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unable to account for the considerable difference in 
results, but, because our measurements were made with 
several samples prepared in different ways, we adopt 
our AH" = - 8.4 kcal for calculations involving (1). 

Combination of our A H o  for reaction 1 with A H f "  
= -370.6 kcal/mole for VzOj from Mah and Kelley4 
and A H f "  for HzO from NBS Circular 500 gives A H f "  
= - 155.3 kcal/mole for VOz+(aq). 

Latimer estimated AGO E 2.5 kcal for reaction 1 
from solubility data. Morc recently, LaSalle and 
Cobble3 have reviewed previous solubility measurements 
and made their own measurements. It now appears 
that  the best AG" for (1) is 1.9 kcal from the data of 
LaSalle and Cobble. Combination of this AGO with our 
A H "  leads to  A S "  = -334.5 cal/(deg mole of V2Q5) for 
(1). Further combination with appropriate entropies6 
leads to  3," = -9.9 cal/deg mole and AGfO = - 140.3 
kcal/mole for VOz+(aq). 

We have measured the heat of reaction of VOz+(aq) 
with an excess of aqueous ferrous perchlorate solution. 
The calorimetric reaction equation is 
FeZi(concd aq) + VO$+(aq) + 2H+(aq) = Fe3+(aq) + 

V02+(aq) 4- H20 (2) 

All measurements were made with carefully weighed 
samples (-0.2 g) of VzOj dissolved in 950 ml of HC104 
of concentrations indicated in Table 11. Reactions 
were carried out with 10-25-ml portions of standardized 
Fe2f solutions (-0.7 M )  so that final concentrations of 
Fe3f(aq) mere in the range 0.005-0.015 M ,  while 
V(IV and V) concentrations wcre about 0.002 M. 
Separate determination of the heat of dilution of the 
concentrated Fez+ solution as in eq 3 below permitted 
calculation of the desired AH for reaction 4 below, with 
results given in Table 11. 

TABLE 11 
HEATS O F  REDUCTION OF vo,' WITH FC2+(aq) 

[H+] ,  Moles of Moles of -0% - Q a ,  - AH4, 
M VOz+ X 103 Fez+ X 103 cal cal kcal/mole 

0.1 1.921 6.75 39.5 1 . 9  19 .6  
0 . 1  1.974 16.88 44.1 5 . 3  19.7 
0 . 3  1.877 6.23 37.0 1 . 0  19 .2  
0 . 3  2.201 6.23 43.5 1.1 19 .3  
0 . 3  2.134 6.75 46.2 4.1 1 9 . 7  
0.6 2.396 7.58 48.8 2 . 0  1 9 . 5  
0.6 2.193 6.75 49.4 6 . 7  19 .5  

Pe2+(coiicd) = FeZ'(aq) ( 3 )  
Fc*+(aq) + VOz+(aq) + 2H+(aq) = Fe3+(aq) + 

VO*+(aq) + HaO ( 4 )  

I n  eq 2-4 we have used the abbreviation (aq) to in- 
dicate that the preceding species are present a t  low 
concentrations within the ranges given above. Since all 
reacting species except H +  were present a t  concentra- 
tions less than 0.02 M ,  reasonably accurate estimates 
of heats of dilution lead to AHo = - 19.7 kcal/mole for 
(4). Combination of this AHo with our A H f '  for 
VOz+(aq) and other AHfO values from NBS Circular 
500 leads to AHf" = - 116.3 kcal/mole for V02+(aq). 

( 6 )  K. K. Kelley and E. G. King, U. S. Department of the Interior, 
Bureau of Mines, Bulletin, Xo.  5Y2, U. S. Government Printing Office, 
Washington, D. C., 1961. 

We have also measured the heat of reaction of VzOj (c) 
with an excess of Fe2+(aq) in HClOd as represented by 
VZOE(C) f 2FeZi'(aq) + 6H'(aq) = 2V02-(aq) + 

2Fe3+(aq) + 3H20 (5) 

Because of the slowness of the reaction, the best we 
can report is that  AHj"  = -47 1 kcal/mole of 
VzOs. This value is consistent with our earlier results 
but is not precise enough to warrant further 
calculations. 

Combination of the previously quoted A G f o  for 
VOe+(aq) with the standard potential2 for the V02+- 
VOz+ half-reaction leads to AGf" = -106.7 kcal/rnole 
for VOZ+(aq). Combination of this AGf" with A H f "  
= -116.3 kcal/rnole and entropy data6 leads to Sz" 
= -32 cal/deg mole for VOz+(aq). 

