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Lagow, J .  Am. Chem. SOC., 97, 513  (1975). 
The IR spectra of these materials also showed peaks due to C-F 
compounds, which may have been CF9SF3 and CF3SFS. Positive 
identification was not possible because these materials were present in 
only small amounts, and the S-F IR region was dominated by SF4 bands. 
Separation by GC was not possible since the mixture reacted with the 
column. 
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The tris(N,N-diorganodithiocarbamato)iron(III), [Fe- 
(S2CNR2),], complexes have been studied extensively’-* 
because of the considerable interest in the electronic properties 
of complexes derived from sulfur ligands. The spectral and 
magnetic properties of a large number of these complexes are 
very dependent on the nitrogen substituent of the dithio- 
 arba am ate^,'^ and on t e m p e r a t ~ r e . ~ . ~  These properties have 
been attributed on the one hand to the R-N-R bond angleg 
and on the other to the inductive properties of the R sub- 
stitutents.1° One of the main problems is ascertaining the 
inductive influence that a substituent exerts. Most investi- 
gators have employed the basicity of the parent amine toward 
a proton as a criterion of electron donation toward the CS2 
group. In this study we report an iron(II1) dithiocarbamate 
with unusual redox properties which is derived from the 
pyrrole-N-carbodithioate ligand (1).l1 An improved synthesis 

H H  

I 
H S 

I I1 

of this ligand is reported as we!l as the preparation of com- 
plexes with Cr(III), Fe(III), and Zn(I1). Several of their 
physical properties related to the metal-ligand interactions 
have been studied.I2 
Experimental Section 

(I) Syntheses. Sodium Pyrrole-N-carbodithioate. Approximately 
1 M solutions of this ligand in Me2SO were prepared as follows. 
Sodium hydrideI3 (2.4 g) was reacted with an excess (100 mL) of 
dimethyl su1f0xide.l~ Freshly distilled pyrrole (7.0 mL) was then 
added. The resulting pale yellow solution was cooled to 20 OC in an 
ice bath, and carbon disulfide (6.2 mL) was slowly added. This step 
is exothermic and yields the deep orange-red solution of the ligand. 

Bis(pyrro1e-N-carbodithioato)zinc(II). Twenty milliliters of a 1 
M solution of the ligand was slowly added to a stirred solution of zinc 
nitrate hexahydrate (3.0 g) in 100 mL of water. The yellow precipitate 
formed was filtered by suction, washed with water, and crystallized 
from methanol-water. Anal. Calcd for CloH8N2S4Zn: C, 34.33; 
H, 2.31; N, 8.0; Zn, 18.70. Found: C, 34.35; H,  2.37; N, 7.96; Zn, 
18.5 1. The green tris(pyrro1e-N-carbodithioato)chromium(III) was 
prepared in a similar fashion. It was crystallized from acetone- 

CH, ME C,H, C,H, ET 
n-C,H, NBU n-C,H,, n-C,H,, NHX n-C,H, 

i-C, H, X , H ,  IBU C,H,, C,Hll CHX 
CH3 C,H, MPH C,H, C,H, EPH 

CH, 

-CH,CH,CH,CH2- SPYR -CH=CHCH=CH- APYR 

methanol. Anal. Calcd for CI5H12N3S6Cr: C, 37.64; H,  2.53; N, 
8.78; Cr, 10.86. Found: C, 37.54; H, 2.65; N ,  9.06; Cr, 10.96. 
Tris(pyrrole-N-carbi~oato)iron(m). Anhydrous ferric chloride 

(1.6 g) was dissolved in 100 mL of methanol and the solution was 
filtered. Thirty milliliters of a 1 M solution of the ligand was diluted 
with 10 mL of water and added dropwise to the stirred ferric solution. 
The almost-black precipitate that formed was filtered by suction, 
washed with methanol, and air-dried. It was dissolved in the minimum 
amount of dichloromethane, filtered, and reprecipitated with methanol. 
Anal. Calcd for Ci5HI2N3S6Fe: C, 37.34; H, 2.71; N, 8.71; Fe, 11.57. 
Found: C, 37.48; H, 2.74; N,  8.74; Fe, 11.53. 

