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ABSTRACT 

Iron(II)bisdithiocarbamates have been utilized in 

n 
the synthesis of a variety of complexes of the {FeNO} and 

{FeNO}6 groups. The relationships between the structures of 

these complexes, their physical properties, and chemical 

reactivities have been investigated. The molecular 

structure of [Fe(S2CNEt2)2]2 has been determined from single 

crystal X-ray diffraction data obtained by counter methods, 

The compound crystallizes in space group C2^ - P2^/c with 

four monomers per unit cell of dimensions a = 10.0540(69)A, 

b = 10.6937(80)A, c = 16.5824(42)A, and 3 = 112.6(1)°. Full 

2 
matrix least squares refinement using data having Fo > 

2 
3a(Fo ) gave R^ = 0.058 for the 2796 data. The compound is 

dimeric with distorted trigonal bipyramidal geometry around 

each iron atom. The two dithiocarbamate ligands each bridge 

one axial and one equatorial position of the trigonal bi-

pyramid. The distorted trigonal bipyramidal geometry is 

achieved by dimerization through sulfur bridges with a 

resultant Fe-Fe distance of 3.350A, The crystal and 

molecular structure of cis-FeNQ (S^CNEtQ 2^2 ̂ as also been 

determined by X-ray crystallography. The compound 

5 
crystallizes in space group ~ P2^/c with four molecules 

per unit cell of dimensions a = 10.3226(36)A, b = 

16.1785(65)A, c - 11.3561(36)A, and fl = 101.5(1)°. Full 

ix 



X 

2 matrix least squares refinement using data having Fo > 

2 
3a(Po ) gave = 0.059 for 2908 data. The compound has 

cis geometry of the dithiocarbamate ligands with a nearly 

linear NO group with Fe-N-0 bond angle of 174.9(5)°. The 

plane of the NO^ group is perpendicular to the Fe-NO bond. 

Reaction of Fe(S2CNMe2)2 with NO+BF4 in CHgCN gave 

trans-FeNO(S^CNMe^)„CH^CN+BF^. The coordinated aceto-

nitrile was readily displaced by a variety of ligands 

including Br , I , N02, SCN~, and CH,jNC. These complexes 

of the type FeNO(S2CNMe2)2X when prepared via direct oxida

tion with X2 had the same stereochemistry as those prepared 

via the acetonitrile complex. The complex trans-

FeNO(S2CNMe2)2N02 was prepared by the reaction of 

FeNO(S2CNMe2)2 with N02 at low temperatures (<5°C). This 

trans isomer isomerized to the theinnodynamically stable cis 

complex at room temperature (25°C). The formation of cis 

complexes with CH^NC and N02 has been explained in terms of 

their ligand field strengths. The exchange reactions of the 

7 6 
{FeNO} and {FeNO} complexes with NO and N02 were investi-

15 
gated by using N labelled complexes. The nitrosyl ex

change reaction of FeNO(S2CNMe2)2 was studied in solution 

and found to be fast. The six coordinate cis-FeNO(S^CNMe^)n1 

also undergoes exchange of NO but at a slower rate. The 

novel exchange reaction between coordinated NO and N02 

groups in cis-FeNO(S^CNMe^)was studied and shown to 

proceed by an intramolecular mechanism. The analogous 



xi 

trans-FeNO (S^CNMe^) oNQ2 no*- un<^erg° a similar exchange 

reaction. Exchange reactions of free NO and NO^ with cis 

and trans isomers of FeNO(S2CNMe2)2N02 has led to the con

clusion that this exchange occurs via a symmetrical Fef^O^) 

7 6 
intermediate. It was found that the {FeNO} and {FeNO} 

groups' in these iron dithiocarbamate complexes undergo fast 

electron exchange. 



CHAPTER 1 

INTRODUCTION 

Sulfur ligands are known to stabilize numerous 

monomeric nitrosyl complexes [1,2]. Although the prepara

tion and spectroscopic properties of these complexes have 

been investigated, there has been little systematic in

vestigation of their chemical reactions. The reactions of 

iron dithiocarbamate nitrosyls, FeNO(S2CNR2)2, first pre

pared by Cambi and Cagnasso [3] have been recently in

vestigated by Biittner and Feltham [4] and shown to react 

with oxidizing agents to give cis-FeNO(S^CNEt^)2X = 

Br,I,N02). Even though epr studies of FeNO(S2CNMe2)2 

[5-7] indicate that the unpaired electron resides in the 

antibonding 5a, orbital [7] which is predominantly d 2{Fe) 
•L Z 

there was no indication of the formation of any trans 

complexes upon oxidation. This investigation was under

taken to explore the possible relationship between the 

electronic structure of FeNO(S2CNR2)2 and the stereo

chemistry of its oxidized products, to prepare trans isomers 

of FeNO(S2CNR2)2X, and to correlate the reactions of cis and 

trans isomers with their structures. This study was 

developed by determining the structure of the parent complex 

[Fe(S2CNEt2)2]2 and of one of the key six-coordinate cis 

1 



2 

complexes cis-FeNO(S2CNEt2)2N02 (chaPter 2)/ by preparing a 

g 
variety of dithiocarbamate derivatives of the {FeNO} and 

{FeNO} complexes (Chapter 3) and by studying the rates of 

their reactions in solution* (Chapter 4). The techniques 

which proved valuable in these studies include isotopic 

substitution with ir, and nmr spectroscopy. It 

is hoped that the detailed understanding of the chemistry of 

these dithiocarbamate derivatives of iron nitrosyIs will 

provide some insight into the role played by the iron-sulfur 

proteins of nitrogenase and hydrogenase in the activation of 

the small molecules N2 and H,,. 

*In this notation, the NO group is assumed to be 
bound as N0+ and n corresponds to the number of d electrons 
on the metal. Thus, the {FeNO}° group is iFeNO] 



CHAPTER 2 

STRUCTURES OF COMPOUNDS 

The Crystal and Molecular Structure 
of Fe(S2CNEt2)2 

Iron(II) dithiocarbamates are a class of chemically 

reactive compounds with some striking physical properties 

[8], Their chemical reactions with NO and CO have been 

previously investigated by Biittner and Felt ham [4] . The 

magnetic susceptibility and Mossbauer spectrum of 

Fe(S2CNEt2)2 indicate that it is dimeric [9] with anti-

ferromagnetic coupling between pairs of iron atoms and a 

Ne£l temperature of 110°K. 

This class of compounds also has properties which 

may be related to those of iron-sulfur proteins [10-14]. 

Recently Holm [15] has prepared iron-sulfur clusters con

taining the Fe2S2 and Fe^S^ units. The structures of the 

Fe^S^ cluster and the Fe2S2 cluster containing Fe(III) have 

been determined by Averill et al. [16] and Herskovitz et al, 

[17]. However, as Lippard [18] indicated in his review of 

this subject there appear to be no structural studies of 

Fe2S2 complexes in which Fe(II) is exclusively coordinated 

to sulfur ligands. Although a preliminary investigation of 

Fe(S2CNEt2)2 by X-ray powder patterns [19] showed it to be 

3 
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isomorphous with the corresponding dinuclear Zn(II) complex 

[20] and Cu(II) complex [21], the Cu{XI) and Zn(II) 

complexes have different geometries. Thus the coordination 

geometry around Fe(II) remained unknown. The crystal 

structure determination described below was undertaken to 

provide a detailed picture of the coordination geometry 

around the iron atom in Fe{S2CNEt2)2. 

Experimental 

Crystals of the compound Fe(S2CNEt2)2 were obtained 

by the method published elsewhere [22] . Large dark red 

crystals were obtained by this procedure. The crystals 

obtained are extremely sensitive toward air and therefore 

were stored in sealed ampoules under nitrogen. Crystals for 

X-ray investigation were sealed in glass capillaries under 

nitrogen. Preliminary precession photographs taken with 

MoKa radiation indicated that the crystals are monoclinic. 

The systematic absences of hOJi when £ 2n and OkO when 
c 

k / 2n are consistent with the space group C^ - P2^/c. At 

23 ± 2°C the unit cell parameters are a = 10.0540(19)A, 

b = 10.6937(40)A, c = 16.5824(42)A, and 3 = 112.6(1)°. 

These parameters were determined from a least squares re

finement of the setting angles of twelve reflections that 

were centered on a Picker FACS-I computer controlled four 

circle X-ray diffractometer. The values of 20 for these 

reflections were 30-42°. In the refinement the wave length 
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of MoKa radiation was taken as 0.71069 A. The crystal 

-3 
density of 1.457(5) g cm determined by flotation in 

bromobenzene-chlorobenzene is in good agreement with the 

-3 
value of 1.470 g cm calculated for four molecules per unit 

cell. 

For data collection a crystal of approximate dimen

sions 0.4 x 0.4 x 0.3 mm was mounted with its b axis approxi

mately collinear with the <£ axis of the diffractometer. The 

mosaicity of the crystal was checked by w scans at a take

off angle of 0.7°. All reflections had peak widths of 0.15° 

or less. ' An incident beam monochromator equipped with a 

graphite crystal was used to obtain MoKa radiation. The 

0-20 axis of the monochromator is perpendicular to the 0-20 

axis of the diffractometer. Data were collected at a take

off angle of 2.0° using the 0-20 scan technique and an 

asymmetric scan range from 20MoKa^ - 0.85° to 20MoKot2 + 

0.85°. The pulse height analyzer was set to admit ^ 90% of 

the MoKa peak and the scintillation counter was 24 cm away 

from the crystal. Cu foils having attenuation factors of 

^ 1,7 were inserted into the diffracted beam whenever the 

counting rate exceeded ̂ 10 counts/sec. During data collec

tion the intensities of three reflections in diverse regions 

of reciprocal space were monitored after every 100 re

flections. The maximum variation of any standard from its 

mean value was ̂ 5%. A total of 3097 unique reflections 

having 20 £ 40° was obtained. There were few data of useful 



intensity beyond 20 = 40°. The data were reduced to F and 

2 i 
a(F ) by procedures similar to those previously described 

! 
[23]. | 

j 

The polarization correction used was P = 0.5 

2 2 
(cos 20m + cos 29) where 0m is the Bragg angle of the mono-

chromator crystal and 0 is the Bragg angle of the reflection 
i 

being observed. Standard deviations were assigned to the 

intensities by the formula where CT is the total integrated 

peak count obtained in time t , and 
c 

a(I) = (CT + 0.25(tc/tb)2(B1+B2) + (pl)2]1/2 . 
| 

B-^ and B2 $re the background counts each obtained in time 

2 i 
t^. I is the intensity and p was taken as 0.04. The 

absorption coefficient for the compound for MoKa radiation 

is 15.04 cnj In order to investigate the importance of 

absorption in this crystal the faces {0 I 1), {0 1 1}, 

{1 0 2}, {1 0 2}/ {2 0 1}, {2 0 1}, {0 0 1}, {I 1 1}/ 

{ 1 1 1 } ,  { 0 1 1 } /  a n d  { 0  1 1 }  w e r e  i d e n t i f i e d  b y  o p t i c a l  
j 

goniometry and the crystal dimensions measured. Sample 

calculations on several representative reflections showed 
i i 

that the magnitude of the absorption correction ranged from 

0.591 to 0. 

absorption. 

S34. Therefore no correction was made for 

Solution and Refinement 

The program used for data reduction was Raymond's 

UCFACS, itself a modification of Doedens and Ibers1 PIKOUT, 
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Other computer programs used included local versions of 

Zalkin's FORDAP Fourier summation programs, Ibers' NUCLS 

group least squares refinement program based upon Busing and 

Levy's ORFLS, Busing and Levy's ORFFE, Johnson's ORTEP 

plotting program, R. J. Dellaca's DANFIG program which 

itself is a modification of C. K. Johnson's ORTEP, and 

Raymond and Ibers* FINDH program. All computations were 

performed on a CDC 6 400 computer. 

Positions of the Fe and S atoms were readily 

located from a Patterson map computed from the corrected 

intensities. The other heavy atoms were found from a 

difference electron density map. 

Refinement of the structure based upon F was begun 

2 
by minimizing Sw{|Fo|-|Fc|) with the weights, w, taken as 

2 2 2 
Fo /a (Fo) . The atomic scattering factors for Fe, S, C, 

N, and O were obtained from Cromer and Waber [24]. The 

hydrogen scattering factors were from the calculation of 

Stewart, Davidson, and Simpson [25]. The effects of 

anomalous dispersion were included [26] in F , and the 
c 

values of f' and f" calculated by Cromer [27] were used 

for Fe and S. 

The initial structure factor calculation including 

all non-hydrogen atoms gave R^ = 2||Fo(-|Fc||/(£|Fo|) -

0.456 and R2 = [£w(Fo-Fc)2/£WFO2]= 0.450. At this stage 

all 4893 reflections were included. All atoms were allowed 

to assume individual isotropic thermal parameters. Four 
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cycles of refinement with iron and the four sulfur atoms 

assigned anisotropic thermal parameters gave = .128 and 

2 2 1*2 = .102. At this stage reflections with Fo < 3a (Fo ) 

were omitted and 2796 reflections were utilized in further 

refinement. Three additional cycles of refinement were 

carried out assuming anisotropic thermal motion for all 

heavy atoms (154 variable parameters). These cycles lowered 

.and R2 to 0.066 and 0.081, respectively. The positions 

of the methylene protons were calculated and the methyl 

protons were found by running general plane electron density 

maps through the methyl groups. The inclusion of all the 

hydrogen atoms in the final cycle lowered R^ to 0.058 and 

R2 to .065. 

Description of Structure 

The coordination geometry around the individual iron 

atoms is best described as distorted trigonal bipyramidal. 

Important distances and angles are shown in Tables 1 and 2. 

The final atomic parameters appear in Table 3, The final 

temperature factors appear in Table 4. The coordination 

sphere is comprised of four sulfur atoms (SI, S2, S3, and 

S4') from two dithiocarbamate ligands and of an additional 

II 
sulfur atom (S4) from an adjacent Fe (S2CNEt2)2 molecule. 

Sulfur atoms S2, S3, and S4 form an approximately trigonal 

planar array with nearly equal Fe-S distances of 2.402, 

2.4 08, and 2.4 37 A, respectively, and with only small 



Table 1. Bond distances in [Pe(S2CNEt2)2]2. 

