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N lone pairs. A similar spacious effect argument may apply to 
explain the reduced pÂ  and pK2 of the distal nitrogens in the 
fluorinated cyclams. The strong electron-withdrawing of F from 
the proximal nitrogens is reflected in the higher amide carbonyl 
stretching frequencies vc=0,

 s e e Table I.14 The fluorination to 
reduce amine basicities (or to increase NH+ acidities) may become 
very useful for macrocyclic polyamines that form anion complexes 
with polyoxyanions15 (e.g., polycarboxylates,16 phosphates,17 

catechols18). 
Potentiometric titration of 7-9 in the presence of equimolar 

Cu2+ ion showed the complexation with concomitant dissociation 
of the two amide protons to [CuH_2L]° (see 14) as in the case 

R, R2
 R 1 . Bf 

Table II. Half-Wave Potentials (V versus SCE)" for Cu'"/" (Doubly 
Deprotonated 6-9) and Ni1"/" and Ni"'1 (10-13) Complexes 

IN N.H ,N Nv 

dioxocyclams 
6 - 9 

[CuH. 2 i _ r 
14 

of 6." The complexation of 9 started to occur at lower pH ~ 3 
than that of 6 (pH > ~4),2a with stability constant logATCuH jL 
(= [CuH_2L][H+]2/[Cu] [L]) being 2.5 ± 0.2 for 9 (at / = 0.1 
M (NaClO4) and 25 0C), as compared with 1.0 for 6 (at / = 0.2 
M (NaClO4) and 25 0C).2a The apparently greater complex 
stability with 9 over 6 was supported by the ligand displacement 
of CuH_2L (L = 6) with L = 9 (equimolar, at pH 5, 50 0C over 
a few days), which was monitored by each distinct Cu111'"1 potential 
(see the following). At present, we cannot rationalize why it is 
9 with weaker bases and not 6 with stronger bases that affords 
a more stable CuFL2L complex.20 The violet crystalline [Cu-
FL2L]0 14 was isolated, which shows vc=Q at 1580, 1575, 1605, 
and 1620 cm"1 with 6, 7, 8, and 9, respectively. Electron para­
magnetic resonance spectra of those complexes at 77 K (in H2O) 
are similar with g± = 2.06, g„ = 2.17, A1 = 215 G (G = 10"4 T) 
for 6 and g± = 2.06, g,, = 2.18, A11 = 217 G for 7-9. Their d-d 
absorptions spectra [Xmax nm («)] occur at 505 nm (100) with 6, 
518 nm (140) with 7, 512 nm (70) with 8, and 515 nm (110) with 
9, which seems to imply a little weakening of ligand fields by the 
fluorination. 

Nickel (Il)-cyclam (10-13) complexes were all isolated as 
[NiL] (C104)2.

21 Their d-d absorptions in aqueous solution occur 
at 450 nm with 10, 453 nm with 11, 451 nm with 12, and 492 
nm with 13, implying the dramatic LF reduction with the di-
fluorination. Ni" ions in these complexes remain mostly low-spin 
in aqueous solution with jueff values ranging 2.3-2.5 nB with 10-13 
(by Evans method22 at 35 0C and / = 0.1 M). 

The effect of the F substitution is most evident in electro­
chemical properties of Cu and Ni complexes (Table II). The 
fluorinated CuFL2L complexes 14 showed all quasi-reversible cyclic 

(13) The fluctuating amide H chemical shifts in the NMR spectra pre­
vented the quantitization of this notion. 

(14) A similar vc*o (Nujol) pattern for ester is seen with fluorinated 
malonates: 1 (1745 and 1770 cm"1), 2 (1750 cm-'), and 3 (1780 cm"1). 

(15) For review: Kimura, E. Topics in Current Chemistry; Boschke, F. 
L., Ed.; Springer Verlag: Berlin, Heidelberg, New York, Tokyo, 1985; Vol. 
128, pp 113-141. 