(11) Physical Methods. Visible spectra were obtained in CHC13 
solution on a Cary-14 instrument. Infrared spectra were recorded 
as KBr pellets and Nujol mulls on a Beckman IR-12 spectropho- 
tometer. N M R  spectra in CHC13 solution were obtained on a Varian 
Model E M  390B instrument. All chemical shifts were measured 
relative to internal Me4Si. Magnetic susceptibilities a t  -35 OC in 
CHC13 solution were obtained by the EvansI5 method using Me4Si 
as a reference on a Varian T-60 instrument. A concentric N M R  tube 
was used. Solid-state magnetic susceptibilities were obtained at  25 
OC using a Gouy balance. [Ni(en)3]S203 was usedi6 as the calibrant. 
Electrochemical work was done in acetone (0.1 M in n-Bu4NC104 
and M in the complex). Potentials were obtained vs. a saturated 
calomel reference electrode. Mbssbauer spectra of powdered samples 
were obtained at room temperature using a constant acceleration 
Doppler-shifted s7C0 source and a 1024 channel analyzer (512 channels 
were used). Iron foil was recorded for calibration. Spectra were 
computer-fit using the program PARLORS.~’ 

Results and Discussion 
The ‘H NMR spectrum of Zn(APYR)2 (see abbreviations 

in Table I) in CHC& shows two multiplets of equal intensities 
centered at 7 2.3 and 3.6 ppm. This AA’BB’ system is 
consistent with a structure for the ligand in which the CS2 is 
bonded to the nitrogen as shown in structure I. Further 
evidence for this structure is obtained from the infrared 
spectrum of the zinc adduct in Nujol which shows the absence 
of the strong N-H bending and stretching modes which are 
found at 1146 and 3400 cm-I, respectively, in pyrrole.l* The 
infrared spectrum of Fe(APYR), is similar to that of Zn- 
(APYR)2 in those two regions, suggesting the same ligand 
structure. A strong absorption at 1330 cm-I in the infrared 
spectra of the zinc and iron adducts is assigned to the coupled 
C-N stretch of the N-CS2- residue.” We were unable to 
detect by NMR or infrared spectroscopy the isomeric 2- 
pyrroledithiocarboxylate moiety (11) reported in the synthesis 
of Kellner et al.’ 

Table I1 contains the results from Mossbauer spectroscopy, 
cyclic voltammetry, and magnetism of Fe(APYR)3 displayed 
simultaneously with those of other tris(N,N-diorganodithio- 
carbamato)iron(III) compounds for comparison. The sol- 
id-state and solution magnetic moment of Fe(APYR), (-2.2 
wB) indicates that it is a low-spin species. Ewald et ale9 have 
argued that the trend influencing the magnetic behavior of 
the ferric dithiocarbamates arises from the differences in the 
R-N-R bond angle in the coordinated RRNCS2-. The larger 
this angle is, the lower is the magnetic moment of that 
particular ferric dithiocarbamate. This interpretation breaks 
down since Fe(APYR)3 has a lower magnetic moment than 
Fe(CHX)3 even though the expected CHX-N-CHX bond 
angle is larger (steric repulsions between the bulky cyclohexyl 
groups) than the C2-N-C5 bond angle of pyrrole19 (-logo). 
The isomer shift (6) of Fe(APYR)3 is essentially indistin- 
guishable from most of the other iron(II1) dithiocarbamates 
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Table 11. Results of Mossbauer Spectroscopy, Cyclic Voltammetry, and Magnetism for Some Iron(II1) Dithiocarbamates 

NO. Compd 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Fe(ME), 
Fe(ET), 
Fe(NBU), 
Fe(NHX) , 
Fe(IBU), 
Fe(CHX), 
Fe(SPYR), 
Fe(APYR), 
Fe(MPH), 
Fe(EPH), 

