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The kinetics of the substitution reactions of bis(dithiolato)nickel(II) complexes with dithiolate nucleophiles have been studied

in aqueous solution at 25° using a stopped-flow technique.

Nucleophilic reactivity, leaving-group effects, and trans effects

are discussed. Mechanisms for bidentate and unidentate nucleophiles are proposed. Several five-coordinate intermediates
were detected and their stabilities were estimated. The frans effect operates via the stability of the five-coordinate inter-

mediate which in turn is correlated to the extent of involvement of the nickel 4p, orbital in = bonding.
for the bis(dithiolato)nickel(I1) complexes have been measured in agueous solution at 25°.

Stability constants
Kinetics of formation of several

nickel(II) dithiolato complexes is reported. Tris(ethylenediamine)nickel(II) reacts with dithiolate ligands in a dissociative

manfer.

Introduction

Most studies of the substitution reactions of d® planar
complexes have been limited to platinum(II) systems.!
Relatively little work has been reported for nickel(IT)
planar systems mainly because the reactions are usually
very rapid, requiring flow or relaxation techniques to
study the kinetics. The fact that most common ligands
form octahedral rather than planar complexes with
nickel(II) has also been a deterrent. The sparse work
that has been reported on planar nickel(IT) systems
agrees with the two-term rate law found for platinum-
(1I1) substitutions.!

Recently a new series of water-soluble planar nickel-
(II) complexes with ethylene-1,1-dithiolate (I) and
ethylene-1,2-dithiolate (II) ligands has been reported.
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The 1,2-dithiolates, of which maleonitriledithiolate
(mnt) is perhaps best known, have been extensively
studied largely because of the unusual redox properties
of their metal complexes.? The 1,1-dithiolate com-
plexes possess less well-defined redox properties, pre-
sumably due to the lack of = delocalization as present in
1,2-dithiolate systems.?~® Nevertheless both of these
ligand systems are ideally suited for the study of sub-
stitution reactions of nickel(IT).

This study was undertaken to ascertain the mecha-
nism of ligand substitution for planar nickel(II) sys-
tems, to study the reactivities of the dithiolate com-
plexes, to study the nucleophilic reactivities of the di-
thiolate ligands, and to study the effect of the group
trans to the ligand being displaced. In view of the
existence of many five-coordinate nickel(IT) complexes,®

(1) F. Basolo and R. G. Pearson, ‘‘Mechanisms of Inorganic Reactions,”
2nd ed, John Wiley and Sons, New York, N. V., 19687, Chapter 5.

(2) J. A. McCleverty, Progr. Inorg. Chem., 10, 49 (19688).

(3) J. A. McCleverty, ibid., 10, 213 (19868).

(4) J. P. Fackler, Jr., and D. Coucouvanis, J. Am. Chem, Soc., 88, 3913
(1966).

(5) D. Coucouvanis and J. P. Fackler, Jr., tbid., 89, 13468 (1967),

(6) E. L. Muetterties and R. A. Schunn, Quart. Rev. (London), 20, 245
(1968).

A bis(dithiolato)copper(II) substitution reaction is reported.

especially” Ni(CN);%~, it was hoped that five-coordinate
adducts could be detected and their stabilities esti-
mated. Table I shows the structures of the dithiolate
ligands used in this work.

Experimental Section

Preparation of Ligands.—All the ligands described below were
checked for purity by spectrophotometric titration with a stan-
dard nickel perchlorate solution.

Potassium N-cyanodithiocarbimate, Xscde, was prepared by a
published method.* Sodium 1,1-dicyanoethylene-2,2-dithiolate,
Na,-i-mnt, was prepared as described in the literature.? Potas-
sium 1-nitroethylene-2,2-dithiolate, K:ned, was prepared by the
synthesis of Freund.® Sodium 1l-cyano-l-phenylethylene-2,2-
dithiolate, Na.cpd, was prepared according to the method of
Coucouvanis.l® Potassium dithiooxalate, Ki.dto (Eastman Ko-
dak), was purified as previously described.l Sodium maleo-
nitriledithiolate, Nasmnt, was prepared according to a published
method.12

Preparation of Metal Complexes. [(CHj;)N1;Ni(cdc),.—This
complex was prepared by a published method.t Anal. Caled
for C12H24NeS4Ni: C, 32,8; H, 5.5; N, 19.1. Found: C,
32.5; H,5.6; N, 19.1.

[(CH3):N].Ni(i-mnt);.—The synthesis of this complex followed
a published method.* Anal. Caled for CyHauNeSiNi: C,
39.4; H, 5.0; N, 17.2. Found: C,39.0; H,4.8; N, 17.1.

[(CH;3 ) N],Ni(mnt)s.—The synthesis of this compound is
described in the literature.!® Amnal. Caled for Ci;sHaNgSiNi:
C,39.4; H, 5.0; N,17.2. Found: C,389.5; H,4.9; N, 17.2.

K;Ni(ned )..—This compound was prepared by adding, with
stirring, 6.2 g (0.025 mol) of NiSO4-6H,0 in 40 ml of hot water
to 10.6 g (0.05 mol) of Kyned in 40 ml of water. Crystals of
K:Ni(ned): formed upon cooling in an ice bath. The product was
filtered and washed with ethanol and then ethyl ether. The
compound was erystallized from 50:50 ethanol-water and washed
with ethanol and ether and air dried. Fine purple-red crystals
were obtained in a yield of approximately 609,. A#nal. Caled
for K.C,H,N,O,S5Ni: C, 11.8; H, 0.5; N, 6.9. Found:
C, 11.7; H, 0.3; N, 6.5.

K,;Ni(dto);.—This compound was prepared according to a

(7) K. N. Raymond, P. W. R. Corfield, and J. A. Ibers, Inorg. Chem., T,
1362 (1968); J.S. Coleman, H, Petersen, Jr., and R. A, Penneman, ibid., 4,
135 (1985).

(8) R. Gompper and W. Topfl, Chem. Ber., 95, 2861 (1962),

(9) E. Freund, ¢bid., 82B, 542 (1919).

(10) D. Coucouvanis, private communication; the syntheses of Nascpd
and its complexes will be published in the near future.

(11) R. G. Pearson and P. Ellgen, Inorg. Chem., 6, 1379 (1967).

(12) A. Davison and R. H. Holm, I'norg. Syn., 10, 8 (1967).

(13) E. Billig, R. Williams, I. Bernal, J. H. Waters, and H., B. Gray,
Inorg. Chem., 8, 863 (1964).
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published method.* Anal. Caled for K,CiO.SNi: C, 12.7;

H, 0.0; Ni, 22.4. Found: C,12.4; H, 0.0; Ni, 22.3.

K,Cu(dto)..—The complex was prepared by adding 4.5 g
(0.023 mol) of Kedto in 20 ml of warm water to 2.5 g (0.01 mol)
of CuS04-5H,0 in 30 ml of hot water., The precipitate was
filtered and washed with methyl alcohol. Crystallization from
679 methyl alcohol yielded black crystals. Amal. Caled for
K.Ci08,Cu: C, 12.6; H, 0.0. Found: C, 12.4; H, 0.0.