(16) Kimura, E.; Sakonaka, A.; Yatsunami, T.; Kodama, M. / . Am. Chem. 
Soc. 1981, 103, 3401-3405. 

(17) Kimura, E.; Kodama, M.; Yatsunami, T. J. Am. Chem. Soc. 1982, 
104, 3182-3187. 

(18) Kimura, E.; Watanabe, A.; Kodama, M. J. Am. Chem. Soc. 1983, 
105, 2063-2066. 

(19) Kodama, M.; Kimura, E. J. Chem. Soc, Dalton Trans. 1979, 
325-329. 

(20) A referee suggested that this may be an example of reduced solvation 
of the fluorinated ligand 9. 

(21) The potentiometric determination of these (like unfluorinated cyclam, 
see: Hinz, F. P.; Margerum, D. W. Inorg. Chem. 1974, 13, 2941-2949) 
complexation constants were impossible due to slow kinetics. The polaro-
graphic approach for Cu"-fluorinated cyclam is underway (cf. ref 4). 

(22) Evans, D. F. J. Chem. Soc. 1959, 2003-2005. 

complex 

[CuH_2L]°, L = 
6 
7 
8 
9 

[NiL]2+, L = 
10 
11 
12 
13 

£1 / 2 (V versus SCE) 

for Cu"1/'1» 

+0.64 
+0.69 
+0.71 
+0.83 

for Ni1"/"c 

+0.50 
+0.52 
+0.53 
+0.63 

for Ni"" ' ' 

-1.56 
-1.52 
-1.53 
-1.46 

"All solutions were deaerated by purified Ar, and a Pt wire was used 
as auxiliary electrode. '0.5 M (Na2SO4), 25 0C, pH = 7.0. Working 
electrode (W.E.); glassy carbon. c0.5 M (Na2SO4), 25 0C, pH = 6-7. 
W.E.; glassy carbon. '0 . I M (NaClO4), 25 0C, pH = 7.0. W.E.; 
Hanging mercury drop electrode. 

voltammograms for Cu111/", as did nonfluorinated CuH_2L.23 The 
fluorinated [NiL]2+ gave quasi-reversible voltammograms for 
Ni"'/11 and Ni"/', as did the nonfluorinated 10 complex.24 In 
either system, upon fluorination, the higher oxidation states Cu111 

and Ni111 become successively destabilized with respect to Cu11 

and Ni", while the lower oxidation state Ni1 becomes successively 
stabilized with respect to Ni". 

Fluorinated macrocyclic ligands with easy access will find great 
potentials in basic as well as applied studies. 

(23) Kodama, M.; Kimura, E. J. Chem. Soc, Dalton Trans. 1981, 
694-700. 

(24) (a) Zeigerson, E.; Ginzburg, G.; Schwartz, N.; Luz, Z.; Meyerstein, 
D. J. Chem. Soc, Chem. Commun. 1979, 241-243. (b) Jubran, N.; Ginzburg, 
G.; Cohen, H.; Meyerstein, D. J. Chem. Soc, Chem. Commun. 1982, 
517-519. (c) Jubran, N.; Ginzburg, G.; Cohen, H.; Koresh, Y.; Meyerstein, 
D. Inorg. Chem. 1985, 24, 251-258. 

Oxygen Atom Transfer from an Iridium Dioxygen 
Complex: Oxidation of Carbon Monoxide to Carbonate 

Holly J. Lawson and Jim D. At wood* 

Department of Chemistry, University at Buffalo 
State University of New York 

Buffalo, New York 14214 
Received January 25, 1988 

There has been a great deal of interest in transition-metal 
dioxygen complexes either as mimics of biological systems1 or for 
oxidation of organic substrates.2 A number of questions remain 
to be answered concerning the factors that promote reactivity 
and/or selectivity in oxidations by transition-metal dioxygen 
complexes. An understanding of the intimate mechanism of 
oxygen atom transfer reactions and the electronic and steric effects 
on reactivity is required. In this communication we present our 
observations concerning the oxidation of carbon monoxide by 
(CH3)Ir(P(p-tolyl)3)2(CO)(02). The data support a rapid re­
versible cleavage of one iridium-oxygen bond followed by attack 
on free CO. 