9 

A-B Bond Distan 

Fe-Sl 2.453(2) 

Fe-S2 2.402(2) 

Fe-S3 2.408 (2) 

Fe-S4 2.437 (2) 

Fe-S41 2.613(2) 

Sl-Cl 1.734 (5) 

S2-C1 1.731(5) 

S3-C6 1.721(5) 

S4-C6 1.766(5) 

Cl-Nl 1.330 (6) 

C2-N1 1.489(6) 

C2-C3 1.500 (8) 

C4-N1 1. 492 (7) 

C4-C5 1.519(9) 

C6*-N2 1,321(5) 

C9-N2 1,480(6) 

C7-C8 1.490 (9) 

C9-C10 1,516(8) 
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Table 2. Bond angles in [Fe(S2CNEt2)2 

A-B-C Angle0 

Sl-Fe-S41 159.1(1) 
Sl-Fe-S2 74.3(1) 
Sl-Fe-S3 102.3 (1) 
S3-Fe-S4 107.3(1) 
S2-Fe-S4 109.5(1) 
S2-Fe-S4' 98.3(1) 
S4 -Fe-S4' 97.2 (1) 
S2-Fe-S3 142.8 (1) 
S4-Fe-Sl 103.7(1) 
Cl-Sl-Fe 84.0(2) 
Cl-S2-Fe 85.7 (2) 
C6-S3-Fe 90.5(2) 
C6-S4-Fe 101.4(2) 
N1-C1-S2 122.4(4) 
Nl-Cl-Sl 121.9(4) 
S2-C1-S1 115.7 (3) 
C1-N1-C2 122.1(4) 
C1-N1-C4 121.7(4) 
C2-N1-C4 116.1(4) 
N1-C2-C3 112.6(5) 
N1-C4-C5 110.6(4) 
N2-C6-S3 123.8 (3) 
N2-C6-S4 121.5(3) 
S3-C6-S4 114.7(3) 
C6-N2-C9 123.6 (4) 
C6-N2-C7 . 121.2(4) 
C9-N2-C7 115.2(4) 
C8-C7-N2 111.7 (5) 
N2-C9-C10 111.8 (4) 
Fe-S4-Fe* 82.8 CD 
S3-Fe-S4 71.4 CD 
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Table 3, Least squares planes for [Fe(S2CNEt2) 

Equation in the form Ax + By + Cz - D = 0 
by Hamilton's method* 

Atoms defining 
Plane A B C D the plane 

1 • 3709 . 9747 -.5154 .1355 SI S2 S3 S4 
2 • 7079 5605 . 2850 .1576 SI S2 S3 S4 1 
3 • 5590 . 8880 -.2960 .1245 Fe S2 S3 S4 
4 • 8008 *•*. 4426 . 1674 .1338 Fe S2 S3 S4 1 
5 • 4093 . 9525 -.5700 .1163 Fe SI S2 S3 S4 
6 * 7480 -.5290 . 2138 . 1293 Fe SI S2 S3 S4 ' 
7 • 4232 . 6161 -.1341 .7529 Fe SI S3 S4 
8 • 5240 4938 . 7669 .1119 Fe SI S3 S4 1 

Deviations from the planes 
O 

(A) 

Atoms 1; 2 1 4 5 6 7 8 

Fe . 041 -.207 -. 235 -. 275 -.432 -.139 
SI 1.569 -.169 1 .778 .241 .586 .366 
S2 -.955 .118 -. 051 .390 -. 812 .359 
S3 -.548 .206 -.058 .686 -. 228 . 610 .718 -.047 
S4 .183 -.028 .328 .119 .370 
S4 ' -.117 -.049 .240 

Dihedral angles between the planes 

Planes Angles 

Fe SI S2 / Fe S3 S4 97.3° 

Fe SI S2 / Fe S3 S4' 141.3° 

•Reference 28, 
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Table 4. Final atomic parameters for [Fe(S2CNEt2)2]2. 

Atom X Y Z 

Fe .1631(1) .0605(1) .0553 (1) 
S1 .3367 (1) .2314 (1) .1127(1) 
s2 .2114(1) .0709(1) .2087(1) 
s3 -.2432 (2) .0359(1) .0494 (1) 
s4  0627 (1) .1676(1) -.0265(1) 
C1 .3181 (5) .1986(4) .2102(3) 
»1 .3817 (4) .2677(4) .2815 (3) 
C2 .3651 (6) .2405 (5) .3651 (3) 
C4 .4681 (6) .3809 (6) .2807(4) 
c6 -.1454 (5) .1682(4) .0501(3) 
N2 -. 1356 (4) .2657(3) .1010(2) 
C7 -.2123 (6) .2684(5) .1622(4) 
c8 -.1158 (8) .2316 (7) .2524 (4) 
Cg 0460(6) .3769 (4) .1043(4) 
C10 -.1348 (7) .4831(6) .0492 (5) 
C3 .4849(7) .1612(7) .4256(4) 
C5 _ .3711(7) .4945(5) .2499(5) 
H LA . 2615 .1919 .3514 
H 2 .3615 . 3285 .3984 
H 3 .5720 .1783 , 4269 
H 4 . 5059 .0935 .4012 
H 5 .4572 .1204 .4792 
H 6 . 5250 .3662 .2363 
H 7 .5492 .3986 .3460 
H 8 . 2816 . 4737 .1804 
H 9 , 4342 .5805 .2579 
H 10 . 2892 .4901 .2579 
H 11 -.3063 .2051 ,1382 
H 12 2532 .3631 ,1645 
H 13 -,0242 .2769 .2853 
H 14 -»1516 ,2024 ,2880 
H 15 -.0667 .1575 ,2569 
H 16 . 0381 .3511 .0806 
H 17 . 0064 .4082 .1721 
H 18 -.0698 . 5640 . 0544 
H 19 -.1814 . 4539 -.0197 
H 20 -.2261 .4940 .0582 

aAn isotropic thermal parameter, Bf of 8.0 was 
assigned to each of the hydrogen atoms. 
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deviations from co-planarity (± .05 &). The remaining two 

sulfur atoms SI and S4' occupy the axial positions of the 

trigonal bipyramid. However, due to the small bite angle 

of the dithiocarbamate ligands these axial sulfur atoms are 

strongly distorted from the normal positions in a regular 

trigonal bipyramid. In addition the two axial Fe-S 

distances are grossly dissimilar. Thus the iron(II) co

ordination sphere is very similar to that reported earlier 

for Zn11(S2CNEt2)2 by Bonamico et al. [20] (Fig. 1). The 

major difference between the iron(II) and zinc(II) struc

tures is the somewhat smaller covalent radius of Zn{II) 

compared with that of Fe(II). The M-S41 bond is signifi

cantly longer in the zinc complex than in the iron complex. 

In contrast, the coordination sphere of Cu(II) in the iso-

II 
morphous dimeric Cu (S2CNEt2)2 complex is best described as 

a distorted tetragonal pyramid with the sulfur atom S4 in 

the axial position [21]. The least squares plane through 

SI, S2, S3, and S4' of Fe11(S2CNEt2)2 indicates a large 

deviation from square pyramidal geometry in this iron 

complex consistent with describing it as a trigonal bi

pyramid (Table 5). 

The iron dimer can best be viewed as one formed from 

two bridging monodentate dithiocarbamate ligands as 

originally described by Bonamico et al. [20],. There appear 

to be no major structural effects attributable to the 

antiferromagnetic interaction between the two high-spin iron 
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Table 5. Final atomic temperature factors for [Fe(S2CNEt2)21 

Atom 

Fe 
S1 
s2 
s3 
S4 
C1 
Ni 
c2 

S4 
c6 
N2 
c7 
c8 
c9 
c10 
C3 
C5 

10\la 10 e22 10 e33 
103(312 1 13 10 S23 

13.4(1) 4.9(1) 2.85(3) 0.5(1) 3.28(4) 0.83 (4) 
15.6 (2) 7.8(1) 3.7(1) -2.8(1) 4.4(1) -0.8(1) 
15,5(2) 5.6(1) 3.0(1) -1.9(1) 3.3(1) -.26(6) 
22.6(2) 5.8(1) 5.8(1) -3.9(1) 8.7(1) -2.2(1) 
14.3 (2) 4.8(1) 2.6(1) .07 (10) 3.5(1) .16(6) 
10.6(6) 5.7(4) 3.2 (2) 0.3(4) 2.4(3) -0.2(2) 
13.8(6) 6.6(4) 3.3 (2) -1.9(4) 2.9(3) -1.1(2) 
18.3(8) 8.5(5) 3.4(2) -1.5(6) 4.2(4) 1.4(3) 
15.9(8) 9.9(6) 4.9(3) -5.5(6) 3.8(4) -2.5(4) 
13,0(6) 4.8(4) 3.0(2) -0.3(4) 3.4(3) -0.2(2) 
14.2(5) 4.5(3) 3.3(2) -0.4(4) 4.0(3) -1.1(2) 
18.3 (8) 7.2(5) 4.6(3) 0.3 (5) 6.3(4) -1.6(3) 
26.4 (.12) 16.0(9) 4.1(3) -1.8(9) 6.5(5) -0.9(4) 
16.4 (8) 5,0(4) 4.5(3) -2.5(5) 4.2(4) -1.2(3) 
21.6(10) 6.7(5) 9.3(5) 0.6(6) 8.0(6) 1.1(4) 
21,5(11) 15.2(9) 4.9(3) 0.7(8) 3.3(5) 1.3(5) 
19.3(10) 7.1(5) 8.0(4) -3.7(6) 6.1(5) -1-7(4) 

a 2 2 
2 Anisotropic thermal parameters are in the form expl-(h + k 322 + 

i B33 + 2hkBi2 + 2h£B^3 + 23cJl023^ ̂ * T^e standard deviation of the last signifi
cant figure is given in parentheses. 
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atoms. The planarity of the Fe2S£ unit is crystallo-

graphically imposed. The two sulfur atoms, S4 and S41, form 

asymmetric bridges between two iron atoms of the dimer with 

two distinctly different Fe-S distances of 2.613 and 2.437 

A, respectively. The geometry of this Fe(II)2S2 unit is 

distinctly different from that observed for the Fe(III)2S2 

unit reported earlier by Snow and Ibers [29] and by Mayerle 

et al. [30 J. These changes cannot be directly attributed 

to changes in the electronic structure of these Fe^S^ units 

caused by the oxidation from Fe{II) to Fe(III). It is also 

II 
interesting to note that the F©2S2 un-^ Fe (S2CNEt2)2 

has geometry very similar to that of Fe2[(CH2N(CH^)-

CH2CH2S)2]2 reported by Hu and Lippard [31]. Both Fe2S2 

units are planar and the Fe...Fe distances are 3.350 and 

3.206 A, respectively. In addition, in the complex reported 

by Hu and Lippard the iron(II) atoms also have distorted 

trigonal bipyramidal coordination with the two trigonal 

axes of the monomer parallel. The structure of the dimeric 

unit in (Et^N)Fe(S2C2H^)2 has similar geometry and an Fe... 

Fe distance of 3.41 A. The Fe-Fe distances (3.2-3.4 A) 

found for these five-coordinate Fe(II) dimers are signifi

cantly longer than those found for the four-coordinate 

Fe(III) dimers (^2.7 A). This large Fe(II)...Fe(II) 

distance along with the rather weak antiferromagnetic 

coupling of the two iron atoms would seem to preclude a 

strong iron-iron bond. The question of iron-iron bonds in 
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dinuclear iron complexes has been extensively discussed by 

Dahl, Sinclair, and Teo [32] in their recent review of this 

subject. While these authors point out that the Fe-Fe 

distance does not necessarily provide a valid estimate of 

the Fe-Fe bond order, they also conclude that Fe-Fe 

distances greater than ca. 3.1 A are essentially non-bonded 

distances. 

Larkworthy, Fitzsimmons, and Patel [8] and de Vries, 

Trooster, and Boer [9] have investigated the magnetic 

susceptibility and Mossbauer, near infrared, and visible 

11 
spectra of Fe (S2CNEt2)2. The magnetic susceptibility 

indicates that there is an antiferromagnetic interaction 

between the iron atoms in this dimer. The near infrared, 

visible, and Mossbauer spectra were interpreted assuming 

that each iron atom had approximately square pyramidal 

geometry. The large quadrupole splitting (4.16 mm s 1) is 

unusual and could not be easily explained on the basis of 

the simple model for square pyramidal geometry. This is not 

surprising in view of the fact that the iron atom actually 

has distorted trigonal bipyramidal geometry. 

The Crystal and Molecular Structure of 
cis-FeNQ(S^CNBtn)2N02 

The complex cis-FeNQ (S^CNEt^) 2NQ2 was Prepared 

by Biittner and Feltham [4] . This compound is a derivative 

g 
of the {FeNO} group and its properties are consequently 
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related to the analogous FeNO(CN) g2"" and FeNO(das) ̂ X2+ 

complexes which have been structurally characterized [33, 

34]. However the assignment of cis geometry for this 

complex was based solely on its solution nmr data.' In 

order to check this assignment of stereochemistry and to 

obtain more detailed information about the effect of low 

symmetry on the bond distances and angles of the NO and NC^ 

groups in this complex, its molecular structure was deter

mined by X-ray crystallography. 

Experimental 

The compound cis-FeNO (S^CNEt^) was prepared as 

reported elsewhere [4] . Single crystals were obtained by 

dissolving the compound in ethyl acetate, adding an equal 

amount of hexane, and allowing the mixture to stand over

night at 0°C. The resultant dark black crystals were stable 

in air and were mounted on glass fibers for X-ray studies. 

Preliminary precession photographs taken with MoKa 

radiation indicated that the crystals were monoclinic. The 

systematic absences of hOA when £ 5* 2n and OkO when k ̂  2n 

5 
are consistent with the space group - P21/c. At 23 ± 2° 

C the unit cell parameters are a = 10.3226(49)k, b = 

16.1785(65)X, c = 11.3561(36)A, and 3 = 101.50(4)°. These 

parameters were determined from a least squares refinement 

of the setting angles of fourteen reflections that were 
t 

centered on a Picker-FACS-I computer controlled four circle 
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X-ray diffractometer. The values of 20 for these reflec

tions were 25-40°. In the refinement the wave length of 

MoKa radiation was taken as 0.71070 A. The crystal 

-3 
density of 1.519(5) g cm determined by flotation in'a zinc 

bromide solution is in good agreement with the value of 

-3 
1.530 g cm calculated for four molecules per unit cell. 