Bis(tetraethylammonium jbis(cis-1,2-ditrifluoromethylethylene-
1,2-dithiolato)nickel(II), [(C,H;)N]:Ni(tfd);.—This compound
was prepared by a published method® using bis(trifluoromethyl)-
1,2-dithietene prepared by the gas-phase reaction of sulfur and
hexafluorobutyne-2 according to Krespan.®® Anal. Caled for
C24H40FmNzS4NiZ C, 374, H, 52, N, 3.6. Found: C, 373,
H, 5.3; N, 3.5.

Several mixed complexes,e.g., Ni(mnt)(i-mnt)?~, were prepared
in situ by adding slowly and with vigorous stirring, in a 1:1 molar
ratio, an aqueous solution of the ligand yielding the stronger
complex to a solution of the nickel complex of the weaker ligand.
Electronic spectra clearly showed that mixed complexes were
present as the major species. The stopped-flow oscilloscope
scans of the reactions of the mixed complexes also demonstrated
that the major species in solution had to be a mixed complex.
Several mixed complexes of nickel with dinegative sulfur ligands
have been reported.!718

Kinetic Runs.—Kinetic runs were made on a comuner-
cially available stopped-flow device previously described.?® Al
kinetic runs were made in aqueous solution under pseudo-first-
order conditions at 25°. The temperature was maintained
constant to within =£0.1°. The ionic strength was maintained
constant using sodium perchlorate as the inert electrolyte. In
order to obtain a second-order rate constant the usual procedure
was to study the reaction at five different concentrations of ex-
cess nucleophile. Usually three kinetic runs were analyzed at
each concentration. When the kinetics was other than simple
second order, a more extensive study was made.

Spectra.—Ultraviolet and visible spectra were recorded on a
Cary 14 spectrophotometer. A Beckman DU-2 spectrophoton-
eter was used to determine the stability constants.

Stability Constants.—The g, values of the nickel dithiolate
systems were determined in water at 25° and an ionic strength
of 0.2 M (sodium perchlorate). The method was to add the
sodium or potassium salt of the dithiolate ligand to a solution
containing tris(ethylenediamine)nickel(IT) and enough excess
ethylenediamine such that the reaction ((8-S)?~ means a di-
thiolate ligand)

Ni(en)s?t + 2(S-8)?~ = Ni(8-8):2~ + 3en

(14) E. G. Cox, W, Wardlaw, and K. C. Webster, J. Chem, Soc., 1475
(1935).

(15) A. Davison, D, V. Howe, and E. T. Shawl, Inorg, Chem., 6, 458
(1967},

(16) C. G. Krespan, J. Am. Chem. Soc., 83, 3434 (1961).

(17) A. Davison, J. A. McCleverty, E. T. Shawl, and E, J. Wharton,
ibid., 89, 830 (1967).

(18) S. Kida, Bull. Chem. Soc. Japan, 38, 1204 (1960).

(19) G. Dulz and N. Sutin, Inorg. Chem., 2, 817 (1963).
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proceeds only part way. The absorbance of the solution is
measured as a function of the total amount of dithiolate ligand
present. Spectra suggest that mixed ethylenediamine—dithiolate
complexes are not formed. The solutions were assumed to con-
tain the species Ni(en)s?*, Ni(en)?*, en, Ni(S-8)%~, and
(8-8):*~. The extinction coefficients of these species are known.
The formation constants of Ni(en),2* were assumed to be log 8; =
13.9 and log 8 = 18.25.% This information together with
knowledge of the total concentration of metal, ethylenediamine,
and dithiolate allows one to solve for the value of 8; for the di-
thiolate complex. The uncertainty in the log 8 values is esti-
mated to be approximately 0.2 log unit.

Analyses.—Microanalyses for C, H, and N were performed in
our department by Miss H. Beck.

Results

Stability Constants and Structures.—Crystal struc-
ture determinations for [(CeHs):AseNi(CSy)e,2! [(CHy)s-
N LNi(mnt),,?* [(CeHs)sAs]:Ni(ede)y,? and  K,Ni-
(dto)s show these complexes to be planar. Spectral
investigations and X-ray powder patterns*!8.24=28 of
the solids show that the other nickel(II) dithiolate
complexes are planar as well. Thus NiL,2~ complexes,
where L = dto,” mnt,'*?* and 1,1-dithiolates,? dis-
play similar spectra in various solvents, including pyri-
dine, showing the lack of axial perturbation. Molec-
ular orbital calculations have been reported for some of
these complexes. 2%

TaBLE I

ForMATION CONSTANTS OF NICKEL(II) DITHIOLATE
CoMPLEXES IN AQUEOUS SOLUTION AT 25°¢

Ligand Log B Ligand Log B2
CN- 30.5%° dto?~ 16.1
tfd2~ >364 ned?~ 14 .4
mnt2~ < 25e cde?~ 13.7
cpd?~ 20.3 Z-mnt?- 12.2

@ Tonic strength 0.2 M (sodium perchlorate). Estimated un-
certainty is approximately 0.2 log unit. * G. B. Kolskiand D. W.
Margerum, Inorg. Chem., 7, 2239 (1968). Ionic strength 0.1 M
(sodium perchlorate). ° This value is log 8. ¢ From results
in 509, ethanol solution. Ionic strength 0.2 A (NaCN). ¢ Ionic
strength not adjusted.

Table IT lists the formation constants obtained for the
nickel(1I) complexes using a competition reaction be-
tween ethylenediamine and the dithiolate ligand (see
the Experimental Section for details).

Deskin® reported that log 8, = 9.72 for Ni(dto),?~ in
water at 25° and ionic strength 0.1 3 (potassium sul-
fate). This value must be in error because experi-
mentally ethylenediamine must be in a greater than
tenfold excess to displace the dto?— from a 10—* M

(20) A. E. Martell and L. G. Sillén, “Stability Constants of Metal-Ion
Complexes,” 2nd ed, Special Publication No. 17, The Chemical Society,
London, 1964, p 372.

(21) J. 8. McKechnie, 8. L. Miesel, and I. C. Paul, Chem. Commun., 152
(1967).

(22) R. Eisenberg, J. A. Ibers, R. J. H. Clark, and H. B. Gray, J. Am.
Chem. Soc., 86, 113 (1064).

(23) F. A.Cottonand C. B. Harris, Inorg. Chem., 7, 2140 (1968).

(24) 8. 1. Shupack, E. Billig, R. J. H, Clark, R. Williams, and H. B, Gray,
J. Am. Chem. Soc., B8, 4504 (1064).

(25) A. R. Latham, V. C. Hascall, and H. B. Gray, Inorg. Chem., 4, 788
(1965).

