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Three new series of transition metal complexes have been prepared from tetradentate Schiff base ligands with two sulfur
and two nitrogen donor atoms. Ni(II), Cu(II), Pd(II), and Co(1l) chelates were prepared with NV,N'-ethylenebis(monothio-
acetylacetonimine), H, [(sacac),en], N,N'-propylenebis(monothioacetylacetonimine), H, [(sacac),pn], and cis-V, N'-cyclo-
hexylbis(monothioacetylacetonimine), H, [(sacac),chxn]. Zn(II) and Cd(II) chelates were also prepared with H, [(sacac),-
en] while trans-H, [(sacac),chxn] formed an isolable complex only with Pd(I). Characterization of the complexes by ele-
mental analyses, molecular weight, magnetic susceptibility, and conductivity measurements and pmr, infrared, and elec-
tronic spectra has shown these chelates to be square-planar monomeric species with more charge delocalization in the sul-
fur-containing chelate rings than in the six-membered chelate rings in the oxygen analogs.

Introduction

The complexity of naturally occurring oxygen-carrying
systems has made the study of factors affecting oxygenation
extremely difficult. Therefore the study of synthetic model
oxygen carriers has been of great interest in recent years.
Iron(IT) and copper(l), which function so well as reversible
oxygen carriers in respiratory proteins, rarely display this
property in simpler metal complexes which could be studied
more easily. Of necessity, then, the most studied transition
metal with an ability to act as a synthetic oxygen carrier
has been cobalt(II).

Some of the most recent work in the area of 1:1 cobalt-
(ID-oxygen adducts involves a series of studies in which
tetradentate potential oxygen-carrying chelates are dissolved
in the presence of a Lewis base and then exposed to oxygen.
The Lewis base coordinates in an axial position and molecu-
lar oxygen coordinates in the remaining position. Floriani
and Calderazzo!-? have investigated the oxygen adducts
which form when N, N'-ethylenebis(salicylideneiminato)co-
balt(Il), Co(salen), or its phenyl-substituted derivatives are
dissolved in the presence of DMF, DMSO, or some other
Lewis base and then slowly exposed to dry air. Crumbliss
and Basolo have reported similar studies with NV, N'-ethylene-
bis(acetylacetoniminato)cobalt(II).> Their work suggests
that the role of the Lewis base is to stabilize the adduct by
allowing octahedral coordination of the metal to be achieved
upon oxygenation in solution.

Although the majority of synthetic oxygen carriers con-
tain tetradentate ligands with oxygen and/or nitrogen donor
atoms, the work done by Vaska, et al,, on reversible oxygen
carriers containing Ir, Rh, and Co metal ions with phosphine
ligands,? suggests that a wider range of complexes should be
investigated for oxygen-carrying properties. Although, to
date, few studies have been made on oxygen-carrying metal
chelates with nitrogen and sulfur donor atoms, several po-
tential oxygen-carrying chelates of this type have recently
been synthesized. Bertini, Sacconi, and Speroni have pre-
pared a series of nickel(I) and cobalt(II) chelates with Schiff
base ligands formed from o-mercaptobenzaldehyde and
mono- or polyamines having donor sets of SN, S;N,, and
S2N5.5 Obviously these cobalt(II) chelates, which are planar

(1) F. Calderazzo, C. Floriani, and J. J. Salzman, Inorg. Nucl.
Chem. Lett., 2,379 (1966).

(2) C. Floriani and F. Calderazzo, J. Chem. Soc. A, 946 (1969).

(3) A. L. Crumbiliss and F, Basolo, Science, 164, 1168 (1969);
J. Amer, Chem. Soc., 92, 55 (1970).

(4) L. Vaska, Science, 140, 809 (1963); Accounts Chem. Res., 1,
335 (1968).

and tetradentate, and even those which are pentadentate are
prime candidates as oxygen carriers.

An interest in the novel properties of sulfur-containing
chelates and a search for new oxygen-carrying metal com-
plexes have led us to synthesize a series of new metal che-
lates (as shown in I-III) containing tetradentate Schiff base
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ligands with two nitrogen and two sulfur donor atoms. As
these new chelates are quite similar to N, N'-ethylenebis-
(acetylacetoniminato)cobalt(II), which has been shown to
coordinate reversibly with molecular oxygen in the presence
of a Lewis base, it was expected that the cobalt(Il) chelates
of this study would form adducts with molecular oxygen.
Indeed studies in our laboratory on the oxygen-carrying
properties of N, N'-ethylenebis(monothioacetylacetonimina-
to)cobalt(Il) have confirmed that in the presence of Lewis
bases at low temperatures this compound does bind reversi-
bly with molecular oxygen.® A full account of the oxygen
reactivity will be published subsequently. In this paper,
we wish to report the synthesis and characterization of three
new series of tetradentate thioiminatometal chelates’ yiz a
method which should prove generally applicable to a wide
variety of such complexes.”

(5) L. Bertini, L. Sacconi, and G. P. Speroni, Inorg. Chem., 11,
1323 (1972).

(6) M. E. Koehler and S. C. Cummings, Abstracts, 165th National
Meeting of the American Chemical Society, Dallas, Tex., April 1973.

