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The formation constants, heats of reaction and free energy and entropy changes associated with the equilibria between 
diacetyl-bisbenzoylhydrazino-nickel(II) and trialkyl-amines and -phosphines in benzene have been determined spectro-
photometrically. The donor tendency of trialkylainines is governed by a competition between steric and inductive effects. 
While the stability of the adducts of phosphines is 4-11 times that of amines, the heats of formation are practically equal 
for both series of ligands. These data are discussed in terms of steric and electronic factors. The higher stability of the 
phosphine adducts is ascribed to the presence of lower steric strains. The bonding between nickel and phosphine ligands 
appears to be essentially <r in character. Triphenyl-amine, -phosphine, -arsine and -stibine do not coordinate to XiDBH 
probably owing to resonance and steric effects. 

Several characteristics of metal complexes have 
been explained by the hypothesis of dative T-
bonding. Among these are the reduced metal-
ligand bond distance,3 the ^raws-effect,4 the ligand 
field splitting calculated from the ultraviolet spec
tra,6 the stability constants,6 the shift in the in
frared frequencies,7 etc. 

The nature of this type of bond has not, how
ever, been sufficiently elucidated. 

The donor atom that has been mainly considered 
as capable of forming 7r-bonds is phosphorus, and 
many stable metal complexes with trivalent phos
phorus ligands have been described and studied. 
The possibility of forming double bonds, however, 
depends also upon the nature of the metal atom. 
For instance, while the 7r-character of bonding be
tween phosphines and platinum(II) seems well es
tablished on the basis of trans-e&ect,* the impor
tance of a 7r-component in the nickel-phosphine 
bond is still under discussion.7'8 

The knowledge of the bond strength of the 
nickel-phosphine bonding could throw some light 
on this problem. Unfortunately there are no 
thermodynamic data on the bond strength be
tween phosphorus and transition metal atoms, de
termined from the enthalpy of formation of the 
complexes. This results from nearly all the for
mation equilibria of complexes having beenstudied in 
aqueous or hydroxylic media in which the trivalent 
phosphorus ligands, such as phosphines, generally 
undergo decomposition.9 Furthermore no entropy 
data, which are so indicative of the steric factors in-
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fluencing the metal-ligand interaction, do exist for 
such equilibria. 

Therefore it was thought advisable to use the 
planar complex NiDBH10 as a reference acceptor for 
trialkylphosphines in order to determine the ther
modynamic functions AF, AH and AS for the for
mation of the NiDBH-2PR3 adducts in benzene. 
In addition the formation equilibria of the Ni-
DBH-2NR3 adducts have been studied. In this 
way it was possible to compare the coordinating 
affinities of the two series of analogous ligands and 
the strength of the Ni-N and Ni-P bonds under 
similar conditions and in the absence of polar sol
vents. The data so obtained have been used 
mainly to discuss the nature of the nickel-phos
phine bondings. 

Experimental 
Materials.—The trialkylamines, which were good-quality 

commercial products, were purified by standard methods 
until their physical constants agreed closely with the values 
in the literature. They were dried on potassium hydroxide 
and distilled in a Todd fractionating column and the con
stant boiling middle fractions collected. Trimethylamine 
was used without purification. The trialkylphosphines 
were prepared according to the data in the literature11 and 
were purified by distillation under reduced pressure avoiding 
contact with atmospheric humidity. The concentrations of 
nitrogen bases in the benzene solutions were determined by 
titration as previously reported.12 

Spectrophotometry and Calculation of Thermodynamic 
Quantities.—The spectrophotometry measurements were 
made and the thermodynamic data were calculated as de
scribed in the previous paper.12 The absorption curves for 
trialkyl-amine and -phosphine adducts in the range investi
gated are quite similar to those of pyridines already reported.10 

They have a sharp isosbestic point lying between 410 and 
430 tmi and an absorption maximum in the 460-480 m/x 
region. 

The accuracy of the values of the thcrmodvnamic func
tions is AF, ± 0.05; AH, ± 0.3 kcal./mole;" AS, ± 0.7 
e.u. 

Results and Discussion 
The thermodynamic data are given in Tables 

I and II. The negative values of the Taft con
stants So-* also are reported. 