For data collection a crystal of approximate dimen

sions 0.4 x 0.3 x 0.3 mm was mounted with its c axis 

approximately col linear with the <j> axis of the diffrac

tometer. The mosaicity of the crystal was checked by w 

scans at a take-off angle of 0.7°. All reflections had peak 

widths of 0.15° or less. Data were collected by the 8-20 

scan technique using an incident beam monochromator to 

obtain MoKa radiation. The 6-20 axis of the monochromator 

is perpendicular to the 0-20 axis of the diffractometer. 

The take-off angle was 2.0°. The scan range was from 

20MOKa^ "" °-7° to + 0.7°. The scan rate was l°/min/ 

and the scintillation counter was 24 cm away from the 

crystal with an aperture of 4 x 4 mm. The pulse height 

analyzer was set to admit ^90% of MoKa peak. Cu foils 

having attenuation factors of ^1.7 were inserted into the 

3 
diffracted beam whenever the counting rate exceeded ^10 

counts/sec. During data collection the intensities of three 

reflections in diverse regions of reciprocal space were 

monitored after every 75 reflections. During data col

lection the intensity of one of the standards dropped 
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approximately 6% from its mean value. The maximum variation 

of the other two standards was _< 4%. A total of 3606 unique 

reflections having 20 _< 50° was obtained, and the data were 

2 2 
reduced to F and a(F ) by procedures similar to those 

previously described [23]. 

The polarization correction used was P = 0,5 

2 2 
(cos 20 + cos 20) where 0 is the Bragg angle of the mono-

m m 

chromator crystal and 0 is the Bragg angle of the reflection 

being observed. Standard deviations were assigned to the 

intensities by the formula 

a(I) = [CT+0.25(tc/tb)2(B1+B2) + (pi)2]1/2 

where CT is the total integrated peak count obtained in time 

tQ and B^r B2 are the background counts each obtained in 

2 
time t^. I is the intensity and p was taken as 0.04. 

The linear absorption coefficient of this compound 

for MoKa radiation is 12.76 mm ^. Sample absorption calcu

lations showed that for this crystal all transmission co

efficients ranged from 0.682 - 0.730. Therefore no 

absorption correction was made. 

Solution and Refinement 

Positions of the Fe and two S atoms were located 

from a Patterson map computed from the corrected intensities. 

A series of structure factor calculations# least squares 
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refinements, and electron density difference maps revealed 

all the nonhydrogen atoms of the formula unit. 

Refinement of the structure based upon F was begun 

2 
by minimizing EW(|FO| - |Fc|j with the weights, w, taken as 

2 2 2 
4Fo /a (Fo) . The atomic scattering factors for Fe, S, C, 

N, and 0 were obtained from Cromer and Waber [24]. The 

hydrogen scattering factors were from the calculations of 

Stewart et al. [25]. The effects of anomalous dispersion 

were included [26] in Fe. The values of f1 and f" calculated 

by Cromer [27] were used for Fe and S. 

One cycle of isotropic refinement with all non-

hydrogen atoms gave = E|[Fo|-|Fc||/(E|Fo]) - .154 and 

R2 = [Ew(Fo-Fc)2/2wFo2]1^2 = .200 for 2908 reflections with 

2 2 
Fo >_ 3a(Fo ). Two more cycles of isotropic refinement gave 

R^ = 0.096 and = .14 6. Refinement was continued assuming 

anisotropic thermal parameters for all atoms, and after two 

cycles R^ = 0,063 and R£ = 0.105. A difference electron 

density map revealed reasonable positions for six H 

atoms. Positions were calculated for the remaining H atoms 

and all H atoms were included as fixed contributors in sub

sequent calculations [22]. Two final cycles of least 

squares refinement gave R^ = 0.0 59 and R2 = .101. The 

largest peak in the final difference map (0,97 e/A ) could 

be assigned to residual electron density of the Fe atom. 

All other peaks were less than 0.90 e/A . An analysis of 

the weighting scheme as a function of sin0/A and Fo showed 
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that the low angle reflections were slightly overweighted. 

The final atomic parameters appear in Table 6 and the final 

temperature factors appear in Table 7. 

Description of Structure 

Figure 2 shows the coordination geometry of the 

FeNO (S2CNEt2) 2N^2 m°lecu-'-e* Important distances and angles 

are shown in Tables 8 and 9. The coordination geometry 

about the Fe atom is that of a distorted octahedron with the 

NO group in an axial position. The NO group is cis to the 

NO2 group in accordance with the solution nmr data [4]. The 

planes of the two cis dithiocarbamate chelate rings form a 

dihedral angle of 90.9(1) (Table 10). SI/ S2, S3, and N4 

occupy the basal plane of the octahedron with the nitrosyl 

nitrogen atom N1 and S4 defining an axis perpendicular to 

the plane. The octahedron is severely distorted however 

because of the small bite angle of the dithiocarbamate 

ligand. This distortion is reflected in the least squares 

planes calculated for this molecule (Table 11). The 

equatorial plane Fe, SI, S2, N4, S3 is significantly non-

planar with the Fe atom being displaced from this plane 

toward the NO group. The two chelate rings Fe, SI, S2, CI 

and Fe, S3, S4, C2 are planar within experimental error. 

The nitrosyl group has normal temperature factors 

and is well resolved with no evidence for disorder. The 

Fe~N3 distance of 1.659(5)A, N3-01 distance of 1.136(2)A, 
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Table 6. Final atomic parameters for cis-•FeNO(S2CNEt2)2N02. 

Atom X Y Z 

Pe .2158(1) .4904 (1) .2567 (1) 
SI .1845(2) .4917 (1) .4515(1) 
S2 .1434 (2) .3580(1) .2883 (1) 
S4 .4300 (2) .4477(1) .3296 (1) 
S3 ,2940(2) .4488(1) .0895(1) 
CI .1428 (5) .3890(4) .4326 (5) 
C2 . 4374 (6) .4197 (4) .1857 (5) 
Nl .1148 (5) .1586 (3) .0177 (4) 
N2 .5337 (5) .3800 (3) .1524 (5) 
N3 .0697(5) .5216 (3) .1807 (4) 
01 0264 (5) .5427 (4) .1212 (5) 
N4 -.2851 (6) .1067 (4) .2324 (5) 
02 -.3632 (7) .1324(4) .2860 (6) 
03 -.2370 (8) .1544 (4) .1695 (8) 
C3 .0762(7) .2531(4) . 4927 (6) 
C4 -,0689 (9) .2392 (5) .4825 (9) 
C5 .1266(7) .1295 (4) .1408(5) 
C6 .2632 (8) .1424 (5) .2132(7) 
C7 -.4714(7) .3572 (5) ,0232 (6) 
C8 .4772 (9) .2683 (6) -.0027 (8) 
C9 -.3462 (6) .3557 (4) .2400 (6) 
CIO -.2301(7) .4094 (6) .2310 (8) 
HI .1050 .3174 .5126 
H2 .1369 .2137 .5611 
H3 — ,0800 .2400 .5600 
H4 1286 .2875 .4318 
H5 -.1011 .1793 .4427 
H6 .1024 .0625 ,1387 
H7 .0542 ,1609 .1841 
H8 ,2800 .1200 .3000 
H9 , 3365 .1127 .1669 
H10 . 2866 , 2091 ,2174 
Hll -.5410 .3953 -.0373 
H12 t-, 5290 ,3201 . 07 81 
H13 .4000 .2600 . 0300 
H14 .5113 , 2265 -.0629 
H15 ,555 0 ,3113 . 0361 
H16 -.3781 .3409 .3250 
H17 -.4310 ,3440 .1664 
HI 8 -.2000 . 4200 .1500 
H19 -.2522 . 4719 ,2624 
H20 -,1446 .3856 .2929 

aAn anisotropic thermal parameter, B, of 7.0 was 
assigned to each of the hydrogen atoms. 



Table 7. Final atomic temperature factors for cis-FeNO(S^CNEt^)^NO^, 

Atom 103Bi:La 10 *22 
103633 10 P12 10\3 1(>3S23 

Fe 7.711) 2.4(1) 5.8 (1) .18(1) 1.6(1) .17(1) 
SI 10.7 {2) 2.6(1) 6.5(1) -.36(1) 2.9(1) -.44(1) 
52 10.6(2) 2.6(1) 6.4(1) -.33(1) 2.6(1) -.41(1) 
S4 8,5(2) 4.1(1) 6.2(1) .65(1) .11(1) 0.0(1) 
S3 8.7(2) 3.6(1) 5.7(1) .53(8) 1.6(1) .23(7) 
CI 7.8 (6) 2. 6 (2) 6.2 (5) .5(3) 1.9(4) .12(30) 
C2 8.3 (6) 2.7 (2) 6.9(5) -.1(3) 2.7(4) .06(30) 
Nl 11.4(6) 2.9 (2) 7.0(4) -.3(3) 3.7(4) -.24 (26) 
N2 8.1(5) 3.2(2) 9.0(5) .33 (3) 2.3(4) .01(27) 
N3 9.5(6) 3.3(2) 6.1(4) .03 (30) 1.7(4) .52(25) 
01 10,7(6) 7.4(3) 10,8(5) 1.0(4) -.9(5) 1.4(3) 
N4 12,0(7) 3.6(3) 7.6(5) .8(3) 3.6(5) 0.0 (30) 
02 29.0(12) 4.7(3) 17.4 (8) 3.9(5) 13.5 (9) 1.0(4) 
03 34.8 (14) 4.3(3) 28.8 (12) 4.0(5) 22.2(11) 4.9(5) 
C3 13.3 (8) 2.3 (2) 9.6(6) -.1(4) 3.2(6) .5(3) 
C4 15.0(10) 4.4(4) 16.7 (10) —1.8 (5) 1.6 (8) -1.9(5) 
C5 13.0(8) 3,9(3) 5.7(5) .3(4) 2.7(5) .3(3) 
C6 14.5(10) 4.5(4) 10.1(7) -.2(5) .0(7) -.7(4) 
C7 12.2 (8) 4.6 (4) 8.9(6) 1.3(4) 4.7(6) -.5(4) 
C8 17.5(12) 4,8(4) 15.5 (10) -.1(5) 3.4(9) -3.9(5) 
C9 8.1(7) 4.0(3) 10.0 (6) .5(4) 1.3(5) .6(4) 
CIO 9.2(8) 6.1(4) 14.8(9) -.8(5) 1.5(7) .2(5) 

a 2 2 
_ Anisotropic thermal parameters are in the form expl-(h 3^^ + k B99 + 

I B33 + 2hkBx2 + 2h£3x3 + 2k£323^- T^e standard deviation of the last signifi
cant figure is given in parentheses. 
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Table 8, Bond distances in cis-FeNO (S^CNEt^,) ̂NQ^,. 

A-B Bond distance A 

Fe-N3 1.659(5) 

Fe-N4 2.008(6) 

Fe-Sl 2.299(2) 

Fe-S2 2.321(2) 

Fe-S3 2,306(2) 

Fe-S4 2.308(2) 

N3-01 1.136(6) 

N4-02 1.178(7) 

N4-03 1.222(8) 

51-Cl 1.718(6) 

52-C1 1,714(6) 

53-C2 1.721(6) 

54-C2 1.712(6) 

Cl-Nl 1.314(7) 

C2-N2 1.301(7) 

N1-C3 1.495(8) 

N1-C5 1,457(8) 

N2-C7 1,503(8) 

N2-C9 1.480(8) 

C3-C4 1,496(11) 

C5-C6 1.498(10) 

C7-C8 1,540(12) 

C9-C10 1,501(10) 
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Table 9. Bond angles irj cis^FeNO (S^CNEt^) . 

A-B-C Angle" 

N3-Fe-N4 
N3-Fe-Sl 
N3-Fe-S3 
N3-Fe-S4 
N3-Fe-S2 
N4-Fe-Sl 
N4-Fe-S3 
N4-Fe-S4 
N4-Fe*-S2 
Sl-Fe~S3 
Sl*-Fe-S4 
51-Fe-S2 
S3-Fe-S4 
53-;Fe-S2 
54-Fe-S2 
Cl-Sl-Fe 
Cl-S2-Fe 
C2-S3-Fe 
C2-S4-Fe 
N1-C1-S2 
Nl-Cl-Sl 
52-C1-S1 
N2-C2-S4 
N2-C2-S3 
S4-C2-S3 
C1-N1-C5 
C1*-N1~C3 
C5-N1-C3 
C2t-N2-C9 
C2^N2-C7 
C9-N2-C7 
01-N3~Fe 
02-N4tt03 
02-N4-Fe 
03-N4-Fe 
N1-C3-C4 
N1-C5-C6 
N2-C7t-C8 
N2-C9-C10 

91. 3 (2) 
102. 2 (2) 
95. 3 (2) 

169. 8 (2) 
94. 3 (2) 
92. 8 (2) 
98. 4 (2) 
87. 4 (2) 

167. 8 (2) 
159. 0 (1) 
88. 0 (1) 
75. 4 (1) 
74. 9 (1) 
92. 0 (1) 
89. 0 (1) 
87. 2 (2) 
86. 6 (2) 
87. 5 (2) 
87. 6 (2) 

125, 1 (5) 
124. 2 (4) 
110, 8 (3) 
126. 2 (5) 
124. 1 (5) 
109. 7 (3) 
121. 9 (5) 
120. 7 (5) 
117, 4 (5) 
121. 4 (5) 
121, 7 (5) 
116, 9 (5) 
174, 9 (5) 
118. 6 (6) 
124, 8 (5) 
116. 5 <5) 
112, 5 (6) 
111. 8 (6) 
111. 1 (6) 
111. 9 (6) 



Table 10. Dihedral angles between planes for cis-
FeNO(S2CNEt2)2N02. 

Planes Angles 

Fe SI S2 / Fe S3 S4 90.9° j 

Fe N3 01 / Fe N4 02 97.0° 

Fe N3 01 / Fe N4 03 67.1° 

Fe SI S2 / Fe N4 S3 26.5° : 

Fe SI N3 / Fe S3 S4 12,3° 

Fe N3 01 / N4 02 03 62.6° 

Fe N3 S4 / N4 02 03 61.3° 

S4 Fe N3 / Fe N4 03 66.1° 

S4 Fe N3 / Fe N4 02 95.9° 
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Table 11, Least squares planes for cis-FeNO(S^CNEt^)QNO^. 

