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Figure 1.-Absorption spectrum (- - -) and circular dichroism 
(- ) of [CoCla(d,d-3,8-Dirnetrien)] C1. 
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Figure 2.-Infrared spectrum of [CoC12(dl-5-Mctrien)] C1. 

tinct circular dichroism bands with opposite sign in 
the 15,000-18,000 cm-I region which is usually as- 
signed to the electronic transition of lA1, + lE&. 
For trans- [ C O ( I - ~ ~ ) ~ C ~ ~ ] C ~ ,  only a single transition 
(16,400 cm-l) was ob~erved .~  Assuming CZ or D2 
symmetry, the I E a  energy level for Dlh symmetry de- 
grades to ‘A and IB intrinsically. In  trans-[Co- 
(Z-pn)zClz]+,s the energy levels are so close that only 
one circular dichroism band appears a t  16,400 cm-l. 
But in trans- [Co(d,d-3,8-Dimetrien)Clz] +, the great 
distortion causes the energy levels to be further apart 
as two circular dichroism bands of opposite sign are 
observed. 

As is shown in Figure 2 ,  the infrared spectrum of the 
purple salt, [CoClz(dZ-5-Metrien) ]C1, has four strong 
absorptions in the 3300-3000 cm-‘ (N-H stretching) 
region, two medium absorptions near 1600 crn-I 
(N-H antisymmetric deformation), and two strong and 
two medium absorptions a t  1090-990 cm-l. Bucking- 
ham and Jones3 identified the three geometrical isomers 
of the dichlorotrien-cobalt(II1) complex according to 
their infrared spectra. On the basis of these assign- 
ments, it may be possible to assign the purple salt as 
the so-called cis-p isomer. This assignment is supported 
by the absorption spectrum. 
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Of the many reactions involving reduction of Co(II1) 
complexes by Cr2+(aq) that have been studied kineti- 
cally, only a few have been shown by product analysis 
to proceed by the outer-sphere mechanism. In 
each of the two outer-sphere cases where V2+(aq) and 
Eu2+(aq) have also served as reducing agents, it has 
been observed that the relative rates of reduction by 
Cr2+(aq), V2+(aq), and Eu2+(aq) are nearly constant. 
During an investigation of the Cr(I1) reduction of 
tris(2,4-pentanedionato)cobalt(III), Co(aa)3, in aque- 
ous ethan01,~ i t  was observed that Co(aa)a has a suf- 
ficient solubility in aqueous acid to make feasible the 
determination of the reaction kinetics of Cr2+(aq), 
V2+(aq), and Eu2+(aq) toward this neutral Co(II1) 
oxidant. The results in this case, where the Co(II1) 
complex has oxygen as donor atoms, can then be com- 
pared with the previously studied outer-sphere systems, 
where nitrogen atoms are the donor atoms. 

The results of this study indicate that the reduction 
of Co(aa)3 by Cr2+(aq) proceeds a t  least partially by 
an inner-sphere mechanism ; however, the agreement 
between the rates of reduction by V2+(aq) and Eu2+- 
(aq), relative to Cr2+(aq), for Co(aa)a and tris(ethy1- 
enediamine)cobaltic ion, C ~ ( e n ) ~ ~ + ,  respectively, as 
oxidants suggests that the outer-sphere path may 
also be present. 

Experimental Section 
Tris(2,4-pentanedionato)cobalt(III) was prepared from COCOA 

and acetylacetone, Haa, with PbO2 as the oxidant. This mixture 
was shaken overnight and extracted with benzene, and the organic 
layer was evaporated t o  give crude Co(aa)s. The compound was 
purified as described in the l i t e r a t ~ r e . ~  Several preparations 
gave identical kinetic results. Anal. Calcd: C, 50.58; H,  
5.90; Co, 16.55. Found for two preparations, respectively: 
C, 50.72, 50.79; H, 5.83, 5.85; Co, 16.30, 16.62. That a 
true solution of the oxidant in aqueous acid existed was verified 
by obtaining data that fit Beer’s law, over the concentration 
range used in this study, a t  5967 A ( e  129) and 3240 A ( E  7760). 
Europous ion was prepared from perchloric acid and EuC0a5 
and was stored in a COZ atmosphere. Vanadium pentoxides and 
Gr(C10&. 6H20’ were reduced by amalgamated zinc in per- 
chloric acid, and the solutions of the divalent ions were stored in 
a nitrogen atmosphere. Stock solutions of the reductants were 
standardized spectrophotometrically by reactions with excess 
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dr2'-(aq) + (lo(aa), + 2.66H+ --f 
0.34Cr(aa)2"(aq) + 0.66Cr(H20)83+ + 2.66Haa + Coz"(aq) (1 ) 

and that the reduction proceeds 347, by the inner- 
sphere mechanism and 66% by the outer-sphere. This 
conclusion is not, however, definite. While there is 
evidence that free Haa does not coordinate to Cr(I1) 
before the electron transfers (added Haa does not 
change the amount of chromium acetylacetonate 
product) and that Cr2:(aq) does not rapidly cause 
aquation of Cr(aa)**(aq), there is no assurance that 
the reduction does not proceed by an inner-sphere 
mechanism such as shown in reaction 2 ,  where [Cr- 
2H+ + Cr2+(aq) + Co(aa), --+ 