The series of donor tendencies of the amines, 
evaluated on the basis of the inductive substituent 
constant <r*, is NMe3 < NEt3 < NPr3 < NBu3,
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Fig. l . - - T h e 7r-boud s y s t e m nf t h e coo rd ina t ed con juga te 
r ings of N i D B H . Only t h e d z2 a m o n g t h e d-orb i ta l of 
nickel a t o m is r e p r e s e n t e d . 

tha t is, the polarity increases in going through the 
series. With the proton as acceptor, which has a 
very low F-strain factor, the series of donor capac
ities is, NMe 3 < NEt 3 > NPr 3 > NBu3 . This 
behavior has been ascribed by Brown14 to a com
petition between the polar effect of alkyl chains 
and steric strain (essentially B-strain). 

T A B L E I 

FORMATION- C O N S T A N T S O F N i D B H A D D I C T S W I T H N O R M A L 

T R I A L K Y L - A M I N E S AND - P H O S P H I N B S I N B E N Z E N E S O L U T I O N S 

Base log Kio° log Kx° log K,s° pKf 
XMe3 3.88 ± 0 . 0 4 3.40 ± 0 . O t 2.70 ±0.0 .5 9.80 
XEt3 1.84 ± .02 1.32 a= .03 0.71 ± .03 10.74 
NPr3 1.38 ± .02 0.88 ± .02 .26 ± .02 10.6,5 
XBu3 1.01 ± .03 0..51 ± .04 .11 ± .04 9.33 
PEt3 6.72 ± .05 0.18 ± .04 .5.54 ± ,05 
PPr3 6.25 ± .05 5.74 ± .04 5.08 ± .04 
PBus 6.30 ± .05 5.76 ± .05 5.11 ± .0,5 

" X. F. Hall and M. R. Sprinkle, T H I S JOURNAL, 54, 3469 (1932). 

T A B L E I I 

T H E R M O D Y N A M I C F U N C T I O N S F O R T H E E Q U I L I B R I A N i D B H 

+ 2 Base «=* N i B D H - 2 B a s e AT 25° I N B E N Z E N E S O L U T I O N S 

Base 

NMe3 

NEt3 

NPr3 

NBu3 

PEt3 

PPr3 

PBu3 

-AF 
(kcal./ 
mole) 

4.63 
1.86 
1.20 
0.69 

8.43 
7.85 
7.85 

-AH 
(kcal./ 
mole) 

13.9 
13.3 
13.2 
13.1 

13.9 
13.8 
14.8 

- A i 
(e.u.) 
31.0 
38,2 
40.3 
41,8 

18.3 
1,9.9 
20.6 

- 2 < r * 

0 00 
+ .03 
+ .35 
+ .39 

We have found tha t the donor affinity toward 
N i D B H decreases steadily from NMe 3 upwards 
according to the series: N M e 3 > NEt 3 > NPr 3 

> NBu3 . This would indicate tha t the steric fac
tors opposing the inductive effect are more im
portant in this case than when the reference acid 
is the proton. In fact, while with the hydrogen 
ion the steric strain begins to prevail over the in
ductive effect a t NPr3 , in the case of N i D B H the 
steric effect is predominant in every case. On ac
count of the flat and extended structure of N i D B H 
there should be, in addition to B-strain, a F-strain 
which increases as the alkyl chains become more 
bulky and protrude beyond the nitrogen toward 
the atoms of the N i D B H plane. 

The strength of the N i - N bonds in the trialkyl-
amine adducts evaluated from AH values is prac
tically constant within experimental error. The 
entropy changes are negative, as a result of the de
crease in the number of particles present due to the. 
formation of six-coordinated complexes and the 
over-all increase in the rigidity of the system. The 
— AS values increase steadily from NMe 3 to NBu 3 

showing tha t the reduction in the freedom of rota 

(14) H. C. Brown, / . Chtm. Soc, 1248 (1956) 

tion of the amines around the N i - N bonds, mainly 
due to F-strain, increases as the alkyl chains 
lengthen. These da ta show tha t the stability of the 
complexes is essentially an entropy effect. 

Similar increases in the negative entropy changes 
were found for the N i D B H adducts with o-sub-
st i tuted methyl-pyridines and were likewise as
cribed to steric effect (o-effect).10 

In the case of phosphines the free energy changes 
are 4.5 to 11 times higher than those of the corre
sponding trialkylamines. On the other hand, the 
heat of formation is constant within experimental 
error for the different phosphines, being practically 
equal to tha t of trialkylamines. 

