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results are particularly satisfying for the doublet-state con- 
siderations because they remove the necessity of assuming 
that varying populations of the doublet states result in 
varying quantum yields.’ The populations probably do 
vary in the manner suggested in the previous work when the 
energy differences between the doublets are small. When 
the energy differences become large because of a rapid de- 
crease in 2E energy, the quantum yields are governed by the 
per cent composition of the lowest state. 
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Figure 2. Plot of the per cent composition of the ’E(’Tlg) state as 
a function of the mixing parameter h. The 50% composition occurs 
at the crossover point between class I and class I1 when h = 0. 

(d,,)2(dy,)’ and (d$2(dxz)1 and the lowest doublet will be 
mainly (dxy)2(d,,) and (d,y)2(dy,)’ in character. The re- 
sults of an explicit calculation of the per cent (d,y)2(d,,)1 
or (d,y)2(dy,)’ character in the lowest ’E state are shown 
in Figure 2. In the figure, the square of the coefficient of 
the above-named configurations in the 2E wave function of 
eq 22 and 23 (representing the per cent contribution of 
them to the wave function) is plotted vs. the mixing coeffi- 
cient h. The 50% composition occurs exactly at the cross- 
over between class I and class 11, Le., where 3Ds - 5Dt = 0. 

The variation in quantum yield of ligand aquation which 
occurs as the axial ligand is continuously changed from a 71 

donor (class I) to a 71 acceptor (class 11) may be explained in 
terms of the continuous change of composition of the lowest 
2E state. The previous assumption that the changing rela- 
tive populations of several doublet states caused the varia- 
tion in quantum yield is not necessary. 

Consider next the quartet states which are primarily re- 
sponsible for the photoactivity of six-coordinate chromium- 
(111) complexes.’ The per cent composition of the lowest 
quartet state of all three classes, 4E(4T2), is 75% d,’ not in- 
cluding configuration interaction. As X increases from 
-1.73 to +0.59, the per cent d,’ character increases from 0 
to 100%. Using eq 15,26,  28, and 29 and previously calcu- 
lated tetragonal crystal field  parameter^,^" we calculate that 
for trans-Cr(en)2X2+, when X- = F-, % dZ2 = 66%; when 
X- = C1-, % d, 2 = 87%; and when X- = Br-, % d, 2 = 88%. 
It is thus expected that populating the 4E(4T2) state will re- 
sult in increasing amounts of x- and y-axis labilization rela- 
tive to z-axis labilization in the series Br- 2 C1- < F-. The 
trans-difluoro complex is unique in the series of trans-dihalo 
complexes because it is the only one with the majority of its 
labilizing character in the xy plane when the antibonding 
character of a pure dZ2 orbital in the xy plane is taken into 
account. This result, in addition to 71 stabilization discussed 
in a previous publication,‘ explains the aquation of ethylene- 
diamine in trans-difluorobis(ethylenediamine)chromium(III) 
ion. 

The above calculations of configuration interaction be- 
tween the excited doublet states and between the excited 
quartet states of tetragonal chromium(II1) complexes reveal 
that the concept of per cent composition of a configuration 
in a state is important when applying our ligand field model 
to predict photoreactions and relative quantum yields. The 
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Although the reduction of metal-ligand systems has been 
the subject of recent a t t e n t i ~ n , ~ - ~  generally,’ the ligands 
have not been among those recognized as being reducible in 
multiple steps. We wish to  report the results of some recent 
investigations into the area of the reduction of coordinated 
nitrosyls which demonstrate the importance of considering 
both the type of metal nitrosyl undergoing reduction and the 
dramatic variations in reactivity which can occur. 

Nitrosyl,6 as a ligand, can be reduced successively through 
several stable intermediate oxidation states (NO’, NO-, Nz, 
NH30H+, NzH4, NH3). Although the physical proper tie^"^ 
of metal nitrosyls are under intensive investigation, their 
chemical properties have received little attention. Several 
years ago, Griffithg described some initial experiments on 
the reduction of ruthenium nitrosyls with Sn(I1) in C1- media. 
These studies indicated that ruthenium ammines may be pro- 
duced; however, Griffith concluded that none of his “formu- 
lations were convincing, and, clearly, this is a field which 
should be more fully in~est igated.”~ 

At the outset, the extent of the reduction of the nitrosyl 
might be expected to  be controlled by the metal centers and/ 
or the ligand environment. Three nitrosyls, R U ( N H ~ ) ~ N O ~ * ,  
Co(NH&N02+, and CrNO2’, will be discussed. We have 
chosen as our common reductant Cr2*. This ion has several 
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distinct advantages" which make it an ideal candidate to 
probe the reducibility of metal nitrosyls. In addition, it has 
been suggested" that when Cr2+ serves as a simultaneous 2e 
reductant, Cr(II1) dimer is produced, whereas when it acts by 
successive l e  reduction, monomeric Cr(II1) species are pro- 
duced. 

