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LiAlH, on the salts. This shows that reactions at  silicon do 
not need the tautomeric equilibrium which, in the case of the 
anions, is obviously nonexistent. 

The racemization observed for the reduction of hydrido- 
(1 -naphthylphenylmenthoxysilyl)(~5-methylcyc~opentadie- 
ny1)dicarbonylmanganese may be explained by the equilibrium 
with the deinserted form: 
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monoxide, and this donation makes the carbon monoxide 
ligands in metal carbonyl anions inert to sub~ t i tu t ion . '~  

The reactions reported here show the importance of the 
Si-H interaction in silylmanganese hydrides and the drastic 
changes of reactivity due to the functions at  silicon. Nev- 
ertheless, we have described the possibility of substitution 
without cleavage of the Mn-Si bond. 
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The complexes [ ( a re r~e )M(CO)~]+ ,  M = Mn or Re, readily react with tri-n-butylphosphine to yield the corresponding 
cyclohexadienylphosphonium ring adducts [ (arene.PBu3)M(C0),]': 

ki 

k-i 
[(arene)M(CO),]+ + PBu3 F= [ ( a r e n e . P B ~ ~ ) % f ( C O ) , ] ~  

The equilibrium constant for the addition reaction ( k l / k 1 )  is slightly greater for M = Re. The kinetics with M = Mn 
were studied in detail and activation parameters obtained for k l  and kI. Limited kinetic data for M = Re suggest a similar 
rate. The manganese adducts in the absence of oxygen are photochemically converted to [(arene)Mn(CO)2PBu3]t, while 
the rhenium analogues fail to undergo this reaction. The [(arene)M(CO)3]+ complexes react with CH3CN by an associative 
mechanism to yield [(CH3CN)3M(CO)3]t  and activation parameters for both metals were obtained. In contrast to addition 
a t  the arene ring, the ring displacement with CH3CN is about 2 X l o4  times faster for rhenium. 

Introduction 
The reactivity of x-organic molecules such as olefins and 

arenes is often drastically altered upon coordination to a 
*Address correspondence to L.A.P.K.-M. at University College, Cardiff, 

and to D.A.S. at Swarthmore College. 

transition metal. In particular, cyclic x-hydrocarbons when 
coordinated to neutral or cationic organometallic fragments 
frequently undergo facile nucleophilic addition reactions. Such 
reactions are of considerable interest since they provide simple 
and sometimes unique routes to new organic 
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Tricarbonyl(arene)manganese(I) Cations 

The addition of tertiary phosphines to coordinated cyclic 
9-hydrocarbons to yield phosphonium adducts has attracted 
recent Quantitative kinetic studies of this re- 
action have been reported12-15 for the cationic systems 
[(C6HdFe(CO),I+, [(C4H4)Fe(C0)2NOl+, [(C7Hs)Mn- 
(CO),]', and [(C,H,)M(CO),]+ (M = Cr, Mo, or W). Such 
work provides information concerning the mechanism of 
nucleophilic addition to coordinated rings and allows the 
formulation of a reactivity order toward nucleophilic attack. 
In this paper, we report the results of a kinetic study of 
nucleophilic attack on the complexes [(arene)M(CO),]+, M 
= Mn or Re. 

The reactivity of [(arene)Mn(CO)J+ cations (I) toward 
nucleophiles has been the subject of several studies. Addition 
to the arene ring occurs with hydride,16 phenide,17 cyanide,'* 
and some other  nucleophile^.^^ On the other hand, acetonitrile 
displaces the arene ring,19 while amines attack coordinated CO 
to yield carboxamido complexes.z0 Pauson and Segal2I recently 
reported substitution of halide and methoxide groups in 
[(C6HsX)Mn(C0)3]+ (X- = OCH,-, halide) by various 
nucleophiles. 

We  recently have showna that tri-n-butylphosphine, PBu3, 
reacts with I to form phosphonium ring adducts according to 
reaction 1. Reaction 1 is readily reversible and the equilibrium 
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1+ 
t P B u 3  

'31 

k l  , 
7 

k-4 r 1 
mixture reacts to yield [(arene)Mn(CO)2PBu3]+ when exposed 
to light in the absence of oxygen. In air, however, the 
equilibrium mixture is stable in solution. Previous workers" 
reported the CO-substituted product but failed to detect the 
initial ring addition. W e  report herein a detailed kinetic study 
of reaction 1, including activation parameters for both forward 
and reverse steps. 

In contrast to the [(arene)Mn(CO),]+ cations, very little 
appears in the literature concerning the rhenium analogues. 
In 1963 Winkhaus and Singerz2 published a brief note re- 
porting the synthesis of [(C6Me6)Re(C03)]C104 and the 
hydride addition complex [ (C6Me6H)Re(C03)]. The synthesis 
followed closely that of Wilkinson et a1.16 for the manganese 
derivatives. No yield was reported for the perchlorate salt, 
but Angelici20 repeated the synthesis in 1972 and claimed a 
19% yield. Winkhaus and Singerzz state that arenes other than 
C6Me6 can be used but the yields are lower. However, no 
details of the preparations with other arenes were given and 
no chemical or physical properties mentioned. In 1965 
Nyholm et al.23 reported that an attempt to prepare [(mes- 
itylene)Re(CO),] C104 according to the recipe of Wilkinson 
et a1.16 for the manganese analogue yielded no product. We  
report here an improved method for the synthesis of [(ar- 
ene)Re(C0),]PF6 complexes, obtaining yields of 25 and 49% 
for arene = toluene and p-xylene, respectively. The low yield 
and lack of reproducibility previously reported are shown to 
arise from the reaction of the rhenium salts with water during 
final workup. Preliminary kinetic data are also reported for 
the addition of tri-n-butylphosphine to [ (toluene)Re(CO),]PF,. 