(2) [Cr(aa)2+]* + Co2+(aq) + 2Haa 

HL7 \ 
CrJt(aq) + Haa Cr(aa)z+(aq) 

(aa)"fI* is some unstable form-for instance, an un- 
chelated complex 

Cr(V1) for Cr(I1) and Eu(I1) and excess [ C ~ ( S H J ) ; O C O C H ~ ] ~ +  
for V(I1). 

The kinetic runs were carried out by deoxygenating and thcrmo- 
stating all the components (Hi, Na+, Co(aa)r in perchloric ion 
medium) except the reducing agent in a two-necked, serum- 
capped 50-mm cylindrical spectrophotometer cell. The reductant 
was added with a syringe, and the extent of reaction was de- 
termined with a Cary Model 14 recording spectrophotometer. 
The wavelength of observation varied over the range 3200- 
3650 X.  The values of the rate constants for individual runs 
were obtained using a nonlinear least-squares computer program.8 

The identification of Cr(aa)**(aq) was accomplished by warni- 
ing various mole ratios of Cr(II1) (as its Nos- salt) and Haa in 
ethanol and allowing these to stand overnight. The solutions 
were then analyzed spectrophotometrically; a curve of ab- 
sorbance us .  mole ratio showed breaks a t  Haa/Cr(III) of 1 and 
2. The compounds formed a t  Haa/Cr(III) = 1.5 were separated 
by ion-exchange chromatography; the two compounds behaved 
as typical +2 and +1  ions, respectively, and their spectra agreed 
with that found at HaajCr(II1) = 1.0 and 2.0, respectively. 
Extinction coefficients were determined by spectral analysis, 
followed by decomposition t o  Cr(1.I) and determination of chro- 
mium spectrophotometrically. S o  Cr(aa)r, which was in- 
dependently synthesized, was found in these experiments. 

Results and Discussion 
Table I contains a summary of the average values 

of the rate constants. The precisiong varied markedly 
with the three reductants: with Cr2+(aq) the largest 
spread between duplicate samples was 2% ; with 
Eu2+(aq) the standard deviation for a set of 10 experi- 
ments was 8%;  with V2+(aq) the standard deviation 
for a set of 12 experiments was 1G%. Two different 
sources of V(I1) were prepared without eliminating 
this scatter. 

Three comments about the data in Table I can be 
made: (1) There are no significant paths involving 
H +  with any of the reductants. (2) Chloride ion a t  
the concentration levels produced by Eu2+(aq) reduc- 
tion of perchlorate ionlo does not significantly affect 
the rate constants. (3) Increase in total ionic con- 
centration increases the rate of reaction when Cr2+(aq) 
is the reductant. 

To determine the stoichemistry of the reaction of 
Cr2+(aq) with Co(aa)3, 78 pmoles of Co(aa)3 and 177 
pmoles of Cr2+(aq) were mixed in 200 nil of 0.1 N 
HC104 and allowed to stand until reaction mas com- 
plete. The excess Cr2+(aq) was then oxidized with air, 
and the products were separated on an ion-exchange 
column (Dowex 50-W-X8 in H +  form). Of the 233 
pmoles of aa- present initially, 204 were found (spec- 
trophotometrically) as free Haa and 26 as Cr(aa)2+- 
(aq) ; similarly, corresponding to the 78 pmoles of Co- 
(111) present initially, 26 pmoles of Cr(aa)2+(aq) and 
GO pmoles of Cr(H20)e3+ were recovered; the remainder 
of the Cr(II1) was left on the column in the form of 
dimeric Cr(II1) species. These data indicate that the 
stoichiometry of the reaction is 
(8) This program, essentially identical with that  of R. H. Moore and R. K. 

Zeigler, LA-2367, Los Alamos Scientific Laboratory, was compiled by Mi.. 
Julius Becsey of ARL. 

(9) Individual runs were generally followed to  greater than 95% reaction; 
the fit of the data  to the proposed rate law within any given run is good- 
the per cent standard deviation was seldom greater than 170, even for the 
V(I1) experiments. 