(1) (a) Karlin, K. D.; Cruse, R. W.; Gultneh, Y.; Farooq, A.; Hayes, J. 
C; Zubieta, J. J. Am. Chem. Soc. 1987,109, 2668. (b) Herron, N.; Tolman, 
C. A. / . Am. Chem. Soc. 1987,109, 2837. (c) Niederhoffer, E. C; Timmons, 
J. H.; Martell, A. E. Chem. Rev. 1984, 84, 137. (d) Collman, J. P. Ace. Chem. 
Res. 1977, 10, 265. 

(2) (a) Khan, M. M. T.; Siddiqui, M. R. H.; Hussain, A.; Moiz, M. A. 
Inorg. Chem. 1986, 25, 2765. (b) Tatsuno, Y.; Otsuka, S. J. Am. Chem. Soc. 
1981,103, 5832. (c) Valentine, J. S. Chem. Rev. 1973, 73, 235. (d) Sheldon, 
R. A.; Kochi, J. K. Metal-Catalyzed Oxidations of Organic Compounds; 
Academic: New York, 1981. 
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Table I. Infrared Stretching Frequencies as the Result of Various Reactions with Isotopically Labeled Compounds" 

iridium complex CO gas C = O 

carbonyl 

C= 1 8 O 

products 

1 3C=O C = O 

carbonate6 

' 3 C = O C= 1 8 O 

CH3Ir(POMoIyI)3MCO)(O2) 

CH3Ir(P(p-tolyl)3)203CO)(O2) 

CH3Ir(P(p-tolyl)3)2(C'80)(02) 

CH3Ir(P(p-tolyl)3)2(CO)(>802) 

CH3Ir(P(p-tolyl)3)2(CO)(02) 

CH3Ir(P(p-tolyl)3)2(CO)(02) 

CH3Ir(P(p-tolyl)3)2(C'803)(CO) 

CO 

CO 

CO 

CO 

13CO 

C18O 

2000 

2000 

1995 

2000 

1995 

2003 

1950 

1950 

1675 
1620 
1677 
1623 
1675 
1620 

1637 
1575 

1654 
1610 

1655 
1617 
1653 
1615 

"All frequencies are in cm"1 as seen from KBr pellets. * The C-O single bond stretch of the carbonate appears to be part of an absorbance band 
at 1267 cm"1. When 13C or 18O is incorporated into the carbonate a shoulder appears at 1250 cm"'. 

Scheme I. Proposed Reaction Mechanism for the Oxidation of CO 
by CH3Ir(P(p-tolyl)3)2(CO)(02)" 

H, C^ I ^O—I 

3P = P(p-tolyl)3. 

H 3 C X J ^ O — 0 

0 p 
+ CO 

f a s t H3!b *'<!>=o 
c - I "-o--

The (CH3)Ir(P(p-tolyl)3)2(CO)(02) complex is synthesized by 
a procedure similar to that previously reported.3 The reaction 
between (CH3)Ir(P(p-tolyl3)2(CO)(02) and CO results in the 
formation of a carbonato ligand that is bonded to the metal as 
a bidentate ligand. Similar complexes have been formed previously 
through reaction of a metal dioxygen complex with carbon 
monoxide4 or by oxidation of a coordinated carbonyl by molecular 
oxygen.5 The (CH3)Ir(PQ>tolyl)3)2(CO)(C03) complex has been 
characterized spectroscopically.6 The carbonato complex is 
prepared either by exposure of (CH3)Ir(P(p-tolyl)3)2(CO)(02) 
to 1 atm or less of CO for 1 day to 2 weeks (see kinetic data) or 
by reaction with 3 atm of CO in toluene for 3 days at room 
temperature followed by slow crystallization of the product at 0 
0C. 