Walker and Mawby19 reported that acetonitrile attacks 
[ (arene) Mn( CO) J' to yield [ ( CH,CN) ,Mn( CO),] + and 
measured some rates in neat acetonitrile. We show herein that 
the rhenium analogues undergo the same reaction but at  a rate 
more than lo4 times faster. The rate law for both metals was 
determined and activation parameters were obtained. Previous 
kinetic studies of monomeric manganese(1) and rhenium(1) 
complexes have shown the manganese complexes to be more 
reactive.24 

Table I. IR Spectra of Rhenium Compounds 

compound solvent v(C-O)/cm-' 

[(benzene)Re(CO), ] PF, CH,NO, 2081, 2012 
[(benzene.PBu,)Re(CO),] PF, CH,NO, 2033,1950,1940 
[(toluene)Re(CO),] PF, CH,NO, 2079,2008 

acetone 2077, 2005 
[(toluene.PBu,)Re(CO),] PF, CH,NO, 2031, 1947, 1937 

acetone 2031, 1947, 1937 
[ (toluene.H)Re(CO) , ] 
[ (tolueneCN)Re(CO), ] 
[(p-xylene)Re(CO),] PF, 

[@-xylene.PBu,)Re(CO), ] PF, 
[ @-xylene,H)Re(CO), ] 
[ @-xylene.CN)Re(CO), ] 
[ (CH,CN3 Re(CO)3 1 PF, 
[(acetone),Re(CO),] PF, 

hexane 
acetone 
CH,NO, 
acetone 
acetone 
hexane 
acetone 
CH,CN 
acetone 

2028,1948, 1935 
2030,1938 
2072,2001 
2071,2000 
2029, 1944, 1935 
2023,1940,1931 
2024, 1934 
2055, 1952 
2042,1925 

Experimental Section 

All solvents were distilled and dried prior to use. Infrared spectra 
were recorded on a Perkin-Elmer Model 257, N M R  spectra on a 
Perkin-Elmer R32, and field desorption (FD) mass spectra on a Varian 
M A T  CH-5 instrument. 

[(arene)Mn(CO),]PF, (or BF4). These compounds were prepared 
as described in the literature.16,2' 

[(arene.PBu,)Mn(CO),]PF6 (or BF,). Tri-n-butylphosphine was 
added to an acetone or nitromethane solution of [(arene)Mn(CO),]+ 
in air and the product (or an equilibrium mixture) formed rapidly 
in situ. Attempts to precipitate the product with ether or hexane 
yielded only starting material (see Results and Discussion). 

[ (are~~e)Mn(co)~PBu~]PF~  (or BF4). A solution of PBu, and 
[ (arene)Mn(CO),]+ in acetone or acetonitrile, but not nitromethane, 
generated the product in situ within 15 min when exposed to daylight 
in the absence of oxygen. 

[Re(CO)SBr]. This compound was prepared by combining 
Re2(CO)lo and Br2 in carbon tetrachloride or cyclohexane as described 
by Kaesz et al.25 

[(toluene)Re(CO),]PF3. To toluene (ca. 50 mL) was added 0.8 
g of Re(CO)5Br and 1.4 g of A1CI3. The mixture was refluxed under 
nitrogen for 4 h by which time a thick orange-brown tar had formed. 
The mixture was cooled in an ice bath and the solvent decanted from 
the solidified tar. To the residue 20 mL of an ice-water slush was 
added and the flask shaken vigorously for 1 min or less to dissolve 
the tar. The flask was kept in an ice bath during this process to prevent 
heating due to hydrolysis of excess AICI,. The aqueous solution was 
washed quickly with cold ether and filtered. An aqueous solution 
containing excess NH4PF6 was added immediately. The resultant 
white precipitate was filtered and washed with cold water, methanol, 
and ether. The product was purified by dissolving in 1-2 mL of acetone 
and immediately reprecipitating by the addition of ether; yield 0.25 
g (25%). Anal. Calcd for [ ( t ~ h e n e ) R e ( C O ) ~ ] P F ~ :  c ,  23.7; H ,  1.59. 
Found: C,  23.5; H ,  1.6. 

[(p-xylene)Re(CO),]PF6. This compound was prepared in a similar 
manner to the toluene analogue. A mixture of p-xylene and cy- 
clohexane boiling at ca. 110 OC was the solvent and heating time was 
4 h; yield 49%. Anal. Calcd for [(p-xylene)Re(C0),]PF6: C,  25.4; 
H ,  1.93. Found: C,  25.0; H, 1.8. 

[(benzene)Re(CO),]PF,. To benzene (ca. 50 mL) was added 0.7 
g of [Re(CO)SBr] and 1.3 g of AlCI,. The mixture was refluxed under 
nitrogen for 20 h. The same procedure as above was followed. A 
yield of only 20 mg was obtained and most of the Re(C0)5Br was 
recovered unreacted. Undoubtedly a higher reaction temperature 
would improve the yield. 

[(areneH)Re(CO),]. Excess NaBH, and 30 mg of [(arene)Re- 
(CO),]PF6 were added to 10 mL of hexane and the mixture was stirred 
vigorously under nitrogen in the dark for 1 h. The product dissolves 
in the solvent as it is formed (the reactants are insoluble in hexane) 
and was characterized via its IR  spectrum (Table I). The manganese 
analogues were prepared similarly. 

[(areneCN)Re(CO),]. Excess K C N  was added to  an acetone 
solution of [(arene)Re(C0),]PF6. The cyanocyclohexadienyl product 
was formed after a few minutes of vigorous shaking and characterized 
via its IR  spectrum (Table I). The manganese analogues were 
prepared similarly. 
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Kinetic Studies. A therrnostated stopped-flow apparatus, previously 
described,26 was used to measure the rate of addition of PBu, to the 
[ ( a r e ~ ~ e ) M ( C o ) ~ ] +  (M = Mn or Re) cations. A pseudo-first-order 
excess of PBu3 was always used and the wavelength was 350-360 nm. 
The rate of nucleophilic attack of CH&N on [(arene)M(CO),]' to 
displace the arene was measured in GH3CN-CH3NO2 mixtures, with 
[CH3CN] ranging from 0 to 19 M (neat). These latter reactions were 
carried out in the dark, under nitrogen, and monitored by periodically 
withdrawing a sample via syringe and recording the IR spectrum. All 
kinetic data.were analyzed by making the standard In ( A  7 A , )  vs. 
time plots. G o d  first-order plots were generally obtained for the entire 
reaction in each case. The disappearance of reactant bands and 
appearance of product bands occurred a t  the same rate. 

Equilibrium Constants. The equilibrium constants for reaction 2 

[(arene)M(CQ),]+ + PBu, 5 [(arene.PBu,)M(CO),]' (2) 

were measured at  25 "C by recording the I R  spectra of mixtures of 
PBu, and [(arene)iM(CO),]+. Solutions were equilibrhed in a 
constant-temperature bath and an aliquot was remove4 dnd its IR 
spectrum recorded immediately. Experiments suggested that heating 
of the solutions by the IR beam was not substantial within the scanning 
time. However, to allow valid cornpatisons to be made between 
manganese and rhenium and between the different arenes, all the 
equilibrium constants were measured at least four times under identical 
conditions; e.g., each solution was in the IR beam for the same period 
of time. 