Equation in the form Ax + By + Cz - D = 0 
by Hamilton's method* 

Plane A B C D Atoms defining the plane 

1 .7356 -.8950 .3189 -.1487 Si S2 S3 N4 

2 .7894 -.7361 .3348 -.8812 Fe SI S2 S3 N4 

3 .3404 -.4881 -.1070 -.4402 Fe N3 N4 02 

4 .4649 -.4875 -.1037 -.4051 Fe N3 N4 03 

5 .2584 -.9372 .8067 -.5089 SI S2 N4 S4 

O 
Deviations from the planes (A) 

Atoms h — — — — 

Fe -.167 -.004 .001 

51 -.117 .230 .020 

52 .256 .343 .150 

53 -.082 .198 

54 .083 

N3 .160 -.042 

N4 -.825 -1,377 .424 -.205 .647 

01 

02 -.540 

03 .438 

*Reference 28. 
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and Fe-N3-01 angle of 174.9(5)° closely resemble the values 

observed [35] for FeNO(S2CNEt2)2 of 1.69(4)A, 1.16(5)A, and 

174(4)°, respectively. The Fe-S distances are also similar 

to those of low-spin FeNO{S2CNEt2)2. contrast the 

distances Fe-Sl - 2.299 (2)A, Fe-S2 = 2.321 (2)A, Fe-S3 = 

2.306(2)A, and Fe-S4 = 2.308(2)A are distinctly different 

from those of high-spin Fe(S2CNEt2)2 [36] where the corre

sponding distances are Fe-Sl = 2.453(2)A, Fe-S2 = 2.402{2)A, 

Fe-S3 = 2.408(2)A, and Fe-S4 = 2.537(2)A. The smaller Fe-S 

distances in the low-spin complexes can be directly 

attributed to the smaller covalent radius of iron atoms in 

low-spin states. This is consistent with the lack of strong 

structural trans effects in metal nitrosyls with coordinated 

NO+ groups [37]. 

All three atoms of the nitro group lie in the basal 

plane of the octahedron which is nearly perpendicular to the 

FeNO axis. The Fe-S2 bond distance is significantly longer 

than the other three Fe-S bonds due to the trans effect of 

the N02 group. The Fe-N02 distance of 2.008{6)A is com

parable to that reported for Co-N02 of 1.197(7)A in trans-

dinitro(l,10 diamino-4,7-diazadecane)cobalt(III) bromide 

[38]. The N-0 distances N4-03 and N4-02 of 1.222(8)A and 

1.178(6)A respectively are similar to the distances 

1.242(9)A and 1.223(9)A reported for the cobalt complex. 

The 02-03 distance, 2.064(9)A, and N3-03 distance, 

3.052(9)A, correspond to non-bonded distances. 



CHAPTER 3 

PREPARATION OF COMPOUNDS 

Introduction 

Although nitrosyl derivatives of ironbisdithio-

carbamates were prepared nearly four decades ago [3] many 

remained poorly characterized. Biittner and Felt ham [4] re

investigated these complexes and reported the preparation of 

several new six-coordinate diamagnetic complexes. The 

present investigation has led to new and improved methods of 

synthesis of several of these complexes. In addition it was 

found that both cis and trans FeNO (S2CNMe2) 2N02 cou-L(^ be 

prepared. The preparation of these six-coordinate complexes 

of the {FeNO}^ group via new independent routes will also be 

discussed. 

Experimental 

All reactions were carried out in an inert atmosphere 

using standard Schlenk tube techniques [39]. When necessary 

the solvents and reagents were carefully dried and stored 

under nitrogen. The infrared spectra were obtained using 

Perkin-Elmer 33 7, 137, or Beckman IR-12 spectrophotometers. 

1 
The H nmr spectra were recorded on a Varian T-60 spectrom

eter using TMS as an internal standard. The elemental 

analyses set out in Table 12 were obtained from Chemalytics 
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Table 12. Elemental analyses. 

%C %H %N %0 

Compound calcd. found calcd.. found calcd. found calcd. found 

FeNO(S2CN(C2H5 J2 J2 
31.41 31.78 5.23 4,97 10.99 10.80 

FeNO (S2CN(CH3) 
2} 2 

22,08 22.34 3.68 3.88 12.88 12.78 4.91 5.61 

FeNO[S2CN(CH3) 42.66 42.49 3.58 3.53 9.33 9.26 

FeNO [S CN CC H 
2 o 5 ̂ 2 32 

54.36 53.80 3.50 3.40 7.31 7.05 

cis-FeNOlS_CNCCH3) 
21 21 

15.89 16.12 2.65 2,71 9.27 9.18 

cis-FeNOlS„CNCCH3) 
2* 2Br 

17.73 17.66 2,96 2.99 10.34 10.12 

cis-FeNOjS^CN(CH3) 
2] 2K°2 19.35 19.66 3,25 3,28 15.05 14.89 

trans-FeNOIS^CN(CH^) 
2^ 

2CH3CN+BF4~ 21.15 21.16 3.33 3,25 12,33 11.90 

cis-FeNOIS CN(CH ) 
4 J 21 2CH3NC+ BF4~ 

21.15 21.19 3.33 3,45 12.33 12.07 

trans-FeNO[S^CN(CH^) 
2] 

„SCN 
2 

21.87 21.98 3.15 3.01 14.58 14.17 

trans-FeNOlS^CN(CH^) 
2^ 

CH CN+PF ~ 
2 3 o 

18,75 18.81 2.92 2.81 10.94 10.88 

trans-FeNO(S^CN(CH J 
2' 

NO *CHCl_ 
2 2 3 

16.73 16.78 2.59 2,76 11.15 10.95 
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Inc., Tempe, Arizona, and Huffman Laboratories, Wheatridge, 

Colorado. 

Bis (diethyldithiocarbamato)nitrosyliron 

This compound was prepared as previously described 

[4]. However, satisfactory analyses could only be obtained 

from material recrystallized by slow evaporation from 

benzene. 

Bis (dimethyldithiocarbamato)nitrosyliron 

A solution of 5.56 g of FeS0^.7H20 in 100 ml of 

distilled deoxygenated water was cooled to 0°C in an ice 

bath. This solution was then saturated with nitric oxide 

which was purified by passing it through a series of dry 

ice/acetone traps (-78°C). A degassed solution of 7.2 g of 

sodium diinethyldithiocarbamate in 7 5 ml of water was added 

dropwise. The resultant dark green precipitate was filtered, 

dried, and recrystallized by slow evaporation from benzene. 

-1 
Yield 6.1 g {93% based on the ligand), 1724 cm 

(CHC13), 1691 cm"1 (KBr disk). 

Bis(diphenyldithiocarbamato)nitrosyliron 

This complex was prepared as described above using 

3.63 g of Fe(ClO^)2«6H20 dissolved in 50 ml of methanol and 

5.34 g of sodium diphenyldithiocarbamate dissolved in 30 ml 

of methanol. The green precipitate was removed by 
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filtration, dried, and recrystallized from acetone. Yield 

3.3 g (57% based on the ligand), v
NQ' 1707 cm ^(KBr). 

Bis(methylphenyldithiocarbamato)nitrosyliron 

The ammonium salt of methylphenyldithiocarbamic 

acid, described elsewhere, was prepared as follows [40], A 

mixture of 6.0 ml of CS2 and 10.8 ml of N-methylaniline and 

7.0 ml of NH^OH was added to 10.0 ml of ethanol. After 

stirring for 30 min in an ice bath, the dark yellow solid 

which had formed was removed by filtration, washed with 

petroleum ether, and dried in vacuo. A degassed solution 

containing 5.56 g of FeS04.7H20 (20 mmoles) in 100 ml of 

water was treated with NO for 10 min in an ice bath and 8.0 

g (40 mmoles) of ammonium methylphenyldithiocarbamate in 65 

ml of deoxygenated water was added. After a green solid had 

formed, the NO was displaced with nitrogen. The dark green 

solid was collected, dried, and recrystallized from acetone/ 

pentane at ~78°C. Yield 4.3 g (48% based on the ligand). 

cis-Bis(dimethyldithiocarbamato)(iodo)nitrosyliron 

Method I. A solution of 0.14 g (1.1 mmole) of 

iodine in 8 ml of CHCl^ was added dropwise to a solution of 

0.326 g (1 mmole) of FeNO(S2CNMe2) 2 i-n 6 ml of CHCl^ over a 

15 min period. After stirring for one hour the solvent was 

removed by evaporation in a vacuum and the brown solid was 

collected, washed with ether, dried, and recrystallized from 
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chloroform/pentane. Yield 0.387 g (76% based on Fe). The 

resultant brown solid had vNQ, 1815 cm 1 .(KBr disk) and had 

four peaks of equal intensity at 6.63, 6.70, 6.80, and 

6.87T in the nmr spectrum consistent with cis geometry. 

Method II. A solution of 0.512 g (1 mmole) of 

FeNO(S2CNMe2)2^H2CN+PFg in 20.0 ml of acetone was treated 

with a solution of 0.134 g (1 mmole) of Lil in 10.0 ml of 

acetone. After filtration the solution was evaporated to 

dryness. Yield 0.380 g (84%). The resultant brown solid 

had properties identical to those of the complex formed by 

direct iodination of FeNO(S2CNMe2)2« 

trans-Bis(dimethyldithiocarbamato)-
(acetonitrile)nitrosyliron hexafluorophosphate 

Method I. A solution of AgPFg (0.252 g, 1 mmole) in 

6.0 ml of CH^CN was added to a solution of 0.453 g (1 mmole) 

of cis-FeNO(S^CNMe^). After removal of Agl by filtration 

the dark solution was evaporated to dryness giving a black 

solid. This complex had 1825 cm 1 and two peaks in 

the methyl region of the ^"H nmr spectrum at 6.75 and 

7,97t in the ratio -1:1. 

Met hod 11. The same compound was prepared from the 

reaction betweeon 0.350 g (2 mmole) of NOPFg dissolved in 

8»0 ml of CH^CN and 0.592 g (2 mmole) of Fe(S2CNMe2)2 [19], 

During the reaction gas was evolved and the solution turned 
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black. Evaporation of the solution to dryness resulted in 

a black solid with properties identical to those described 

above. The coordinated CH^CN is readily displaced by 

other ligands including I~, Br"", Cl~, SCN , N02/ and CH-jNC. 

trans-Bis(dimethyldithiocarbamato)(acetonitrile)-
nitrosyliron tetrafluoroborate 

A solution of 1.17 g of NOBF^ (10 mmole) in 20.0 

ml of CH^CN was added slowly to 2.96 g {10 mmole) of solid 

Fe(S2CNMe2)2• During the reaction gas was evolved and the 

black solution which resulted was warmed, filtered, and the 

filtrate was evaporated to dryness. The dark brown compound 

thus obtained was recrystallized from a minimum amount of 

acetonitrile/ether. Yield 3.10 g {68% based in iron). The 

resultant compound had vCH^CN, 224 0, and vNQ, 1830 cm ^ 

(KBr disk) and two methyl peaks in the nmr spectrum at 

6.73 and 8.03T with a ratio of 4:1. 

trans-Bis(dimethyldithiocarbamato)-
(thiocyanato)nitrosyliron 

Method I. To a solution of 0,326 g (1 mmole) 

FeNO{S2CNMe2) 2 in 10.0 ml of CHCl^lO.O ml of 0.1N thio-

cyanogen in CHC13 [41] was added dropwise with stirring over 

a period of 15 min. The resultant dark brown solution was 

stirred for one hour and evaporated to dryness. The dark 

brown solid was washed with ether, dried, and recrystallized 

from CHCl^/ethanol (1:1). Yield 0.289 g (75% based on iron). 
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Method II. A solution of 0.256 g (0.5 mmole) of 

FeNO(S2CNMe2)2CH3CN+PF5 10-0 ml of acetone was mixed with 

0.049 g (0.5 mmole) of KSCN in 15.0 ml of acetone. The 

resultant mixture was filtered to remove KPFg and unreacted 

KSCN. Evaporation of the filtrate produced a solid with a 

single methyl peak in the nmr spectrum at 6.62T and 

vNQ, 1835 cm"1 and vNCS, 2090 cm-1. Yield 0.16 g (82% 

based on iron). 

cis-Bis(dimethyldithiocarbamato)-
(bromo)nitrosyliron 

Method I. To a solution of 0.163 g (0.5 mmole) of 

FeNO(S2CNMe2)2 in 15.0 ml of CHCl^ a solution of 0.52 mmoles 

of Br^ in 15.0 ml of CHCl^ was added dropwise with stirring 

over a period of 15 min. The solution was stirred for 

another 15 min, filtered, and the filtrate evaporated to 

dryness. The resultant brown oil was digested with 5.0 ml 

of ethanol and filtered. The dark brown solid thus obtained 

had a single NO band at 1825 cm 1 and four peaks in the 

methyl region of the at 6.66, 6.73, 6.79, and 6.87x. 

Method II. A solution of 0.151 g (0.33 mmole) of 

FeNO(S2CNMe2)2CH^CN+BF^ in 10.0 ml of acetone was treated 

with 0.082 g (0.67 mmole) of LiBr^I^O in 10.0 ml of 

acetone. After stirring for one hour the solid was removed 

by filtration and the filtrate was evaporated to dryness. 

After recrystallization from benzene/ether the black product 
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had vNQ at 1825 cm ^ and four peaks in the methyl region of 

the "'"H nmr spectrum at 6.66, 6.73, 6.79, and 6.87T. 

cis-Bis (dimethyldithiocarbainato) -
(nitro)nitrosyliron 

Method I. To a solution of 0.326 g (1 mmole) of 

FeNO (S2CNMe2) 2 i-n 5.0 ml of nitromethane a solution of 1.1 

mmoles of NC^ in 10.0 ml of nitromethane was added dropwise 

with stirring over a period of 15 min. The mixture was 

stirred for another 15 min and the solvent was removed in a 

vacuum. The resultant brown solid was recrystallized from 

dichloromethane heptane and had properties identical to 

those of the compound described below in Method II. 

Method II. A solution of 0.454 g (1 mmole) of 

FeNO (S2CNMe2) 2CH2CN+BFij in 20.0 ml of acetone was treated 

with a solution of 0.176 g of (C2H5)4N+N02 in 8.0 ml of 

acetone. After stirring the solution for 3 0 min the 

resultant solid was filtered and the filtrate was evaporated 

to dryness. The black solid was recrystallized from 

—1 
benzene/ether and had a single at 1835 cm at 

1382, 1305 cm 1, and <Sn02' cm an(̂  three peaks in the 

methyl region of the "Si nmr spectrum at 6.67, 6.72, and 

6.78T with an intensity ratio of 2:1:1. 