Isotopic labeling studies, shown in Table I, were performed by 
monitoring changes in absorption in the C-O double and triple 
bond region of the infrared spectrum upon 13C or 18O labeling. 
The C-O single bond stretch for the carbonato ligand could not 
be definitively identified due to the presence of other absorbances 
in that region.7 The isotopic labeling shows that the carbonate 
is formed from the coordinated O2 ligand and a free carbon 
monoxide molecule. An 18O label in either the coordinated di­
oxygen or the free CO gives absorbances corresponding to 18O 
in the C = O of the carbonate. Use of 13CO gas gives 13C labeling 
in the carbonate, confirming that free CO is involved in carbonate 
formation. Both 13C and 18O labeling studies show that the 
coordinated CO is not involved in the reaction and is not exchanged 

(3) Rees, W. M.; Churchill, M. R.; Li, Y. J.; Atwood, J. D. Organo-
metallics 1985,4, 1162. 

(4) Hayward, P. J.; Blake, D. M.; Wilkinson, G.; Nyman, C. J. / . Am. 
Chem. Soc. 1970, 92, 5873. 

(5) Siegl, W. 0.; Lapporte, S. J.; Collman, J. P. Inorg. Chem. 1971, 10, 
2158. 

(6) IR (KBr) 2000 cm"1 (C=O), 1675, 1620 (C=O); 1H NMR (CDCl3) 
7.33 ppm (m, 24 H), 2.37 ppm (s, 18 H), 0.70 (t, 3 H); 13C NMR (CDCl3) 
163 ppm (s) (13C enriched at carbonate carbon); 31P NMR (CDCl3-ext. ref 
H3PO4) 4.17 (s). 

(7) A portion of the absorption at 1267 cm"' may be assigned to the C-O 
single bond stretch based on appearance of a shoulder at 1250 when either 
13C or 18O is incorporated. 

Table II. Kinetic Data for Reaction of 
(CH3)Ir(P(p-tolyl)3)2(CO)(02) with CO" 

T (0C) [CO] atm solvent (S-') 

50 
50 
50 
42 
33 

1 1,2-dichloroethane 
1 tetrahydrofuran 
1 benzene 
1 benzene 
1 benzene 

4.0 x 10"4 

1.8 x 10"4 

7.7 x 10"5 

4.2 X 10"5 

1.8 x 10"5 

°*obsd = ^ ^ [ C O l / t - ! + ^2[CO], where ku k^, and Ic2 are defined 
in Scheme I. 

5.0 

T 4.0 

I 'I 
-* 2 . 0 -

1.0 

0 4 0 6 

CC 03 (atm) 

0.8 

5 0 0 - -

4 0 0 - -

S 300 

Z O O - -

I / CC03 

Figure 1. [CO] dependence on kobsi for the oxidation of CO by 
CH3Ir(P(p-t0lyl)3)2(CO)(O2) in benzene at 50 0C. [CO] measured by 
partial pressure. 

with free C O under the reaction conditions. 
Kinetic studies were performed with 5.7 m M solutions of 

(CH 3 ) I r (P(p- to ly l ) 3 ) 2 (CO)(0 2 ) in benzene under anaerobic 
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conditions. All reactions were monitored by infrared spectroscopy 
following the growth of the absorbance at 1675 cm"1 due to the 
C=O stretch of the carbonate ligand. The rate constants are listed 
in Table II. Activation parameters of AS* = -21 eu and AH* 
= 15 kcal/mol were calculated. The negative entropy of activation 
is indicative of an ordered transition state, and the increasing rate 
with increasing solvent polarity is suggestive of a polar transition 
state. The dependence on carbon monoxide concentration, as 
shown in Figure 1, is typical of a rate law that involves a pree-
quilibrium prior to carbon monoxide oxidation. The rate constants 