Results and Discussion 

Synthesis of [(arene)M(CQ)3]PF6. The [(are;e)M(CO),]' 
complexes (M = Mn or Re) are prepared by similar methods. 
Modifications outlined in the present work greatly increase 
the yields and reproducibility for the rhenium compounds. The 
crucial step in the synthesis is the extraction of the crude 
product [(arene)Re(C0),]A1C13Br from the reaction mixture 
into water, followed by washing with ether and precipitation 
with NH,PF,. Experiments showed that the [(arene)Re- 
(CS),]' species are very reactive toward water and hence the 
time in the aqueous phase must be minimal. For example? 
the yield of [(tol~ene)Re(CO)~]+ increased from a few percent 
to 25% when the water extraction treatment was reduced from 
10 to ca. 2 min. The yield of [(p-xy1ene)Re(CO),]PF6 reached 
a respectable 49%. The reaction of these cations with water, 
most likely producing [(H20),Re(CO),]' accounts for the 
difficulty encountered by others20,22s23 attempting their 
preparation. 

The manganese salts are stable for days at room temperature 
in solvents such as acetone, nitromethane, etc. However, 
acetonitrile very slowly (days) displaces arene19 yielding 
[(CH,CN),Mn(CQ),]+. The rhenium analogues also react 
with acetonitrile, producing the known2' [(CH3CN)3Re- 
(CO),]+, but the reaction time is a matter of minutes instead 
of days. Acetone also attakks [ (arene)Re(k20),]+ rapidly to 
displace arene whereas ring displacement by nitromethane 
solvent requires several hours. 

The formulation of the [(toluene)Re(C0),]PF6 complex ,was 
proven beyond doubt by obtaining its field desorption (FD) 
mass spectrum. The only significant mass peaks Cere 361, 
362, 363, and 364, which are assigned to M an8 M + 1 ions 
for the two rhenium isotopes of [ ( t~ luene)Re(CO) , ]~ .  In 
agreement with earlier studies on the FD mass spectra of 
organometallic carbonyl complexes, fragment ions due to 
carbonyl loss were not obtained. 

The 'H NMR spectrum of [ ( t~luene)Mn(CO)~jBFq in 
nitromethane consists of two multiplets centered at 7 3.30 and 
3.55 (relative areas 2 3 )  and the methyl resonance a t  7 7.48. 
Following the work of Pauson and Segal," we assign the two 
multiplets as H3s5 and H236,4, respectively. The spectrum of 
[ (t0luene)Re(6O)~]PF, in nitromethane is very similar, the 
multiplets being centered at  T 3.09 and 3.37 (area ratio 2 3 )  
and the methyl resonance a t  T 7.26. The downfield shift of 
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Table 11. IR Spectra of Magnanese Compoundsa 

compounds v(C-O)/cm-' 

[(benzene)Mn(CO), ] BF, 2080, 2026 
[(benzene.PBh, )M,n(CO), ] BF, 2028, 1950 
[ (befipene)Mn(CO),.PBu, ] BF, 1947,1950 
[(tqluene)Mn[CO), ] BF, 2079,2021 
I(to1dene PBu,)Mn(CO),.] BF, 2025, 1948 
[ (toluene)Mn(CO), PBu, ] BF, 1991,1946 
[ (toluene.H)Mn(CO), ] 2d20, 1949, 

1939b 
[ (tolyeneCN)Mn(CO) ] 2023,1943 
[(p-xylene)Mn(CO),] PF, 2076, 2019 
[@-xylehe,PBu,)Mn(CO), ] PF, 2021, 1944 
[@-xylene)Mn(COI, PBu,] PF, 1989,1943 
[@-xylene HIMn(CO), ] 2018, 1941, 

[rrnesitylene)Mn(Cb), 1 BF, 2072, 2015 
[(mesitylene)Mn(CO), PBu, ] kF, 1985, 1939 
[ (chlorobeqzene)Mn(CO), ] PF, 2087,2031 
[ (chlorgbenzene.PBu,)Mn(CO), ] PF, 2035,1961 
[ (p-methylchIorobenzene)Mn(CO), ]PF, 2082, 2029 
[ @-methylchlorobenzene~PBu,)Mn(CO), ] PF, 2031, 1938 
[(anisole)Mn(CO),] PF, 2077,2019 
[(anisole PBu,)M,n(CO),] PF, 2027, 1942 
[(anisole)~n(CO),PBu, ] PF, 1991, 1942 
[(CH,CNl,Mn(CO), I BF, 2068, 1 9 7 V  

o *  1936b 
[ @-xyleneCN)Mn(CO), ] 2020,1941 

a Solvent acetone except where marked. 
Solvent acetonifrlle 

Solvent hexane. 

the .NMR spectrum for rheniud compaied to manganese is 
similar to that reported2* for the complexes [CpM(CO),] and 
[Cph.I(CO),(NO)] (M = Mn or Re). 

The 'H N M R  spectrum of [(toluene)Re(Co),]PF6 in 
acetone-d, taken within a few minutes of dissolution shows 
the tyo  expected multiplets centered at  T 2.79 and 3.08; with 
the methyl band at  T 7.19. As the spectrum is rescanned, free 
toluene appears and the bands due to coordinated toluene 
weaken. After 1 h only free toluene remains, confirming that 
acetone displaces the arene in [(arene)Re(C0)3]+s. 

The [ ( a r e ~ ~ e ) R e ( C O ) ~ ] +  salts readily add hydride and 
cyanide ions to the arene ring to produce neutral [(arene. 
X)Re(C0)3]  in ahalogy with the known manganese deriva- 
tives. With substituted arenqs, the hydride, cyanide, or tri- 
rl-butylphosphine adducts could exist in a number of isomeric 
forms. P a u ~ o n * ~  has found that directive effects for ortho, meta 
and para positions in [(arene~Mn(C0)3]+,complexes, though 
present, are relatively weak. The site of addition has not been 
determined in the present study. 

Table I lists IR frequencies in the carbonyl region for the 
[ (are~~e)Re(CO)~]'  salts and for tri-n-butylphosphine, hydride, 
and cyanide adbition products. I R  data, for the analogous 
mapganese complexes are summarized in Table 11. 