(26) B. G. Werden, E. Billig, and H, B. Gray, #bid., 5, 78 (1966).

(27) D. Coucouvanis and J. P. Fackler, Jr., tbid., 6, 2047 (1967).

(28) A. Davison, N. Edelstein, R. H. Holm, and A, H, Maki, ¢bid., 6, 814
(1964).

(29) W. A. Deskin, J. Am. Chem. Soc., 80, 5680 (1958).
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solution of Ni(dto),*~, yet the value of log 8, for Ni-
(en),?* is reliably known to be about 14.2 The for-
mation constant of Ni(dto):*~ was determined by three
methods: addition of Kedto to a solution of Ni(en);?+
and en, addition of en to a solution of Ni(dto):?~, and
addition of Kpdto to a solution of Ni(dien),?+ which
has a log B: of approximately 18.5 at 25°.%¥ For all
three cases the value of log 8; for Ni(dto).?— was 16.1 =
0.2.

It has been reported'® that a substantial excess of
CN - is needed to displace the mnt?~ from Ni(mnt).2—,
Although the displacement of mnt?~ from Ni(mnt),?~
by CN- is very slow at low CN~ concentrations, our
results show that a large excess of CN~ is not needed.
It is difficult to obtain an accurate value of 8, for Ni-
(mnt),?~ by using CN~ because mixed complexes are
formed and the liberated mnt?— slowly decomposes in
solution. Hence it was only possible to put a limit on
log 8; for Ni(mnt),?*~ at <25.

A solution of [(CoH;)sN oNi(tfd)s (10—* M) and Na-
CN (10~* M) in 50:50 ethanol-water under nitrogen
shows virtually no spectral change over 25 hr. Taking
log 8. = 30 for Ni(CN),2~ in water,3! one estimates for
Ni(tfd)s2~ log B > 36, also in water solution.

The other 3; values reported in Table II were ob-
tained without any difficulty.

Rates of Formation of Ni(/-mnt),?~ and Ni(cdc),>~.—
The kinetics of formation of Ni(z-mnt),?~ and Ni(cdc)>~
in water at 25° and ionic strength of 0.1 M (sodium per-
chlorate) were studied using the stopped-flow apparatus.
The results are in agreement with the work of Pearson
and Ellgen,!! who reported the kinetics of formation of
Ni(mnt).?~ and Ni(dto),2~. For ¢-mnt?*—, with the
ligand in excess, kopsa(sec™) = 4.5 X 104[--mnt?—]
and for cde?~ kobsa(sec™) = 9.1 X 10%[cde?~]. The
absorbance changes observed in the kinetic runs were
the same as that calculated from the reactants and
products. This, coupled with the fact that only one
reaction was seen, means that the mono complex prob-
ably never becomes a major species in solution. Fol-
lowing Pearson and Ellgen,!' the mechanism is postu-
lated to be the usual ion-pair dissociation process

K,
Ni(OHa)et* + L2~ === Ni(OH, )+, Lt @
2
Ni(OHp)g**, L2~ —> Ni(OHa):L + 2H;0 @)
fast
Ni(OHL)L + L~ —> NiLg?~ + 4F,0 3)

Reaction 1 is the diffusion-controlled formation of an
ion pair and (2) represents the rate-determining loss of
solvent water. For excess ligand one calculates

Koko[L2~]
1 4 K,[L%"]

(4)

kobsd =

Taking the approximate value!® of K, to be 14 M~
the &y value is 3.2 X 10% sec™! for 7z-mnt?— and 6.5 X
103 sec™! for cdc?~. These values are, as expected,
somewhat lower than the water-exchange rate of Ni-
(OHy)g?+. 32

(30) Reference 20, p 422.
(31) G. B. Kolski and D. W. Margerum, Inorg. Chem., T, 2239 (1968).
(32) R. E. Connick and D. Fait, J, Chem. Phys., 44, 4103 (1966).
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TaBLE IIT

RATE CONSTANTS FOR PLANAR NickeL(II) SUBSTITUTION
REACTIONS IN AQUEOUS SOLUTION AT 25°

Nucleo- 103k,

Reactant phile Product Mt sec™t
Ni(dto)(dto)2~ mnt2- Ni(dto) (mnt)2~ 0.33
Ni(dto) (mnt)2~ mnt2— Ni(mnt) (mnt)2— 0.019
Ni(dto)(cpd)2— mnt?~ Ni(cpd) (mnt)2~ 0.11
Ni(ede) (ede)2— mnt2- Ni(cdc) (mnt)2— ~150
Ni(cde) (mnt)2— mnt2~ Ni{mnt) (mnt)2- 0.20
Ni(edc)(dto)2~ mnt2~ Ni(dto) (mnt)2— 23
Ni(ede) (epd) 2~ mnt2~ Ni(epd) (mnt)2- 2.8
Ni{{-mnt) (-mnt)?— mnt2- Ni(i-mnt) (mnt)2~ Very fast
Ni{{-mnt) (mnt) 2~ mnt2- Ni(mnt) (mnt)2~ 0.58
Ni({-mnt) (dto)2~ mnt2~ Ni(dto) (mnt)2— 53
Ni(-mnt) (cpd) 2~ mnt2- Ni(cpd) (mnt)2- 7.35
Ni(ned) (ned)?~ mnt?— Ni(ned) (mnt)2~ Very fast
Ni(ned) (mnt)2~ mnt2~ Ni(mnt) (mnt)2~ 0.29
Ni(ned) (cpd)2— mnt?~ Ni(cpd)(mnt)2—~ 14.5
Ni(cpd) (cpd)2— mnt2- Ni(cpd) (mnt)2- 0.021
Ni(cpd) (mnt)2~ mnt?- Ni(mnt) (mnt)2— Slow
Ni(ede) (cde)2~ dtoz~ Ni(cde) (dto)2™ 6.0
Ni(cde) (dto)2™ dto?- Ni(dto) (dto)2~ 0.55
Ni(edc) (mnt)2- dto2~ Ni(mnt) (dto)2~ 0.0057
Ni{ede) (CN)22= dto2~ Ni(dto) (CN)s2~ 0.25
Ni(¢-mnt) ({-mnt) 2~ dto2~ Ni(i-mnt) (dto) 2~ 28
Ni({-mnt)(dto)2~ dto2~ Ni(dto) (dto)2~ 1.6
Ni(¢-mnt) (mnt)2~ dto2™— Ni{mnt)(dto)2~ 0.025
Ni(i-mnt) (CN)2~ dto2~ Ni(dto) (CN)g2~ 0.80
Ni(-mnt) (cpd)? ™ dto2~ Ni(cpd) (dto)2~ 0.52
Ni(epd) (cpd) 2~ dto?- Ni{cpd) (dto)2~ 0.00087
Ni(s-mnt) ({-mnt)2~ cde2™ Ni(¢-mnt) (cde) 2~ Very fast
Ni(i-mnt) (cdc)2— cde2™ Ni(ede) (ede)2™ 26
Ni(i-mnt) (mnt)2~ cde2- Ni(mnt) (ede)?~ 0.047
Ni(s-mnt) (CN)22— cde?™ Ni(ede) (CN)a2= 6.8
Ni(¢-mnt)(dto)2— cde2™ Ni(dto) (cdc)2~ ~10
Ni(¢-mnt)(cpd)2?~ cde?- Ni(epd) (ede) 2~ 0.68
Ni(¢-mnt) (mnt)2~ nedz- Ni(mnt) (ned)2~ 0.52
Ni(ned)(ned)?~ cpd2— Ni(ned) (cpd)2— Very fast
Ni(ned)(cpd)2~ cpd?- Ni(epd) (epd)2~ 4.9
Ni(dto) (mnt)2— cpd?— Ni(mnt) (cpd)2~ 0.0049
Ni(é-mnt) (mnt)2~ cpd?- Ni{mnt) (cpd)2~ b
Ni(dto)z2— en Ni(en)s2+ 0.15
Ni(ede)22 ™ en Ni(en)s;2 * 47
Ni(s-mnt)q2= en Ni(en)s2+ ~130
Ni(dto)s2~ dien Ni(dien)s?" 0.10
Ni(ede)22~ dien Ni(dien)e2* ~70
Ni(f-mnt)s2~ dien Ni(dien)q2+ ~300