The ruthenium-nitrosyl complex [ R u ( N H ~ ) ~ N O ] ~ +  is ex- 
tremely stable in acidic media, and its electronic distribution 
is best described as Ru'INO". Treatment of >3 X M 
solutions of the complex with greater than 6 equiv of Cr2+ 
(pH <2, T =  25.0', ,u = 0.2+0.6 with NaC1)12 results in a ra- 
pid reaction which is complete within 5 min. The product 
of the reaction (isolated as the C1- salt) displayed ir, uv, and 
vis spectra identical with those reported for [ R u ( N H ~ ) ~ ] C ~ ~ . ~ ~  
Ion exchange of the air-sensitive product solution under argon 
indicated >90% yield of Ru(NH~)~'+. Saturation of the 
product solution with 0 2  results in the production of Ru- 
(NH3)63+, which was isolated in >82% yield as the Br- salt.I4 
Upon rotary evaporation of the product solution to dryness, 
the ir spectrum of the solid residue revealed the absence of 
any nitrosyl compound. Potentiometric titration of a 5.95 X 

results in a characteristic S-shape curve with an inflection 
point at 5.9 * 0.1 mol of Cr2+ per mole of R U ( N H ~ ) ~ N O ~ + .  
The Cr(II1) product of the reaction consisted of a mixture 
of 90% (Cr3+ + CrCl") and 10% of the Cr(II1) dimer.15 The 
net reaction can then be written 

c1- 
Ru(NH,),N03+ + 6Cr2+ -;f R U ( N W ~ ) ~ ' +  + 6Cr(III) 

H 

Preliminary stop-flow kinetic studies in which the ratio of 
Cr2+ to Ru was varied from 1 : 1 to  10: 1 revealed the existence 
of several short-lived intermediates. 

The results for the reduction of the ruthenium nitrosyl (in 
Cl- media) indicate that the reaction is complete with the 
production of a 6e reduction product: R u ( N H ~ ) ~ ~ + .  The 
major chromium product is the monomeric Cr(II1) species, 
consistent with the view that the reduction proceeds by six 
successive one-electron steps. In addition, the production 
of the coordinated ammine from the coordinated nitrosyl 
suggests that this type of a reaction is useful for the prepara- 
tion of ammine complexes which cannot be prepared by the 
direct reaction of NH3 with the metal complex. This idea 
has been applied to the synthesis of a monoamine-bis(eth- 
ylenediamine) complex of ruthenium.16 (Numerous syn- 
thetic  route^'^'^^ exist for the preparation of metal nitro- 

M solution of Ru(NH3j5N03+ with Cr2+ (in 0.5 M HC1) 

syls.) 
Reactions involving the black cobalt nitrosyl [Co(NH3)5- 

N0I2+ have been largely ignored, possibly because of the re- 
port that the black chloride cannot be dissolved in water 
without decomposition to basic cobalt(I1) chlorides.18 The 
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Notes 