Addition of PBu3 to [(ar@ne)M(C0),lt, Recent studies have 
established thai tertiary phosphines can react with T-  
hydrocarbon metal complexes in a variety of fashions: (i) 
addition at  the organic ring to yield phosphonium complex- 
~s ,~-IO (ii) displackment of a carbonyl or (iii) 
displacement of the r-hydrocarbon ligahd.19J1-33 The present 
study shows that, contrary to previous belief,19 reactioil of PBu, 
with [(arene)Mn(CO),]+ leads to ring addition giving the new 
phosphonium adducts [(arene.PBu3)Mn(C0),] and that a 
similar process occurs with the rhenium analogues, reaction 
2. 

The static equilibrium constants for reaction 2, were de- 
termined as described in the Experimental Section and are 
summarized in Table 111. The addition of PBu, was readily 
reversible as shown by IR dilution experiments. Addition of 
ether to an acetone solution of [(a~-ene)M(CO)~]+ containing 
sufficient excess PBu3 to generate the phosphonium ring adduct 
caused the quantitative precipitation of [(arene)M(Co),]PF,. 
This also clearly demonstrates the reversibility of reaction 2. 
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Table 111. Equilibrium Constants" for Addition of PBu, to  
I(arene)M(CO), I + 

compound ~ 

[ (benzene)Mn(CO) , ] + 

[ (benzene)Re(CO), ] + 

[ (toluene)Mn(CO), ] + 

[(toluene)Mn(CO),] + 

[(toluene)Re(CO),] + 

[(toluene)Re(CO),]+ 
[ @.xylene)Mn(CO), ] + 

[ (p-xylene)Re(CO), ] 
[ (mesitylene)Mn(CO), ] + 

a Temperature 25 "C. 

solvent 

acetone 
CH,NO, 
acetone 
CH,NO, 
acetone 
CH,NO, 
acetone 
acetone 
acetone 

KIM-' 

260 
>so0  

60 
90 

260 
3 20 

4 
7 

<1 

Scheme I 
K 

[(arene)Mn(CO),]+ + PBu, e [(arene.PBu,)Mn(CO),]+ 
I 

N , , h u  +PBu, \ 
[ (arene)MntCO),(PBu,)]+ + CO 

The equilibrium constants for this reversible addition show 
the rhenium complexes to be slightly more electrophilic in a 
thermodynamic sense (Table 111). As expected, increasing 
methyl substitution decreases the electrophilicity of the co- 
ordinated arene, K decreasing in the order chlorobenzene > 
benzene > toluene > p-xylene > mesitylene: Our best 
judgment is that anisole lies near toluene in adduct stability. 
The very large equilibrium constant for the chlorobenzene 
complex (M = Mn) correlates with simple inductive ideas, 
while the very small K for arene = mesitylene may arise from 
a combination of electronic and steric factors. 

Upon exposure of an equilibrium mixture of [(arene)- 
Mn(CO),]+ and [(arene.PBu3)Mn(C0),]+ in acetone or 
acetonitrile to daylight in the absence of oxygen, the solution 
turns deep yellow within 15 min and CO is evolved to produce 
the [ (arene)Mn(CO),PBu,]+ cation originally reported by 
Walker and Mawby.19 This photochemical reaction is easily 
quenched by oxygen. In air, or in the absence of light, C O  
displacement does not occur. It also does not occur in ni- 
tromethane, probably due to strong solvent absorption below 
ca. 375 nm. The complex [(mesitylene)Mn(CO),]+ did not 
form a PBu3 adduct because K (Table 111) is too small, but 
photochemical conversion to displace CO by PBu, is facile. 
On the other hand, the adduct with [(chlorobenzene)Mn- 
(CO),]' has a K too large to measure by our techniques, but 
it does not undergo the photochemical reaction, and prolonged 
exposure to light eventually causes general decomposition. 

Strong support for the above conclusions comes from ' H  
N M R  data for the [(benzene)Mn(CO),]+ species. The 
spectrum in acetone-d6 consists of a single resonance at 7 3.10. 
Addition of excess PBu3 (air, dark) produces [(benzene. 
PBu,)Mn(CO),]+: 7 3.7, 4.5, 5.6, 6.6; relative areas 1:2:1:2. 
This latter spectrum agrees well with that reported19 for the 
related [(benzene.CN)Mn(CO),] [7 4.0 (H4), 4.9 (H3,5), 6.4 
(Hl), 7.2 (H2,6)], after the influence of the positive charge in 
the phosphonium complex is considered. Removal of oxygen 
and exposure to light cause the 'H N M R  spectrum to change 
after several minutes to the single resonance at 7 3.58 reported 
by Walker and Mawbylg for [(benzene)Mn(C0),(PBu3)]+. 

Interestingly, the rhenium salts do not undergo photo- 
chemical replacement of CO with PBu3, even in acetonitrile 
as solvent and upon exposure to a UV lamp for a few minutes. 

Since the phosphine is probably bonded to the ring in the 
exo it seems unlikely that the phosphonium adduct 
is converted directly into [(arene)Mn(CO),(PBu,)]+. The 
probable direct precursor is I as shown in Scheme I. Scheme 
I is consistent with the observation that [(mesitylene)Mn- 
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Table IV. Rate Constants" for Addition of PBu, to  
[(arene)Mn(CO),] * 

benzene 

toluene 

p-xylene 

anisole 

chlorobenzene 

p-methylchlorobenzene 

0 

10 

20 

26 

33 

0 

0 

0 

0 

0 

0.0063 
0.0094 
0.0143 
0.0244 
0.0011 
0.0019 
0.0043 
0.0089 
0.0150 
0.0030 
0.0066 
0.0101 
0.0116 
0.0186 
0.0015 ( 5 )  
0.0029 ( 5 )  
0.0050 
0.0090 
0.0150 
0.0012 
0.0020 (5) 
0.0042 ( 5 )  
0.0065 
0.0126 
0.0019 
0.0038 
0.0067 ( 5 )  
0.0095 
0.0150 
0.0150 
0.0300 
0.0450 
0.0600 
0.0800 
0.0050 
0.0079 
0.0125 
0.0250 
0.0390 
0.0030 
0.0050 
0.0070 
0.0110 
0.0030 
0.0070 

2.15 
2.92 
4.5 1 
7.28 
1.11 
1.47 
2.65 
4.75 
8.0 
4.17 
7.00 
9.37 

10.8 
16.2 

5.17 
7-40 
8.00 

12.4 
19.9 

10.3 
14.0 
16.0 
24.0 

9.00 

0.54 
0.86 
1.21 
1.45 
2.30 
9.10 
9.80 

11.8 
12.0 
16.0 

0.54 
0.67 
1.20 
2.10 
3.30 

10.3 
16.3 
23.1 
35.0 

9.6 
21.0 

a Solvent is acetone; total complex concentration was (1-5) x 
10-4 M. 

