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(OEt)Ph,],}{BPh,}, 42741-29-7; {ItH[P(OMe),Ph];}{BPh,},, 42741-  {Au[P(OEt)Ph,] }{BPh,}, 42740-88-5; trans- {ItHCI[P(OMe), Ph] }*,

30-0; trans- {ItHCI[P(OMe)Ph, ], } {BPh,}, 42741-31-1; trans- fIrHCl- 42740-95-4; cis- {ItH,[P(OMe)Ph,1,}*, 42740-96-5; trans- {IrH, [P-
[P(OEt),Ph],}{BPh,}, 42741-32-2; cis- {IrtHCI[P(OE1),Ph],}{BPh,}, (OE1),Ph},}*, 42740-97-6; cis- {IrtH,[P(OEt),Ph],}", 42740-98-7;
42741-33-3; trans- {ItHCI[P(OEt)Ph, ], } {BPh,}, 42741-34-4; {Pd{P- _cis- {ItH,[P(OEt)Ph,],, }*, 42740-99-8; trans- iIer[P(OMe)ZPh]‘,}*,
(OMe)Ph,],}{BPh,},, 42741-35-5; de[P(OMe)2Ph]4} EBPh‘;}z: 42741-00-4; cis- {IrtH, [P(OMe), Ph],}*, 42741-01-5; catena- dibromo-
42741-36-6; {Pt[P(OMe),Ph],}{BPh,},, 42741-37-7; {Pt{P(OMe)Ph,],}- (bicyclo[2.2.1]hepta-2,5-diene)ruthenium, 42740-81-8; carena-
{BPh4}2, 42741-38-8; {Pt[P(OEt),Ph]J {BPh4},, 42741-39-9; {Pt- dichloro(bicyclo[2.2.1] hepta-2,5-dieneruthenium, 42740-82-9; chloro-
[P(OEt)Ph,1,} {BPh,},, 42741-40-2; {Cu[P(CMe)Ph,],}{BPh,}, hydridotris(triphenylphosphine)ruthenium, 19631-00-6; chloro-
42741-41-3; {Cu[P(OEt)PI1,],}{BPh,}, 42740-91-0; {Ag[P(OMe),- (carbonyDbis(triphenylphosphine)iridium, 14871-41-1; di-u-chloro-
Ph],}{BPh,}, 42740-92-1; {Ag|P(OMe)Ph,],} {BPh,}, 42740-93-2; bis(cycloocta-1,5-diene)diiridium, 12112-67-3; hydrogen, 1333-74-0;
{Ag[P(OEt),Ph] }{BPh,}, 42740-94-3; {Ag[P(OEt)Ph,] }{BPh,}, di-u-chloro-dichlorodihydridobis(cycloocta-1,5-diene)diiridium,
42789-22-0; {Au[P(OMe),Ph} }{BPh,}, 42740-85-2; fAu[P(OMe)- 12148-12-8; dichloro(cycloocta-1,5-diene)palladium, 12107-56-1;
Ph,],}{BPh,}, 42740-86-3; {Au[P(OEt),Ph],}{BPh,}, 42740-87-4; dichloro(cycloocta-1,5-diene)platinum, 12080-32-9.
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The influence of the ring size on the stability of ternary Cu** complexes was studied (25°;7=0.1). The differences, A log
K =log KCuAq, 4 p —log KC¥g, p, which correspond to the equilibrium CuA + CuB = CuAB + Cu, and the constants,

log X, concerning the equilibrium CuA, + CuB, = 2 CuAB, were compared for aliphatic ligands forming five- and six-mem-
bered chelates: for A =ethylenediamine and B = oxalate (log X = 0.94), glycinate (1.03), and 1,2-propylenediamine (0.31)
(five membered) or malonate (2.31), g-alaninate (0.88), and 1,3-propylenediamine (1.00) (six membered); for A = 1,3-pro-
pylenediamine and B = oxalate (3.14), glycinate (2.37), ethylenediamine (1.00), and 1,2-propylenediamine (1.13) or malo-
nate (log X =2.55) and g-alaninate (1.70). It is concluded that in general mixed ligand complexes containing a five- as well
as a six-membered chelate ring are favored in comparison with those containing either two five- or two six-membered rings.
Furthermore, it appears that ternary complexes containing two six-membered chelates are somewhat more stable than the
corresponding complexes containing two five-membered rings. Additionally, two earlier results are confirmed: (i) if the
formation of a ternary complex leads to a neutralization of charge, its formation is favored, and (ii) comparisons of mixed-
ligand systems containing either ethylenediamine or 2,2'-bipyridyl reveal the stability increasing effect of the latter ligand
and the discriminating qualities of the Cu?**-2,2"-bipyridyl 1:1 complex.