(7) A preliminary account of some of this work has already ap-
peared: see R. M. C. Wei and S. C. Cummings, Inorg. Nucl, Chem,
Lett., 9, 43 (1973).

(7a) Note Added in Proof. We have recently extended these
reactions to systems with different substituents on the thioimine



Square-Planar Transition Metal Complexes

Table I. Analytical Data for H, [(sacac),B] and M[(sacac),B]
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Mol wt % calcd % found
Compd Caled Found® Color C H N S M C H N S M

H, [(sacac),en] 256.5 256 Yellow 5620 7.86 10.92 25.00 56.27 740 1099 25.24

H, [(sacac),pn] 270.4 268 Yellow 57.73 8.20 1036 23.71 57.67 8.11 10.20 23.87

H, [(sacac),chxn] 310.5 304 Yellow 61.88 8.44 9.02 20.65 6198 8.11 8.93 20.86

Ni[(sacac),en] 313.2 306 Green 46.02 5.75 8.94 2048 18.75 46.24 5.36 8.96 20.48 18.81
Ni[(sacac),pn] 3272 330 Green 47.69 6.16 8.56 19.60 1795 4767 6.15 841 1943 18.16
Ni[(sacac),chxn]® 367.2 363 Green 5233  6.59 7.63 17.46 1599 5245 6.20 7.83 1771 16.32
Cu[(sacac),en] 318.0 324 Maroon 45.33 5.71 8.81 20.17 1999 4536 549 8.89 20.07 19.81
Cu[(sacac),pn] 332.1 325 Bronze 47.02 6.07 8.73 1931 19.13 47.13 5.57 8.39 19.14 19.51
Cu[(sacac),chxn]® 372.1 382 Bronze 51.65 6.50 7.53 17.23 17.08 51.51 6.51 744 1694 17.09
Pd[(sacac),en] 360.8 358 Gold 39.95 5.03 776 1777 2949 3992 4.86 798 17.62 29.35
Pd[(sacac),pn] 3748 370 Gold 41.66 5.38 747 1711 2839 41,75 540 7.54 17.05 28.18
Pd[(sacac),chxn]®? 4149 408 Gold 4632 5.83 6.75 1546 2564 4626 5.79 6.88 15.56 25.33
Pd[(sacac),chxn]® 4149 404 Gold 4632 5.83 6.75 1546 2564 46.39 548 6.63 1548 25.51
Co[(sacac),en] 313.3 321 Red 46.00 5.79 894 2047 1881 46.11 5.25 9.13 2048 19.04
Co{(sacac),pn] 3274 323 Red 4769 6.16 8.56 19.59 18.01 47.59 6.19 8.38 1944 18.25
Cd[(sacac),en] 366.9 624¢ Yellow 39.29 495 7.63 1749 30.64 39.34 494 7.50 17.66 3042
Zn[(sacac),en] 319.8 316 Yellow 45.07 5.67 8.76 ' 20.05 2044 4508 5.28 8.88 20.12 20.62

@ Chloroformsolvent. ? Cis and trans isomer mixture. € Cis isomer.

CHCI, molecules.

Experimental Section

Materials. Acetylacetone, ethylenediamine, 1-chloro-2,3-epoxy-
propane, and boron trifluoride etherate were purchased from Matheson
Coleman and Bell. The latter two were freshly vacuum distilled prior
to use. Propylenediamine and 1,2-cyclohexanediamine (gc analyzed
as a mixture of 33% cis and 67% trans isomers) were purchased from
Aldrich Chemical Co. Pure trans-cyclohexanediamine was prepared
by the method of Smith.® All of the metal salts were reagent grade
and were used without further purification. Technical grade sodium
hydrosulfide was purchased from Matheson Coleman and Bell in
flake form and was ground to a powder and dried under vacuum for
24 hr prior to use.

N, N'-Ethylenebis(acetylacetonimine), H, [(acac),en}, N, N'-propyl-
enebis(acetylacetonimine), H, [(acac),pn], and N¥,N '-cyclohexylbis-
(acetylacetonimine), H, [(acac),chxn}], were prepared by condensa-
tion of the appropriate g-diketones and diamines in absolute ethanol
as reported by Martell, Belford, and Calvin.®

Triethyloxonium tetrafluoroborate, [Et,O]*[BF,]", was pre-
pared following the method of Meerwein!® and stored at 5° in an air-
tight container.

Physical Measurements. Infrared Spectra. Infrared spectra were
taken on a Perkin-Elmer Model 457 grating infrared spectrophoto-
meter. Potassium bromide pellet and Nujol mull techniques were
employed.

Magnetic Measurements. Magnetic measurements were made
using the Faraday technique. Measurements were made at two field
strengths of approximately 8 and 10 kG. The susceptibilities of the
ligands were calculated using Pascal’s constants.'!

Conductivity Measurements, Conductivities were obtained using
a YSI (Yellow Springs Instrument Co., Inc.) Model 31 conductivity
bridge. Measurements were made at room temperature on approxi-
mately 5§ X 10~ M solutions using spectroquality solvents at a fre-
quency of 1 kHz.