¢ Tonic strength 0.2 M (sodium perchlorate). ? The reaction
is not first order in nucleophile:  kopsa = 73[cpd] {1 + 170-
[epd]} 1.

Substitution Reactions.—The second-order rate con-
stants found with bidentate and tridentate nucleo-
philes are listed in Table III. The nucleophile depend-
ence of the observed first-order rate constants when the
entering group is CN~— is shown in Table IV. The

TaBLE IV

Rate CoNSTANTS FOR PLANAR NickEeL(II) SUBSTITUTION
ReacTtioNs witH CYANIDE ION AS THE NUCLEOPHILE®

Reactant Product kobsd, sec™! b
Ni(dto)(dto)2= Ni(dto) (CN)s2 - 40 X 108[CN ]2
Ni(dto)(CN)z2~ Ni(CN)42~ 12 X 108[CN]2
Ni(i-mnt)z2— Ni(CN)e2— Very fast
Ni(edce)22~ Ni(CN)42~ Very fast
Ni(mnt)s2~ Ni(CN)ge~ Slow
Ni(dto)(mnt)2~ Ni(mnt) (CN)j2— 3.1 X 104[CN]2
Ni(ned)(mnt)2- Ni(mnt) (CN)z2— 56 X 104[CN ]2/

(1 4+ 160[CN])
Ni(z-mnt)(mnt)?~ Ni¢-mnt) (mnt) (CN)3~ 5.5 X 103[CN]
Ni(Z-mnt) (mnt) (CN)3~ Ni(mnt) (CN)22~ 230[CN]
Ni(ede) (mnt)2— Ni(ede) (mnt) (CN)s— 2.8 X 103[CN] + 3.1
Ni(ede) (mnt)2~ Ni¢mnt) (CN)22~ 31 X 104[CN]2/

(1 4+ B20[CN})
Ni(CN)42— Ni(CN)s— c

¢ Reactions are in aqueous solution at 25° and ionic strength
0.2 M (sodium perchlorate). ? kgpsq is the pseudo-first-order rate
constant obtained with cyanide in excess. ¢ Studied by tem-
perature-jump method. Second-order formation rate constant
is greater than 5 X 103 M ~1sec™!. See Discussion.
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10% [~ ], M.

Figure 1.—Plot of k,pa vs. dto?~ ion concentration for Nifen);2+
+ 2dto?~ — Ni(dto),2~ + 3en at 25° (total complex concentra-
tion (5-10) X 107% M): curve A, no excess en; curve B, en in
102 molar excess.

mixed-ligand complexes were prepared in situ. The
other solutions were prepared by adding the appropriate
amount of a salt of the complex to water. Some
of the compounds were found to decompose slowly in
water. Solutions of these compounds were prepared
and used within a period of time that ensured negligible
decomposition. Wavelengths offering large absorbance
changes were selected for the kinetic runs. Some of
the products listed in Tables III and IV react further
with the nucleophile. In some cases an isosbestic
point was used, thus eliminating the problem of observ-
ing secondary reactions. In most cases, however,
this was not necessary as the rate constants describing
the main reaction and the subsequent ones are separated
by at least a factor of 10, permitting a straightforward
determination of the rate constants.

For a typical kinetic run the total complex concen-
tration was 5 X 1079 M and the nucleophile concentra-
tion was varied from 107 to 102 M. To several of
‘he reaction solutions sodium hydroxide was added
(10—3%10—?* M) with no observable effect on the ki-
netics.

Kinetic runs with en and dien as the nucleophiles
show only one step and this step has the absorbance
change calculated from the reactants and products.
Hence it seems probable that the reaction sequence is

k
NiLy2~ + en —> Ni(en)L + L2 (3)
fast
Ni(en)L + 2en —> Ni(en)y?* + L2~ (6}

Reactions of Ni(en),?*.—For the reaction

Nien)?* + 2dto?~ —> Ni(dto),*~ + Zen (7)

the nucleophile dependence of the observed pseudo-

first-order rate constant at 25° and ionic strength of
0.2 M (sodium perchlorate) is

33 X 10%[dto?™]

Eobsa(sec™!) = =

1 + 350[dto?*~]

(8)

The dto?~ concentrations used were between 5 X .10—*
and 120 X 10—* M. The entire absorbance change

Inorgunic Chemistry

between the reactants and products was observed in the
kinetic runs suggesting the scheme

k

Nilen):?t + dto?~ —> Ni(en)(dto) + en (9)
fast

Ni(en)(dto) 4+ dto?~ —> Ni(dto):2~ + en (10)

All of the nickel(IT) complexes with sulfur donor ligands
used in this study are diamagnetic. Ni(en),?* is not a
low-spin planar system in solution, but it is likely that
reaction 9 proceeds by the same mechanism as the
dithiolate-substitution reactions. This is discussed
below.

The same reaction with mnt?>~ as the nucleophile is
too fast to allow a detailed study.