Method III. This complex was also prepared starting 

with cis-FeNO(S^CNMe^)21 as follows. A solution of 0.151 g 
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(0.33 mmole) of cis-FeNO (S2CNM62) 21 ^-n 20.0 ml of aceto-

nitrile was treated with a solution of 0.051 g (0.33 mmole) 

of AgNC^ in 5.0 ml of CH^CN. The contents were stirred for 

15 minutes in the dark and the yellow precipitate which 

formed was removed by filtration. The filtrate was 

evaporated to dryness and the resultant brown solid col

lected on a frit, washed with 5.0 ml of ethanol, and dried 

in vacuo. Yield 0.076 g (62% based on iron), The product 

from this reaction had properties identical to those of the 

materials using methods I and II. 

cis-Bis(dimethyldithiocarbamato)(methyl-
isonitrile)nitrosyliron tetrafluoroborate 

A solution of 0.151 g (0.33 mmole) of trans-

FeNO(S2CNMe2)2CH3CN+BF~ in 10.0 ml of CHC13 was treated with 

0.015 ml (0.33 mmole) of methyl isonitrile. The solution 

was stirred for 30 min and filtered. The filtrate was 

evaporated to dryness giving a light brown solid which was 

recrystallized from methanol. The resultant brown compound 

had vNQ at 1870 cm"1, vNC at 2265 cm""1, and five peaks of 

equal intensity in the methyl region of the 1H nmr spectrum 

at 6.49 (CH3NC), 6.73, 6.76, 6.79, and 6.82T. 

trans-Bis(dimethyldithiocarbamato)(pyridine)-
nitrosyliron tetrafluoroborate 

To a solution of 0.151 g (0.33 mmole) of trans-

FeNO(S2CNMe2)2CH3CN+BF^ in 15.0 ml of CHCl^ was added 0.026 

ml (0.33 mmole) of pyridine, After stirring the solution 
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for one hour the green precipitate obtained was removed by 

filtration, washed with ether, and dried. The green solid 

was recrystallized from chloroform-ether, and showed vNQ at 

1830 cm ^ and a single peak in the methyl region of the "^H 

nmr spectrum at 6.73x. 

Attempted Preparation of Chloride 
an'd Azide Derivatives 

In attempts to prepare FeNO(S2CNMe2)2C1 and 

FeNO(S2CNMe2)2N3, trans-FeNO(S2CNMe2)2CH3CN+BF~ was treated 

with both CI and in various solvents. While some dark-

colored intermediates were observed in solution, the final 

product of all these reactions was FeNO(S2CNMe2)2. The 

reaction with N3 also produced considerable amounts of gas 

which was shown to be dinitrogen. The fate of chlorine 

from the reaction with chloride ion has not been established, 

trans-Bis(dimethyldithiocarbamato) 
(nitro)nitrosyliron 

A solution of 0.326 g of FeNO(S2CNMe2)2 in 20.0 ml 

of CHC13 was treated with 1 mmole of N02 at -78°C. The 

contents were allowed to warm to 0°C in an ice bath and 

stirred for one hour. Ether (50.0 ml) was added and the 

resultant brown solid which formed was filtered and dried 

in vacuo. The compound had v„_ 1840 cm-1, v.,_ 1386, 1275 
NO NOo 

1 >L 
cm , and ^02 at cm (KBr pellet) ; and vNQ, 18 6 6 cm""1* 

(CHCl^ solution). 
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Isomerization of trans-Bis(dimethyldithiocarbamato) 
(nitro)nitrosyliron to cis-Bis(dimethyldithio
carbamato) (nitro)nitrosyliron 

A solution of 0.0386 g (0.1 mmole) of trans-

FeNO(S2CNMe2)2^02 in 10.0 ml of CHCl^ was stirred for 30 

min at 22°C. The solvent was removed in a vacuum producing 

a brown solid. The ir spectrum of this solid was identical 

to that of cis-FeNO(S^CNMe^)2NQ2 supra). In solution 

the trans complex (^NQ/ 1866 cm ^ in CHCl^ solution) com

pletely isomerized to the cis complex {, 1857 cm-1 in 

CHCl^ solution) in ca. 20 min. 

Results and Discussion 

Several five-coordinate FeNO(S2CNR2)2 complexes 

have been prepared and characterized. They can be prepared 

2+ -
either by the reaction of FeNO with R2NCS2 or by the 

reaction of Fe(S2CNR2)2 with NO. These complexes are 

extremely air sensitive in solution and must be carefully 

recrystallized to obtain analytically pure samples. All 

these complexes had a fairly broad vNQ in CHC13 solution 

(Table 13). 

FeNO (S2CNMe2) 2 *-s readily oxidized by mild 

oxidizing agents including I2/ Br2' an<^ N02 to 9^ve s^x" 

coordinate complexes of the type FeNO(S2CNMe2)2X* In 

these reactions the final product obtained at room tempera

ture has cis geometry as shown by the "**H nmr spectra. A 

typical nmr spectrum of a cis complex is given in Fig. 3. 



Table 13. IR data for FeNO(S2CNR2)2 
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complexes.a 

Compound 
WKBr) vN0(CHC13) 

FeNO(S2CNMe2)2 1691 1724 

FeNO CS2CNEt2)2 1690 1721 

FeNO(S2CN(Me)(Ph))2 1714 1726 

FeNO(S2CN(Ph)2)2 1707 1728 

a, —1 
All frequencies are reported in cm using the 

polystyrene band at 1601 cm~l as a standard. 
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Fig, 3. 1H nmr spectrum of cis-FeNO (S^CNMe,,) ̂,Br in CDC13. 
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The cis complexes FeNO(S2CNMe2)2X (x = Br,I) had four peaks 

i 
of equal intensity in the methyl region of the H nmr 

spectrum. The peaks are sharp and equally spaced. cis-

FeNO(S2CNMe2) 2N02 ̂ -s anomalous in this regard. In CDCl^ 

cis-FeNO(S^CNMe^)2N02 exhibits only three peaks at 6.67, 

6.72, and 6.78T with intensity ratio 2:1:1. Furthermore, 

the relative positions of these three peaks appear to be 

solvent dependent. 

To investigate this anomalous result, the nmr 

spectrum of cis-FeNO(S^CNMe^) 2NQ2 ̂ as recor<^ed at a lower 

temperature in CDCl^ (-40°C). Under these conditions the 

1 
H nmr spectrum had four peaks of equal intensity at 6.84, 

6.77, 6.70, and 6.62T. The crystal and molecular structure 

of cis-FeNO(S^CNEt^)2NQ2 (c^aPter 2) shows that the Fe-S2 

bond length of 2.321(2)A is significantly longer than the 

other Fe-S bond lengths. The Fe-Sl, Fe-S3, and Fe-S4 bond 

lengths are 2.299(2)A, 2.306(2)A, and 2.308(2)A, re

spectively, and are normal for low-spin iron complexes. It 

is possible that the S2 atom trans to the N02 group readily 

dissociates in solution to give a monodentate dithio-

carbamate ligand. If such a process is fast on the nmr 

time scale then the free rotation about the Fe-Sl bond can 

cause averaging of the methyl groups of that dithio-

carbamate group (Fig. 4) producing a 2:1:1 pattern in the 

nmr spectrum. This observation also implies that the 
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Fig. 4. Scheme to illustrate methyl group averaging in 
cis-FeNO CS2CNMe2)2N02. 

five coordinate species depicted in Fig. 4 is stereo-

chemically rigid on the nmr time scale. 

The highly reactive, oxygen sensitive Fe(S2CNMe2)2 

« "i* 
reacts readily with small molecules like NO, CO, and NO . 

In particular the reaction of Fe(S2CNMe2)2 with NOBF^ in 

CH3CN yielded trans-FeNO(S2CNMe2)2CH3CN+BF~(A). This 

complex can also be prepared by the following method 

(reaction 2): 

CH-CN 
cis-FeNO (S2CNMe2) 2I + AgBF4 >• 

trans-FeNO(S2CNMe2)2CH3CN+BF^ (2) 

The acetonitrile complex showed two methyl resonances in 

1 
the H nmr spectrum at 6.73 and 8.05T (CH^CN) in the ratio 
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4:1 in accordance with trans geometry (Fig. 5). The 

infrared spectrum had vNQ at 1830 cm""1" (KBr) and coordinated 

CH^CN at 2250 cm ^. The fact that vCN is at a higher 

frequency than that of free acetonitrile is indicative of 

a bonding through the nitrogen [42], The coordinate aceto

nitrile was readily replaced by a variety of ligands and 

hence is a useful intermediate for preparing other six-

coordinate complexes of this series. 

Three different synthetic routes were used to 

prepare cis-FeNO(S^CNMe^) 2N02 (reacti°ns 3# 4, and 5). 

CHC1-
FeNO(S2CNMe2) + NC>2 25<)^ > 

cis-FeNO(S2CNMe2)2N02 (3) 

. CHC1-
trans-FeNO{S2CNMe2)2CH3CN BF4 + N02 —2so^ > 

cis-FeNO(S2CNMe2)2N02+BF~ (4) 

CH-CN 
cis-FeNO (S2CNMe2) 2I + AgN02 

cis-FeNO(S2CNMe2)2N02 + Agl (5) 

This compound had vNQ at 1835 cm 1 (KBr), VNQ2 
at 1382, 1305 

and <$N02 at 812 cm However when reaction (3) was 

carried out at -60°C the product of the reaction was trans-

FeNO(S2CNMe2)2N02. The ir spectrum of the trans isomer had 

vNQ/ 1840 cm"1; VNC>2' ^386, 1275; and <5nC>2' 760 cm ^' The 
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Fig, 5, ^"H nmr spectrum of trans-FeNO (S^CNMe^,) ̂CH^CN+BF^ in CD^CN. 

"•J 
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only strong bands in the 1000-1100 region were due to the 

dithiocarbamate ligand, thereby eliminating the possibility 

of coordinated nitrito groups [43,44]. Thus in both cis 

and trans isomers the NO^ ligand is attached to iron 

through the nitrogen. The trans complex is stable as a 

solid but rapidly isomerizes in solution at 25°C to the 

cis complex. 

Treatment of A with I or Br resulted in the dis

placement of coordinated acetonitrile and rearrangement of 

the two dithiocarbamate ligands to give cis-FeNO(S^CNMe^) 

(X = Br, i) . The ^"H nmr and the ir spectra of these 

complexes were identical to those of the complexes made by 

direct oxidation of FeNO(S2CNMe2)2. Thus it is clear that 

the stereochemistries of FeNO (S2CNMe2) 2Br an(^ FeNO-

CS2CNMe2)2I are independent of their method of prepara

tion. To extend the scope of these investigations a series 

of six-coordinate complexes was prepared and their stereo

chemistries determined. For example treatment of A with 

SCN produced trans-FeNO(S2CNMe2)2SCN* The ir spectrum of 

this complex showed at 1835 cm ^ and at 2090 cm ^ 
NO SCN 

and the H nmr spectrum showed a single methyl group 

resonance at 6.73T. The presence of ir bands at 835 and 440 

cm ^ shows that the thiocyanate ligand is N-bonded [44-46]. 

Because of the similarity between halogens and thiocyanates 

as ligands, the observation of trans geometry in the thio

cyanate complex was surprising. To demonstrate that the 
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trans complex is the thermodynamic product, it was also 

prepared by direct oxidation of FeNO(S2CNMe2)2 with (SCN)2. 

i 
The product from this reaction had H nmr and ir spectra 

identical to those of the trans complex made via the aceto-

nitrile complex. 

Treatment of A with CH^NC produced cis-FeNO-

(S2CNMe2)2CH3NC+BF4• The ir spectrum of this complex had 

1870 cm "*•; \>NC/ 2070 cm 1; and methyl resonances a.t 

6.37 (CH3NC), 6.67, 6.70, 6.72, and 6.75T in the 1H nmr 

spectrum. This compound has the highest NO frequency in 

the series of {FeNO}^ complexes studied. A similar effect 

has been observed in isonitrile-substituted iron carbonyls 

[47]. 

Treatment of A with pyridine produced a green 

product with vNQ at 1830 cm ^ and a pair of weak bands in 

the ir spectrum assignable to coordinated pyridine at 610 

and 680 cm ̂  In the "*"H nmr spectrum a single peak at 

6.70T was observed suggesting trans geometry for 

Fe(S2CNMe2)2py+BF^. 

Attempts to isolate FeNO(S2CNMe2)2C1 were unsucess-

ful. The instability of the chloride derivative is shown 

by the failure to obtain this complex through (a) direct 

oxidation of FeNO(S2CNMe2)2 with Cl2# (b) reaction of A 

with CI", or (c) reaction of Feci(S^cNMe 2) 2  with NO. In (a) 

a mixture of FeNO(S2CNMe2)2C1 and FeNO{S2CNMe2)2 was 

obtained which could not be separated. In (b) the solution 
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ir spectrum indicated the presence of FeNO(S2CNM&2)2C^' 

while the nmr spectrum had four peaks in the methyl 

region suggesting the formation of cis-FeNO(S^CNMe^)^C1. 

However these solutions rapidly decomposed forming 

FeNO(S2CNM62)2• Pathway (c) also produced an inseparable 

mixture of FeNO(S2CNMe2)2C1 and FeNO(S2CNMe2)2• These 

results although surprising are similar' to previous studies 

of reductive nitrosylation [48-50]. It has been shown that 

the addition of methanol and nitric oxide to a solution of 

Fe(III)TPPCA results in reductive nitrosylation to form 

FeTTPNO. The hydroxylie solvent is presumed to be essential 

from its reaction with coordinated NO . However, this 

explanation does not account for the instability of 

FeNO(S2CNMe2)2C1 because relatively high yields (65-70%) of 

FeNO(S2CNMe2)2 are obtained when A reacts with CI in non-

hydroxylic solvents such as CHCl^. 

EPR and Mossbauer studies [51,52] indicated that 

the unpaired electron in FeNO(S2CNMe2)2 lies in an orbital 

which is essentially metal dg2 in character. Enemark and 

Feltham [53] have suggested a qualitative molecular 

orbital scheme {Fig. 6) for this complex. Some of the 

features of this scheme are (a) the FeNO group remains 

essentially linear because the IT* (NO) orbitals are not 

occupied and (b) the highest occupied orbital is anti-

bonding and has d 2(Fe) and o* character. Since this Z NU 
orbital is antibonding between both Fe-N and N-O, 
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population of this orbital results in a reduced N-0 bond 

order and consequently a lower value of vNQ. All the 

oxidation reactions discussed above result in the removal 

of an electron from this 5a^ orbital. The result of this 

is the striking increase in (1700 to 1800-1870 cm . 