Systematic studies of mixed-ligand Cu?* complexes reveal- pendent upon the size of the ring,'® the same may be sur-
ed? that among the driving forces which lead to the forma- mised for mixed-ligand complexes. In fact, this is confirm-
tion of ternary Cu?" complexes in solution are statistical fac- ed by a recent study where one of the ligands was aromatic.**
tors,®"® steric hindrance in one of the binary parent com- These systems contained either two five-membered chelate
plexes,®” and neutralization of charge by forming the ter- rings or one five- and one six-membered ring. For the sake
nary complex.®® Ternary complexes of especially high sta- of an unequivocal generalization it is necessary to do a simi-
bility are formed by an aromatic amine and a second ligand lar investigation with aliphatic ligands only. The ternary
with O as donor atoms.””'%!!  The reason for this increased complexes studied now contain either two six-, a five- and
stability is due to cooperative effects and n-bond formation a six-, or two five-membered rings. The stability constants
in these systems.'!:12 of the following two series of complexes were determined or
As the stability of binary chelate complexes is strongly de- taken from earlier work: (i) the ethylenediamine-Cu?*-L
(1) Part XV: H. Sigel, P. R. Huber, R. Griesser, and B. Prijs, system and (ﬁ) the 1,3-propylenediamine—Cu2+fL system,
Inorg. Chem., 12, 1198 (1973). where L = oxalate (0x) or malonate (mal), glycinate (gly)
(2) H. Sigel in “Metal Ions in Biological Systems,” Vol. 2, H. or $-alaninate ($-al), and ethylenediamine (en), 1,2-propylene-

Sigel, Ed., Marcel Dekker, New York, N. Y., 1973, p 63.

(3) R. DeWitt and J. 1. Watters, J. Amer. Chem. Soc., 76, 3810 diamine (1 ,Z-prop), or 1,3-pr0pylenediamine (1 ,3-prop).

(1954). . .

(4) S. Kida, Bull. Chem. Soc. Jap., 29, 805 (1956). Experimental Section

(5) V. S. Sharma and J. Schubert, J. Chem. Educ., 46,506 Materials. Ethylenediamine and glycine were from Fluka AG,
(1969). Buchs, Switzerland. g-Alanine and 1,3-propylenediamine were ob-

(6) R. Nasanen and M. Koskinen, Suom. Kemistilehti B, 40, tained from the British Drug Houses, Ltd., Poole, England. Disodi-
23 (1967). um oxalate or malonate were from Merck AG, Darmstadt, Germany.

(7) R. Nasanen and P. Tilus, Suom. Kemistilehti B, 42, 11 (1969).

(8) W. B. Schaap and D. L. McMasters, J. Amer. Chem, Soc., 83, From ethylenediamine and 1,3-propylenediamine the respective di-

4699 (1961). hydrochlorides were prepared. Anal. Caled for C,H,,N,Cl, (en-
(9) G. A. L’Heureux and A. E. Martell, J. Inorg. Nucl. Chem., 2HCI): C, 18.06;H, 7.58; N, 21.06;Cl, 53.30. Found: C, 18.28;
28,481 (1966). H, 7.76; N, 21.06; Cl, 53.29. Anal. Caled for C,H,,N,Cl, (1,3-
(10) R. Griesser and H. Sigel, Inorg. Chem., 9, 1238 (1970).
(11) P. R. Huber, R. Griesser, and H. Sigel, Inorg. Chem., 10, (13) H. Irving, R. J. P. Williams, D. J. Ferrett, and A. E. Williams,
945 (1971). J. Chem. Soc., 3494 (1954).
(12) F. A. Walker, H. Sigel, and D. B. McCormick, Inorg. Chem., (14) H. Sigel, P. R. Huber, and R. F. Pasternack, Inorg. Chem.,