4.17 4.20 (C) 
4.24 4.41 (C) 
5.32 4.34 (B) 
3.52 4.42 (B) 
3.02 2.88 (B) 
2.75 2.62 (C) 
5.83d 5.82 (Bjd 
2.19 2.11 (C)d  
2.99 3.33 (C) 
4.70 3.63 (C) 

is ( s ) , a e  
mm/s 
0.64 
0.66 
0.63 
0.62 
0.64 
0.64 
0.6Sd 
0.62d 
0.64 
0.67 

QS (A),* 
mm/s 

0.27 
0.26 
0.27 
0.21 
0.27 
0.58 

0. 66d 
0.55 
0.31 

0.22d,e 

Oxidn potentia1,"W 

Fe2+/Fe3+ 

-0.26 
-0.32 
-0.32 
-0.33 
-0.34 
-0.47 
-0.3d 
-t 0.3a3d 
-0.24 
-0.27 

- Fe3+/Fe4+ 

t 0 . 5 8  
t 0 . 5 4  
to .55  
+OS4 
t 0 5  2 
t0 .41  
+O.Bd 

t 0 .58  
+058  

tl.3aBd 

a Oxidation potentials referenced to  Ag-AgC1-0.1 M LiC1-acetone reference electrode by adding -0.15 V to  the values referenced to  the 
This saturated calomel electrode. 

work. e D. Ulrich et al., J: Inorg. N u l .  Chem., 34, 3681 (1972), report values of S = 0.694 mm/s and AEQ = 0.292 mm/s. 
The (C) and (B) refer to the solvents chloroform and benzene. Relative to  sodium nitroprusside. 

and is the same (within estimated experimental error) as that 
of Fe(SPYR)3. Even though Fe(APYR)3 is very different in 
many respects from Fe(SPYR)3, their 6 values indicate that 
there is no measurable difference in the s-electron densities 
at the respective iron centers. The value of the quadrupole 
splitting (A)  of Fe(APYR)3 at room temperature is the largest 
of the complexes in Table 11. On the Mossbauer time scale, 
there is rapid exchange between the high-spin and low-spin 
forms of these complexes. A larger value of A is expected for 
the quadrupole splitting of a low-spin iron(II1) compared to 
a high-spin iron(II1) because of the asymmetry of the valence 
d-electron distribution in the former case. The value of A 
measured for a rapidly interconverting mixture is a weighted 
average of the two A values. The results from Mossbauer 
coupled with those from the magnetic susceptibility experiment 
indicate that Fe(APYR)3 has, at room temperature, the 
greatest fraction of low-spin Fe(II1) of all the compounds 
indicated. 

Like the other tris(N,N-diorganodithiocarbamato)iron(III) 
Fe(APYR)3 undergoes two reversible elec- 

tron-transfer reactions at a platinum electrode, i.e. 
+e -e 

[Fe(APY R), 1' .-Fe(APY R ) 3 ~ b  [ I:e(APYR),]+ 
[Fe(II)] -e [Fe(III)l [Fe(IV)] 

The redox potentials of the Fe(APYR), system indicate that 
the ligand "APYR" is dramatically more effective at stabi- 
lizing the lower oxidation states than any other dithio- 
carbamate in Table I1 and is very different from "SPYR". 
The potentials needed to form the two species Fe111(APYR)3 
and [Fe'"(CHX)J+ are similar (Table 11). 

We are now in a position to attempt to rationalize the 
observations described above. The following valence bond 
descriptions have conventionally been employed to rationalize 
the basicity of dithiocarbamates. Increased contribution from 

I II - - I 
S -  

/ c \  s//c\s- - S  - S  

111 IV V 

V is expected from the nitrogen of the more basic amines 
leading to a more basic sulfur a donor. As the contribution 
from form V increases, the effectiveness of the ligand as a T 
acceptor decreases. Since the nitrogen of pyrrole is expected 
to be a much poorer electron pair donor toward any acid than 
that in pyrrolidine, we would expect the contribution from V 
to be less in APYR than in SPYR. Thus, the low spin state 
resulting in the large quadrupole splitting in the Fe(APYR)3 
complex must be attributed to effects other than a stronger 
a-bonding interaction of iron with a more negatively charged 
sulfur donor orbital. 