The fact tha t the bond strength is equal for 
amines and phosphines may be taken as an indica
tion t ha t the 7r-character of the nickel-phosphine 
bond in the N i D B H adducts is negligible. This 
can be a t t r ibuted: (i) to the fact t ha t trialkyl-
phosphines do not readily function as 7r-bond ac
ceptors; (ii) to a low ir-bond donor ability of the 
Ni in N i D B H . 

The first hypothesis is in accordance with the 
conclusion of many recent studies. The measure
ments of the strength of ^raws-effect in planar 
P t ( I I ) complexes,15 for instance, indicate tha t the 
7r-bonding ability of trialkylphosphines is the 
lowest among the other trivalent phosphorus 
ligands. Also the X-ray N i - P distance in the 
NiBr2 '2PEt3 complex has been found to be t ha t of a 
single bond.16 

The second hypothesis, however, also may be 
taken into consideration. In fact, the nickel of 
N i D B H is the center of a 7r-bond system of the 
three conjugate chelate rings (Fig. 1). The dxz 

and dyz orbitals of nickel may overlap with the 
pz orbitals of the four ligaud atoms, being thus 
available for x-bonding with phosphines for only a 
small pa r t of the time. I t may be remembered, 
however, t ha t the entropy da ta for the equilibria 
between pyridine bases and N i D B H allowed the 
contribution of some double bond character to the 
N i - N bonding in the pyridine adducts.1 0 

Also the AS values for phosphines indicate the 
predominant o--character of the N i - P bonds. In 
fact the negative entropy changes found for phos
phines are about one half of those found for tri
alkylamines. This suggests tha t , in the NiDBH 
adducts, the phosphines are less constrained than 
the amines. If N i - P bond had a large double bond 
component, on the contrary, this should result in 
more negative entropy change with respect to the 
corresponding amines as a consequence of a hin
dered rotation around the N i - P double bond. 
Such a decrease was found on passing from piperi-
dine to pyridine adducts of N i D B H and it was 
interpreted in terms of 7r-bond formation.1" Lt 
should be remembered, a t least, t ha t the double 
bonding character was found to be quite moderate 
for the bonds between phosphine and zerovalent 
nickel7'8c•<*: there is even greater reason to assume 
this for the bonds with bivalent nickel because in 

(15) J. Chatt and A. A. Williams, ibid., 3061 (1951); E. A. 
Magnusson, Revs. Pure and Appl. Chem. (Australia), 7, 195 
(1957). 

(16) V. Scatturin and A. Turco, J. lnorg. <*• Sitdear Chem., 8, 447 
U958) 
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this case the d electrons of the metal will be held 
more strongly and so will be less available for dative 
ir-bonding. 

The fact that in the NiDBH complexes the phos-
phines appear to be less constrained than the 
amines can be attributed to a decrease in F- and 
B-strain. In fact, the atomic radius of phosphorus 
(1.10 A.) is about 0.40 A. larger than that of nitro
gen (0.70 A.). As a consequence, with theophos-
phine adducts, the alkyl chains will be 0.8 A. fur
ther away from the NiDBH plane than with the 
amine adducts. It is therefore expected that the 
F-strain will be much weaker, or lacking, in phos-
phine complexes. Moreover, B-strain is to be 
considered as absent in trialkylphosphines17 be
cause of the larger size of P as compared with N, 
and because the C-P-C angles (100° in trimethyl-
phosphine) are less than tetrahedral and are smaller 
than the C-N-C angles in trialkylamines (108-
109° for trimethylamine).18 In this case, as sug
gested by Spitzer and Pitzer, B-strain may be 
more base-strengthening than base-weakening.19 

In conclusion the higher stability of phosphine 
adducts in comparison with that of amines appears 
ascribable to the lower steric strain between phos-
phines and NiDBH. 

Equilibria between Triphenyl-amine, -Phosphine, 
-Arsine and -Stibine and NiDBH.—The co
ordinating ability of these substances toward 
transition metal atoms is well established. Many 
stable metal complexes of triphenyl-amine, -phos-

(17) H. C. Brown, THIS JOURNAL, 67, 503 (1945); H. C. Brown, 
D. H. McDaniel and O. Hafliger, in E. A. Braude and F. C. Nachod, 
"Determination of Organic Structures by Physical Methods," Aca
demic Press, Inc., Publ., New York. X. Y., 1955, p. 642. 