Figure 1 shows the nucleophile dependence of the
pseudo-first-order rate constants observed at 25° and
ionic strength of 0.2 M (sodium perchlorate) for reac-
tion 11. When no cn is present other than that gen-
erated during the course of the reaction, the form of
kobsa is (curve A)

Ni(en);?+ + 2dto?~ —= Ni(dto):?~ + 3en (11)
Bopsa(sec™) = 2.2 + 120[dto?-] (12)

When 10~% molar excess en is present, all kosd values
are lowered and kobhsg crves toward zero as [dto?~] ap-
proaches zero (curve B). The mechanism proposed to
account for the data is

k1 k3
Nilen)y?t == (en);Ni-N-—N?T —> Ni(en)y** + N—N

I3

ks fast
Ni(en)?T + dto?~ —> Ni{en)(dto) + en —> Ni(dto)?~ + en
dto?~

k1
Ni(en)?2~ + en —> Ni(en)s*+
Ry
(en);:Ni-N—N** 4+ en —> Ni(en)y?* + N—N

k fast
(en);Ni-N—N?*T + dto?— —‘> mixed complex —> Ni(dto)?~
Using the steady-state approximation for Ni(en),?*
and (en),Ni-N—N?2+ and letting [L] mean [dto?~] one
calculates
Bt = b | e T K ekt ket matnl +
P T U LAIL] + Eilen) T TR

kslen])~HL] (13)

When no excess en is present, one can approximate ko
as

kilks + k(L))
obad = T ) 14
Rt = Bt ke + RiL] ()
and
klk3 -
1 Robsd = - 15
[L]lmo b ke + ks (15)

The limiting value of eq 15 can be estimated from pub-
lished reports?®® on the rate of dissociation of Ni(en);2+.
The value of k; is about 87 sec—! at 25° and (k. +
k3)/ks is approximately 30.33 Hence the limiting rate
constant should be 2.9 sec~!. The limiting rate con-
stant found is 2.2 sec™?, a value in excellent agreement
with the proposed mechanism.

(33) A. K.S. Ahmed and R. G. Wilkins, J. Chem. Soc., 2001 (1860).
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When excess en is present, the limiting value of
kobsa as [L] approaches zero should be zero according to
eq 13. Figure 1 shows that this is precisely what hap-
pens. Although Figure 1 shows that ke is linear in
[L] within the range of concentrations used (curve A),
at much higher concentrations of nucleophile than
could be used in this study Z.psa would become non-
linear in {L] and finally reach a limiting value given by
k].

When mnt?~ is the nucleophile, analogous- results
are found. With no excess en, at 25° and ionic strength
of 0.2 M (sodium perchlorate), it is found that

kobsa(sec™) = 2.2 4+ 380{mnt2~] (16)

Again when excess en is present, kopsa approaches zero
as [mnt?~] approaches zero.

Reaction of Cu(mnt)(dto)?~ with mnt?—.—Cu(mnt)-
(dto)?— was prepared in situ by adding slowly and with
vigorous stirring a dilute solution of Na,mnt to a solu-
tion of Cu(dto),*~. Although the spectra are not as
definitive as for most of the nickel(II) dithiolate ana-
logs, a mixed complex is indicated. It appears!® that
Cu(mnt),?~ is square planar. One would expect Cu-
(dto)s?~ and Cu(mnt)(dto)?~ also to be planar. For
reaction 17 the same stopped-flow oscilloscope traces

Cu(dto)?~ + 2 mnt?~ ——> Cu(mnt)?~ + 2dto?~ (17)

were observed whether starting with Cu(dto).?~ or
a solution corresponding to equimolar Cu{mnt)(dto)?—.
This supports the existence of Cu(mnt)(dto)?~ and
suggests the scheme

fast
Cu(dto):?~ + mnt?— —i) Cu(mnt){dto)?~ 4 dto?~ (18)

k
Cu(mnt)(dto)?~ 4 mnt2~™ —> Cu{mnt)?~ + dto?~ (19)

Because the reaction is very fast, only an approxi-
mate second-order rate constant could be obtained:
B~ 1.4 X 108 M- sec™ at 25° and ionic strength
0.2 M. This would mean that copper(II) reacts
about 7000 times faster than nickel(II) for this reac-
tion (Table III). Such a factor seems reasonable.?

Discussion

Stability Constants.—Table IT shows that the 1,2-
dithiolates usually form nickel(II) complexes of greater
stability than the 1,1-dithiolates. This is partly due
to the fact that the former complexes have five-mem-
bered rings while the latter are four-membered. That
complexes with five-membered rings are considerably
more stable than analogous four-membered ring com-
plexes is well known. Another reason is that the 1,2-
dithiolate complexes possess extensive = delocalization
not possible with the 1,1-dithiolates.3=5:24:3¢  This is not
to say, however, that = interactions are of no impor-
tance with the I1,1-dithiolates. From Table II the
order of decreasing stability is: Ni(tfd)>~ > Ni-
(mnt),?~ and Ni(cpd),2— > Ni(ned)»?>~ > Ni(s-mnt),2—.
A consideration of substituent effects?® shows that sta-
bility decreases as inductive and resonance removal

(34) G. N. Schrauzer, Accounis Chem. Res., 2, 72 (1969).
(35) J. Hine, “Physical Organic Chemistry,” 2nd ed, McGraw -Hill Book
Co., Inc,, New York, N. Y., 1962, Chapter 4.
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TaBLE V

EFFECT OF THE LEAVING GROUP FOR PLANAR Nicker(II)
SUBSTITUTION REACTIONS IN AQUEOUS SOLUTION AT 25°¢
lrans

group Nucleophile Leaving group

dto?~ dto?~ -mnt?~ > cde?™
2.9 1
mnt?~  dto?~ -mnt?= > cde*~
4.6 1
mnt?~ mnté- -mnt?~ > ned?~ > ede?™ > dto?~ > cpd?~
30.5 15.5 10.5 1
CN- CN- -mnt?~, ede?™ > dto?~ > mnt?—
cpd?— dto?~ j-mnt?~ > cpd?~
1200 1
cpd?— mnt?~  ned?” > i-mnt?~ > ede?” > dto?™ > cpd?-
1350 690 260 11 1
mnt2~ CN-? ned?” > cde?~ > dto?™ > mnt?~
18 10 1

¢ Jonic strength 0.2 M (sodium perchlorate). General reaction
is Ni(T)(L)?~ 4+ Nu?~ — Ni(T)(Nu)?~ where T is the trans
group, L is leaving group, and Nu?~ is the nucleophile. Numbers
under the leaving group-ligands are relative reactivities. ? Rela-
tive reactivities are for the limit [CN~] — 0.

of electronic density from the nickel center increases.
This is as expected.

Leaving-Group Effect.—Table V summarizes the
relative ease of displacement of a group, holding the
trans group and nucleophile constant, from a nickel(IT)
dithiolate complex. With the exception of ned?- the
relative leaving-group effects are seen to remain fairly
constant as the nucleophile and ¢frans group are changed.
The ease of displacement decreases: ¢-mnt, ned > cdc
> dto > cpd > mnt. The stability of NiL,2~ decreases
(Table II): mnt > cpd > dto > ned > cde > ¢-mnt,
Thus with the sole exception of ned?— the two series
correspond nicely. This shows that bond breaking
is important in the overall substitution mechanism.