(10) H. Taube, The  Robert A. Welch Foundation Conferences on Chemi- 
cal Research, V I ,  Houston, Texas, Nov 1062. 

The  authors are grateful for his help. 
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It might be argued that a t  high acid concentration the 
path for collapse of A to Cr(aa)*+(aq) would be diniin- 
ished. l 1  Accordingly, experiments similar to that 
described above were carried out in 2 -11 HC104. 
Yields of Cr(aa) +(as) indicated, in three experiments, 
13 i. 27, inner-sphere path at this acidity; in a solu- 
tion with HC104 at 0.5 AI and NaClOa a t  1.6 111, 
the yield of Cr(aa) 2+(aq) indicated 23y0 inner-sphere 
mechanism. While these data are consistent with a 

TABLE I 

T(II), AND Cr(I1) AT 25" 
RATE CONSTANTS FOR THE REDUCTIOS O F  CO(aa)i BY EU(II ) ,  

(-4) [Eu(II)]o = 3.54-7.56 X 10-6X; 
[Co(aa)alo = 2.02-3.92 X 10-j 

["I, [H-I, 

0 .01 2 . 0  x 103 ( 7 ) ~  0.88 2 . 2  X l o 3  (1) 

0 .12  1 . 9  x 103 (1) 0 .33  3 . 1  X l o J c  (1) 

J I  12, 11-1 sec-1 Jf k ,  N - 1  sec-1 

0 , 0 2  2 . 8  X 103 (1) 0 .04  2 . 3  x 1030 (1 )  

(B)  [V(II)]o = 10.3-61.2 X 10-6 M ;  
[Co(aa),10 = 0.83-19.6 X 10-5 M 

[H'], k ,  M-1 [H+], k ,  A - 1  

11 sec-1 J 2 sec-1 

0 01 160 (l)([ 0.63 160 (8) 
0.23 200 (2) 0.85 220 (3) 
0 .48  180 (2) 1 .10 250 (3) 

(C) [Cr(II)lo = 1.16-4.60 X AI; 
[Co(aa),], = 1.87-19.5 X M 

jHL] ,  K .  31-1 [H-I, k ,  .VI-1 

0.01 2 . 9  (1)" 0.10 6.2d (2) 

0 .09 3 . 3  (2) 1 .17 5 . 1  
Xurnber of experiments. b [Cl-] = 0.032 M .  [Cl-] =' 

JI sec-1 .ll sec -1 

0 .02  3.1 (2) 1.08 5 . 4  (1) 
(2 1 

0.321 AI. [Ka+] = 0.94 Af. 

(11) A referee suggested this argument. 
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small H+-catalyzed decomposition path (of A to Cr3+- 
(aq) and Haa), they are equally consistent with the 
simultaneous occurrence of inner-sphere and outer- 
sphere paths.12 This postulate of the presence of both 
mechanisms is further supported by a comparison 
of the relative rate data in Table 11; these data suggest 
that  the outer- and inner-sphere paths are in compe- 
tition: the two oxidants that presumably go by an 
outer-sphere mechanism, Co(NH3)03f and C ~ ( e n ) ~ , + ,  
have relative rates similar to Co(aa)3, and very dif- 
ferent from a typical inner-sphere reactant, Co(NH3)b- 
c12+.13 

TABLE I1 
RATES OF REDUCTION OF Co(II1) COMPLEXES BY Eu(I1) 

AND V(I1) RELATIVE TO THE RATE OF REDUCTION BY Cr(I1) 

Co(aa)s 1 50 440 This work 

Co (en)33 + 1 10 250 b 

Complex Cr(I1) V(I1) Eu(I1) Ref 

C O ( N H ~ ) ~ ~ +  1 42 220 a ,  b 

Co(NH3)bCla+ 1 2 . 5  X 2 X b ,  c 
A. Zwickel and H .  Taube, J .  Am. Ckem. SOC., 83, 793 (1961). 

J. P. Candlin, J .  Halpern, and D. L. Trimm, ibid., 86, 1019 
J. P. Candlin and J. Halpern, Inorg. Chem., 4, 766 (1964). 

(1965). 