The electrochemical results are consistent with a weaker 
a-bonding interaction in Fe(APYRI3 than in Fe(SPYR),. A 
stronger a-donor interaction would raise the energy of largely 
metal d,, d,,, and d,, orbitals because a larger spherical field 
exists and the metal positive charge is reduced. This makes 
it easier to oxidize the iron(I1) and iron(II1) complexes. 
Experimentally, this is not observed for the APYR complex. 
The results are consistent with earlier suggestions of extensive 
metal to ligand A back-bonding.10$21 Such an effect would be 
most pronounced in those systems derived from the mast 
weakly basic amines for which resonance forms I11 and BV are 
most important. With increased A back-bonding toward these 
dithiocarbamates, the d,,, d,,, and d, orbitals are stabilized, 
increasing the separation of these orbitals from the largely d2-9 
and d,z orbitals in the complex. This would increase the 
equilibrium amount of the low-spin form and at the same time 
make removal of an electron from the highest occupied (es- 
sentially metal) orbitals of the complex more difficult, 

In order to obtain further support for these arguments, the 
ligand field strengths of SPYR and AP 
examining the electronic spectra of 
(APYR)3. The ligand field splitting energies2* were found to 
be 15 540 and 15 980 cm-', respectively. Unfortunately, we 
were unable to obtain the Racah parameters for @r(APYR)3 
because of the presence of a low-energy charge-transfer band 
in the visible region. 

interesting because they illustrate the very considerable extent 
to which the redox properties of a transition-metal ion complex 
can be modified by substituent variation. A pronounced 
enhancement of the stability of the lower oxidation states of 
iron results from the pyrrole-N-carbodithioate ligand. 
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It has been reported3 that Cu(baen), the copper(I1) complex 
of the Schiff base condensation product of 2,4-pentanedione 
with ethylenediamine, reacts quickly and quantitatively at the 
methine position with isocyanates to yield mono- or diamides 
dependent solely on the relative stoichiometry of the reactants. 
By contrast, the analogous Ni(baen) was found to react very 
slowly and only with aryl isocyanates to yield only the mo- 
noamides. Since these reactions may be regarded as elec- 
trophilic substitution  reaction^,^ the marked decrease in the 
reactivity of Ni(baen) relative to Cu(baen) could be due to 
the much greater acidity of the methine protons of Ni(baen) 
as has been found for similar corn pound^.^^^ 

If this tenet is correct, then electrophilic reactions with 
Ni(baen) should occur with more reactive electrophiles, e.g., 
those which bear strong electron-withdrawing substituents. As 
part of a continuing research program in this area, the re- 
actions of the electron-deficient electrophiles, p-toluenesulfonyl 
isocyanate (tosNCO, A), diethyl azodicarboxylate (B), and 
dimethyl acetylenedicarboxylate (C), with Ni(baen) and 
Cu(baen) have been investigated. The results of these reactions 
are reported herein. 
Experimental Section 

Caution! p-Toluenesulfonyl isocyanate is toxic and is a powerful 
lachrymator and should be handled in an efficient fume hood and 
diethyl azodicarboxylate is potentially a thermally initiated explosive. 
The electrophiles were obtained from commercial sources and used 
as received. Solvents were dried by standard procedures. Spectral 
data were obtained as previously Melting points obtained 
on a Meltemp apparatus are uncorrected. Room-temperature magnetic 
susceptibilities were determined by the Faraday method using 
H ~ [ C O ( N C S ) ~ ]  as calibrant.* Ligand diamagnetic corrections were 
calculated from Pascal's constants. Elemental analyses were performed 
by Chemalytics Inc., Tempe, Ariz. Satisfactory C, H, and N analyses 
were obtained for all new compounds. 