Table V. Rate Law for Addition of PBu, to [(arene)Mn(CO),]+ 

arene T/" C kobsdls-' 

0 
10 
20 
26 
33 

toluene 0 
p-xylene 0 
anisole 0 
chlorobenzene 0 
p-methylchlorobenzene 0 

benzene - + 295 [PBu,] 
0.55 + 480 [PBu,] 
1.8 + 770 [PBu,] 
3.6 + 1035 [PBu,] 
7.7 + 1420 [PBu,] 
0.35 + 122 [PBu,] 
7.2 + 98 [PBu,] 
(0.2) t 80 [PBu,] 
- + 3200 [PBu,] 
- + 3000 [PBu,] 

(CO),]' readily undergoes the photochemical reaction while 
[(chl~robenzene)Mn(CO)~]+ does not. 

Also consistent with Scheme I is the observation that re- 
action of [ (C6H6)Mn(CO),]' with triphenylphosphine or 
triethyl phosphite gave no IR spectral evidence for ring adduct 
formation, presumably due to a low K value; yet both nu- 
cleophiles readily replace CO when exposed to light in the 
absence of oxygen. 

The kinetics of reaction 2 (M = Mn) were followed in 
acetone as solvent using a thermostated stopped-flow appa- 
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30 c / 330 

5 15 25 

I 0 3 p  u3],/M 
Figure 1. Rate data for the reaction [(benzene)Mn(CO)J+ + PBu3 - [ (benzer~e-PBu~)Mn(CO)~]~ .  Solvent is acetone. 

ratus. The results are given in Tables IV and V and plots of 
kobsd vs. [PBuJ for [(benzene)Mn(CO),]+ appear in Figure 
1. The observed rate law is what one expects from reaction 
2, i.e. 

kobsd = k,[PBu3I -t k-1 (3) 
It can be seen that the equilibrium constants calculated from 
the kinetic data ( K  = k,/k-,)  are in agreement with the static 
measurements (Table 111). For arene = benzene, Arrhenius 
plots were made for k l  and k-, and the results (least squares) 
are as follows: k , ,  A P  = 7.3 f 0.1 kcal/mol, AS* = -20.3 
f 0.2 eu/mol; k-,, A P  = 19.0 f 0.1 kcal/mol, AS* = +7.7 
f 0.1 eu/mol. These results combine to yield for K :  AHo 
= -11.9 kcal/mol and A S o  = -28.5 eu/mol. A direct 
least-squares analysis of K = k , / k - ,  produces AHo = -1 1.6 
f 0.1 kcal/mol and ASo  = -27.6 =k 0.1 eu/mol. 

Separation of the kobsd values for addition of PBu3 to 
[ (are~~e)Mn(CO)~]+ into k l  and k-, terms was possible in most 
instances (eq 3, Table V). The forward k ,  values are seen to 
decrease in the order chlorobenzene 1 p-methylchlorobenzene 
> benzene > toluene > p-xylene > anisole 
(40:37:3.7:1.5:1.2:1). Except for anisole, this is also the order 
of decreasing phosphonium adduct stability ( K ) .  Thus, both 
the reactivity and stability orders seem to follow simple in- 
ductive ideas. It should be noted that PBu, addition to 
[ ( t~ luene)Mn(CO)~]+ and [(p-~ylene)Mn(CO)~]+ occurs at  
nearly the same rate; yet K is about 15 times greater for the 
toluene complex. As Table V shows, this difference in K is 
largely due to differences in k-,. 

An attempt was made to study the rate of reaction 2 with 
rhenium as the metal. A study in acetone was impossible 
owing to rapid decomposition of [(arene)Re(CO),]+ by solvent. 
The complex [ ( to l~ene)Re(CO)~]+ is fairly stable in nitro- 
methane, but solvent absorption limits the choice of wavelength 
to 2 3 7 5  nm. Unfortunately there is very little absorbance 
change during the reaction a t  this wavelength, and reliable 
results could not be obtained. However, preliminary rate data 
suggest that [(toIuene)Re(CO),]+ reacts with PBu3 ca. 3-5 
times more rapidly than does [(toluene)Mn(CO),]+ under 
similar conditions. 

There have been two recent  report^^^,^^ that in some cases 
nucleophiles attack the metal prior to ring addition. For our 
reactions, we found neither spectroscopic nor kinetic evidence 
for any intermediates in reaction 2, and we conclude that the 
most likely mechanism is simply direct bimolecular attack on 
the arene ring. The activation parameters are clearly consistent 
with this suggestion. If prior attack occurs at the metal, one 
might expect that the observed rate constant ( k , )  for reaction 
2 would differ by more than it does as the metal is changed 
from Mn to Re. As discussed below, arene ring displacement 
by CH,CN, which invokes attack a t  the metal, is faster for 

L. A. P. Kane-Maguire and D. A. Sweigart 

Table VI. Rate Data for Arene Displacement from 
I(tolueneMCO1,1+ 

M T/"C CH,CN/Ma 104k,,,sd/s'1 

Re 15 4.0 1.3 
Re 15 19 4.2 
Re 20 4.0 2.1 
Re 20 19 8.3 
Re 25 0.0 O S  
Re 25 1.0 1.2 ( 5 )  
Re 25 2.0 2.0 
Re 25 3.0 2.7 (5) 
Re 25 4.0 3.6 
Re 25 19 13.3 
Re 35 4.0 9.2 
MnC 60 19 0.042 
Mn 72.2 0 0.008 
Mn 72.2 3 0.040 
Mn 72.2 6 0.070 
Mn 72.2 19 0.165 
Mnd 100 19 2.17 

a Solvent is CH, NO,. Anion is PF,- for rhenium salts. An- 
ion is BF,- for manganese salts. d From ref 19. 