The V02+-V02+ potential has been determined a t  
two temperatures,2 which permits calculation of A H f "  
and Szo for V02+(aq) by combination with the corre- 
sponding values for VOz+(aq). The results are in 
reasonable agreement with our values but are much 
less certain because of the notorious uncertainties 
associated with deriving slopes from lines based on only 
two points a few degrees apart. Another approximate 
approach to these values is by means of the temperature 
dependence of the equilibrium reduction of V02+  
to V02+ by Fez+ (ref 7). Although the relevant 
equilibrium quotients are for solutions of high ionic 
strength, we have estimated the corrections that permit 
calculation of heats and entropies in reasonable agree- 
ment with our results. 

We judge the values summarized in Table I11 to be 
the best that are presently available for V02+(aq) and 
V02+(aq). 

TABLE I11 
SEMMARY 01" THERXODYNAMIC DATA 

- 
A G P ,  AHi" ,  S Z O ,  

kcal/mole kcal/mole cal/deg mole 

VOa+(aq) -140.3 -155.3 -9 .9  
V02+(aq) -106.7 -116.3 - 32 

Acknowledgment.-We thank thc National Science 
Foundation for support of this research. 

( 7 )  W. C. E. Wigginson and A. G. Sykes, J .  Chem. Suc., 2841 (1Y62). 
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In  a recent publication by  peter^,^ the reaction of 
lithium tetrahydroalanate, LiA1H4, with trimethyl- 
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amine in diethyl ether was described to yield bis(tri- 
methylamine) alane, [ (CH3)BN]2 .AlH3, rather than the 
(CH3)3N-LiAlH4 complex reported by Wiberg.4 We 
wish to report the preparation of the triethylamine com- 
plex of LiAlH4, a compound which possesses some re- 
markable properties. The complex is obtained readily 
by the addition of anhydrous triethylamine to a sus- 
pension of recrystallized LiAlH4 in benzene and 
evaporation of the benzene filtrate. It is a white, 
crystalline solid which decomposes without melting 
above 150'. 

Experimental Section 
The crude LiAlH4 was purified by solution in diethyl ether and 

isolation of the soluble portion. The white solid was heated a t  45' 
in vacuo t o  remove the complexed ether. The solid obtained in 
this manner was better than 98% LiAlH4 based on quantitative 
hydrolysis. CP triethylamine was dried and stored over LiH, 
and thiophene-free benzene was dried and stored over LiAlH4. 
Sodium tetrahydroalanate, NaAlH4, was obtained as a 
sample from Ethyl Corp. and a benzene solution of (C2Hs)aN. 
AlH3 was prepared as described earlier.6 All reactions and filtra- 
tions were carried out in a nitrogen-atmosphere drybox. Quan- 
titative hydrolyses were performed on a Toepler pump vacuum 
system. 

Preparation of LiAlH~~N(C2H5)3.-To a suspension of 0.10 
mole of LiAlH4 in 200 ml of benzene was added 0.10 mole of 
(C2H5)aN. The mixture was stirred 6 hr a t  ambient temperature, 
the insoluble material was removed by filtration, and the benzene 
filtrate was freeze dried leaving 4.43 g (32% of theory) of white 
solid. The complex did not melt but decomposed above 150'. 
It ignited when dropped into water or exposed to water vapor. 
The X-ray diffraction pattern (Table I )  was unknown and showed 
that no LiAlH4 was present. 

TABLE I 
X-RAY DIFFRACTION PATTERN OF LiAlH4. N( CPH1)3 

d,  A I/Io d ,  A I/Io d ,  A I/Ia 
8.69 5 3.73 2 2.61 1 
6.47 5 3.61 60 2.411 2 
6.02 100 3.51 10 2.319 1 
5.41 40 3.41 10 2.262 7 
5.13 60 3.24 5 2.117 2 
4.79 3 3.11 1 2.059 2 
4.58 5 2.92 1 1.983 2 
4.21 100 2.80 4 1.874 1 
4.00 2 2.70 3 1.806 1 

Anal. Cdkd for LiAlH4.X(C2H&: Li, 4.12; ill, 19.44; 
activeH, 2.87; (CzH6)3N/Al, 1.0. Found: Li, 4.52; Al, 19.69; 
active H ,  3.00; (CZH~)~N/AI, 0.9. 

In 2 hr a t  148-160' in a Toepler pump vacuum, decomposi- 
tion was 51.3y0, based on total active hydrogen content. The 
gaseous products, identified by mass spectrometry, consisted 
of a mixture of hydrogen and triethylamine. 

It was not possible to obtain meaningful molecular weight 
values because the solid complex was only partially soluble in 
benzene after isolation. 