(18) L. O. Brockway and H. O. Jenkins, T H I S JOURNAL, 58, 2036 
(1936); H. D. Springall and L. O. Brockway, ibid., 60, 996 (1938). 

(19) R. Spitzer and K, S. Pitzer, ibid., 70, 1261 (1948). 

phine, etc., have been described.20 These ligands, 
however, show no coordinating tendency toward 
NiDBH: solutions of the complex do not turn 
brown on addition of these bases. This fact can 
be accounted for in terms of steric and electronic 
effects. 

As is well known, the phenyl group, on account 
of the resonance effect, is an electron-withdrawing 
substituent and so decreases the u-bonding tend
ency of the ligands and increases their T-bonding 
ability. Since the nickel-phosphorus bonding in 
the NiDBH adducts appears to be essentially a in 
character, the Ni-P bonding will be much too weak 
and so the adducts with triphenylphosphine will 
not form. This reason holds also for triphenyl-
arsine, etc. For triphenylamine one can also in
voke the influence of steric factors. In fact, in 
this triphenyl derivative the three phenyl groups lie 
preferably in planes at 120° passing through the 
axis of the pyramid having the nitrogen as vertex. 
For this reason the phenyl groups will protrude 
beyond the N atom. This does not give rise to 
steric hindrance when the triphenylamine is bound 
to a tetracoordinated metal atom at one of the 
four vertices of the square or tetrahedron. How
ever, in the case of NiDBH, it is to be expected 
that the phenyl groups which coordinate to the 
nickel atom above and below the equatorial plane 
of NiDBH will interfere with the atoms in such 
plane. On the other hand, the three phenyl 
groups cannot avoid this strain by rotation without 
clashing. 

(20) W. Reppe and W. J. Schweckendieck, Ann., 560, 104 (1948), 
K. Yamamoto, Bull. Chem. Soc. Japan, 27, 501 (1954); L. M. Venanzi, 
J. Chem. Soc., 719 (1958); L. Vallarino, / . Inorg. &• Nuclear Chem., 
8, 288 (1958); J. Chatt and G. A. Rowe, International Conference on 
Coordination Chemistry, London, April, 1959, Abstract Ko. 8. 
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Ruthenium (III) Chloride Complexes RuCl2
+ 

BY ROBERT E. CONNICK AND DWIGHT A. FINE 

RECEIVED JANUARY 8, 1960 

Ruthenium in the + 3 oxidation state in aqueous solution is known to form a number of complexes with chloride ion 
which equilibrate only slowly. Because of the complexity of this system, only one of these, RuCl+ 2 , previously has been 
isolated in solution and identified unambiguously. In the present study two more of the complexes have been obtained in 
pure form and characterized. The formulas of these complexes, which are cationic species, have been determined by use 
of properties of ion-exchange resins. The total charge per species was determined by equilibrating the unknown species 
and hydrogen ion with ion-exchange resin in a pair of experiments. The charge per metal atom on one species was deter
mined by a modification of a previously reported method involving the pushing of the species from an ion-exchange column 
with an ion of known charge. The salt of a weak acid had to be used to produce a concentrated band. The charge per 
metal atom of the other species was established by determination of the amount of a known ion displaced from an ion-
exchange column by a solution of the species. The number of chloride ions bound to the metal atom was determined by-
direct analysis. The species were both found to have the formula RuCU + and are presumed to be cis and trans isomers. 
The species were separable by elution from an ion-exchange column. 

Introduction 

In a previous paper, a method for the determina
tion of the formulas of aqueous ruthenium(III) 
species which equilibrate only slowly was described.1 

This method involves the use of ion-exchange res
ins to determine the charge per metal atom and the 

(1) H. H. Cady and R. E. Connick, THIS JOURNAL, 80, 2646 
(1958). 

charge per species. The formula may be inferred 
from these two data if only one type of complexing 
anion is involved. The method was used to iden
tify the species Ru+ 3 and RuCl+2. A third species 
was identified tentatively as RuCIj+. A more 
definite identification of the latter species was de
sired, as well as the identification of other ru-
thenium(III) species present in hydrochloric acid 
solution. 