6 12 18 

[CH,CN]/ M 
Figure 2. Rate data a t  25 "C for the reaction [(toluene)Re(C0)Jt 
+ CH3C?J - [ (CH3CN)3Re(C0)3] t  + toluene. Solvent is 
CH3CN-CH3N02 mixture. 

rhenium by a factor of 2 X lo4. In this context, it is pertinent 
to note that the rate of PBu3 addition to the ring in [(tro- 
pylium)M(CO),]+ (M = Cr, Mo, or w) also does not depend 
strongly on the metal', whereas displacement of the tropylium 
ring by CH3CN is strongly metal dependent.36 

Kinetic studies of the nucleophilic addition of tertiary 
phosphines to coordinated cyclic n-hydrocarbons have been 
r e p ~ r t e d , ~ ~ - ' ~ , ~ ~  and the following approximate reactivity order 
can now be stated: [(C7H8)Mn(CO),]+ (12000) > 
[(C4H4)Fe(C0)2NO]+ (1200) > [(C6H7)Fe(C0),]+ (160) > 
[(C,H7)M(CO)3]+ (M = Cr, Mo, or W) (40) = 

of these complexes have relatively small values of A P  and 
large negative values of AS* for the tertiary phosphine addition 
step, suggesting a common mechanism. It is interesting to note 
that the resonance energy of the arene ring in [(C6H6)Mn- 
(CO),]' makes this complex less electrophilic than the cy- 
cloheptatriene ring in [(C7H,)Mn(C0)3]+ by a factor of about 

Data available for the addition of aromatic and heterocyclic 
nucleophiles to coordinated cyclic ~ - h y d r o c a r b o n s ~ ~  suggest 
that there is not a single quantitative order of electrophilicities. 
The order is nucleophile dependent in such a way that does 
not reflect the reactivity-selectivity principle. This will be 
discussed in a future communication. 

Kinetics of Arene Displacement. Reaction 4 was studied in 
CH3CN-CH,NO2 mixtures. Table VI gives the results. In 

[(C&&OMe)Fe(C0)3]+ (40) > [(C,H6)Mn(CO),]+ (1). All 
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Tricarbonyl(arene)manganese(I) Cations 

[ ( t~ luene )M(CO)~]+  + 3CH3CN - 
[(CH3CN),M(C0),lt + toluene (4) 

all cases, IR spectra showed the reactions to be very clean, 
with no observable side-products. The solvent nitromethane 
reacted slowly with the toluene complex and after correcting 
for this Figure 2 is obtained for M = Re, which shows that 
reaction 4 is first order in CH3CN. The data point for neat 
acetonitrile also gives an approximate fit to this plot, a result 
probably due at least partially to the similar dielectric constants 
of nitromethane and acetonitrile. The data for manganese 
show (after correcting for the CH3N02  reaction) that the rate 
doubles as [CH3CN] changes from 3 to 6 M, and hence the 
reaction is also first order in CH3CN. 

Activation parameters for reaction 4 were obtained for M 
= Mn from an Arrhenius plot of the data in neat CH3CN. 
Rate constants were divided by 19 to correct to second-order 
values. A least-squares fit of the three points, one of which 
is from the work of Walker and Mawby,lg gave Al? = 24.0 
f 0.3 kcal/mol and AS* = -17.6 f 0.5 eu/mol. The rhenium 
activation parameters were obtained from the four rates 
available for [CH3CN] = 4 M. The rate constants obtained 
for rhenium in neat CH3CN were considered less reliable since 
their rapidity restricted the number of aliquots that could be 
measured in each run. An Arrhenius plot of the solvent- 
corrected second-order rate constants yielded A P  = 16.6 f 
0.2 kcal/mol and AS* = -21.5 f 0.3 eu/mol. The errors 
reflect the quality of the least-squares fit and from an ex- 
perimental viewpoint are unrealistically low. 

In sharp contrast to the similar rates of PBu3 addition to 
the arene ring in [(arene)M(C0)3]+ (M = Mn and Re), attack 
at  the metal by acetonitrile leading to arene displacement is 
much more rapid at rhenium. A second-order rate constant 
of 3.2 X M-' s-l is calculated for reaction 4 at 25 "C for 
M = Mn. For rhenium, the rate constant at 25 "C is 7.5 X 

M-' s-'. Thus, displacement of toluene by acetonitrile 
in [ ( t~ luene )M(CO)~]+  is faster for rhenium by a factor of 
23 000 to 1. Expressed another way, the half-life for reaction 
4 in neat CH3CN at 25 "C is about 9 min for rhenium, and 
130 days for manganese! 

There are several published reports24 of CO substitution in 
the monomeric manganese and rhenium complexes, [M- 
(CO),X] (X = C1, Br, or I). These reactions follow a dis- 
sociative mechanism and rhenium is less reactive than 
manganese by ca. 1:60. The reason for the qualitative change 
in reactivity in the present arene systems is that the mechanism 
is associative. Because of its size, rhenium should be much 
more susceptible to sN2 attack than manganese. An asso- 
ciative mechanism is favored because the toluene can act as 
an electron sink and accept electron density provided by the 
nucleophile. An intermediate having more than 18 electrons 
need never be formed. This, of course, cannot occur with 
[M(C0)5X], and so these complexes react dissociatively and 
the stronger Re-CO bond makes rhenium less reactive. The 
mechanism of arene displacement can be pictured as shown 
in Scheme 11. This mechanism is similar to that proposed39 
for arene displacement from [(arene)M(CO)J (M = Cr, Mo, 
or W) complexes, where a second-order rate law also holds. 
A similar mechanism holds for reaction 5 ,  M = Cr, Mo, or 

[(CH3CN)3M(CO)3] C7H7' (5) 
W.36 This last mentioned reaction is of particular interest 
because the rate order is Mo > W >> Cr whereas, as men- 
tioned above, the rate of addition of nucleophiles to the 
tropylium ring depends little on the metal. The rate order of 
the SN1 reaction of [M(CO),] with nucleophiles is Cr > 
Hence, it seems that the relative rates of manganese and 
rhenium for addition to coordinated arenes and attack at the 

[(C7H7)M(CO)3]+ + 3CH3CN -+ 
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Scheme I1 
P- l t  

metal with displacement of arene is qualitatively similar to 
the analogous reactions of the [(C7H7)M(C0),l t  (M = Cr, 
Mo, or W) systems. 

That the larger size of rhenium compared to manganese can 
have important kinetic implications when nucleophilic attack 
occurs in the vicinity of the metal was shown by Angelici and 
Brink,41 who reported a kinetic study of nucleophilic attack 
of primary amines on coordinated C O  to yield carboxamido 
complexes, eq 6 (M = Mn or Re; L = a phosphine). They 

L2M(CO)3C(=O)NHR + RNH3+ (6) 

found that Re > Mn in rate by as much as 30:l when the 
amine R group is bulky, but the rates became equal for a 
sterically uncrowded amine (n-BuNH,). 