Electronic Spectra. Electronic spectra were obtained using a
Cary 14 recording spectrophotometer with 0.1-, 1-, and S-cm match-
ed quartz cells. Weighed samples were dissolved in spectroquality
methanol and/or dichloroethane to give approximately 5 X 10™* M
solutions., Solid-state spectra were obtained by the diffuse trans-
mittance technique.'?

Elemental Analyses and Molecular Weight Data. Elemental
analyses and molecular weight measurements in chloroform were
performed by Alfred Bernhardt Microanalytisches Laboratorium,
Elbach, West Germany. All elemental analyses and molecular weight
data are listed in Table I.

rings simply by using different g-diketones, e.g., benzoylacetone
(D. R. Treter, M.S. Thesis, Wright State University, Aug 1973).
Details will be published in Inorg. Syn., Vol. XVI.

(8) A. 1. Smith, U. S. Patent 3,163,675 (1964).

(9) A. E. Martell, R. L. Belford, and M. Calvin, J. Inorg. Nucl.
Chem., 5, 170 (1958).

(10) H. Meerwein, Org. Syn., 46, 113 (1966).

(11) B. N. Figgis and J. Lewis, “Modern Coordination Chemistry,”
J. Lewis and R. G. Wilkins, Ed., Interscience, New York, N. Y., 1960.

(12) R. H. Lee, E. Griswold, and J. Kleinberg, Inorg. Chem., 3,
1279 (1964).

d Trans isomer. © Probably due to interaction of this complex with

Nuclear Magnetic Resonance Spectra. Proton nuclear magnetic
resonance spectra were obtained using a Varian HA-60-IL or A-60
nuclear magnetic resonance spectrometer. Weighed samples were
dissolved in chloroform and diluted to give concentrations of ap-
proximately 10-20% when solubility of the compound permitted.
The proton resonance of the solvent was used as the internal stan-
dard.

Syntheses. Ligand Syntheses. The three thioimine ligands,
H,[(sacac),en}, H, [(sacac),pn], and H, [(sacac),chxn], were prepared
by the same general method. To a solution of 0.05 mol of H,-
[(acac),en], H, [(acac),pn], cis- and trans-H, [(acac),chxn], or pure
trans-H, [(acac),chxn]in 100 ml of dichloromethane was added, over
a period of 15 min with stirring under dry nitrogen, 0.10 mol of
[Et,O)*[BF,]” which had been dissolved in 50 ml of dichlorometh-
ane, After the addition was complete, the mixture was stirred at
room temperature for an additional 30 min. At the end of this
time a fine suspension of 8-10 g (an excess) of NaHS in approxi-
mately 100 ml of absolute ethanol was added to the mixture. This
mixture was stirred for 60 min and the solution turned deep yellow.
The mixture was filtered to remove the insoluble sodium tetrafluoro-
borate and the filtrate was evaporated to dryness under vacuum at
room temperature. The crude ligand was recrystallized twice from
acetone and water. Yield of the purified ligand ranged from 50 to
60% for H, [(sacac),en] and H, [(sacac),pn]. For the mixture of
cis- and trans- and the pure trans-H, [(sacac),chxn] the yield was 70%.
Analytical data are presented in Table I.

Metal Chelate Syntheses. Ni[(sacac),en], Ni[(sacac),pn], cis-
Ni[(sacac),chxn], Zn[(sacac),en], and Cd[(sacac),en] were all pre-
pared similarly. A 0.01-mol sample of the required metal acetate
was dissolved in:100 ml of methanol. To this wasadded 0.01 mol
of the appropriate ligand. Each mixture was heated for 30 min on
a steam bath and then cooled overnight in the refrigerator. Each
of the crude complexes was isolated by filtration and purified by re-
crystallization from acetone or acetone and water.

Co[(sacac),en], Co[(sacac),pn], and cis-Co{(sacac),chxn] were
prepared by the same method as reported above except that deaerated
solvents were used and all operations were carried out under an at-
mosphere of dry nitrogen.

Pd[(sacac),en], Pd[(sacac),pn], cis- and trans-Pd[(sacac),chxn],
and frans-Pd[(sacac),chxn] were prepared by a slightly different
method. PdCl, (0.006 mol) was dissolved in approximately 250 ml
of hot H,0. The required ligand (0.006 mol) was dissolved in a
minimum amount of acetone and added dropwise to the metal sait
solution. Each of the mixtures was refrigerated overnight. The crude
Pd(II) chelates were isolated by filtration and purified by recrystal-
lization from acetone. Analytical data and yields of the metal che-
lates are reported in Table I.