*1*2tCH3Ir(P(p-tolyl)3)2(CO)(02)][CO] 

are defined in Scheme I. A similar mechanism is seen for ligand 
substitution reactions in alkyl transition-metal complexes, where 
incoming ligand addition is preceded by a rapid preequilibrium 
that involves the formation of an acyl intermediate.8 

The preequilibrium for the reaction between (CH3)Ir(P(p-
tolyl)3)2(CO)(02) and CO probably involves the rapid intercon-
version of the bonding of the dioxygen ligand from a bidentate 
to a monodentate form. The uncoordinated end of the dioxygen 
ligand could then attack free carbon monoxide. A peroxide attack 
on substrate has previously been implicated in oxidation reactions.9 

The proposed mechanism for this reaction is illustrated in Scheme 
I. 

A similar preequilibrium involving a side to end-bonded di­
oxygen ligand has been previously suggested for other transi­
tion-metal dioxygen complexes, but this study provides the first 
tangible evidence for such a reaction. The preequilibrium step 
was considered but dismissed for the oxidation of hexafluoro-
acetone by reaction with a chloroiridium dioxygen complex.10 

Some of the observed reactivity of MO2(Z-BuNC)2 complexes of 
nickel and palladium was attributed to this preequilibrium, but 
no data to substantiate the pathway were obtained.11 Many 
proposed reaction pathways for oxygen atom transfer reactions 
of transition-metal complexes require coordination of the substrate 
prior to oxidation.12'13 Our isotopic labeling studies demonstrate 
that the CO oxidized is not the CO initially coordinated to iridium 
and cast doubt on prior coordination as a requirement for oxidation 
by (CH3)Ir(P(p-tolyl)3)2(CO)(02).

14 Another possible route 
involves loss of the dioxygen ligand before the carbon monoxide 
becomes oxidized. This route can also be rejected since this would 
result in formation of a 16-electron complex which, from earlier 
studies,3 shows instantaneous reactivity with methyl iodide and 
toward CO exchange. CO exchange is not observed, and no 
reaction has been observed for the dioxygen complex with CH3I. 

The mechanism shown in Scheme I provides the most rea­
sonable explanation for the kinetic and isotopic labeling studies. 
The preequilibrium step is consistent with the observed rate law 
showing dependence on the [CO] only at low [CO]. A possible 
charge separation in the transition state could account for the 
increasing rate with solvent polarity. Presence of negative charge 
on the noncoordinated oxygen atom may facilitate attack on an 
external CO. Attack would be expected to occur at different rates 
for different substrates. This is observed with the order SO2 > 
PPh3 > CO2 > CO for oxidation. After attack of the oxygen on 
CO, substantial rearrangement occurs leading to the stable bi­
dentate carbonate. Studies are continuing to define the role of 

(8) Atwood, J. D. Inorganic and Organometaltic Reaction Mechanisms; 
Brooks/Cole: Monterey, CA, 1985; pp 16, 17, 137, 138. 

(9) Sen, A.; Haipern, J. J. Am. Chem. Soc. 1977, 99, 8337. 
(10) Beaulieu, W. B.; Mercer, G. D.; Roundhill, D. M. J. Am. Chem. Soc. 

1978, 100, 1147. 
(11) Otsuka, S.; Nakamura, A.; Tatsuno, Y.; Miki, M. J. Am. Chem. Soc. 

1972,94,3761. 
(12) Ugo, R.; Zanderighi, G. M.; Fusi, A.; Carreri, D. J. Am. Chem. Soc. 

1980, 102, 3745. 
(13) Zanderighi, G. M.; Ugo, R.; Fusi, A.; Taarit, Y. B. Inorg. Nucl. 