Reaction of LiH and (C~H~)3N.AlH3.-Approximately 1.0 g of 
LiH was added t o  100 ml of a 2 M benzene solution of (C2H6)3hT. 
AlH3. The mixture was stirred 48 hr a t  ambient temperature; 
then the insoluble residue (1.2 g) was filtered, washed with ben- 
zene, and dried in Z J U L U ~  a t  room temperature for 4 hr. It was 
identified as LiAlHI by its infrared spectrum and X-ray diffrac- 
tion pattern. 

(4) E. Wiberg, H. Noth,  and R. U s h ,  Z. Natuvfworsch., l l b ,  486 (1956). 
(5) R. Ehrlich, A. R. Young, 11, B. M. Lichstein, and D. D. Perry, 

Inovg .  Chem., 2, 650 (1963). 

The benzene filtrate was freeze dried to give 11.2 g of LihlH4. 
N ( C Z H ~ ) ~ ,  identified by comparison to an authentic sample. 

Attempted Preparation of NaAlH4.N(C2Hj)3.-A suspension of 
1.0 g of NaAlHn in 100 ml of a benzene solution containing 10 g 
of (C2Hb)zN was stirred at  room temperature for 15 days. The 
insoluble portion was shown to be unreacted NaAlH4 while the 
benzene filtrate contained only (CZH,)~N. 

Discussion 
The most remarkable property of the complex is its 

infrared spectrum which, both as a KBr pellet and as a 
solution in benzene, is almost identical with that of tri- 
ethylamine alane, (CzH5)3N -AIHz. The difference be- 
tween these two hydrides is especially marked since the 
latter is a liquid and decomposes above 50' under 
vacuum. The absence of any absorptions that could 
be attributed to the AIH4 grouping indicates that the 
aluminum is tetracoordinate rather than pentacoordi- 
nate. This conclusion also results from the fact that  
the aluminum in (CzH5)3N .A1H3 is tetracoordinate and 
that it cannot be converted to a pentacoordinated 
atom.6 , This inability to form a pentacoordinated 
aluminum must result in a t  least a partial displacement 
of the LiH grouping from the alane coordination sphere, 
possibly as shown in (1). Then, since LiH absorbs 

H 
/ 

HLi---H-A!t-N (C2H5)3 

H H  

\ 
H 

continuously below 2500 cm-l, the only effect of this 
absorption on the spectrum of triethylamine alane 
would be a uniform lowering of the base line. 

The implication of the infrared spectroscopic data is 
that LiAIH4.N(C2H5)3 is actually a complex of (CzH5)B- 
N.AIH3 with LiH rather than a complex of (CzH5)aN 
with LiA1H4 and should be written as LiH.AlH3.N- 
(CzH5)3. This is also suggested by the formation of 
LiH.AlHB.N(CzH6)3 from LiH and ( C Z H ~ ) ~ N . A ~ H ~  in 
benzene.' In effect then, the ( C Z H ~ ) ~ N . A I H ~  has be- 
come a carrier, or solubilizing agent, for LiH. Substan- 
tiation of this has been obtained in the isolation of 
lithium hexahydroalanate, Li3AlH6, from the re- 
action of LiA1H4.N(CzH5)3 and LiAIH4 and from the 
interaction of LiAlH4*N(CZH5)3 with diethyl ethers1 
In either case the LiH necessary for the addition to 
LiAIH4 to give LiaAIH6 must have come from the com- 
plex. 

(6) This has been demonstrated by the inability to form a bis adduct 
with excess (CzHs)aN and by the failure to show a shift in the A1-H ab- 
sorption to the lower frequency of a pentacoordinated alane in its infrared 
spectrum in tetrahydrofuran solution: E. Wiberg and H. Nath,  Z. N a t w -  
forsch., lob, 237 (1955); J. K. Ruff and M. F. Hawthorne, J. Am. Chem. 
Soc., 82, 2141 (1960); 83, 535 (1961); and unpublished observations in our 
laboratory. 

(7) A similar reaction between LiH and (CH3)sN.AlHa in diethyl ether 
has been reported to give only LiAlHb: J. K. Ruff and M. F. Hawthorne, 
J .  Am. Chem. Soc., 83, 535 (1961). 
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That the LiH unit is attached to AlH3 and not to 
(C2H5)3N is demonstrated by the ability of LiH.XlH3. 
N(C2Hj)3 to act as if the LiH.A1H3 were a molecular 
entity in its reaction with commercial grade LiH in 
benzene to give Li3AIH6.I Under the same condition 
LiAlH4 will not react with LiH. 