Results and Discussion

Synthesis and Characterization of the Ligands. The gen-
eral reaction scheme for the synthesis of these new ligands in-
volves a nucleophilic substitution and is an extension of the
method first reported by Holm."® 1In each case the starting
material, Hj [(acac),en], Hj [(acac), pnl, cis- and trans-H,-
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Table Il. Proton Magnetic Resonance Spectral Data®
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-CH, -CH,

Bridging group resonances

Compd adjtoN adjto S =CH- -SH
-CH,CH,-
H, [(sacac),en] 2.06 247 6.07 14.16 3.67,3.70,3.73
D, [(sacac),en] 2.06 248 6.07 3.70
Ni[(sacac),en] 2.01 2.14 6.00 340
Pd[(sacac),en] 2.10 2.31 6.03 3.67
Zn[(sacac),en] 2.05 2.22 6.04 3.60
Cd[(sacac),en] 2.03 2.19 6.00 3.66
Integration 6 6 2 2 4
-CH, -CH,- -(’JH-
H, [(sacac),pn] 2,03,2.07 247 6.03,6.07 14.15 137,147 3.03,3.53,2 3.63 4.03¢
D, [(sacac),pn] 2.02,2.06 247 6.04,6.07 1.38,1.48 3.52, 3.63% 3.91,4.01,4.11,4.21
Ni[(sacac),pn] 1.96,2.02 212 5.96,6.00 131,141 3.18,23.27,3.36  3.56, 3.66, 3.76, 3.86
Pd[(sacac),pn] 2.02,2.08 225 595,599 1.15,1.25 3.52,3.57,3.65 3.85,3.95,4.05,4.14
Integration 6 6 2 2 3 2 1
-CH, - -&H— and -CH,~
cis- and trans-H, [ (sacac),chxn] 1.94 240 5.94,6.04 1435 1.77,9144¢ 3.10-4.207
trans-H, [(sacac),chxn} 1.94 2.37 5.94 14.35  1.77,9 1.44¢ 3.10~3.807
cis-Ni[(sacac),chxn} 2.01 2.10 5.86 1.548 3.52-4.197
cis- and frans-Pd[(sacac),chxn] 2.05,2.09 2.22 5.80, 5.87 1.518 3.54-4.31F
trans-Pd [ (sacac),chxn] 2.08 2.21 5.78 1.488 3.93%
Integration 6 6 2 2 6 4

@ Chemical shifts are in ppm (8) relative to TMS at 60 MHz with the solvent, CHCl,, the internal reference. b Most intense peak caused by
overlapping multiplets. ¢ Major peak of complex multiplet. d Sharp peak at low-field end of complex multiplet over the 1.91-1.15-ppm range.

€ Central broad band in same complex multiplet as above.
which extends over ca. 0.8 ppm.

[(acac),chxn], or trans-H, [(acac),chxn], was alkylated with
[Et30]*[BF4] to form the tetrafluoroborate salt. The pur-
pose of this alkylation was to increase the positive charge

on the carbon atoms adjacent to the alkylated oxygen atoms.
Subsequent treatment of the tetrafluoroborate salt with sodi-
um hydrosulfide resulted in the replacement of the two ox-
ygen atoms with two sulfur atoms.

Infrared spectra of these new ligands exhibit several ab-
sorptions in common. The very intense bands at approxi-
mately 1590 and 1525 cm™ have been assigned to the C=C
and C=N stretching vibrations respectively. The bands be-
tween ~1100 and 1125 cm™ (depending upon the ligand)
are probably due to the coupling of y(C-CH;) + »(C-S) and
the series of bands from ~840 to 780 cm™! are assigned to
a mixture of »(C-S) + »(C~CH;). The bands at ~720 and
600 cm™! are probably due to the C-S stretching vibration.**
In addition to these bands a broad band of medium intensity
at 2660 cm™! appears in the spectra of H, [(sacac),pn], cis-
and trans-H, [(sacac),chxn], and trans-H, [(sacac),chxn] (but
not in the spectrum of H, [(sacac),en]). This band is as-
signed to the -SH stretching vibration. The band disap-
pears upon coordination of the ligand to a metal ion, thus
confirming that it is due to relatively easily ionized hydro-
gens. There is no explanation for the absence of this band
in the spectrum of H, [(sacac),en].

The pmr spectra of these new ligands are reported in
Table II. The spectra of all the new ligands are very similar
except for those resonances which are due to protons located
on the individual bridging groups. An examination of the
spectrum of H, [(sacac), pn] allows an unambiguous assign-
ment of the methyl peaks in the spectra of all of the ligands.
Resonances at 2.03 and 2.07 ppm (area equal to 6) with
1:1 peak intensity are attributed to protons of the -CH,
groups adjacent to the nitrogens. The peak at 2.47 ppm
(relative area of 6), which exhibits a shoulder when the spec-

(13) D. H. Gerlach and R. H. Holm, J. Amer. Chem. Soc., 91,
3457 (1969).
(14) O. Siiman and J. Fresco, Jnorg. Chem., 8, 1846 (1969).

Broad complex multiplet. & Major peak near center of a complex multiplet

trum is expanded, is assigned to protons of the CH; groups
adjacent to sulfur. These assignments are based on the fact
that those methyls adjacent to the nitrogens would feel most
strongly the asymmetry of the bridging group which accounts
for the larger difference in chemical shifts of the upfield sig-
nals.