Chem. Lett. 1976, 12, 729. 
(14) It is likely that the coordinated CO would be involved if coordination 

before oxidation were required, but we cannot exclude a very specific coor­
dination of CO then selective oxidation. 

steric and electronic factors on the reactivity of this dioxygen 
complex. 
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Zintl ions are isolated polyanionic clusters of main-group ele­
ments. They have been known to exist in solution for many years, 
but only the relatively recent use of cryptands to sequester the 
alkali metal counterion has facilitated their isolation.1 This has 
resulted in the structural characterization of a wide variety of novel 
compounds. However clusters containing transition metals are 
rare. An iron carbonyl cluster containing a tetrahedron of bismuth 
atoms has been reported2 as well as a solid-state compound in 
which a niobium atom is surrounded by an eight-membered arsenic 
ring.3 In addition, there are several gold and mercury telluride 
clusters obtained by extraction of mixed phases in basic solvents.4 

There is also NMR evidence for a platinum phosphine complex 
becoming incorporated into a Sn9

4" cluster in solution.5 However, 
bare clusters containing transition metals incorporated into 
main-group frameworks have not yet been isolated. 

We have recently found that polytelluride and polyselenide 
anions prepared from the elements and an alkali metal in liquid 
ammonia are convenient reagents for the generation of a variety 
of metal polychalcogenides.6 Recently our attention has focused 
on the reactions of polychalcogenides with high-valent transi­
tion-metal salts. Reaction of Ten

2" or Sen
2" (n = 2-4) with CrCl3 

in DMF produces Cr3Te24
3" and Cr3Se24

3", respectively.7 Reaction 
of MoCl5 or WCl6 with Te/" in DMF generates [MOTe8]

2" with 
the oxygen atom apparently derived from the solvent.8 Previous 
to our work, Krebs prepared Fe2Se12

2",9 and Ibers reported 
V2Se13

2"10 as well as several tungsten polyselenide anions.11 

However, further work in this area has been scarce.12 In this 
communication we report the preparation and structure of 
NbTe10

3" which is the first Zintl ion containing an interstitial 
transition-metal atom. 

The title compound was synthesized by the reaction of NbCl5 
and 2 equiv of K2Te4, in DMF, followed by the the addition of 

NbCl5 + 2Te4
2" ^ ' • [(C6Hj)4P]3[NbTe10] 

(1) (a) Corbett, J. D. Chem. Rev. 1985, 85, 383. (b) Corbett, J. D.; 
Critchlow, S. C; Burns, R. C. ACS Symp. Ser. 1983, 232, 95. 

(2) Whitmire, K. H.; Churchill, M. R.; Fettinger, J. C. J. Am. Chem. Soc. 
1985, 107, 1056. 

(3) von Schnering, H. G.; Wolf, J.; Weber, D.; Ramirez, R.; Meyer, T. 
Angew. Chem., Int. Ed. Engl. 1986, 25, 353. 

(4) (a) Haushalter, R. C. Angew. Chem., Int. Ed. Engl. 1985, 24, 432. (b) 
Haushalter, R. C. Angew. Chem., Int. Ed. Engl. 1985, 24, 433. 

(5) Teixidor, F.; Leutkins, M. L.; Rudolph, R. W. J. Am. Chem. Soc. 1983, 
105, 149. 

(6) Flomer, W. A.; O'Neal, S. C; Cordes, W.; Jeter, D.; Kolis, J. W. Inorg. 
Chem., in press. 

(7) Flomer, W. A.; O'Neal, S. C; Pennington, W. T.; Cordes, W. A.; Kolis, 
J. W., manuscript in preparation. 

(8) Flomer, W. A.; Kolis, J. W., manuscript in preparation. 
(9) Strasdeit, H.; Krebs, B.; Henkel, G. Inorg. Chim. Acta 1984, 89, LIl . 
(10) Chau, C-N.; Wardle, R. W. M.; Ibers, J. A. Inorg. Chem. 1987, 26, 

2740. 
(11) Wardle, R. W. M.; Chau, C-N.; Ibers, J. A. J. Am. Chem. Soc. 1987, 

109, 1859. 
(12) Draganjac, M.; Rauchfuss, T. B. Angew. Chem., Int. Ed. Engl. 1985, 

24, 742. 
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