11,2756 (1972). 10,2226 (1971).
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Table I. Negative Logarithms of the Acidity Constants of the Ligands and Logarithms of the Stability Constants of Their Binary

Cu** Complexes (I =0.1; 25°)

L pKHy 1 pKHyy, Log KCUg,p, Log KCulcyp,, Log fCucyr,
ox's 1.37 3.81 4.84 3.6 8.44
gly'? 2.33 9.68 8.27 6.92 15.19
en'” 7.10 9.89 1044 9.16 19.60
mal'® 2.62 5.30 5.10 2.5518 7.65
B-al*? 3.56 10.22 7.07 5.61 12.68
1,3-prop** 8.85 10.62 9.82 7.22 17.04
o) 0 0\\ //0 equilibrium 7. The other method is based on the “dispro-
\\c_c// C-CH,~C portionation” constant, log X, as defined by equilibrium 8
o ‘o- _0/ \O— (calculated with eq 9 or 10). Generally, one would expect
ox mal CuA + CuB = CuAB + Cu Q)
‘e C/H O\\C o C/H CuA, + CuB, = 2CuAB X = [CuAB|?/[CuA,][CuB,] (8)
Vi T
-0 NH, -0 NH, log X =2 log f%%cuan ~ (108 f%%ua, + 1088 %us,) (9)
gly g-al
R log X = (log K®¥A gypp —log KB eyp, ) +
| CuB - CuA -
H,N—CH, —CH-NH, H,N—-CH, —CH, ~CH,-NH, (log K“*Bcupa —log K4 cya, ) (10)
en,R=H 1,3-prop to observe negative values for A log K (eq 6), since usually

1,2-prop, R =CH,

prop-2HCl): C, 24.50; H, 8.23; N, 19.05; Cl, 48.22. Found: C,
24.55; H, 8.20; N, 19.09; Cl, 48.10. The other substances were used
as purchased. For all other materials see ref 10.

Measurements and Determination of Constants. All constants
were measured by potentiometric pH titrations (25°;7=0.1, NaCl-
0,) as described.’® The stability constant,!® 8CUGg, 4 g, of the ter-
nary systems was computed'® from the data obtained by alkalimetric
titrations of solutions containing Cu®* ([Cu(Cl0,),1=6 X 10™* M),
amine dihydrochloride, and L in a ratio of 1:1:1,1:2:1, 1:3:1, 1:4:1,
1:1:2, or 1:2:2 (with Cu~en-g-al additionally 1:1:4) and by taking
into account the species H, H,A, HA, A, CuA, CuA,, H,B, HB, B,
CuB, CuB,, Cu, and CuAB. The acidity constants of the ligands and
the stability constants of the binary complexes used for the calcula-
tion of fCUG, A g Were determined in earlier studies (cf. Table
I).10.1416-18 By titrating solutions containing Cu?* alone, Cu:A =
1:1, or Cu:B = 1:1, it was proved that hydrolysis is negligible in the
pH region used for the evaluation of the data.

Results
The results are assembled in Table II and the stability con-
stants therein are defined by eq 1-3.. The overall stability

Cu+A +B=CuAB gCuc,,p=[CuAB]/[Cu][A][B] 1)
CuA + B=CuAB  KCuAc,,p=[CuABJ/[CUA][B] =~ ()
CuB + A=CuBA  KCuBg,p, = [CuAB]/[CuB][A] 3)

constant of the ternary complex, log fC4%c a5, is connected
with the constants KCuAg, 45 and KCuBq ps by eq 4 and 5,

log KCuAgzp = log fCucyap — log KCug,a )
log KCuBg,ps =1log fCuc ap — log KCuc,p Q)

respectively.'
There are two convenient ways to characterize the stability
of mixed-ligand complexes. One is according to eq 6, i.e.,

A log K= log KcuACu_AB - log KcuCuB =
log KCuBgypy — log KCugya (6)

by comparing the difference in stability, A log K|, e.g., for
the reaction between CuA or Cu(aq)?** and the ligand, B.
In addition, A log K is identical with the constant due to

(15) Abbreviations: L, A, or B, general bidentate ligand.
Charges are omitted in all equations.

(16) A. McAuley and G. H. Nancollas, Trans. Faraday Soc.,
56, 1165 (1960).

(17) P. R. Huber, R. Griesser, B. Prijs, and H. Sigel, Eur. J.
Biochem., 10,238 (1969).