In the spectrum of H, [(sacac), pn] a doublet with peaks at
1.37 and 1.47 ppm is assigned to the bridge CH; protons.
A set of overlapping multiplets, resulting in a three-line pat-
tern with the center of gravity at 3.53 ppm has been attribut-
ed to the bridge methylene protons. These protons are
diastereotopic by virtue of the chiral carbon and this nonequi-
valence cannot be removed by rotation in solution. Upon
deuteration, the pattern collapses to two lines of unequal
intensity which indicates that the complex pattern is due to
coupling of the methylene signals with both the methine pro-
ton and the ionizable protons of the ligand. A possible ex-
planation for this might involve very strong hydrogen bond-
ing of the ~SH protons to the nitrogen atoms, thus enabling
these to couple with the methylene resonances. Evidence
for strong hydrogen bonding of these protons is obtained
from their extremely low-field resonance at 14.15 ppm.
The -SH proton resonances for various thio-3-diketones
which exhibit hydrogen bonding have also been observed
in this region. The remainder of the pmr resonances are
reported in Table II. All of the resonances of the sulfur-
containing ligands, when compared to those of the analogous
oxygen-containing compounds, occur at lower field strength,
The largest downfield shifts involve those protons closest to
the sulfur atoms, i.e., the vinylic protons and the ionizable
protons. This seems to indicate that the sulfurs are more de-
shielding than the oxygens, which means that inductive ef-
fects are not of great importance in this system. Perhaps
the empty d orbitals of the more polarizable sulfur atoms
are accepting electron density from adjacent atoms leading
to a more delocalized electron system.

Synthesis and Characterization of the Metal Chelates.
Nickel(I1), copper(Il), cobalt(Il), and palladium(II) chelates
were prepared with H, [(sacac),en}, H, [(sacac),pn], and
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cis- and trans-H, [(sacac),chxn]. Cadmium(Il) and zinc(II)
chelates were also prepared with H, [(sacac),en}. With trans-
H, [(sacac),chxn] only the palladium(II) chelate could be
prepared. Syntheses of all the metal complexes were es-
sentially the same and involved heating and stirring stoichio-
metric amounts of the appropriate ligand and metal salt in

a suitable solvent, such as methanol or acetone and water
mixtures. The desired complexes crystallized upon cooling
or upon the addition of water. When cobalt(IT) was the
metal ion being used, all solvents were deaerated with nitro-
gen and the entire procedure was carried out under an inert
atmosphere. Only cis-H, [(sacac),chxn] reacts with nickel-
(ID), cobalt(II), and copper(Il) to form chelates; whereas
both isomers coordinate with palladium(II). Differences in
bite size of the two isomers or differences in steric strain due
to unfavorable overlap between the cyclohexyl bridge and
the methyl groups adjacent to the nitrogens in the two iso-

mers may account for the stereospecificity of these reactions:.

Similar results have been noted for H,[(acac),chxn} com-
plexes 15 ,

The three series of thioiminatometal chelates have been
characterized on the basis of elemental analyses, molecular
weight determinations, conductivity and magnetic suscepti-
bility measurements, and infrared, nuclear magnetic reso-
nance, and electronic spectra.

Molecular weight data and elemental analyses, listed in
Table I, indicate that all of the complexes are monomeric
species formed by coordination of 1 mol of the metal ion
and 1 mol of the appropriate ligand. All of the metal
chelates of this study are insoluble in water but soluble in
most organic solvents, the M[(sacac),pn] complexes being
the most soluble series. Electrical conductivity measure-
ments on dichloroethane or methanol solutions of the metal
chelates give Ay values of ~0.5 mho cm?/mol and confirm
that they are nonelectrolytes.

Infrared spectra of the metal complexes are also helpfulin
the characterization of the metal chelates. The spectrum
of Ni[(sacac),en] is representative of the new series of com-
pounds and exhibits bands at 1575 and 1505 ¢cm™ which are
assigned to the C-:+C and C-——N stretching vibrations.
Bands at 1145 and 1134 cm™ are attributed to the coupling
of »(C-CH;) + »(C+-S). Bands at 822 and 800 cm™ are
probably due to a mixture of ¥(C—S) + v(C-CH;3). A
band at 726 cm™ is attributed to the C--+S stretching fre-
quency, while a band at 394 cm™ is assigned to the Ni-S
stretching vibration. All of the bands except that assigned
to the Ni-S stretch are observed in the ligand spectrum. The
absorptions which are attributed to C=C and C=N in the
free ligand occur at lower energies in the complex, whereas
those due to the C~S vibration shift to higher energies upon
coordination, which substantiates the ir assignments made
for the ligand (vide infra).

Nuclear magnetic resonance spectra obtained for those
metal complexes which are diamagnetic also aid in the char-
acterization. The pmr data on these new metal chelates are
listed in Table II and the spectrum of Ni[(sacac),pn]is illu-
strated in Figure 1. As the spectrum of Ni[(sacac),pn] is
most informative, it will be discussed in preference to the
other compounds. The high-field doublet at 1.31 and 1.41
ppm in the spectrum of Ni[(sacac),pn] is assigned to protons
of the bridge methyl group. Two singlets assigned to the
protons of methyl groups adjacent to nitrogen occur at 1.96
and 2.02 ppm. The difference in shielding results from the

(15) M. Hondo and G. Schwarzenbach, Helv. Chim. Acta, 40, 27
(1957). :
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Figure i. The 60-MHz pmr spectrum of Ni|(sacac),pn] in CHCl,.