Nucleophilic Reactivity.—Table VI summarizes the
nucleophilic reactivities for the substitution reactions
holding the leaving group and #rams group constant.
The series remain fairly constant as the substrate is
changed. The general ordering for the nucleophiles is:
CN > mnt > ned > cpd > cdc > dto and dien, en >
cde. Cyanide ion cannot be rigorously compared to
the other nucleophiles because most of its reactions
are greater than first order in nucleophile. The
fact that dien and en are mnot charged probably
places them higher in the series than would otherwise
be the case. The nucleophilic reactivities only very
roughly parallel stability. As with the leaving-group
effect, ned?~ seems to be somewhat anomalous.

Mechanism of the Substitution Reactions.—Square-
planar substitution reactions of platinum(II) proceed
via an associative mechanism.! The form of the ob-
served pseudo-first-order rate constant is usually given
by

kovsa = ks + EL[L] (20)
In eq 20 kg refers to the solvent path and %;, the reagent
path. Such a two-term rate law was found® for

trans-Ni(P{CsHj)s)2(0-CH;CsH4)Cl + py —>=
trans-Ni(P(CyHj)s)a(0-CH;CeHy)py ™ + Cl—  (21)

(36) F. Basolo, J. Chatt, H. B. Gray, R. G. Pearson, and B. L. Shaw,
J. Chem. Soc., 2207 (1961).
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TaBLE VI
NUCLEOPHILIC REACTIVITY FOR PLANAR NICKEL(I])
SUBSTITUTION REACTIONS IN AQUEOUS SOLUTION AT 25°°
Substrate
Ni(z-mnt),2—?

Nucleophile
CN, mnt?—, ned?~, dien > en, cde?™ > dto?™

very fast fast
Ni(ede),2— 0 CN~ > mnt?®~ > ned?~ > dien > en > dto*~
25 ~17 11.5 8 1
Ni(ned);*~ ¢ CN~, mnt?™, cpd?~
very fast

CN~¢ > mnt?~ > en > dien
3.3 1.5 1
mnt?= > dto?~

Ni(dto),2~ ®

Ni(epd),*~*

24 1
Ni(cde)(mnt)2— ¢ CN™ ¢ ~ mnti~ > dto?~
35 1
Ni(cde)(dto)?— 4 mnt?~ > dto?~
42 1
Ni(-mnt)(mnt) =/ mnt?~ > ned?~ > cpd?~¢ > cde?™ > dto?~
23 21 2.9 1.9 1
Ni(é-mnt){(dto)?2~/ mnt?= > cde?~ > dto?™
33 ~8 1
Ni(-mnt)(cpd)2— 7/ mnt?~ > cde?™ > dto?~
14 1.3 1
Ni(dto)(mnt)2— * CN~ ¢ > mnt?~ > cpd?~
4 1
Ni(ned)(mnt)?— / CN~ ¢ > mnt?~
Ni(ned)(cpd)?~ ¢ mnt?~ > cpd?~
3 1

¢ Tonic strength 0.2 M (sodium perchlorate). The numbers

listed under the nucleophiles are relative reactivities. ? Reac-
tivities refer to displacement of the first ligand. ¢ Reaction is
second order in CN~. 4 The cdc?~ group is displaced. ¢ Reac-

tion is between first and second order in CN~. / The 4-mnt?~
group is displaced. ¢ Value of nucleophilic reactivity is for the
limit [cpd?~] — 0. * The dto?~ group is displaced. * The ned?~
group is displaced.

i
<\N./ o N > .
s/ \s—s E \s/ \L
C D

Figure 2.—Mechanism of substitution reactions of nickel(I1)
dithiolate complexes with bidentate nucleophiles. Charges are
omitted. The five-coordinate intermediates are shown as
square pyramidal; however, no real evidence is available about
their structure.

No solvent path was detected for the dithiolate sub-
stitution reactions reported here. This could simply
mean that kr[L] > ks.

The mechanism proposed to account for the sub-
stitution reactions of nickel(I1T) dithiolates with bi-

Inorganic Chemistry

dentate nucleophiles is given in Figure 2. The first
step, for which K is the equilibrium constant, is the
rapid formation of a five-coordinate adduct. Assuming
the steady-state approximation for C and D, one cal-
culates, for excess L

_ KE[L)
kobsd = 1 + K[L] (22)

where £’ is a collection of rate constants
. Rikiks 2)

T kalks F Eo) + koks

The transformation C = D can be treated as an
equilibrium and by assuming the steady-state approxi-
mation for the sum (C 4 D), eq 22 is generated except
that a minor change in &’ occurs.

The proposed mechanism for unidentate nucleophiles
is given in Figure 3. Rapid equilibria are represented

</S\Ni/s\ B L/s\
NNV N

=%,

e
./

<s ’ + X —}Sz—ﬂﬁ\il/x -
“““\S N

C D

/S\Ni/x
N N

Figure 3.—Mechanism of substitution reactions of nickel(II)
dithiolate complexes with unidentate nucleophiles. Charges
are omitted. The five-coordinate intermediates are shown as
square pyramidal; however, no real evidence is available about
their structure.

S

by K; and K, Assuming the sum (C + D) is in a
steady-state and that %, > k:K:[X], one obtains,
for excess X

kK [X]*

Robsa = WI—X—] (24)
where
k,, = kxkaK2 (25)
ke

Similar results are obtained if K, is replaced by the
rate constants k; and k4 and both C and D are assumed
to be in a steady-state. A reasomnable value of K>{X]
for the compounds reported here will be shown later
to be less than unity for the concentrations of X
used. Because of this and the fact that one expects
ks >> ks, the assumption that k, > £ K,[X] seems
safe. Were K, very large and/or [X] large, however,
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it would be possible for konsa to become zero order
in X.

The differences in the kop,sq dependence on nucleophile
concentration for bidentate and unidentate nucleophiles
is fortunate because it provides a tool with which
to test the mechanisms as is demonstrated below.

Evidence for the Substitution Mechanisms.—There
is considerable evidence in favor of the proposed mech-
anisms. All reactions with bidentate nucleophiles ex-
cept one are first-order in the entering group. The
exception is less than first order (Table III). This
agrees with eq 22. Likewise all reactions with CN ~ are
somewhere from first to second order in nucleophile
(Table IV) as demanded by eq 24. Also the mech-
anisms proposed are associative in nature, agreeing
with the associative nature of the mechanisms proposed
for platinum (1) substitutions.