The X-Ray crystal structures of FeNO(S2CNMe2)2 and cis-

FeNO(S2CNEt2)2N02 provide further information about the 

7 6 
structural changes in going from (FeNO) to (FeNO) . The 

bond distances and angles of the FeNO group in these two 

complexes are given in Table 14. The oxidation reactions 

7 6 
of {FeNO} to {FeNO} resulted in a shortening of the Fe-N 

bond consistent with the removal of an electron from the 

5a-^ orbital. 

Table 14. X-ray structural data for FeNO(S2CNMe2)2 and 
cis-FeNO(S2CNEt2)2N02. 

' • • 1 * •• 1 • 1 1 • • • • • i • i 

FeNO (S2CNMe2)2* cis-FeNO(S2CNEt2)2N02 

Fe-N 1,720(5)A 1.659(5)A 

Nr-0 1,102 C7)A 1,136 (6)A 

Fe-N-0 170,4(6)° 174.9(5)° 

*Reference 54. 



CHAPTER 4 

EXCHANGE REACTIONS OF {FeNO}7 AND {FeNO}6 

DITHIOCARBAMATE COMPLEXES 

Introduction 

Exchange reactions of metal carbonyls and sub

stituted metal carbonyls have been widely studied [55]. 

However, there are only a few examples of nitric oxide 

exchange with metal nitrosyls. Palocsay and Rund [56] were 

the first to demonstrate the exchange of NO with metal 

complexes in the gas phase. The exchange reactions of 

Fe(CO)2(NO)2 and Co(CO)^NO were slow and obeyed second order 

kinetics for which a simple associative mechanism was 

postulated. Innorta, Pignatro, and Foffani [57] and 

Innorta, Torroni/ and Foffani [58] reported the exchange 

reactions of MtNO^IL [M = Fe, Co and L = P(CgH5)3 or 

AsfCgHg)^] in solution. These reactions were also second 

order but much faster than the gas phase exchange reactions 

of NO with Fe(CO)2(NO)2 and Co(CO).jNO. NO exchange is also 

anticipated for the {FeNO} complex Fe(TPP)NO from the 

observations of Wayland and Olson [48] of the formation of 

an unstable dinitrosyl complex. The two NO groups of 

Fe(TPP)(NO)2 are expected to exchange, but this exchange 

has not yet been demonstrated. This chapter describes the 

53 



7 6 
exchange reactions of {FeNO} and {FeNO} dithiocarbamate 

derivatives with free NO. 

The exchange of oxygen between NO and N02 has been 

studied in the gas phase [59] and shown to be fast (reaction 

15 
6). The reaction was followed by N labelling of one of 

14 15 14 15 
NO + N0„ * N0„ + NO (6) 

^ v £ 

the reactants, and an equilibrium constant of 0.96± 0.02 at 

25°C was also obtained. Although it is well known that co

ordinated N02 groups can be chemically converted to NO 

groups by treatment with acids or reducing agents [60,61], 

the direct interchange of coordinated NO and N02 groups has 

not been demonstrated. Transition metal nitro nitrosyls 

have been shown to be involved in catalyzing reaction 7 

[62] : 

CO + NO • N20 + C02 (7) 

Several mechanisms have been put forward to explain this 

catalytic reaction but it is not well understood [62]. 

Biittner and Felt ham [4] reported the preparation of 

FeNO(S2CNEt2)2N02 and demonstrated by H nmr spectroscopy 

that is has cis geometry. The structure determination of 

this complex by X-ray crystallography (Chapter 2) has 

confirmed its cis geometry and shown that the N02 group is 

attached to iron through the nitrogen atom. The preparation 

of the cis and trans isomers was described in Chapter 3 and 
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their coordination geometries were established by ir and 

1 
H nmr spectroscopy. The exchange reactions of these 

complexes have been studied by isotopic labelling of the NO 

15 
and NC>2 groups with N and the results are discussed in 

this chapter. 

7 
The {FeNO} group in FeNO(S2CNMe2)2 readily loses 

an electron from its 5a^ orbital upon oxidation to {FeNO}^ 
/r 

complexes (Fig. 7). It is conceivable that the {FeNO} 

derivatives could themselves act as oxidizing agents and 

7 participate in electron transfer reactions with the {FeNO} 

group in a manner similar to the known reactions of the 

related ruthenium nitrosyl complexes [63] (reaction 8). 

Ru(bpy) 214N0C1+ + Ru(bpy) 21,5N0C12+ ^ 

Ru(bpy)214N0C12+ + Ru<bpy)215NOCl+ (8) 

2 -1 —1 
These reactions are fast (k > 10 M s ) and the electron 

transfer presumably takes place to and from a coordinated 

NO group. Even though reaction 8 has not been demonstrated 

for iron nitrosyls, electron transfer reactions between 

2+ 3+ 
Fe and Fe in tris-phenanthroline complexes are known 

[64] (reaction 9). 

F e ( p h e n ) +  F e ( p h e n )  *  F e ( p h e n ) 2 +  

+  F e ( p h e n ) ( 9 )  



56 

7 fi 
The electron transfer reactions between {FeNO} and {FeNO} 

derivatives have been studied with compounds labelled with 

15 
N using ir techniques. The results of these studies will 

also be discussed in this chapter. 

Experimental 

All experiments were carried out in an all-glass 

vacuum line with a mercury diffusion pump. Cylinders of 

NO and N02 were purchased from Matheson Co. The solution ir 

cells from Barnes Engineering were modified for use with 

air-sensitive samples by using neoprene gaskets. The 

solution ir spectra were run at controlled temperatures 

using a Barnes Engineering variable temperature chamber. 

All reactions were carried out in the dark unless otherwise 

stated. Infrared spectra were recorded on a Beckman IR-12 

spectrophotometer. NO was purified by trap to trap 

distillation in a vacuum line. Impurities of NO2 present 

in NO were removed by condensing the N02 as N203 using a dry 

ice/acetone bath. N02 from cylinders always contained 

traces of NO. This residual NO was converted to N02 by 

allowing the mixture of gases to react with excess oxygen. 

Pure N02 obtained by this procedure is a white solid when 

condensed at -78°C. The solvents used were freshly 

distilled and thoroughly degassed by (a) purging with 

nitrogen, (b) heating to boiling under nitrogen, and (c) 

cooling under nitrogen. This procedure was repeated at 
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least three times to eliminate the last traces of dissolved 

oxygen. The solutions were further degassed on the vacuum 

line by freeze-thaw techniques. 

Solutions studied by ir spectroscopy were syringed 

directly into an ir cell with strict exclusion of air. The 

ir spectra were recorded in the nitrosyl region (1650 to 

1900 cm "*•) vs. a reference ir cell containing the pure 

solvent. In some cases the exchange reactions were studied 

by quenching techniques in which aliquots of solution were 

treated with an excess of a non-solvent and the resultant 

solids separated were studied by ir spectroscopy. This 

method enabled the examination of the N02 stretching and 

bending absorptions in the ir spectra. These regions could 

not be studied by solution ir spectroscopy because of strong 

solvent absorption bands. 

Results and Discussion 

Exchange Reaction of Fe^NO(S2CNMe2) 2 with "^NO 

A solution of 0.0163 g (0.5 mmole) of Fe^NO-

(S2CNMe2)2 (95% "*"5N) in 20.0 ml of CHCl^ was treated with 

14 
0.5 mmoles of NO at 77°K. The solution was allowed to 

thaw and an aliquot of solution was syringed into an ir 

cell. The solution ir spectrum between 1650-1760 cm ^ was 

obtained within about 2 min. During this 2 min period 100% 

exchange had taken place producing a 46:54 mixture of a 

solution of Fe15NO (S2CNMe2) 2 and Fe^NO (S2CNMe2) 2 (reaction 
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10). The solution ir frequencies of Fe*^NO (S2CNMe2) 2 an<^ 

Fe15NO{S2CNMe2)2 + 14NO * Fe14NO{S2CNMe2)2 

+ 1SNO (10) 

Fe14NO(S2CNMe2)2 in CHC13 are 1698 and 1724 cm"1, re

spectively. The experiment was repeated using a ratio of 

Fe^NO(S2CNMe2) 2:"*"4NO = 2:1. Within 2 min exchange had 

15 
taken place giving an equilibrium mixture of Fe NO-

(S2CNMe2)2iFe^^NO(S2CNMe2)2 =70:30. In this case the two 

ir bands were not well resolved. In order to obtain the 

relative amounts of the two compounds a calibration graph 

14 15 
was constructed in which the unresolved NO- NO ir band 

position was plotted against the ratio of a series of known 

concentrations (Fig. 7) of Fe15NO(S2CNMe2) 2:Fe14NO(S2CNMe2) 2-

Solutions of FeNO(S2CNMe2)2 with varying concentrations of 

NO were examined by ir and esr spectroscopy for dinitrosyl 

species, but no evidence for their formation was found. 

1 5  . 1 4  
Exchange Reaction of cis-Fe NO(S2CNMe2)2I with NO 

A solution of 0.0090 g of cis-Fe^NO (S^CNMe^) 

14 
7.5 ml of CHC13 was treated with 0.02 mmoles of NO. The 

reaction vessel was protected from light and the resulting 

solution was studied by ir spectroscopy. The intensity of 

14 14 -1 
the NO band of cis-Fe NO(S2CNMe2)2I at 1848 cm in

creased with time at the expense of the ^NO band of cis-

15 -1 
Fe NO(S2CNMe2)21 at 1810 cm . The exchange reaction in 
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the dark was complete in 1.5 h. A plot of -log (A-A^) vs. 

t gave a straight line (Pig. 8). A first order rate 

-4 -1 
constant of 1.22 x 10 s was obtained. However when the 

reaction was carried out in the presence of laboratory 

light/ the reaction was complete in 0.5 h with a first 

-4 -1 
order rate constant of 1.65 x 10 s . The reaction can be 

summarized as follows (reaction 11). 

Fe15NO(S2CNMe2)2I + l4NO > Fe14N0(S2CNMe2)2I 

+ 15NO (11) 

Exchange of NO and N02 Groups in cis-FeNO(S^CNMe^) 

A solution of 0.0820 g of Fe^^NO(S2CNMe2)2 in 10.0 

14 
ml of CHCl^ was treated with 0.025 mmoles of N02 at -78°C. 

The reaction mixture was warmed to the desired temperature 

and studied by ir spectroscopy in the 1775-1900 cm region. 

The first ir band which was observed (1829 cm is due to 
1 r» i * 

the formation of trans-Fe NO(S2CNMe2)2 w^th time 

the position of this band moved to 1821 cm followed by 

the growth of a new band at 1858 cm ^ and all reactions 

were complete in 2 h. The absorbances for the ir bands were 

determined by the Base Line method [65]. A plot [66] of 

-log(A-Aeg) for the band at 1858 cm ^ vs. t resulted in a 

straight line (Fig. 9). 

15 14 
The reaction between Fe NO(S2CNMe2)2 and N02 at 

temperatures <5°C is fast and the product is exclusively 
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trans-Fe"*""*NQ (S^CNMe^) (reacti°n 12). Above 5°C the 

15 14 —60°C 
Fe NO(S2CNMe2)2 + J'yN02 ^1 > trans-

Fe15NO{S2CNMe2)214N02 (12) 

trans isomer isomerizes to the cis isomer with retention 

15 
of the NO label (reaction 13) which is followed by the 

15 14 
slow exchange between the coordinated NO and NO groups 

of the cis isomer (reaction 14). 

trans-Fe15N0(S2CNMe2)21'1N02 CH^ • 

cis-Fe15NO(S2CNMe2)214N02 (13) 

15 14 22°P 
cis-Fe N0(SnCNMeJo NO^ — ^ 

" CHC13 

cis-Fe14NO(S2CNMe2)215N02 (14) 

The products from these reactions were identified from ir 

spectroscopy. Table 15 summarizes the important features 

in their ir spectra. 

To establish the course of this exchange reaction 

between coordinate NO and N02 groups reaction 14 was studied 

at different concentrations in a variety of solvents by 

monitoring the nitrosyl region of the ir spectrum (Table 

15). The results of these experiments are summarized in 



Table 15. NO and NC>2 vibrational frequencies of cis and trans FeNO(S2CNMe2)2N02 
and their derivatives. 

v \ 

Compound VN0(CHC13^ VN0{KBr) v^tKBr) VNQ2(KBr) V>2 <KBr) 

cis-Fe14NO CS2CNMe2)214n02 1857 1835 1382 1305 812 

cis^-Fe15NO tS2CNMe2) 215N02 1821 1802 1352 1282 804 

trans-Fe14NO (S-^CNMe-,) -)14N0n 1866 1840 1386 1275 760 

trans-Fe14NOCSnCNMe0)n15N0o 1866 1840 1355 1255 754 

15 14 
trans-Fe NO(S0CNMe0)0 N0o 1829 1804 1385 1275 760 
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Table 16 and show that the exchange of coordinated NO and 

NO2 is first order in the cis isomer/ is independent of the 

solvent, and is independent of the concentration of either 

NO, NO2/ or NO2 for the range of concentrations studied. 

There was no exchange between NO and NO^ in solid samples 

of cis-Fe1^NO (S2CNMe2) 2^^n02 store<^ for three months. 

Exchange Reactions of trans-FeNO (S^CNMe^) 2^2 

Exchange of "^NO with trans-Fe^NO (S^CNMe^) n^NO^ • 

A solution of 0.0078 g of trans-Fe^NO(S2CNMe2) 2^NQ2 

ml of CHCl^ maintained at 5°C in the dark was treated with 

14 
0.02 mmoles of NO. The reaction was followed in solution 

by ir spectroscopy. There was 100% exchange in 0.5 h and 

the first order rate constant for this reaction is 1.15 x 

-4 -1 14 
10 s (reaction 15). Exchange between trans-Fe NO-

15 14 
(S2CNMe2)2 NO2 and NO did not occur under these experi

mental conditions (0.5 h, 5°C, dark). 

trans-Fe15NO(S^CNMe2)214N02 + 14NO ——*• 

trans-Fe15NO(S2CNMe2)214N02 + 15NO (15) 

Exchange of With trans-Fe^HO (S2CNMe2) 2^NC>2 * 

A solution of 0.0148 g of trans-Fe^NO(S2CNMe2) 2'L4NQ2 in 

7.5 ml of CHCl^ maintained at 5°C was treated with 0.05 

14 
mmoles of N02• The reaction was followed by ir 



Table 16. Rate data for the exchange reaction between the NO and N02 groups of 
-cis-FeNO(S2CNMe2)2N02. 