Finally, the activation parameters for reaction 4 show that 
AS* is very negative as expected for an sN2 mechanism and 
that the large rate differences between manganese and rhenium 
stem almost entirely from A P .  That AZ? is larger by about 
7 kcal for manganese does not necessarily imply a stronger 
metal-arene bond, since AZ? also includes the influence of 
bond formation to CH3CN and these two effects oppose each 
other. 

Acknowledgment. D.A.S. is grateful for a NATO Post- 
doctoral Fellowship while on sabbatical leave from Swarthmore 
College for the year 1975-1976. 

Registry No. [(benzene)Re(C0)JPF6, 68927-90-2; [(benzene. 

[(p-xylene)Re(C0),]PF6, 68927-95-7; [(CH3CN)3Re(CO)3]PF6, 
66610-18-2; [(aCetOne)~Re(C0)3]PF6, 68927-97-9; [(benzene)Mn- 
(CO),]BF4, 41 646-79- 1; [ (benzene.PBu3)Mn(CO),]BF4, 59537-7 1-2; 
[(ben~ene)Mn(CO)~PBuJ BF,, 68927-98-0; [ (toluene)Mn(CO),] BF4, 
49564-37-6; [ ( tol~ene)Mn(CO)~PBu~]BF~,  68928-00-7; [(p-xy- 
lene)Mr~(Co)~]PF~, 38834-28-5; [(p-~ylene)Mn(CO)~PBu,]PF~, 
68928-02-9; [(me~itylene)Mn(CO)~]BF,, 41656-03-5; [(mesity- 
lene)Mn(CO)2PBu3]BF4, 68928-03-0; [ (chlorobenzene)Mn(C0),]PF6, 
578 12-9 1-6; [@-methylchl~robenzene)Mn(CO)~]PF~, 578 13- 15-7; 
[(anisole)Mn(CO),]PF6, 578 12-97-2; [(ani~ole)Mn(CO)~PBu~]PF~, 
68928-05-2; [(CH3CN),Mn(CO),]BF4, 68928-06-3; PBu,, 998-40-3; 
NaBH,, 16940-66-2; KCN, 151-50-8; Re(CO)5Br, 14220-21-4; 
Re2(CO),,,, 14285-68-8; Br,, 7726-95-6. 
References and Notes 

[L,M(CO)4]+ + 2RNH2 + 

PBu3)Re(CO),]PF6, 68927-92-4; [(toh~ene)Re(Co),]PF~, 68927-93-5; 

Sernrnelhack, M. F.; Hall, H. T.; Yoshifuji, M. J .  Am. Chem. SOC. 1976, 
98, 6387. 
Walker, P. J. C.; Mawby, R. J. J .  Chem. SOC., Chem. Commun. 1972, 
330. 
Pelter, A,; Gould, K. J.; Kane-Maguire, L. A. P. J .  Chem. Sot., Chem. 
Commun. 1974, 1029. 
John, G. R.; Mansfield, C. A,; Kane-Maguire, L. A. P. J .  Chem. SOC., 
Dalton Trans. 1977, 574. 
Evans, J.; Howe, D. V.; Johnson, B. F. G Lewis, J. J .  Organomet. Chem. 
1973, 61, C48. 
Hackett, P.; Jaouen, G. Inorg. Chim. Acta 1975, 12, L19. 
Efraty, A,; Liebrnan, D.; Sikora, J.; Denney, D. A. Inorg. Chem. 1976, 
15, 886; and references therein. 
Sweigart, D. A.; Kane-Maguire, L. A. P. J .  Chem. SOC., Chem. Commun. 
1976, 13. 
Salzer, A. Inorg. Chim. Acra 1976, 17, 221. 



Inorganic Chemistry, Vol. 18, No. 3, 1979 

Sweigart, D. A,; Gower, M.; Kane-Maguire, L. A. P. J .  Organomet. 
Chem., 1976, 108, C15, 
Salzer, A. Inorg. Chim. Acta 1976, 18, L31. 
John, G. R.;  Kane-Maguire, L. A. P. J .  Organomet. Chem. 1976, 120, 
c 4 5 .  
john, G. R.; Kane-Maguire, L. A. P.; Sweigart, D. A. J .  Organomet. 
Chem. 1976, 120, C47. 
Sweigart, D. A,; Wilker, C. N, J .  Chem. Soc., Chem. Commun. 1977, 
304. 
Birney, D. M.; Crane, A. M.: Sweigart, D. A. J .  Organomet. Chem. 1978, 
IC, 1 0 1  
I J L ,  1 0 1 ,  

Winkhaus, G.; Pratt, L.; Wilkinson, G .  J .  Chem. SOC. 1961, 3807. 
Jones, D.; Pratt, L.; Wilkinson, G. J .  Chem. SOC. 1962, 4458. 
Walker, P. J. C.; Mawby, R. J. J .  Chem. Soc., Dalton Trans. 1973, 622. 
Walker, P. J. C.; Mawby, R. J. Inorg. Chim. Acta 173, 7, 621. 
Angelici, R. J.; Blacik, L. J. Inorg. Chem. 1972, 11, 1754. 
Pauson, P. L.; Segal, J. A. J .  Chem. SOC., Dalton Trans. 1975, 1677. 
Winkhaus, G.; Singer, H. 2. Naturforsch., 5 1963, 18, 418. 
Nyholm, R. S.; Snow, M. R.; Stiddard, M .  H. B. J .  Chem. SOC. 1965, 
6564. 
Brown, D. A,; Sane, R. T. J .  Chem. Soc., Dalton Trans. 1971, 2088; 
Atwood, J. A,; Brown, T. L. J .  Am. Chem. Sot. 1975,97,3380 Zingales, 
F.; Sartorelli, U. Inorg. Chem. 1967,6, 1246; Cetini, C.; Gambino, 0.; 
Vaglio, G. A,; Ferrari, R. P. ibid. 1969, 8, 1 3 7 .  
Hileman, J. C.; Huggins, D. K.; Kaesz, H. D. Inorg. Chem. 1962, I ,  

Richens, Smith, and Sawyer 

933; Kaesz, H. D.; Bau, R.; Hendrickson, D.; Smith, J. M. J .  Am.  Chem. 
SOC. 1967, 89, 2844. 