rapid reduction of the ruthenium nitrosyl by Cr2+ led us to 
question whether we might find the redox reaction compet- 
ing favorably with decomposition. Addition of an equiva- 
lent of Cr(I1I) in 0.1 M HCl to argon-purged vessels contain- 
ing the black [Co(NH3),NO] Clz results in the immediate re- 
lease of NO with the production of 1 mol of Co2+ per mole 
of Go c ~ m p l e x . ' ~  However, the addition of 150 pmol (in 
10 ml) of Cr2+ to an equivalent amount of the black cobalt 
nitrosyl does not result in the immediate evolution of any gas. 
Instead, the result is the immediate, quantitative production 
of CrNO*+ (1 00 2%) and Co2'. The presence of the chro- 
mium nitrosyl was confirmed by uv-vis spectroscopy and its 
ion-exchange Unlike the ruthenium system 
the nitrosyl is not reduced immediately to  ammonia. Since 
Cr3+ does not react rapidly with NO(g),' the CrN02+ could 
not have been formed from NO(g) after the oxidation of Cr2+ 
to Cr3+. However, Cr2" does react rapidly2' and quantitative- 
ly with NO(g) ( t l , ~  < 4 sec at 25" and millimolar levels of the 
reactants). Therefore, it becomes difficult to distinguish be- 
tween the two possibilities: (1) NO elimination through de- 
composition of the Co complex in acid, the freed NO [solu- 
bility of NO (25.0'): 1.95 X M] then reacting with 
Cr2+, or (2) Cr2+ attack on the coordinated nitrosyl, with 
transfer of the nitrosyl function and the production of Co2+. 
Since we do not observe any gas evolution, the first possibil- 
ity is less likely. The action of Cr2+ on this complex is not 
unique. We have also observed that FeN02+ is produced 
when [Co(NH3)5NO]C12 is treated with Fe2'. @e2+ also re- 
acts rapidly with NO; Fe3+ does not.") While the mecha- 
nism for attack by the reductant is not clear, the cobalt com- 
plex does serve as an effective nitrosylating agent. Complete 
reduction of the nitrosyl is not observed, and the treatment 
of the cobalt nitrosyl with a reductant is suggestive of a rapid, 
convenient, and quantitative method for the preparation of 
metal nitrosyls. The stable, black cobalt complex can be 
weighed out and thus the amount of NO available for produc- 
tion of CrN02" can be accurately controlled. 

Recently, we have completed studies on the reduction of 
the chromium nitrosyl Cr(H20)5NQ2' by Cr2".21 i 2 3  The re- 
action was observed to consume 2 mol of @r2+ per mole of 
CrN02+, and the products were observed to be free NH30H+ 
and only the Cr(II1) dimer. The reaction is also rapid ( k  = 
0.49 M-l  sec-' at 253; [H"] = 1 .OM, first order in both Cr2+ 
and CrNQ2+) while the reduction of free NH30H' by Crzr is 
-40 times slower. Therei-ore, the reduction of CrNO2' by 
Cr2+ is illustrative of a partial (2e) reduction of the nitrosyl 
to NH30H+ and not to NH3. 

In summary, it has been demonstrated that treatment of a 
series of metal nitrosyls by a common reductant can result in 
at least three alternatives: (1) the complete six-electron re- 
duction of the metal nitrosyl to the metal ammine, (2) the 
partial (2e) reduction of the metal nitrosyl, and (3) the trans- 
fer of the nitrosyl function to the reductant. It has also 
been demonstrated that the metal center is capable of con- 
trolling the extent of the reduction of the nitrosyl, and the 
results may be applicable toward the preparation of inter- 
mediate metal-nitrogen derivatives. In addition, the possi- 
bility emerges for preparing several metal-nitrogen deriva- 
tives from the same reactant by controlling the amount of 
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Cr2+ added. We are presently in the process of investigating 
a wider range of metal nitrosyls with the intention of pursu- 
ing the last possibility offered above. 

Experimental Section 

lution of Ru(NH,),~+ (pH <2 with HC1) with NO($ for 1-2 hr." 
Addition of NaCl precipitated the nitrosyl complex as the chloride 
salt. The solid was then washed with acetone and anhydrous ether. 
[Co(NH,),NO]Cl, was preparedz4 by the addition of a degassed solu- 
tion of CoCl, to a cold, degassed solution of aqueous ammonia (12%). 
The solution was saturated with NO for 3 hr resulting in the forma- 
tion of a black precipitate. The crystalline, black solid was washed 
with absolute alcohol and anhydrous ether and stored in a vacuum 
desiccator. CrN02+ was prepared b y  two different methods. (1) 
Stock solutions of CrNOz+ were prepared by the dropwise" addition 
of 0.5 M Crz+ (10 m1/20 min) to a stirred solution of 200 ml of 0.1 
M HClO,. The latter solution was saturated with NO by means of a 
gas dispersion tube. After removing the NO from solution, the red 
solution was stored a t  5'. Aliquots of the stock solution were puri- 
fied by adsorption of the complex onto Dowex 50W-X8,200-400 
mesh (in the H+ form). The red band was eluted with 0.5 M HC10,. 
(2) The black [Co(NH,),NO]Cl, was ground into a fine powder and 
placed inside a vial. The vial was stoppered with a rubber septum 
cap and purged with dry argon. A solution containing an equal num- 
ber of moles of Crz+ was injected directly into the vial. 