— 

Solvent Temp °K Concentration x 10^ kobssec_1 x lo4 tj^^2 min. 

CHCI3 295 2.5 1.28 45 

CHCI3 2 95 3.3 1.20 48 

CHCI3 285 2.5 0.55 102 

CH3CN 295 2.5 1.15 50 

CHCI3 + NO 295 2.5 1.37 42 

CHCI3 + NO2 295 2.5 1.44 40 
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spectroscopy. In 0.5 h an equilibrium mixture of trans-

Pe15NO(S2CNMe2) 214N02, trans-Fe14NO (S^CNMe^J 214NC>2, trans-

Fel5NO(S2CNMe2)215N02/ and trans-Fe14NO(S2CNMe2)215N02 was 

obtained. The reaction can be summarized as follows 

trans-Fe15NO(S2CNMe2) 214N02 + 14NC>2 ^ 15n0
2 
+ 

trans-Fe14NO(S2CNMe2)214N02 + 

^rans-Fe15NO(S2CNMe2)215N02 + 

1  4  1 5  
trans-Fe NO(S2CNMe2)2 N02 (16) 

The rate of reaction (16) is the same as the rate for the 

15 14 
NO exchange reaction with trans-Fe NO(S2CNMe2)2 N02» 

14 14 15 
Exchange of NO With trans-Fe NO(S^CNMe^)2 N02. 

A solution of 0.0155 g of trans^-Fe14NO (S2CNMe2) 215N02 in 

14 
5.0 ml of CHClg at 5°C was treated with 0.04 mmoles of NO 

and stirred for 0.5 h in the dark. After this period a 

20.0 ml portion of hexane was added and the solid obtained 

was filtered and dried in vacuum. The infrared spectrum of 

the product was identical with that of the starting material. 

There were no bands in the ir spectrum attributable to 

15 14 
either coordinated NO or N02 groups. 

1 4  1 4  1 5  
Exchange of N02 With trans-Fe HOtS^NMeJ 2 NO^. 

A solution of 0.0965 g of trans-Fe ̂"4NO(S^CNMe^)^"^NO^ in 

15.0 ml of CHCl^ maintained at 5°C was treated with 0.25 



68 

14 
mmoles of N°2* At 10 min intervals portions of the 

solution were syringed into an excess of hexane and the 

solids thus formed were examined by ir spectroscopy. It was 

found that in 0.5 h an equilibrium mixture of trans-

Fe15NO(S2CNMe2)215N02, trans~Fe14NO(S2CNMe2)Z15N02, trans-

Fe15NO(S2CNMe2) 214N02, trans-Fe14NO (S^NMe^) 214N02 was 

obtained. The intensity ratios of the bands v-i/i iVie = 
NO lbNO 

2:1. The reaction is summarized in reaction (17). 

trans-Fe14NO(S2CNMe2)215N02 + 14N02 s 15n°2 + 

trans-Fe14NO{S2CNMe2)214N02 + 

trans-Fe15NO(S2CNMe2)215N02 + 

trans-Fe15NO(S2CNMe2)214N02 (17) 

The time taken for complete exchange in this reaction is the 

same as that for the NO exchange reaction in the trans 

complex. Thus in trans-FeNO(S^CNMe^JQNQ^ the NO group and 

the N02 group undergo exchange at the same rate, 

Exchange Reactions of cis-FeNO(S^CNMeQ 

It was not possible to prepare cis-FeNO(S2CNMe2)^NO^ 

with either coordinated NO or N02 groups specifically 

labelled, because of the interchange of these groups. In 

the exchange reactions discussed below an equimolar mixture 

of cis-Fel5NO(S2CNMe2)214N02 and cis-Fe14NO(S2CNMe2)215N02 

(A) was used. 
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14 
Exchange of NO with A. A solution of 0.0382 g of 

A in 15.0 ml of CHC13 was treated with 0.1 mmoles of 14N0. 

The resultant solution was studied by ir spectroscopy. 
| 

After 2.0 h an equilibrium was attained when the ratio 

v14nO:v14no = T^e f^rs*; or<^er rate constant for this 

-4 -1 
reaction is 1.37 x 10 s |Thus cis-FeNO (S^CNMe^) ̂NO^. 

undergoes exchange with free |NO at the same rate as the 

exchange between the coordinated NO and N02 groups. The 

above observations can be summarized in reactions (18) and 

(19). 

cis-Fe15N0{S2CNMe2) 214N02: + l4NO 

cis-Fe14N0(S2CNMe2)214N02 + 15N0 (18) 

cis-Fe14N0(S2CNMe2) 215N02| + 14NO — 

cis-Fe14NO(S2CNMe2)214N02 + 15N0 (19) 

14 
Exchange of N02 witji A. A solution of 0.0382 g 

of A was treated with 0.1 mmo 

solution was studied by ir spectroscopy. In 2.0 h an 

equilibrium was attained when 

2:1. Reactions (20) and (21) 

tions. 

cis-Fe14NO(S2CNMe2)2l5N02 

14. 

,es of 14 N02. The resultant 

the ratio of VI4no:V15no = 

summarize the above observa-

+ l4N0 
2 — 

cis-Fe NQ(S2CNME2)2 
14 15 

2 + N02 (20) 



cis-Fe15NO(S2CNMe2)214N02 + 14N02 s 

cis-Fe14NO(S2CNMe2)214N02 + 15N02 (21) 

The rates of these reactions are the same as the rate of 

exchange of NO with A. 

14 
Exchange Between Fe NO(S2CNMe2)2 and cis-

Fe15NO(S2CNMe2)2I 

A solution of 0. 0033 g of Fe"*"4NO (S2CNMe2) 2 in 5.0 

ml of CHCl^ was treated with a solution of 0.0045 g of cis-

Fe15NO (S2-CNMe2) 2I in 5.0 ml of CHC13. The resultant solu

tion ir spectrum between 1650-1900 cm 1 was obtained 

immediately. Four NO bands at 1848, 1810, 1724# and 1698 

cm 1 with equal intensities which were observed in solution 

14 
indicate that an equilibrium mixture of cis-Fe NO-

(S2CNMe2)2I, Fe15NO(S2CNMe2)2I, Fe14N0(S2CNMe2)2, and 

15 
Fe NO(S2CNMe2)2 was obtained, reaction (22). 

Fe14NO(S2CNMe2)2 + cis-Fe15N0(S2CNMe2)2I ^ 

Fe15NO(S2CNMe2)2 + cis-Fe14NO(S2CNMe2)2I (22) 

Reaction (22) is an extremely fast reaction compared to 

that of the exchange of 14NO with cis-Fe1^NO(S2CNMe2)2I 

where the reaction was complete in 0.5 h. 
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15 
Exchange Between Fe NO(S2CNMe2)2 an^ 

trans-Fe14NO(S2CNMe2)2CH3CN+BF~ 

A solution of 0.0033 g of Fe^*^NO(S2CNMe2) 2 i-n 5.0 

ml of CHCl^ was treated with a solution of 0.0045 g of 

trans-Fe14NO(S2CNMe2)2CH3CN+BF^ in 5.0 ml of CHC13 and the 

solution ir spectrum was run immediately. In 2 min four NO 

bands of equal intensity at 1852, 1822, 1724, and 1698 cm 1 

were observed. These correspond to the presence of equal 

14 + -
amounts of trans-Fe NO(S2CNMe2)2CH3CN BF^, trans-

Fel5N0(S2CNMe2)2CH3CN+BF^/ Fe14N0(S2CNMe2)2, and 

15 • 
Fe NO(S2CNMe2)2/ respectively, as summarized in reaction 

( 2 2 )  .  

trans-Fe14NO{S2CNMe2)2CH3CN+BF^ + Fe15N0(S2CNMe2)2 

Fe14NO(S2CNMe2) 2 + 

trans-Fe15NO{S2CNMe2)2CH3CN+BF4 <23> 



CHAPTER 5 

CONCLUSIONS 

The molecular structure of [Fe(S2CNEt2)2]2 reveale<^ 

that it has an Fe2S2 structural unit which is analogous to 

those in Fe2S2 ferredoxins [15] . Both the Fe2S2 proteins 

and this complex have two high spin Fe(II) atoms which are 

antiferromagnetically coupled [8]. The Fe2S2 chromophore in 

ferredoxins is known to take part in electron transfer 

processes but as yet no studies of small molecule adducts 

of these proteins have been made. The [Fe(S2CNR2)2]2 

complexes are very easily oxidized by oxygen and other 

oxidants, react with CO forming dicarbonyl complexes 

Fe(CO)2(S2CNR2)2. The reaction between [Fe(S2CNR2)2]2 and 

NO is general and produces the paramagnetic five-coordinate 

FeNO(S2CNR2)2 complexes. These complexes were also 

2+ -
obtained by the reaction of FeNO with R2NCS2. These 

complexes also offer some insight into the reactions of 

Fe-S proteins of nitrogenase which have recently been shown 

to react with CO and NO [67]. 

Two of the products from the reactions between NO 

and [Fe(S2CNR2)2]2, FeNO(S2CNMe2)2, and FeNO(S2CNEt2)2 have 

square pyramidal geometry in the solid state [35,55]. Their 

single crystal epr spectra indicate that the unpaired 
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electron is in an antibonding orbital which is mainly 6.^2 

(Fe) in character. Relatively small changes in the ir and 

epr spectra between the solid and solution phases have been 

noted. Guzy, Raynor, and Symons [51] found that \>NQ and 

gav values for FeNO(S2CNEt2>2 in 25 different solvents 

varied depending on solvent polarity. Although the authors 

claim solvent interactions with the iron complex no hyper-

fine coupling with solvent nuclei was detected for any of 

the solvents used. 

et al. [51] could also be explained by the presence of two 

forms in solution. The effect of solvent would be to shift 

the position of equilibrium between the two forms. One 

possible equilibrium is that between TBP and SP. but there 

The range of vNQ and gav values observed by Guzy 

n 
are as yet no known examples of {FeNO} complexes with TBP 

geometry [53] (Fig. 10) . 

NO S 

S 
s - s 

s 

Fig. 10. Interconversion of TBP and SP forms of 
FeNO(S2CNMe2)2 
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The presence of two square pyramidal forms in 

solution, one with a linear NO group and the other with a 

bent NO group (Fig. 11) is also quite reasonable. 

0 0 

Fig. 11. Interconversion of an SP with bent and linear 
' NO groups 

The change of FeNO angle with temperature in the 

solid state [54] support this hypothesis, but the small 

differences in the vNQ values for the FeNO(S2CNR2)2 

complexes with varying R groups noted in solution do not 

(Table 13). Nonetheless, the most probable conformation of 

these complexes in solution is square pyramidal. 

Consequently one would expect these complexes to 

undergo ready oxidation by the loss of the unpaired electron 

from the antibonding 5a1 orbital (Fig. 6), as is observed. 

7 
The unpaired electron in square pyramidal {FeNO} complexes 

is in an orbital, Sa^, which occupies a vacant coordination 

site. Consequently, direct oxidation by coordination 

ligands would favor the formation of the trans six-

coordinate complexes. The fact that the 
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trans-FeNO (S^CNMe^) ̂NQ^. was the only product at temperatures 

below 5°C demonstrates that the structure of FeNO(S2CNMe2)2 

controls the stereochemistry of the oxidized products. The 

trans complex readily isomerized to the more stable cis 

complex at temperatures above 5°C which shows that the trans 

isomer is the kinetic product and that the cis complex is 

the thermodynamically favored product. These conclusions 

were confirmed by the direct reaction between FeNO(S2CNMe2)2 

and NO2 at room temperature which also yields cis-

FeNO (S2CNMe2) 2n02 as t*ie final product. The oxidation 

reaction between FeNO (S2CNMe2) ̂ an<^ I2 °r Br2 a^SO Pr°duced 

the cis complexes irrespective of the substituent R groups 

on the dithiocarbamate ligands. 

The thermodynamically stable form of these six-

g 
coordinate {FeNO} complexes is determined by the other 

ligands present in the complex. Thus the reaction of (SCN)^ 

with FeNO(S2CNMe2)2 an^ SCN with trans-FeNO(S^CNMe,,)^-

CHgCN+BF^ produces trans-FeNO(S^CNMe^)2SCN/ while the 

reaction of I with trans-FeNO (S^CNMe^) ,,CHjCN*BF^ or of I2 

with FeNO(S2CNMe2)2 produces cis-FeNO(S^CNMe^)o1» 

The fast exchange reaction between NO and FeNO-

(S2CNMe2).> probably occurs via a dinitrosyl species similar 

to Fe(NO)2 (sacsac)2 reported by Broitman et al. [68] and to 

FeTPP(NO)2 reported by Wayland and Olson [48], In such a 

Q 
complex the iron atom has a 3d electron configuration if 

the nitrosyl ligand is formally considered N0+ [53]. A 
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six-coordinate complex then would place 20 electrons on the 

iron atom and exceed the EAN by two electrons [69]. 

Complexes which exceed the EAN are unstable and will trans

form into more stable 18 electron complexes if a favorable 

reaction pathway is available. Dissociation of NO is one 

such pathway and hence the instability of the dinitrosyl 

2+ complexes, [Fe(NO)2] , is not surprising. Another pathway 

is the transfer of two electrons to the nitrosyl ligand(s) 

forming a complex with one linear and one strongly bent FeNO 

group as proposed by Wayland and Olson [4 8]. The formation 

of a complex with one linear and one bent FeNO group bears a 

strong resemblance to the reaction of N02 with FeNO-

(S2CNMe2)2. 

g 
Six-coordinate {FeNO} derivatives also underwent NO 

exchange at a slower rate than the {FeNO} derivatives. 

These reactions were found to be catalyzed by light. A 

possible pathway for the exchange reaction in cis-

FeNO(S2CNMe2)2I is illustrated in scheme 1. 