Finally, it  is necessary to account for the difference 
in the results when Cr2+(aq) is oxidized by C ~ ( a a ) ~  
and Co (en)3, +. Considering just the outer-sphere 
term for the former oxidant, the rate constants differ 
by a factor of about lo5. Within the framework of 
the Marcus theory of outer-sphere electron-transfer 
reactions,I4 there are four factors that could account for 
the greater reactivity of Co(aa),: (I) a smaller elec- 
trostatic repulsion; (2) a larger AF'; ( 3 )  a smaller 
solvent reorganization term; and (4) a smaller inner- 
sphere reorganization term. The first factor should 
increase the rate constant by about 200 upon the change 
from C ~ ( e n ) , ~ +  to C ~ ( a a ) ~ ,  while little can be said of 
factors (2) and ( 3 ) .  But the fourth factor, which is 
operable in both inner-sphere and outer-sphere re- 
actions, may account for the majority of the remaining 
difference. In reactions in which the electron is trans- 
ferred to an eg orbital (in octahedral notation for 
simplicity), the stretching of bonds-the inner-sphere 
reorganization free .energy-is anticipated to be very 
important; thus the weaker bonding (lower ligand 
field) of 0 donor ligands relative to N donor ligands 

(12) If the entire ionic strength effect is postulated to arise from the outer- 
sphere path, then a t  H +  = 2 M one expects 15Y0 inner-sphere path (see 
Table I) ,  There is no reason to  believe that  N a +  and H +  will have equal 
effects a t  2 114 ionic strength. Finally, there is good evidence that  the Crz+ 
ion is bound to more than one oxygen of the Co(II1) complex, a t  least in 
ethanol-water mixtures-Cr(aa)z + is a product of the reaction.3 However, 
there is no compelling evidence that  the position of the attack of Crz+(aq) 
is only a t  an oxygen and not also a t  the ring 2 CH group, a known nucleo- 
philic site. See C.  Djordjevic, J. Lewis, and R. S. Nyholm, Chem. Ind .  
(London), 122 (1959); J. P. Collman, Angew. Chem. Inteun. Ed. En&, 4, 
132 (1965). 

(13) It is to ,be noted, in addition, that  the value of the rate  constant for 
the Vz+(aq) reduction of Co(aa)ais probably too fast for inner-sphere attack- 
there is not sufficient time to remove a water molecule from the first coordina- 
tion sphere of V?+(aq):  W. Kruse, quoted in WI. Eigen and R. G. Wilkens, 
"Mechanisms of Inorganic Reactions," Advances in Chemistry Series, No. 
45, American Chemical Society, 1965; 

R. A. Marcus, Ann. Rev. Phys.  Chem., 15, 155 
(1964). 

H. Taube, private communication. 
(14) A review is available: 

leads to an increased rate in the former case. This is 
illustrated in the reactions of Fe2+(aq) with C O ( H ~ O ) ~ -  
C12+ (k > 5000 M-l sec-l)15 and Co(NHJ5C12+ 
( k  = 16 X M-I sec-');I6 and Cr2+(aq) with 
Cr(H20)5C12+ ( k  = 9 M-' sec-I a t  0°)17 and Cr- 
(NH3)&I2+ (k = 0.051 M-' ~ e c - ' ) ~ ~ , ~ ~  and in the data 
presented here. 
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the electrostatic term is identical; the AFo term favors the amine complex; 
the solvent reorganization term is expected to be as close to the same as one 
can achieve-same radii, NH, and H20 presenting roughly the same features 
toward the solvent, except for the unshared electron pair on the oxygen. 

86, 14.53 (1964). 
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Two types of polycyclic aminophosphine and amino- 
arsine systems have appeared in the literature since 
1960.324 The first described is of the adamantane 
type, M4(NCH3)6, and the second is of the bicyclo- 
[a. 2.2loctane structure type, M(N (CH3)N (CH,)) ,M, 
where M = P or As. We report here the first example 
of a monophosphorus bicyclic aminophosphine, 2,6,7-tri- 
methyl-4-methyl-2,6,7-triaza- 1 - phosphabicyclo [2.2.2 ]- 
octane (I), a number of its derivatives, its arsenic 
analog, and some unusual bidentate donor properties 
of I not observed for the comparable open-chain 
system P( N (CH3)z)s. 

Experimental Section 
Elemental analyses were carried out by Galbraith Labora- 

tories, Inc., Knoxville, Tenn. Molecular weights were obtained 
on an Atlas CH4 single-focusing mass spectrometer using a source 
temperature a t  200°, a high-temperature inlet system between 
145 and 150", and an energy of 70 ev. The analytical data are re- 
corded in Table I .  Proton nmr data shown in Table I1 were 
obtained on approximately 5-10y0 solutions in specified solvents 
employing either a Varian A-60 or HR-60 spectrometer using 
tetramethylsilane as an internal standard. 

(1) For par t  I1 in this series see K. J. Coskran and J. G .  Verkade, Inovg. 

(2) Alfred P. Sloan Fellow. 
(3) J. Riess and J. R. Van Wazer, Bull. SOL. Chim. France, 1846 (1966). 
(4) D. S. Payne, H. Noth, and G. Henniger, Chem. Commun., 327 (1965), 

Chem., 4, 1655 (1965). 
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