When triethylamine was added to  a diethyl ether 
solution of LiAlH4, we obtained results similar to those 
reported by Peters3 except that  the soluble portion was 
LiH.AlH3.N(C2H5)3 rather than (CZHJ3N -XlH3. An 
attempt to  prepare NaAlH4. N (C2HJ3 in benzene was 
unsuccessful. 

Acknowledgment.-We wish to acknowledge the 
assistance of Raymond N. Storey in the determination 
and interpretation of the infrared spectra. 
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The relative amounts of outer-sphere ion pairs 
(MLo) and inner-sphere coordination compounds 
(MLi) present in solutions of metal complexes are 
difficult to  assess experimentally. A knowledge of the 
relative amounts is of particular interest in biological 
systems involving mono- and diphosphate esters. W e  
present here a direct measurement of the ratio @[Lo)/ 
(MLi) for Ni2+ complexes of methyl phosphate (MP) 
by use of the temperature-jump method. Methyl 
phosphate was selected for study because its metal 
complexes are considerably more soluble than those of 
most monophosphate esters ( e . g . ,  adenosine 5I-mono- 
phosphate). Some of the related kinetic constants 
also have been obtained. 

Experimental Section 
A11 solutions were 0.1 M in KaC1 and 2 X 10-E Ab in chloro- 

phenol red at pH 6.8. Thc XCla  used was standard reagent 
grade; the methyl phosphate was prepared as previously dc- 
scribed, The temperature-jump apparatus and experimental 
procedure have been described in detail else~vhere.3,~ The  changc 
in pH resulting from the shift in concentrations of thc  reactants 
was followed by observing the absorbancy changes a t  573 rnh 
and the final temperature was 25". 

Results and Treatment of Data 
Relaxation effects were observed only when the total 

nickel and ligand concentrations were in the range 

(1) This wor-k was supported by grants from the Xational Institutes of 

(2) H. Brintzinger, Hslu. Chini. Acln, 48, 47 (1965), 
(3) G. G. Hammes and J. I. Steinfeld, J .  A m .  Chfw. Soc. ,  84, 4639 (1'382). 
(4) G. G. Harnmes and P. Fasella, % b i d . ,  84, 4644 (1962). 

Health (GM13292) and the National Science Foundation (GP4623). 

0.005 to 0.1 dd. The relaxation times were evaluated 
from a plot of the logarithm of the signal amplitude 
z's. time; the straight line obtained indicates a single 
relaxation process is being observed. The relaxation 
times obtained and the total metal and ligand concen- 
trations used are summarized in Table I. 

TABLE I 
RELAXATION TIMES AND TOTAL METAL ASD 

LIGAXD CONCENTRATIONS 
7, psec 1072x1, w 1O'ZLIP, 211 

85 10.0 10 0 
95 4 00 4 00 
100 1 60 1 60 
120 0 64 0 64 

The generally accepted mechanism of complex forma- 
tion between Ni2+ and a ligand L2- is (cf. ref 3 and 5 )  

Yi(H O),-,L + x H a @  ( 1 )  
MLi 

(Methyl tjhosphate, in the pH range under considera- 
tion, is either a mono- or divalent anion, but only the 
divalent species is assumed to  react with Ni2+.) For 
all of the Ni complexes studied thus far, with the tem- 
perature-jump method, the concentration of ML, 
has been assumed to  be very small compared to MLi 
and the formation of the outer-sphere complex has been 
assumed to be rapid compared to  the rate of expulsion of 
water molecules from the inner coordination sphere of 
the metal ion. In  this case the relaxation time is given 
by3 

where K1, = k12/kzl and a is a known factor which takes 
into account the rapid protolytic reactions also occur- 
ring. The concentration dependence of the relaxation 
times observed in the present cases is not consistent 
with eq 2. However, if we assume that the concen- 
tration of MLo is not negligible, but that ion-pair forma- 
tion and adjustment of protolytic equilibria are still 
rapid compared to  dissociation of the water molecules, 
the slow relaxation time for eq 1 is (a general procedure 
for calculating relaxation times is given in ref 6 )  

~ _ _ _  k23 

1 + cy1 
L / T  = k d 2  + 

where K I  is the acid association constant of the indi- 
cator (1UG.2  X - 1  for chlorophenol red), K.A is that  of the 

( 5 )  RI. Eigen and R. G. Wilkins in Advances in Chemistry Series, S o .  40, 
American Chemical Society, Washington, D. C., 1966. 

(6) XI. Eigen and L. de Maeyer in "Technique of Organic Chemistry," 
Vol. 8, Par t  2 ,  L. L. Friess, E.  S. Lewis, and A. Weissberger, Ed. ,  Inter-  
science Publishel-s, Inc., New Ilork, N .  \'., 1963, p 885.  