(18) C. W. Davies, J. Chem. Soc., 910 (1935).

it holds that KCucyy, > KCul,,; (cf. Table I). The value
expe;c4ted for X (eq 8) on statistical reasons is 4, i.e., log X =
0.6.>

By using the results of Tables I and II, the values for A log
K (eq 6) and log X (eq 9) were calculated. The data are list-
ed in Table III. To our knowledge, only the ethylenedi-
amine-Cu?*-oxalate system had already been studied for
which, under somewhat different conditions, the following
valu;as of log X had been determined: 1.4,"° 1.3,% 1.1,% and
1.0.

Discussion

Within a pair of the systems, e.g., ox-Cu-en and ox~Cu-1,3-
prop, the binding sites are of the same kind, the only dif-
ference being the size of the chelate rings. Therefore, the
results due to log KCuLg 1, ceny and log KC“LguL(I ,3-prop) (¢f',
the right-hand columns in Table II) demonstrate the follow-
ing. The addition of a second ligand forming a five-member-
ed chelate to a binary 1:1 complex is favored over the co-
ordination of a ligand forming a six-membered chelate (de-
spite the fact that en is less basic than 1,3-prop) for all the
given systems independent of the size of the chelate ring in
the binary 1:1 complex. Hence, this result corresponds
with the observations made by Irving, et al.,'3 using binary
complexes.

However, a comparison of the values due to log X (Table
III) reveals that overall, ternary complexes containing a five-
and a six-membered chelate are favored over the correspond-
ing ones which contain two five-membered rings.?’ Similar-
ly, it appears that in general (despite some exceptions) mixed-
ligand complexes containing a five- and a six-membered ring
are more stable than those formed by two six-membered
rings. These facts are the result of the usually larger differ-
ence,?! log KCu¢,;, — log KCuLgp , for the binary complexes
with six-membered rings compared with this difference for
the five-membered complexes (¢f. Table I). There is only
one exception, namely the six-membered binary Cu-$-al

*system; in this case the difference is in the order of the five-

membered chelates, and indeed the log X value of en~Cu-§-

(19) 1. 1. Watters, J. Amer. Chem. Soc., 81, 1560 (1959).

(20) The methyl group present in en-Cu-1,2-prop exhibits no
significant steric influence, as a comparison of the data due to 1,3-
prop-Cu-en and 1,3-prop-Cu-1,2-prop shows. Additionally, the
above result confirms the one mentioned earlier, which was obtained
with aromatic ligands.'?

(21) This difference manifests itself indirectly in eq 10.
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Table II. Logarithms of Stability Constants of the Ternary Cu?* Complexes (I =0.1;25°)?

Ethylenediamine-Cu?**-L Systems

Ring size L log BC“Cu(en)L log Kcu(en)cu(en)L log KcuLCuL(en)
Five ox 14,49 + 0.13 4.05 9.65
gly 1791 + 0.13 747 9.64
1,2-prop®—¢ 19.90 9.37 9.27
Six mal 14.78 + 0.14 4.34 9.68
) p-al 16.58 + 0.20 6.14 9.51
1,3-prop?.¢.e 18.71 8.18 9.04

1,3-Propylenediamine-Cu?*-L Systems )

log log log

Ring size L 8CUCy (prop)L KCuPIoP)oy mropy. K€ cuL (prop)
Five ox 14.31 2 0.03 449 947
ely 17.30 £ 0.02 7.48 9.03
end.c.e 18.71 9.04 8.18
1,2-prop?.d.e 18.84 9.17 8.21
Six mal 13.62 + 0.09 3.80 8.52
B-al 15.71 £ 0.05 5.89 8.64

% The range of error given is three times the standard deviation. b These data were determined by graphical 1nterpolatlon (for I=0.1) from
the results published by R. Nasanen and M. Kosklnen Suom. Kemistilehti B, 40, 108 (1967).¢ ¢ Cf. footnote b, en: pK H,L = =17.06, pK HL =
9.96,log KCUgy1, =10.53,log BC“CuL =19.68. 2 Cf. footnote b, 1,2-prop: pKHH ,L=685, pKHyg, =9. 86 (R. Nasanen, Suom. Kemistilehti
B, 34,4 (1961)), log KCUCuL =10.63, log ﬁCUCuL =19.81. € (f.footnote b, 1 3-prop pKHH L=28.70, pKHy;, = 10.54, log KCug g, =
9.67,log BcuCuL =16.74.