asymmetry of the propylene backbone and the singlet at
1.96 ppm most probably represents the CH; protons nearest
the bridge CHj group. The resonance due to the protons of
methyl groups adjacent to sulfur occurs as two overlapping
singlets at 2.12 ppm. The bridge methylene protons produce
a three-line pattern at 3.18, 3.27, and 3.36 ppm. The reso-
nance attributed to the bridge methine proton occurs as a
multiplet with four major peaksat 3.56, 3.66, 3.76, and
3.86 ppm. Singlets at 5.96 and 6.00 ppm are assigned to
the vinylic protons. As can be seen from the pmr spectrum
of free ligand, the resonance assigned to the CH; protons
adjacent to the sulfur atoms displays a large upfield shift
upon coordination, whereas the resonances due to the CH,
protons located adjacent to nitrogen atoms remain essential-
ly unchanged after coordination. This suggests that protons
of the methyl groups adjacent to sulfur experience more
shielding in the coordinated ligand than in the free ligand.
This is cornisistent with increased g-electron density on the
sulfur atoms which can be explained by removal of the thiol
proton on coordination and subsequent electron delocaliza-
tion into the ring. Some electron delocalization is confirm-
ed by the infrared spectral data (vide infra). Those reso-
nances due to the bridge methylene and methine protons
also show an upfield shift upon chelation. This appears to
be a measure of the strain in the backbone that results upon
coordination. This upfield shift of the bridge resonances
depends upon the size of the metal ion; the upfield shift in
the nickel(IT) chelate is ~0.30 ppm greater than the shift

in the ‘palladium(II) chelate. The strain that results from
coordination to the small nickel(II) ion is quite significant,
whereas very little strain in the bridging group results from
coordination to the much larger palladium(II) ion. These
same upfield shifts are observed in the pmr spectra of the
other metal chelates. The spectra of M [(sacac),chxn] che-
lates are similar to those of M[(sacac),en] and M [(sacac),-
pn] chelates except for the resonances due to the more com-
plicated bridging cyclohexyl group which occur as broad
multiplets in the regions of 1.5 and 3.5-4.2 ppm.

Thus far, the data examined indicate that the complexes
are monomeric metal chelates containing a tetradentate thio-
iminato ligand with some electron delocalization in the thio-
imine rings. As the chelates are monomeric with tetraden-
tate ligands the only possible geometries of these chelates
are square planar or tetrahedral, although some weak solid-
state interactions between adjacent molecules of metal com-
plex which could result in tetragonal distortion might be
anticipated. The coordination geometry around the metal
ion has been deduced from magnetic susceptibiltiy measure-
ments and electronic spectral data.

Magnetic moments of the metal complexes have been calc-
ulated from measured magnetic susceptibilities and are re-
ported in Table III. The nickel(IT), palladium(II), cadmium-
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Table III. Magnetic Data for M[(sacac),B] Complexes®

1O-st
(uncor),

Compd cgsu T,°K  uess, BM
Ni[(sacac),en] -119.3 297 0.28 £ 0.05
Ni[(sacac),pn] -130.8 296 0.30+0.05
cis-Ni[(sacac),chxn] —-71.6 298 0.55+0.03
Cuf(sacac),en] 1230.0 297 2.09 :0.05
Cu[(sacac),pn] 12454 296 1.83+0.02
cis-Cu{(sacac),chxn} 1305.0 298 1.92+0.03
Pd[(sacac),en] —83.8 297 0.40zx0.03
Pd[(sacac),pn] -145.5 298 0.14x0.07
cis- and trans-Pd[(sacac),chxn] -1614 298 0.28 +0.04
trans-Pd[(sacac),chxn]) -1504 298 0.20 £ 0.04
Co[(sacac),en] 1856.0 297 2.19z0.07
Co{(sacac),pn] 1929.3 296 2.20z:0.02
Cd[(sacac),en] -97.2 298 0.37+0.07
Zn[(sacac),en] -83.8 297 0.52:0.03

@ Corrections for the ligand susceptibilities were calculated from
Pascal’s constants to be —138.5 X 107¢ cgsu for (sacac),en’",
—149.4 X 1079 cgsu for (sacac),pn®", and —180.5 X 107° cgsu for
(sacac),chxn®".

(IT), and zinc(II) chelates are essentially diamagnetic and
exhibit room-temperature magnetic moments of ~0.5 BM or
less. A small amount of residual paramagnetism of this type
can be expected due to temperature-independent contribu-
tions.!* A low-spin d® electron configuration is consistent
with either a square-planar or strong tetragonal field distor-
tion.?® The calculated moments for the copper(II) and
cobalt(11) chelates are approximately 2.0 BM, which indicates
that these d° and d” ions have one unpaired electron each.
The magnetic moments found for the copper(II) complexes
are consistent with either tetrahedral or square-planar geo-
metries and cannot be used to distinguish between the two.!¢
The magnetic moments found for the cobalt(II) chelates,
however, strongly suggest a square-planar geometry, as
square-planar cobalt(II) complexes are always low spin where-
as tetrahedral cobalt(IT) complexes are invariably high spin,
with magnetic moments of 3.8-4.6 BM.'®!7 The square-
planar geometries of these complexes have been confirmed
by the nature of the absorptions which appear in the visible
spectra of the various metal chelates.