Nitric oxide (chemically pure, Matheson Gas Products) was purified 
by vigorous scrubbing through towers of molecular sieve (-78"), solid 
KOH, and 5 M NaOH, respectively. All gases were passed through a 
final, common scrubbing tower of 0.1 M NaCl. Before and after the 

[Ru(NH,),NO]Cl, was prepared by saturating a concentrated so- 
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NO gas flow, argon was admitted t o  our all-glass system b y  rotation 
of a three-way stopcock (placed between the 5 M NaOH and 0.1 M 
NaCl towers). Chromium(I1) perchlorate solutions were prepared 
(under argon) by the reduction of Cr(H,0),3+ with amalgamated zinc. 
Stock solutions of Cr(II1) perchlorate were prepared by reduction of 
primary standard K,Cr,O, with acidic H,O, and boiling the solution 
for several hours." The solution was cooled overnight, and the 
KC10, was removed by filtration. Stock solutions of Fez+ were pre- 
pared by treatment of iron wire (Baker and Adamson, reagent grade) 
with HC10,.25 

The solubility of NO was determined by injecting an aliquot of 
an NO-saturated solution (at 25.0" and 1 atm) into an excess of 0,- 
saturated water. The resulting NO,- was determined quantitative- 
ly.26, 27 

All reactants and products were characterized by their uv-vis 
spectra, their behavior on  a cation-exchange column, and their ir 
spectra (KBr disks). 

Registry No. R U ( N H ~ ) ~ N O ~ + ,  37874-79-6; CO(NH~)~NO'+, 
38402-80-1 ; CrNO", 40187-02-8; chromium, 7440-47-3. 
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Correstsondence 
A Linear Relationship between the Enthalpy of Formation 
and the Frequency of the Maximum in the Electronic 
Absorption Spectra of the Copper(I1)-Tetramine Complexes 

Sir: 
Recently a considerable amount of experimental material 

relating to the reactions between 3d metal ions and linear 
aliphatic tetramines has been reported.' In particular for 
copper(I1) it has been found that complexes containing a 
system of three fused chelate rings in which five- and six- 
membered rings alternate, e.g., [Cu(2,3,2-tet)I2+ and [Cu- 
(3,2,3-tet)]2+,3 are more stable than complexes in which the 
chelate rings are either all five-membered (2,2,2-tet4a) or 
six-membered (3,3,3-tet4b).5 Furthermore calorimetric 
titrations have shown that the greater stability is due to a 
more favorable enthalpic contribution.' The more negative 
A H o  reflects the capacity of the ligand to place the donor 
atoms in positions better suited to the steric requirements 
of the copper(I1) ion (probably at the corners of a square 
plane) thus giving a configuration with less strain as is also 
shown by the construction of molecular models. The for- 
mation of both [Cu(2,3,2-tet)I2+ and [Cu(3,2,3-tet)I2+ 
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is more exothermic even than that of [C~(en)~] '+ with two 
separated five-membered rings, so that any cumulative steric 
strain must be considered absent in these compounds. 

In the solid state, salts of [Cu(2,3,2-tet)I2+, which has the 
highest heat of formation in the series under consideration, 
are bright red, while complexes of the other ligands have the 
usual blue-purple color. In other words both in the solid 
state and in solution the frequency of the electronic absorp- 
tion maximum of the complex [Cu(2,3,2-tet)I2+ is higher 
than those of the corresponding complexes of homologous 
ligands. 

This led us to think that there must be a relation between 
the thermodynamic and the spectral properties of these com- 
plexe s . 

Figure 1 shows the A H  of formation of these complexes 
plotted against the frequency of the maximum in their elec- 
tronic absorption spectra in aqueous solution. The least- 
squares equation describing the relation is -AH" = 
3.75Fm, - 43.36 (AH" being expressed in kcal mol-' and 
v,, in kK). The linear relationship between these two 
quantities is not a completely unexpected result. In fact 
it has been found that the values of AH" become more nega- 
tive as the coordinate bonds formed by the equatorially 
coordinated ligand become stronger.6 

maximum of the d-d band could be considered as an ap- 
proximate measure of the in-plane bond strength (Le., the 

-_ 

On the other hand, it was shown that the frequency of the 
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