberg, I.; Ballhausen, C. J.; Gray, 
H. B. Inorg. Chem. 1977, 16, 828-836. 

(3) Miskowski, V. M.; Goldbeck, R. A.; Kliger, D. S.; Gray, H. B. Inorg. 
Chem. 1979, 18, 86-89. 

(4) Morgante, C. G.; Struve, W. S. Chem. Phys. Lett. 1979, 63, 344-346. 
(5) Manning, M. C; Trogler, W. C. J. Am. Chem. Soc. 1983, 105, 

5311-5320. 
(6) Fraser, I. F.; Peacock, R. D. Chem. Phys. Lett. 1983, 98, 620-623. 
(7) Trogler, W. C; Gray, H. B. Ace. Chem. Res. 1978, 11, 232-239. 
(8) Cotton, F. A.; Walton, R. A. "Multiple Bonds Between Metal Atoms"; 

Wiley: New York, 1982. 
(9) Presented in part: Hopkins, M. D.; Gray, H. B. Abstr. Pap.-Am. 

Chem. Soc. 1983, 186th, INOR 115. 
(10) The complexes were prepared by treating Mo2(O2CCH3J4 with excess 

trimethylphosphine and halotrimethylsilane, following the route to Mo4X8-
(PR3)4 (Ryan, T. R.; McCarley, R. E. Inorg. Chem. 1982, 21, 2072-2079). 

(11) Spectroscopic studies on single crystals of Mo2Br4(PMe3J4 have been 
performed (Miskowski, V. M., unpublished results). The 598-nm band is 
found to be polarized parallel to the Mo-Mo axis, consistent with the 1B2 *-
'A1 assignment. 

Figure 1. Absorption (—) and corrected emission (---) spectra of 
Mo2X4(PMe3),, in 2-methylpentane at 77 K: (a) X = Cl; (b) X = Br; 
(C) X = I. 

bonded system (X = Cl, Araai = 673 nm, <f> = 0.26, T = 140 ns; 
X = Br, Xmax = 671 nm, 4>, = 0.16, T = 90 ns; X = I, Xmax = 715 
nm, 4> = 0.12, r = 30 ns; 300 K, 2-methylpentane).12 The close 
agreement of the radiative rate constant with that calculated from 
the oscillator strength13 of the 1B2 *- 1A1 transition, in addition 
to the substantial overlap of the emission spectrum with this band, 
strongly suggests assignment of the emission to 1B2 —• 1A1 

fluorescence for all three complexes. 
Vibrational fine structure is resolved in both the 1B2 *- 1A1 and 

1B2 —*• 1A1 bands of Mo2X4(PMe3)4 at low temperature. At 77 
K the absorption and emission spectra (Figure 1) progress in a 
single mode, with spacings corresponding to the metal-metal 
stretching frequencies of the excited and ground states, respec
tively.14 In the absorption spectra of all three complexes, the 
Franck-Condon factors calculated from the relative intensities 

(12) The origin of the unexpected increase of the emission lifetime and 
quantum yield of Mo2Cl4(PMe3)4 relative to the electronically similar 
MO2C14(P-H-BU3)4

3 has been investigated through variable-temperature life
time measurements of the complexes Mo2Cl4(PRj)4 (R = Me, Et, n-Pr, n-Bu)9 

(Hopkins, M. D.; Gray, H. B., unpublished results). The nonradiative rate 
constants (km) of all complexes follow the expression 

K, = k„ + Ic1 exp(-£a/fc7") 

and appear to have very similar values of £a and k0. The trimethylphosphine 
complex differs from the other three by having a smaller value of k\. An 
interpretation of the "phosphine sensitivity" of ^1 is not yet available. 

(13) Strickler, S. J.; Berg, R. A. J. Chem. Phys. 1962, 37, 814-822. 
(14) K1(MoMo) (1B2); X = Cl, 335 (10); X = Br, 340 (10); X = I, 320 

(5) cm'1. K1(MoMo) (1A1): X = Cl, 358 (2); X = Br, 353 (2); X = I, 345 
(2) cm"1 (Raman, \„ = 514.5 nm, C6H6 solution). 
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