The ligands and their copper(I1) and nickel(I1) complexes were 
prepared by published proceduresg and purified as previously de- 
~ c r i b e d . ~  All reactions were run in oven-dried glassware in essentially 
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Table I. Physical Properties of the Compounds 
Suscepti- 

% bility, Form and 
Compd' Mp,"C yield PB (K) color 

Cu(baen.2A) 
Ni(baen. 2A)- 

IIIb 
Ni(baen.2A)- 

Cu(baem2B) 
Ni(baene2B) 
Cu(baen.2C) 
Ni(baew2C) 
Ni(bapn.B) 

IIb 

166-168 
146-149 

111-114 

148-150 
159-162 
82-85 
96-98 

142- 145 

98 
90 

20 

70 
59 
5 3. 
40 
20 

1.79 (293) 
Diamagnetic 

Diamagnetic 

1.79 (294) 
Diamagnetic 
1.86 (296) 
Diamagnetic 
Diamagnetic 

Lavender powder 
Brown powder 

Red-brown crystals 

Lavender powder 
Orange powder 
Brown powder 
Red crystals 
Red crystals 

a baen = the Schiff base condensation product of 2,4-pentanedi- 
one and 1,2-diaminoethane; bapn = the Schiff base condensation 
product of 2,4-pentanedione and 1,2-diaminopropane; A p- tolu- 
enesulfonyl isocyanate; B = diethyl azodicarboxylate; C = dimeth- 
yl acetylenedicarboxylate. 
ture. 

See text for clarification of struc- 

the same fashion. A mixture containing a 2:l molar ratio of elec- 
trophile to complex in dry benzene was stirred magnetically a t  room 
temperature in a round-bottom flask fitted with a condenser and a 
CaClz drying tube. Cu(baen) reacted quickly and exothermically with 
all three electrophiles while Ni(baen) reacted only at  reflux. After 
24 h, hexane was added to complete precipitation of the products, 
which were filtered and washed with hexane. Repeated recrystal- 
lizations from benzene/hexane or chloroform/hexane followed by 
vacuum-drying a t  room temperature afforded analytically pure 
samples. Pertinent physical properties of the products are listed in 
Table I. Ligand displacements were carried out with HIS in 
chloroform as previously described.3 
Results and Discussion 

The reaction of p-tosyl isocyanate with Ni(baen) (eq 1) (fI22 + RN=C=O 

M(baen); M = Ni, Cu 
I 

R = SO,C,H,CH,; A 

M(baen.2A) 
I1 

represents the first example of a complete reaction of an 
isocyanate with Ni(baen) to yield the diamide product. 
Previously reported isocyanate reactions between Ni(baen) and 
isocyanates yielded only the monoamide (R = phenyl, B -  
n a~h thy l ) .~  AS anticipated, the electron-withdrawing ability 
of the p-tosyl group proved sufficient to promote the reaction. 
Not surprisingly, p-tosyl isocyanate reacted quickly and 
quantitatively with Cu(baen) yielding a product which is very 
similar in appearance and properties to other diamides3 
prepared by reaction of Cu(baen) with isocyanates. The 
addition of p-tosyl isocyanate to M(baen) is formally analogous 
to its addition to enol ethers to yield @-alkoxyacrylamides.'O 
Elemental analyses of the Cu(baenn2A) and Ni(baeno2A) 
complexes establish that two molecules of tosyl isocyanate 
added to each molecule of M(baen). The absence of a methine 
C-H stretch" (Table 11) in the infrared spectra of Cu- 
(baen.2A) and Ni(baen.2A) (for Cu(baen), vCH = l l  15 cm-I, 
for Ni(baen), vCH = 1125 cm-') confirms that addition oc- 
curred at the methine position. However, the two compounds 
are not isostructural; the presence of amide vN-H (31 50 cm-I) 
and carbonyl VC=O (1595 cm-I) in the infrared spectrum of 
the copper complex confirms that the bis secondary amide 