(26) Kane-Maguire, L. A. P.; Thomas, G. T. J .  Chem. Soc., Dalton Trans. 
1975, 1890, 

(27) Reimann, R. H.; Singleton, E. J .  Organomef. Chem. 1973, 59, C24. 
(28) Fischer, E. 0.; Strametz, H. 2. Naturforsch , 5 1968, 23, 278. 
(29) Pauson, P. L.; Segal, J .  A. J .  Chem. SOC., Dalton Trans. 1975, 1683. 
(30) Deganello, G.; Boschi, T.; Toniolo, L.; Albertin, G. Inorg. Chim. Acra 

1974, 10, L3, 
(31)  Isaacs, E. E.; Graham, W. A. G. J .  Organomet. Chem., 1975,90, 319. 
(32) Pidock, F.; Smith, J. D.; Taylor, B. W. J .  Chem. SOC. A 1969, 1604. 
(33) Zingales, F.; Chiesa, A,; Basolo, F. J .  Am. Chem. SOC. 1966, 88, 2707. 
(34) Brown, D. A,; Chawla, S. K.; Glass, W. K. Inorg. Chim. Acra 1976, 19, 

L31. 
(35 )  Powell, P.; Russell, L. S.; Styles, E.; Brown, A. J.; Howarth, 0. W.; Moore, 

P. J .  Organomet. Chem. 1978, 149, CI. 
(36) Al-Kathumi, K. M.; Kane-Maguire, I>. A. P. J.  Chem. Sot., Dalton Trans. 

1973. l h 8 1 .  . . -, . - - - . 
John. G. R., personal communication. 
Kane-Maguire, L. A. P., unpublished data. Sweigart, D. A,; Summers, 
R.; Wood, M., unpublished data. 
Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 2nd 
ed.; Wiley: New York, 1967. 

(40) Angelici, R.  S. Organomet. Chem. Rec. 1968, 3, 173. 
(41) Angelici, R. S.; Brink, R. W. Inorg. Chem. 1973, 12, 1067. 

Contribution from the Department of Chemistry, 
University of California, Riverside, California 92521 

Sorbitol and Related Poly01 Complexes of Manganese(II), -(HI),  and -(IV): Redox and 
Oxygenation Equilibria 
DAVID T.  RICHENS,  CECIL  G. S M I T H ,  and DONALD T. SAWYER* 
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Sorbitol, a straight-chain hexitol, complexes and stabilizes the +2, + 3 ,  and +4 oxidation states of manganese in aqueous 
alkaline solution in a manner analogous to that observed with D-ghCOnate and D-glucarate. The redox and coordination 
chemistry for the manganese-sorbitol complexes, as well as their reactions with molecular oxygen and hydrogen peroxide, 
have been studied by spectrophotometric, electrochemical, and magnetic measurements. The kinetics of their reactions 
with molecular oxygen have been studied by means of an oxygen membrane electrode. Molecular oxygen oxidizes the Mn(I1) 
and Mn(II1) complexes to the Mn(II1) and Mn(1V) complexes, respectively, and is reduced to the peroxide anion in each 
case. Equilibrium constants and rate constants have been evaluated. Reaction mechanisms are proposed which are now 
thought to be general for the redox and oxygenation behavior of polyhydroxy complexes of manganese in aqueous alkaline 
solution. 

Manganese is an essential component of several biological 
oxidation-reduction systems, including photosystem I1 in green 
plant photo~ynthesis'-~ and mitochondrial superoxide dis- 
m ~ t a s e . ~  The + 2 ,  +3, and +4 oxidation states of manganese 
are believed to be involved in these p r o c e ~ s e s , ~ - ~  but this has 
not yet been established. 

Several polarographic studies by D ~ l e i a l ~ ~ - ' ~  have shown 
that polyhydroxy ligands will effectively stabilize the +3 and 
+4 oxidation states of manganese in aqueous, alkaline solution. 
These studies indicate that sorbitol, a straight-chain hexitol, 
has the highest stability constant, 1.94 X 10l6 M-' l 5  

Recent studiesi6 also have shown that the addition of sorbitol 
enhances the catalytic activity17 of manganese for the oxy- 
gen-alkali pulping process in the manufacture of paper. This 
may be due to an effective increase in the solubilization and 
activation of molecular oxygen by the manganese-sorbitol 
complexes. The presence of sorbitol significantly increases the 
stability and solubility of the +3 and +4 oxidation states. 

Recent studies in this laboratory have established that salts 
of D-ghCOnate and D-glucarate will also effectively stabilize 
the +2, +3, and +4 oxidation states of manganese in aqueous 
alkaline s ~ l u t i o n . ' ~ ~ ' ~  The manganese(I1) gluconate complex 
reacts rapidly in a bimolecular process (kobsd = 2.8 X lo4 M-l 
s-l) with molecular oxygen to produce the Mn(II1) complex 
and peroxide ion and reacts in a slower reaction (k&d = 3.9 
X 10' M-' s-l ) to produce the Mn(IV) complex and peroxide 
ion.20,21 The Mn(I1) complex also is oxidized by peroxide in 

a much slower reaction (kobsd = 6 X lo-' M-' s-') to give the 
Mn(II1) complex. The manganese(II1)-gluconate system 
apparently can form both binuclear and mononuclear com- 
plexes; the relative amount depends on the ligand and hy- 
droxide ion  concentration^.'^,'^ 

This paper summarizes the results of a corresponding study 
for the sorbitol complexes of manganese(IV), -(III), and -(II) 
and establishes a general scheme for  the redox behavior of 
polyhydroxy complexes of manganese and their reactivity with 
molecular oxygen and hydrogen peroxide. It also includes a 
more detailed spectroscopic and electrochemical study of the 
manganese-polyol complexes. 
Experimental Section 

Equipment. Polarography and cyclic voltammetry were performed 
with a three-electrode potentiostat based on the use of solid-state 
amplifiers.22 Both the dropping-mercury electrode and the conventional 
polarographic cell, with built-in calomel reference electrode, have been 
described p r e v i ~ u s l y . ~ ~  For cyclic voltammetry a Beckman hang- 
ing-drop mercury electrode was used with the standard three-electrode 
cell. A Princeton Applied Research Model 173 potentiostat, with a 
Model 179 digital coulometer and mercury-pool working electrode, 
was used for controlled-potential coulometry. 

The spectrophotometric measurements were performed with a Cary 
Model 17 recording spectrophotometer. Circular dichroic spectra were 
recorded by use of a Car) Model 60 spectrometer with a Cary Model 
6002 C D  accessory. Quartz cells were used for all measurements. 

The magnetic susceptibilities were determined by the modified24 
NMR method that was developed by Evans.25 The paramagnetic shift 
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