Table III. Values of A Log K (eq 6) and Log X (eq 9) of Some 100
Ternary Cu®* Complexes Containing Two Five-Membered or Two

Six-Membered Chelate Rings or a Five- and a Six-Membered Cu-pr-ox
Chelate Ring (/ = 0.1; 25%) 801
L Alog K LogX L Alog K LogX
Ethylenediamine-Cu®*~L Systems ,+_|-'5 60+
Five-, five-membered chelates Five-, six-membered chclates =
ox -0.79 094  mal ~076  2.31 & 404
gly -0.80 1.03 g-al -0.93 0.88 X
1,2-prop ~1.26 0.31 1,3-prop ~1.49 1.00
1,3-Propylenediamine-Cu?*-L Systems 207
Six-, six-membered chelates Six-, five-membered chelates
mal ~130 255  ox -0.35  3.14 0
B-al -1.18 1.70 gly -0.79 2.37 100
en -1.49 1.00
1,2-prop ~1.46 1.13

Table IV. Values of A Log K (eq 6) and Log X (eq 9) of Some 80+ Cu-en-ox
Ternary Cu?* Complexes Containing Either the Aliphatic Amine,
Ethylenediamine, or the Aromatic Amine,

2,2"-Bipyridyl  =0.1; 25°)

Ethylenediamine-Cu?*-L 2,2'-Bipyridyl-Cu®*-L Culen)ox
L AlogK logX L Alog K logX

ox -0.79 0.94 ox!# +0.7 49
ely ~0.80 1.03 gy ~035  3.05 ulen)
1,2-prop —-1.26 0.31 en'? -1.29 1.10 X
mal —-0.76 2.31 mal’® +0.27 5.49 Cuen)
p-al -0.93 088 pal* ~0.59  2.68 : Jien
1,3-prop —-149 1.00 1,3-prop*  -2.47 0.06 7 8 g

al is also similar to the one of en-Cu-gly while the one due

to 1,3-prop-Cu-B-al is larger (Table III). Finally,a compari-
son of the log X values of the mixed five-five-membered
chelates with the ones due to the six-six-membered chelates
leads to the conclusion that for the latter ones equilibrium 8
is more strongly displaced toward the right side.

In Figure 1, the concentrations of the several complex

species present in the systems 1,3-prop-Cu-ox and en-Cu-ox

are shown in their dependence on pH. At higher pH values
the concentration of the mixed complex dominates in both
systems. The different magnitude of the stability constants
due to the mixed-ligand complexes, as discussed in the last
paragraphs, manifests itself unequivocally in the different
formation degrees of the ternary species. The complex,

Figure 1. Variation with pH of the concentrations (given as the
percentage of the total Cu®* present) of the several species present
in an aqueous solution of Cu®*, oxalate (ox), and 1,3-propylene-
diamine (pr, upper part) or ethylenediamine (en, lower part); con-
centrations of the reactants, each 107% M. All data were computed
with the constants given in Tables 1 and [I. Hydrolysis was omitted
in these calculations (¢f. Experimental Section).

Cu(en)ox, reaches a maximum of 43% of the total Cu®*
present, while in the corresponding system the formation of
Cu(1,3-prop)ox goes up to 78%.

Additionally, the results assembled in Table III confirm
the earlier observation® that neutralization of charge in the
ternary complex, according to eq 11, favors their formation.



(Pyrazolylborato)carbonyl Derivatives of Mn(I)

CuA,* + CuB,* = 2CuAB an

This means, the driving “forces” are coulombic attraction
and a decrease in the orientation of the outer sphere solvent

molecules (hence, enthalpy and entropy effects, respectively).

Finally, it is of interest to note that for all the systems
listed in Table III the values for A log K are negative, i.e.,
equilibrium 7 is on its left side. This is obviously charac-
teristic for ternary complexes containing an qliphatic amine
and in contrast to those formed with aromatic amines.!%!!
A more detailed comparison can be made based on the data
listed in Table IV which are due to ethylenediamine-Cu®"-L
systems and the corresponding 2,2"-bipyridyl-Cu®*-L sys-
tems. In fact, these results confirm unequivocally the earlier
conclusion!®!! about the stability increasing effect of 2,2'-
bipyridyl which was attributed to its m-accepting qualities.'?
As the data of A log K and log X show, the mixed-ligand
complex in the 2,2"-bipyridyl-Cu®*-L systems is always
significantly more stable than the corresponding complex in
the ethylenediamine-Cu?*-L system, as long as the second
ligand, L, contains at least one oxygen atom as a donor.