Electronic spectral data for the M [(sacac),B] chelates are
listed in Table IV. The spectra of M [(sacac),pn] chelates
have been measured in methanol, dichloroethane, and the
solid state; the spectra of M [(sacac),en] chelates have been
measured in methanol and the solid state; the spectra of
M{(sacac),chxn] were measured in dichloroethane and in
the solid state. In general there is agreement between the
solution- and solid-state spectra and therefore the geometry
is thought to be the same in both states. Hence the possi-
bility of solid-state interactions resulting in tetragonal dis-
tortion of the metal ion is unlikely.

The spectra are characterized by the presence of a large
number of bands in the visible and ultraviolet regions. In
addition, some of the complexes exhibit bands in the near-
infrared region. Spectra of all of the complexes are similar
to each other in the ultraviolet region where absorptions in-
volving the ligands predominate. Bands at energies of ap-
proximately 20,000-35,000 cm™ are assigned as either
M —1L,L =M, or ligand transitions. Spectra of all of the
free ligands exhibit one or more bands in the 26,000-cm™
region due to intraligand transitions-of the # - 7* type.

(16) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chem-
istry,” Interscience, New York, N. Y., 1966, pp 869-907.

(17) M. Calvin, R. H. Bailes, and W. K. Wilmarth, J. Amer. Chem.
Soc., 68, 2254 (1946).

Blum, Wei, and Cummings

The dissimilarity between the spectra of the free ligands and
the metal chelates may be taken as evidence for the highly
covalent character of the metal-donor bonds of the metal
chelates.!®

The square-planar geometry of the M [(sacac),en],
M|(sacac), pn], and M [(sacac),chxn] chelates is strongly
indicated by similarities in the visible spectra of these che-
lates with those of known square-planar complexes contain-
ing oxygen-nitrogen, oxygen-sulfur, nitrogen-sulfur, and
sulfur-sulfur donor atoms. Few molecular orbital calcula-
tions have been made for such systems; therefore the ab-
sorption bands for the most part cannot be assigned to speci-
fic transitions,!®?

The electronic spectra of the nickel(II) complexes all ex-
hibit one band at ~16,600 cm™' which can be assigned as a
d-d transition of the metal ion. The average energy of this
absorption is comparable to d-d transitions of other square-
planar Schiff base nickel(IT) chelates with sulfur donor at-
oms,'®?° which have reported values in the range of 15,000-
17,850 cm™.

The spectra of the copper(Il) chelates each exhibit two
bands at ~13,600 and ~21,000 cm™ which are attributed
to d-d transitions. The large molar absorptivity of the sec-
ond band is attributed to intensity stealing from the adjacent
charge-transfer band. The spectra of these copper(Il) che-
lates are similar to those reported for Cu(acac),pn'® and
other square-planar Schiff base copper(IT) complexes.?!

The palladium(II) chelates exhibit spectra with intense
charge-transfer bands at 21,000-24,000 cm™ which obscure
the expected d-d transition. The spectra are similar to
those of the nickel(IT) chelates (both are d® ions) except for
this shift of the d-d transition to higher energies in the pal-
ladium(II) chelates which reflects the larger crystal field split-
ting for the series Il ion. These data are consistent with
those reported for palladium(II) complexes with maleoni-
triledithiolate®* and monothio-3-diketonate®® ligands.

The electronic spectra of Co[(sacac),en] and Co|[(sacac),-
pn] were measured in deaerated methanol and in the solid
state. The spectrum of ¢is-Co [(sacac),chxn], which was
slightly contaminated with some unreacted #rans-H, [(sacac),-
chxn], was measured only in the solid state. The spectra of
these three chelates are very similar to one another and to
that reported for Co(sacsac),.>* The spectra of the three
cobalt(IT) complexes exhibit two bands at ~10,000 and
15,000-18,000 cm™! both in the solid state and in solution
which are assigned as d-d transitions. In addition, a lower
energy absorption at ~5350 cm™ (e 20) has been observed
in tetrachloroethylene solutions of the cobalt(IT) complexes.
This band is too broad and of too low an intensity to be seen
in the solid-state spectra. Such low-energy bands have re-

(18) A. Ouchi, M. Hyodo, and Y. Takahashi, Bull. Chem. Soc.
Jap., 40,2819 (1967).

(18a) Note Added in Proof. We have recently completed a study
of CD spectra for the Cu(ll), Ni(ll), and Co(1I) complexes derived
from (R)-(-)-N, N '-1,2-propylenebis(monothioacetylacetonimine),

H, [(sacac),(—)pn] (Pangratz, Urbach, Blum, and Cummings). Re-
sults of this study, which will be published subsequently, have en-
abled us to make specific band assignments.

(19) A. Ouchi, M. Nakatani, and Y. Takahashi., Bull, Chem. Soc.
Jap., 41,2044 (1968).

(20) F. L. Urbach and D. H. Busch, Inorg. Chem., 12, 408 (1973).

(21) R. H. Holm, J. Amer. Chem. Soc., 82, 5632 (1960).