Scheme 1 

cis-Fel5N0 (S2CNMe2) 2I s Fe15NO fS2CMNe2) 2 + I* (24) 

Fe15NO(S2CNMe2)2 + 14NO ̂ —* Fe14NO(S2CNMe2)2 + 1SNO (25) 

14 14 
Fe NO(S2CNMe2)2 + I* ^ cis-Fe NO(S2CNMe2)2I (26) 

Reactions (25) and (26) are fast as previously established 

and not dependent on the presence of light. Thus the rate 
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determining step in this sequence is reaction (24) and the 

catalysis of the overall reaction by light is probably due 

to the catalysis of reaction (24) by light. Further 

evidence for the homolytic dissociation of Fe-X bonds in 

derivatives of the type FeNO (S2CNMe2)2X comes from the de

composition of solutions of these complexes in the presence 

of light to FeNO(S2CNMe2)2 (vide infra). 

The ^"H nmr spectra in the methyl region for these 

complexes did not shift significantly as a function of the 

other ligands attached to the metal in the series studied. 

With the exception of cis-FeNQ (S^CNMe^) ̂CH^NC^BF^, the 

g 
range of for the {FeNO} complexes was small in solid 

and solution phases. The high NO frequency (1870 cm ) in 

cis-FeNQ(S^CNMe^)2CH3NC BF4 not unexpected because CH^NC 

is a strong tt acceptor ligand [47] . Because of the high vNQ 

values, the {FeNO}^ group can be reasonably formulated as 

+ + 
Fe(II)NO . Since coordinated NO groups are known to 

undergo nucleophilic addition reactions at the nitrogen 

atom, several nucleophilic reactions were carried out on 

the {FeNO}^ complexes in this series. However, when cis-

FeNO (S2CNMe2) 2^ was treated with OH , N^, CgH^N^ the 

resultant products were: the starting material (0H~), 

FeNO(S2CNMe2)2 (N3), and FeNO(S2CNMe2)2 (C6H5NH2). 

g 
The {FeNO} complexes have a remarkable tendency to 

be reduced to FeNO (S2CNMe2) 2 i-n a variety of organic 

2-
solvents, a tendency which is also shown by FeNO(CN)^ 
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[61]. The stability of the six-coordinate complexes 

FeNO(S2CNMe2)2X and FeNO(S2CNMe2)2X+BF~ follows the order 

CH3CN > CH3NC > I > SCN > Br > N02 > Cl >> (N~). It is seen 

that this order roughly parallels the order of the reac

tivity of the free radicals X* and the ease of their forma

tion. The relative stability of this series of complexes 

suggests that a homolytic free radical dissociation of the 

six-coordinate {FeNO} complex may account for the reduction 

of these complexes to FeNO(S2CNMe2)2. 

FeNO(S2CNMe2)2X ^ FeNO(S2CNMe2)2 + X* (27) 

The position of equilibrium is dependent on the 

nature of X*; the more readily X" is formed and the more 

reactive it is, the more reaction (27) will favor formation 

of FeNO(S2CNMe2)2< Thus since cis-FeNO(S^CNMe^)^1 forms a 

very stable free radical I*, the equilibrium lies mostly 

toward the six-coordinate complex. Oh the other hand a 

species generating a very reactive free radical like Cl' 

should be unstable while ligands such as CH^CN and CH^NC 

which do not readily form free radicals will be stable. 

This is in agreement with the observed instability of 

FeNO(S2CNMe2)2C1 and the stability of trans-FeNO(S^CNMe^)2~ 

4* " 6 
CH^CN BF^. The rate of decomposition of the {FeNO} 

complexes is catalyzed by the presence of light, heat, and 

free radical scavenging solvents like acetone. Such a 

homolytic dissociation of an Fe-X bond also provides a 
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reasonable pathway for the NO exchange in cis-FeNO-

(S2CNM&2) 2^ anc^ related complexes. 

The possible source(s) of those factors which favor 

cis or trans geometry in these {FeNO}^ complexes have'also 

been assessed. Ligands which favor trans complexes/ CH^CN 

and the N-bonded thiocyanate group/ are predominantly a 

donors with little IT bonding ability, and thus do not 

compete with the strong field NO ligand. However, CH^NC 

and N02 are strong field ligands and strong trans 

labilizers, and their presence trans to a coordinated NO 

group is hot favorable. In the case of I and Br the 

observed cis geometries cannot be readily explained in terms 

of their a and k donor properties. However, it is possible 

that I and Br"/ which are good IT donors, can more effectively 

donate IT electron density directly into the TT* orbital 

of the NO group in cis geometry than in trans. 

Direct overlap between large it donor ligands and the ir* 

orbitals of CO has previously been proposed by Fenske and 

DeKock [70] to account for some of the differences between 

cis and trans carbonyl groups in M(CO),-X (X = CI, Br, I) 

complexes. 

The observation of cis and trans FeNO(S2CNMe2)2^°2 

provided an opportunity to compare the reactivities of these 

two compounds and to deduce possible structure-reactivity 

relationships in these complexes. Several important con

clusions on these complexes were deduced by studying the 
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exchange reactions of coordinated NO and N02 groups using 

15 
N labelled compounds. The exchange reaction between 

trans-FeNO(S^CNMe^)and free NO was studied and found 

to be fast but did not lead to the exchange of the NO^ 

group. A mechanism for this reaction is proposed in scheme 2. 

Scheme 2 

trans-Fe15NO(S0CNMe«)„14NO„ * 
Z 2 2 2 ^ 

Fe14N02(S2CNMe2)2 + l5NO (28) 

Fe14NO„(S^CNMe,,)„ + 14NO * 
• 2 2 A 2. N; 

trans-Fe14NO(S2CNMe2)214N02 (29) 

14 15 
When trans-Pe NO(S2CNMe2)2 N02 reacts with free 

14 15 
NO there is no exchange of the N02 group. This suggests 

that this reaction proceeds by the initial homolytic dis

sociation of the Fe-NO bond as outlined in Scheme 2. On 

the other hand, if the Fe-N02 bond dissociates in this 

reaction it would have the consequences shown in Scheme 3. 

Scheme 3 

trans-Fe14N0(S2CNMe2)215N02 ^ 

Fe14NO(S2CNMe2)2 + 15N02 (30) 

15N02 + l4NO -> 15NO + 14N02 (31) 
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txans-Fe14NO(S2CNMe2)215N02 + l5N0 ^ 

trans-Fe15NO(S2CNMe2)215N02 (32) 

trans-Fe14NO(S2CNMe2)2 + 14N02 s 

trans-Fe14NO(S2CNMe2)214N02 (33) 

Thus the experimental observations are consistent 

only with the initial homolytic dissociation of the Fe--NO 

bond (scheme 2), and are not consistent with scheme 3. 

14 15 
The exchange reaction of N02 with trans-Fe N0-

(S2CNMe2) 2"'"4N02 led to the exchange of both NO and N02 

groups. Furthermore the rate of this reaction is identical 

to the NO exchange of the trans complex (scheme 2). Thus it 

is reasonable to postulate that N02 exchange in the trans 

complex also takes place by homolytic dissociation of the 

Fe-NO bond. Scheme 4 illustrates the most reasonable 

mechanism far this reaction. 

Scheme 4 

trans-Fe15NO(S2CNMe2)214N02 ^ 

Fe14N02(S2CNMe2)2 + 15N0 

15 14 15 14 
NO + N02 ^ N02 + NO 

Fe14N02(s2CNMe2)2 + 14NO s 

trans-Fe14NO(S2CNMe2)214n02 

(34) 

(35) 

(36) 
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Pe14N02 (S2CNMe2) 2 + 15NC>2 — 

Fel5N02(S2CNMe2)2 + 14N02 (37) 

Fe15NOn(S„CNMe„)„ + 15N0 
2 V  2 "  2'2 

trans-Fe15NO(S2CNMe2)2 15N02 (38) 

Fe15N02(S2CNMe2)2 + l4NO 

trans-Fe14NO(S2CNMe2)215N02 (39) 

Reactions (34) and (36) are identical with (28) and 

(29) of scheme 2. Reaction (36) is a simple replacement of 

15 14 N02 by NC>2 and could reasonably occur via a symmetrical 

intermediate or transition state in which the two NC>2 groups 

are equivalent. Scheme 4 also explains the exchange 

reaction between tran£-Fe14NO(S2CNMe2)215N02 and 14N02 which 

takes place at the same rate as the exchange of trans-

Fe^^NO(S2CNMe2)2^4N02 with ^4N0. Thus it can be concluded 

that both NO and N02 exchange reactions with trans-

FeNO(S2CNMe2)2N02 take place by a rate determining step 

which entails the homolytic dissociation of the Fe-NO bond. 

The {FeNO}^ group in cis-FeNQ(S^CNMe^)2NQ2 aPPears 

to undergo an internal nucleophilic attack by a coordinated 

N02 group resulting in interchange of NO and N02 groups. 

The kinetic studies of this reaction have established its 

intramolecular nature. The fact that the rate of this 
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reaction is independent of the concentration of added NC>2 

and of solvent polarity indicates that dissociative mech

anisms in which iron-nitrogen bonds are heterolytically 

cleaved are not important for the exchange reaction. 

Because the cis isomer does undergo the exchange reaction 

while the trans does not reaction (14) can be envisaged to 

take place through the symmetric species X shown in Fig. 12. 

0 0 0 0, ° 

lV, 1^,/° ].5)^0\ 
\ \ 'N "N' A /0 14N '° 

Fe Fe Fe 
X 

Fe + N203 

Fig 12. Proposed pathway for the exchange reactions in 
cis-FeNO(S2CNMe2)2N02 

There was no direct reaction between free NO and N02 

which is faster than the reaction shown in Fig. 12, because 

the rate of this reaction is not dependent upon the partial 

pressure of free NO or N02« More significantly however the 

exchange of free NO and N02 takes place at the same rate as 

the exchange of coordinated NO and N02 groups. Thus the 

rate determining step for all these reactions is the same. 
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This evidence implies that the FefN^O^) species shown in 

Fig. 12 is an intermediate which can either convert back to 

the six-coordinate complex cis-FeNO(S^CNMe^) 2NQ2 or d^-s~ 

sociate to form No0_ and Fe(S_CNMe«)~ with the position of 

equilibrium lying well on the side of the cis complex. 

Two possibilities exist for the exchange of free NO 

and NC>2 with this intermediate: (a) the ̂ O^ moiety may 

dissociate from the complex and then undergo rapid exchange 

with free NO and NOg? (b) one of the Fe-N bonds can dis

sociate resulting in a monodentate Fe-(N20g) group which 

then undergoes NO-NO2 exchange. In the trans complex the 

coordinated NO2 group does not undergo exchange with either 

coordinated or free NO. Thus the evidence indicates that 

the interchange of coordinated NO and NO2 groups in the cis 

complex takes place via an ^O^ intermediate and that the 

coordinated NO and NO2 groups have to be cis for exchange to 

occur at all. 

The possibility of an initial attack by free NO2 on 

the coordinated NO group as the cause of the exchange 

reaction was also considered. However, at low temperature 

15 14 
the product from the reaction between Fe NO(S2CNMe2)2 N02 

and "^N02 is exclusively Fe^^NO (S2CNMe2) 2^^°2 eliminating 

the possibility of a direct attack by NO2 on the coordinated 

NO group. Furthermore, the reaction between cis-

FeNO (S2CNMe2) 21 anc* N02 forras cis~FeNO (S^CNMe^) ̂NO^ while 

cis-Fe15NO(S2CNMe2)2I reacts with Ag14N02 forming 
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15 14 
cis-Fe NO(S2CNMe2)2 N02' These reactions rule out an 

attack by free N02 and N02 on coordinated NO. cis-

15 14 
Fe N0(S2CNMe2)2 N02 prepared in this way underwent 

exchange at the same rate as reaction 14. 

It is reasonable that the geometry shown in Fig. 12 

6 6 
is accessible for this {FeNO} complex, since the {FeNO} 

group is well known to undergo nucleophilic attack. For 

g 
example in closely related complexes of {FeNO} , trans-

2+ 2-
Fe(NO)CI(das)2 and FeNO(CN)^ readily undergo nucleophilic 

attack by OH forming Fe(N02)CI(das)2 and Fe(N02)(CN)^ 

respectively (61, 71). Coordinated NO2 groups are 

reasonably good nucleophiles since they are known to 

protonate readily and to attack by the oxygen at other 

transition metals to form bridging N02 complexes. Thus an 

initial internal attack by the oxygen atom of the 

coordinated nitro group on the adj acent NO group can lead 

to the geometry of the intermediate shown in Fig. 12. 

However the geometry shown in Fig. 12 cannot be attained if 

the NO and N02 groups are prevented from becoming coplanar. 

15 14 
Thus in trans-Fe NO(S2CNMe2)2 N02 there was no exchange 

between the NO and N02 groups. In the solid cis-

FeNO(S2CNMe2)2N02 all three atoms of the N02 group are well 

ordered and lie in the equatorial plane perpendicular to the 

Fe-NO bond. Consequently exchange between NO and N02 should 

not take place in the solid state because the geometry shown 

in Fig. 12 is not easily accessible. 
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In addition to these exchange reactions, facile 

7 6 
electron transfer reactions between {FeNO} and {FeNO} 

groups were also discovered. These reactions take place in 

the dark and hence are probably not photoinduced free 

radical reactions. These reactions may be simple outer 

sphere electron transfer reactions related to those reported 

by Callahan, Brown, and Meyer (63). 

In conclusion, this investigation has led into a 

better understanding of the reactivity of iron-sulfur 

nitrosyls and of the relationship between their structures 

and reactivity. The physical properties and the ground 

state electronic properties correlate well with the 

observed reactivity of these compounds. However there 

still remain some unanswered fundamental questions. For 

instance, the possible presence of two forms in solution 

for FeNO(S2CNMe2)2 warrants further investigation, and the 

mechanism of trans to cis isomerization reaction is little 

understood. The wide variety of reactions and the 

mechanistic pathways potentially available for these 

complexes should stimulate further research in this field. 



LIST OP ABBREVIATIONS 

R alkyl or aryl 

Et ethyl 

Me methyl 

Ph phenyl 

TPP tetraphenylporphine dianion 

das o-phenylenebis(dimethylarsine) 

bpy bipyridyl 

phen 1,10-phenanthroline 

ir infrared 

nmr nuclear magnetic resonance 

epr electron paramagnetic resonance 

SP square pyramid 

TBP trigonal bipyramid 

EAN effective atomic number 

sacsac dithioacetylacetone 
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