Several reactions are strictly second order in CN—
as the entering group (Table IV). This is expected
if Kj[CN] < 1 in eq 24, Strong support for the
mechanism in Figure 3 is obtained from the results
of the reaction Ni(L)(mnt)?~ 4+ 2CN~ — Ni(mnt)-
(CN)y2— 4 L2~ where L = {-mnt, cdc, ned, or dto.
With L = dto the reaction is second order in CN—
over the range of [CN—] used (10—% to 15 X 10% M).
With L = ¢-mnt two reactions were seen both of
which were first order in CN—. The absorbance change
remained constant for both steps as the concentration
of the nucleophile was varied. This is predicted from
eq 24 when K;[X] > 1. The first step is attributed
to the adduct formation

Ni(G-mnt)(mnt)2~ + CN- ké Ni(-mnt)(mnt)(CN)s=  (26)

-1
The kopsa value for (26) is given by eq 27. As shown
kobsda = Ri[CN~] + ko 27

in Table IV a plot of Ropsq vs. [CN~] gave by = 0. This
simply means that Ky = ki/k_y is too large to allow
the detection of k_; experimentally. The second step,
which is about 24 times faster than the initial step,
is attributed to reaction 28. Although a precise value
of K, cannot be obtained from the data, its magnitude
Ni(z-mnt)(mnt(CN)»*~ + CN~ —>

Ni(mnt)(CN)gt~ + é-mnt?=  (28)
must be greater than 1000 M~! for k. to appear
to be zero and for (28) to be first order in CN—.

With L = cdc again two steps are seen. The steps
are attributed to reactions analogous to (26) and (28)
where cdc is the leaving group instead of ¢-mnt. This
time the first step has kopsq(sec™) = 2.8 X 103[CN~] +
3.1. This agrees nicely with eq 27. From this one
calculates K; = ki/ky = 900 M~ The second step
has a rate form identical with eq 24, as shown in
Table IV. The best fit is obtained with K; = 820
M—1, determined by plotting [CN—]2/kopsa vs. [CN].

The proposed mechanism (Figure 3) demands that

the K, in eq 24 be identical with the K obtained as
ki/k_1 from eq 27. The values of 820 and 900, though
not identical, are certainly within experimental error
and lend strong support to the proposed mechanism.
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Figure 4.—Representation of a typical oscilloscope trace for the
reaction Ni(¢é-mnt)(mnt)?~ + cpd?~ — Ni(epd){mnt)*~ + -
mnt?~ at 25°. The wavelength is 420 mu. The complex con-
centration is 1074 M and the epd?~ concentration is 6 X 10~3 M.
The horizontal line is the infinity reading.

With L = ned again two steps are seen. The
absorhance change for the first step is, however, too
small at the wavelengths used to allow accurate rate
constant determinations., The second step has the
rate form given in Table IV. A plot of [CN~]2/kobsa
vs. [CN—] gives K; = 160 ML

The equilibrium constant, K = k;/k_y, for Ni(CN),2~
+ CN- — Ni(CN);*~ is reported® as 0.21 M~! at
23° and an ionic strength of 2.5 M. This means
that a very large excess of cyanide ion is needed to
drive the equilibrium to the right to an appreciable
extent. An attempt was made to measure the kinetics
of this reaction using the temperature-jump relaxation
technique. At 0°, 35,000 V was discharged through
an aqueous solution containing 5 X 10-% M total
nickel ion and 0.5 M sodium cyanide. Although an
absorbance change occurred, the relaxation time was
too short to detect. On the instrument used this
meant that the half-life for the relaxation process was
<40 X 107% sec. One obtains & > 5 X 10%® M1
sec™! if the reciprocal relaxation time is assumed to
be of the form ki [CN-] + k_;. Table IV shows
that the formation rate constants of the cyanide adducts
of the dithiolate complexes discussed above are 2.8
X 10%and 5.5 X 108 M ~!sec L

There is also evidence strongly in favor of the mech-
anism with bidentate nucleophiles (Figure 2). For
reaction 7 the form of kopeq is given by eq 8.  Although
Ni(en),?* is not a planar dithiolate system, it seems
reasonable to expect a similar mechanism for its sub-
stitution reactions. A plot of 1/[L] vs. 1/Rebsa oOF
[L]/kobsa vs. [L] gives K = 350 M—!. This K cannot
be an ion-pair formation constant as it is much too
large.! The form of eq 8 agrees with (22).

The best evidence favoring the mechanism in Fig-
ure 2 is given by reaction 29. Figure 4 shows a typical
Ni(¢-mnt)(mnt)2= + cpd2— —=

Ni(cpd){(mnt)?— 4+ ¢-mnt?~ (29)

The ab-
(37) A.L.van Geet and D. N. Hume, Inorg, Chem., 8, 523 (1964),

oscilloscope trace observed for this reaction.
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Figure 5.—Plot of kgsq vs. cpd?™ concentration for Ni(z-mmnt)-
(mnt)?~ 4 ¢pd?~ — Ni{cpd)(mnt)2~ + ¢-mnt2~,

sorbance change associated with the initial decrease
in Figure 4 increases as the cpd?— concentration is
increased. This suggests reaction 30, which does not

k
Nii-mnt)(mnt)?~ + cpd?~ — Ni(-mnt)(mnt)(cpd)i= (30)
kot

go to completion except at high nucleophile concentra-
tion. The second step in Figure 4 is attributed to
reaction 31. By choosing a wavelength where ab-

Ni(-mnt)(mnt)(cpd)t~ —> Ni(epd)(mnt)?~ + 4-mnt2— (31)

sorbance changes due to the second step were mini-
mized to almost zero, the koysq form of (30) was ob-
tained as

kovsa{sec™1) = 0.32 X 10%[epd2~] + 1.2 (32)

Equation 32 gives K = 270 M~! TUnfortunately
this value is only approximate because reaction 30
does not go far enough to completion at low nucleophile
concentrations to allow konsa determinations under
these conditions. The overall reaction {(eq 29) goes
to completion at all [cpd?~] values, however, Further
proof that the initial step is an equilibrium step that
does not go to completion at low nucelophile concentra-~
tions was obtained by finding a wavelength (430 mu)
where, at higher [epd?~] values (~10-2? M), only an
absorbance change due to the initial step was seen,
i.e., at an isosbestic point with respect to Ni(cpd)-
(mnt)?2~ and Ni(z-mnt)(mnt)(cpd)?~. By going to
low [cpd®~] values at this wavelength an oscilloscope
trace was obtained that showed two steps, the slower
one yielding the same konsq as that obtained for reaction
31 at other wavelengths. Regardless of the nucleophile
concentration, the total absorbance changes were iden-
tical. This is precisely what reactions 30 and 31
predict. Although there is no absorbance change as-
sociated with (31), reaction 30 does not go to comple-
tion; so as (31) proceeds, reaction 30, which is a rapid
equilibrium with respect to reaction 31, is shifted to
the right thus producing the absorbance change at a
rate determined by reaction 31. A plot of kopsa vs.

Inorganic Chemistry

[epd?—| of the second step {eq 31) is given in Figure 5.
The form of £qnua is given by

kopsa(sec™) = %] (33)
The K value of 170 M~} thus indicated is probably
more accurate than the 270 3/~! value obtained from
eq 32. All these results for reaction 29 agree well
with the mechanism given in Figure 2.

It is felt that the above results with CN— and epd?-
as nucleophiles lend strong support to the proposed
mechanisms for the substitution reactions of nickel(IT)
dithiolates.