(22) S. 1. Shupack, E. Billig, R. I. H. Clark, R. Williams, and
H. B. Gray, J. Amer., Chem. Soc., 86, 4594 (1964).

(23) S. H. H. Chaston and S. E, Livingstone, Aust. J. Chem., 20,
1079 (1967).

(24) R, L. Martin and 1. M. Stewart, Nature (London), 210, 522
(1966).
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cently been shown to be characteristic of square-planar co-
balt(II) chelates.?*2°

Conclusion

Nickel(ID), copper(Il), palladium(IT), and cobalt(IT) che-
lates have been prepared with H, [(sacac),en], H, [(sacac),-
pn], and cis-H; [(sacac),chxn], which are new tetradentate
thioimine ligands. Zinc(II) and cadmium(II) chelates were
prepared with H, [(sacac),en] while #rans-H, [(sacac),chxn]
formed only the palladium(II) chelate. All of the complexes
are square-planar monomeric species. Infrared and pmr
spectral data indicate that there is more charge delocalization
in the sulfur-containing chelates than in their well-studied
oxygen analogs. This has been attributed to some d-orbital
participation on the part of the sulfur atoms which serves
to drain some of the electron density from the metal ion.
An alternate explanation might attribute this effect to the
greater polarizability of the sulfur atom. Since the electron
density around the metal ion is known to play an important
role in determining the stability of M-O; bonds in oxygen

(25) M. Hariharan and F. L. Urbach, Inorg. Chem., 10, 2667
(1971), and references therein.

D. A. Couch and S. D. Robinson

adducts,*26 some of these new complexes are proving to
be ideal species for the evaluation of inductive, 7-bonding,
and polarizability effects in synthetic oxygen-carrying sys-
tems. Results of thermodynamic studies on these systems
will be reported in a forthcoming paper.
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Ligand displacement reactions performed in polar solvents afford a convenient general route to an extensive series of cat-
ionic complexes containing dialkyl phenylphosphonite, P(OR),Ph, and alkyl diphenylphosphinite, P(OR)Ph,, ligands (R =
Me, Et) which may be isolated as their tetraphenylborate salts. These products were characterized by elemental analysis,
proton nmr spectroscopy, and conductivity measurements. Complex cations isolated and characterized in this manner in-
clude the hydrides [RuHL';]* and {IrHL',]%*, the dinuclear species [L,RuX,RuL,]*, and the mononuclear cations

{Rul’ }?*, [IrL' 1%, [IrL,]*, [PdL,] **, [PtL,]?*, {CuL,J*, [AgL,]*, and [AuL,]* [L' = P(OMe),Ph; L = P(OR),Ph, P(OR)-
Ph,; R =Me, Et; X =C], Br]. Qualitative descriptions of the coupling patterns observed in the nmr spectra of the complex
cations are given and are interpreted in terms of ligand dissociation and rearrangement processes.

Introduction

Transition metal complexes containing tertiary phosphine?
and, more recently, tertiary phosphite® ligands have been ex-
tensively studied. However, the ligand properties of the re-
lated phosphonites, PCOR),R’, and phosphinites, P(OR)R',,
have attracted relatively little attention, and no systematic
investigation of their coordinating abilities toward the plati-
num metals has been reported. As part of a study of phos-
phorus donor ligands we have described the synthesis of cat-
ionic trialkyl phosphite complexes of gold, silver, and the
platinum metals;! we now report a similar study on the syt-
thesis of related complex cations containing dialkyl phenyl-
phosphonite, P(OR),Ph, and alky! diphenylphosphinite, P-
(OR)Phy,, ligands (R = Me, Et).

Until recently very little was known concerning the coordi-

(1) Part XI: D. A. Couch and S. D. Robinson, submitted for
publication in Inorg. Chim. Acta.

(2) G. Booth, Advan. Inorg. Chem. Radiochem., 6, 1 (1964).

(3) Reference 1 and references therein,

nating properties of these phosphorus donor ligands, and few
transition metal derivatives had been described. However a
small selection of important compounds of this type have
now been reported and some spectroscopic investigations
have been undertaken. Complexes isolated include the salts
{Cu[P(OR),Ph],}C!,* the zero oxidation state nickel and
palladium species, M [P(OR),Ph],,%* and the four- and five-
coordinate nickel(II) derivatives, Ni(CN), [P(OR)Ph, ], and
Ni(CN), [P(OR),Ph];.6 During the course of the present
study other workers have reported the complex hydrides,
FeH, [P(OR),Ph]4,” RuH, [P(OR),Ph]s,” {RuH [P(OMe),-
Ph)s} {BPh,},® and CoH{P(OR),Ph],® together with an ex-

(4) A. A. Orio, B. B. Chastain, and H. B. Gray, Inorg. Chim.
Acta, 3,8 (1969).

(5) D. Titus, A. A. Orio, and H. B. Gray, Inorg. Syn., 13,117
(1972).

(6) B. B. Chastain, E. A. Rick, R, L. Pruett, and H. B. Gray, J.
Amer. Chem. Soc., 90, 3994 (1968).

(7) D. H. Gerlach, W. G. Peet, and E. L. Muetterties, J. Amer.
Chem. Soc., 94, 4545 (1972), and references therein.