Inorganic Chemistry, Vol. 13, No. 2, 1974 465

Furthermore, the discriminating qualities of the binary
Cu?*-2,2"-bipyridyl 1:1 complex are very remarkable; for
example, the values of A log X (cf. Table IV) differ for the
2,2"bipyridyl-Cu?**-oxalate and the 2,2"-bipyridyl-Cu®*~
ethylenediamine systems by about 2 log units, i.e., a sec-
ond ligand with oxygen donors is preferably bound. Com-
pared with this result, the discriminating qualities of the
Cu?*-ethylenediamine 1:1 complex are insignificant,
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Infrared intensity studies of the carbonyl stretching vibrations in PzZB(P2),Mn(CO),L [Pz = l-pyrazolyl; L = PCl;,
P(OC,H,),, P(C,{H,),, P(n-C,H,);, P(C,H,,),] and HB(CH,PzCH,) ,Mn(CO),P(OC,H,), [CH,PzCH, = 3,5-dimethyl-1-
pyrazolyl] have been carried out. A method is proposed for determining the angles 6 between CO vibrators in metal di-
carbonyl compounds. Angles calculated for the pyrazolylborate derivatives indicate that the steric properties of the ligands
influence the magnitude of the intercarbonyl angles. The electronic nature of the pyrazolylborate ligand is also compared
with that of the cyclopentadienyl ligand. Nmr studies were carried out on the compounds PzB(Pz),Mn(CO),L [L = CO,
P(OCH,),, P(CH,),] and HB(CH,PzCH,),;Mn(CO),L [L = CO, P(OCH,);, P(CH,),, P(OC,H,),]. Whereas free rotation
about the B-Mn axis occurred ‘at 5° in the compounds PzB(Pz) ,Mn(CO),L and HB(CH,PzCH,),Mn(CO),, stereochemical
rigidity was observed in HB(CH,PzCH,),Mn(CO),L. Results are interpreted in terms of steric and electronic properties of

the ligands.

Introduction
A number of substituted phosphine~ and phosphite-di-
carbonyl derivatives of the type PzB(Pz)sMn(CO),L [Pz = 1-

pyrazolyl] and HB(CH;3PzCH;)sMn(CO),L [CH3PzCH; = 3,5-

dimethyl-1-pyrazolyl] have been synthesized.> Steric prop-
erties of the ligand L were found to play an important role in
- the synthesis. However, no further investigation of the in-
fluence of steric effects on the structures of the compounds
was reported. Furthermore, the electronic properties of
pyrazolylborate ligands are not well understood. Since these
tridentate, uninegative ions are analogous to the cyclopenta-
dienide ion, it is of particular interest to compare electronic
effects of PzB(Pz);Mn(CO),L with those of #°-CsHsMn-
(CO),L.3 A comparison of carbonyl stretching frequencies

(1) Taken in part from the Ph.D. thesis of A. R. Schoenberg,
University of Delaware, 1973,

(2) A. R. Schoenberg and W. P. Anderson, Inorg. Chem., 11, 85
(1972).

(33 W. Strohmeier, Angew. Chem., Int. Ed. Engl., 3,730 (1964);
E. Koerner von Gustorf and F. W. Grevels, Fortschr. Chem. Forsch.,
13, 366 (1969).

for the two series of compounds has been made previously,’
but other physical measurements have not been reported.
The intensities of the carbonyl stretching vibrations in the
infrared spectra of metal carbonyls have been proposed as a
probe of electronic effects.*® Results of infrared intensity
measurements on a variety of compounds of the type A°-
CsHsMn(CO), L have been interpreted in terms of the bond-
ing properties of the cyclopentadienyl ligand.® Attempts
have also been made to use infrared intensities to determine
angles in metal carbonyl derivatives.'®’* Most of the studies

(4) S. F. A. Kettle and 1. Paul, Advan. Organometal, Chem., 10,
199 (1972).
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