Adduct Stability —In D., or Dy, symmetry the
nickel 4p, orbital is purely = (L) bonding. It is
well known!® 243 that a good way to stabilize a square-
planar geometry is to involve the metal 4p, orbital
in extensive = bonding with the ligands. Adduct
formation would remove the 4p, orbital from the =
network as it involves o-bond formation to the entering
group. Hence much of the stability due to = de-
localization is lost. Similar reasoning has been used
to explain the lack of axial perturbation of the dithiolate
and dithiooxalate complexes when dissolved in co-
ordinating solvents.!8,24,25.27

TaBLE VII
APPROXIMATE FORMATION CONSTANTS OF FIVE-COORDINATE
Appucts OF NIckEL(II) COMPLEXES IN AQUEOUS
SoLuTION AT 25°%¢

Nucleo-

Reuactant phile Adduct K, M1
Ni(en)q 2+ dtoz~ Ni(en)z(dto) R 350
Ni(i-mnt) (mnt)2~ cpd?— Ni(Z-mnt) (mnt) (cpd)t~ 200
Ni((-mnt) (mnt)2~ CN - Ni(¢-mnt) (mnt) (CN)3~ >1000
Ni(ned) (mnt)2~ CX -~ Ni(ned) (mnt) (CN)s~ 160
Ni(cdce) (mnt)2— CN -~ Ni(ede) (mnt) (CN)3~ 850
Ni(dto) (mnt)2~ CN~ Ni(dto) {mnt)(CN)s~ <30
Ni(CN)a2™ CN- Ni(CN)s?™ 0.21"

¢ Tonic strength 0.2 3/ (sodium perchlorate). Formation con-
stants were extracted from kinetic data. * From A. L. van Geet
and D. N. Hume, Inorg. Chem., 3, 523 (1964). Ionic strength
2.5 M and temperature 23°.

Table VII lists the adduct formation constants de-
scribed above. The constants are necessarily rather
approximate. From Table VII the stability of the
cyanide adducts decreases: <-mnt > cde > ned >
dto. This is also the inverse of the stability series
for the bis-dithiolato complexes. Considering reso-
nance and inductive effects one expects Ni(L)(ned)?~
to contain more m-electron density in the nickel 4p,
orbital than Ni(L)(s-mnt)2—. Tt seems probhable that
the order of decreasing w-electron density in the 4p,
orbital is: mned > cdc > 4-mnt. The adduct constants
agree with the idea that the greater the = density
in the 4p, the lesser the tendency for a nucelophile
to form a strong o bond along the z direction.

Only one dithiolate, cpd, displayed kinetic evidence
of being able to form a strong ¢ bond to the nickel
4p, orbital in a dithiolate complex. The stability of
Ni(epd) 2~ suggests that epd should be better than
any other dithiolate ligand reported here for forming

(38) H. B. Gray, Ivunsition Melal Chem., 1, 240 (1965).
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adducts. Although Ni(mnt),?~ is of greater stability
than Ni(cpd).?—, much of this stability is due to the
more extensive = bonding possible with mnt, This
m stabilization results upon ring closure so that bonding
through only one sulfur atom may well be stronger
with cpd; <.e., cpd is a better ¢ donor to the 4p, orbital
than is mnt.

Table VII shows that the formation constant of
Ni(CN);3~ from Ni(CN),?~ is about 0.2.%7 This value
is much smaller than the formation constants of the
cyanide adducts of some of the dithiolate complexes
listed in Table VII. The instability of Ni(CN);*~
has been explained?® as being due to the large amount
of 7 bonding in Ni(CN),2~ which is lost when a fifth
group is added. In at least one case Table VII shows
that cyanide ion is better than a dithiolate anion in
forming five-coordinated adducts.

trans Effect.—Table VIII summarizes the effect of
the trans group, holding the nucleophile and leaving

TaBLE VIII
EFFECT OF THE frans GROUP FOR PLANAR
N1ckeL(1I)-SUBSTITUTION REACTIONS IN AQUEOUS
SOLUTION AT 25°¢
Leaving Nucleo-

group phile trans group
i-mnt*~ dto?~ {-mnt2~ > dto?~ > CN~ > cpd?~ > mnt?~
560 64 32 21 1
cde2~ dto2~ ede?= > dto?~ > CN ™ > mnt?-
530 96 44 1
t-mnt2~ mnt?-  {fmnt?2T > dte?~ > cpd?T > mnt2-
- 91 13 1
ned:— cpd?~  ned?” > cpdi-
cde2- mnt?~ cde?™ > dto?~ > CN ™~ > cpd?~ > mnt2-
375 115 50 14 1
dto2~ mnt2- dto?2~ > e¢pd2~ > mnt?-
8.6 6 1
dto2~ CN-  dto2~ > CN~ > mnt?~
655 390 1
f-mnt2~ cde?~  {-mnt?” > ede?” > dto?™ > CN ™ > cpd?~ > mnt2~
560 213 144 14.5 1

mnt?~ epd?~ > mnt?~
mnt?= ned?= > cpd?~ > mnt2~
49 1
@ Ionic strength 0.2 M (sodium perchlorate). The general re~
action is Ni(T)}L )2~ + Nu2~ — Ni(T)(Nu)?~ where T is the trans
group, L is the leaving group, and Nu?~ is the nucleophile.
Numbers under frans-group ligands are relative reactivities.

cpd2~
ned?~
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group constant, on the kinetics of nickel(II) dithiolate
substitution reactions. The frans-effect series de-
creases in the order +-mnt > cde > dto > CN > cpd >
mnt and ned > cpd. Except for CN~ this is just
the stability series. With mnt there is very extensive
7 delocalization involving the nickel 4p, orbital. This
means that K for adduct formation is expected to
be very small relative to complexes containing trans-1,1-
dithiolate groups, which participate in = bonding to a
significant but much smaller extent than the 1,2-
dithiolates. A small K value reduces the rate constant
accordingly. With 4-mnt, cdc, dto, and cpd as the
trans groups, the stability of the five-coordinate adduct
also seems to control the rate. For reasons stated
above the m-electron density in the nickel 4p, orbital
probably decreases: cpd > ned, dto > cdc > Z-mnt.
The cyanide adduct stability decreases in the order
i-mnt > cdc > ned > dto. The suggestion is that
the rate increases as the adduct stability increases
and that the major part of the frams effect operates
vie the stability of the five-coordinate adduct which
must form before substitution can occur. Of course,
one should also consider the effect of the trams group
on the bond strengths of the leaving group but there
is no simple way to do this.

Conclusion

Substitution reactions of the planar nickel(II) com-
plexes reported herein follow an associative path as
expected. The solvent path is not important. Al-
though for platinum(II) formation of a five-coordinate
intermediate may be rate determining, for nickel(II)
this is rapid compared to subsequent steps. The
formation constant of the five-coordinate intermediate
does, however, markedly affect the rates. The frans
effect for nickel(IT) operates wia the stability of the
five-coordinate intermediate.
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