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ABSTRACT 

New and reactive nitro organometallics, Fe(C5H5 )

(CO)2(N02 ), RU(C5H5 ) (CO)2(N02 ), their nitrogen-15 

derivatives, Fe(C5H5 ) (CO) (PPh3 ) (N0 2 ), and [Fe(C5H5 ) (CO)

(PPh3 )L]NOx (where L = MeOH or MeCN and x = 2 or 3), were 

isolated and characterized by elemental analysis, IR, and 

NMR. The compounds were made by reactions of [Fe(C5H5 )

(CO) 2] 2' Fe (C 5H5 ) (CO) 2I , [Ru (C 5H5 ) (CO) 2] 2' and Fe (C 5H5 )-
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(CO) (PPh3 )I with silver nitrite. The molecular and packing 

structures of Fe(C5H5 ) (CO)2(N02 ) and RU(C 5H5 ) (CO)2(N02 ) were 

determined by single-crystal X-ray diffractometry at -100 0 C 

and 260 C, respectively. 

Although stable at low temperature, Fe(C5H5 )

(CO)2(N02 ) and Fe(C5H5 ) (CO) (PPh 3 ) (N0 2 ) decomposed at room 

temperature with evolution of CO 2 and concomitant formation 

of unstable metal nitrosyl complexes. In the case of 

Fe(C5H5 ) (CO)2(N02 ), the mixture of products included 

Fe(C 5H5 ) (CO) (NO), [Fe(C5H5 ) (NO)]2' Fe(C5H5 )2' N20, CO, 

intractable material, and [Fe(C 5H5 ) (CO)2]2' The kinetics of 

the oxygen transfer reactions of Fe(C5H5 ) (CO)2(N02 ) and 

Fe(C5H5 ) (CO) (PPh3 ) (N0 2 ) have been studied by NMR and IR of 

the solution, by IR and manometry of the gas phase, and by 
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IR and elemental analysis of the intractable residues. The 

entha1pies and entropies of activation were obtained from 

Eyring plots of the reaction rate constants of Fe(CSHS)

(CO)2(N02 ) at 20, 30, and 40 °C. RU(CSHS ) (CO)2(N02 ) 

decomposes slowly with evolution of CO2 at 40 °C. 

In addition to the experiments outlined above, the 

dissertation includes discussions of the coordination 

chemistry of the new compounds in light of the few reports 

of other nitro organometa11ics and the calculations of 

molecular orbitals and energies. Also, the angular 

orientation of the basicity of the nitrite ion was probed by 

extended Hucke1 calculations of the orbital energies of 

hydrogen nitrite as the proton was moved around the nitrite 

, L t1 S7 F 13 ' '1' , 1on. as y, e- P sp1n-sp1n coup 1ng was measured 1n 

Fe(CO)4(PPh
3

) by 31p NMR. 



Chapter 1 

INTRODUCTION 

The N0 2 group is o~ten perceived to be one of the 

more strongly bound and common ligands for transition 
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metals. Consistent with this view, over a hundred nitro and 

amminenitro complexes - mostly of cr3+, Co 2/3+, Ni 2+, cu2+, 

2+ 2/4+ 1 Zn , and Pt - have been prepared and characterized. 

Several nitronitrosylphOSphinocobalt 2 and nitronitrosyl

dithiocarbamatoiron3 complexes have also been prepared and 

characterized. In surprising contrast, only six nitro or 

nitrito organometallics have been prepared and 

characterized despite their potential importance in the 

catalysis of the oxidation of organic substrates. Those six 

organometallics are CrCP(NO)2(ONO),4 ((OC)2CPFe)2sn(ONO)2,5 

(ON)CPMn(~-NO)2MnCP(N02),6 "a product believed to be 

(C5H5)Fe(CO)2N02,1I7 M[Rh(C 5Me 5 ) (ONO)3] where M = Na and K, 

8 and Rh(C 5Me 5 ) (PPh3 ) (ONO)2. 

Piper and Wilkinson (1956)4a prepared the first N02 

organometallic complex, CrCP(NO)2(ONO) by displacement of 

the chloride from CrCP(NO)2Cl with silver nitrite in water. 

CrCp(NO)2(ONO) was prepared by oxidation of CrCp(CO)-

(NO) (Thf) with an excess of nitric oxide in tetrahydrofuran 



solution under ultraviolet irradiation (42 % yield) and 

characterized by Hames, Legzdins, and Martin (1978) .4c 
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Crystals of the olive-green diamagnetic compound (mp 86 - 87 

°C) were stable in air for short periods of time when dry, 

but not when dissolved in organic solvents. CrCp(NO) 2 (ONO) 

sublimed at 40 °c and 0.005 mm Hg with some decomposition. 

Its structure was determined by single-crystal X-ray 

diffractometry by Eremenko, Pasynskii, Kalinnivkov, 

Struchkov, and Aleksandrov (1981) .4e 

Calderon, Cotton, DeBoer, and Martinez (1971)6a 

determined the molecular structure of (ON)CpMn(~-

NO)2MnCP(N02) by X-ray diffractometry. Hames, Kolthammer, 

and Legzdins (1981)6b prepared (ON)CPMn(~-NO)2MnCP(N02) by 

oxidation of manganocene in tetrahydrofuran solution with an 

excess of nitric oxide and by reaction of excess sodium 

nitrite with [MnCP(CO)2(NO)]PF6 in acetone. Dark purple

black crystals of the product were stable in air at room 

temperature. Until the present research, (ON)CpMn(~-

NO)2MnCP(N02) was the only organometallic compound in which 

N02 was found to be bonded to the metal via its nitrogen 

atom. 

Dombek and Angelici (1973)7 used oxidation of 

[FeCP(CO)2]2 with dioxygen in aqueous acetone solutions of 

sodium halide and psuedohalide salts, NaX, to prepare 

FeCp(CO>2X complexes. In the case of X = N0 2 , "golden 

crystals of a product believed to be (C 5H5 )Fe(CO)2(N02 ) were 
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isolated but they decomposed even under vacuum at room 

temperature within a few hours." 

Rigby, Bailey, McCleverty, and Maitlis (1979)8 

obtained M[Rh(C 5Me 5 ) (ONO)3] (M = Na and K) from reactions of 

[Cl(CsMe5)Rh(~-Cl)]2 with MN02 in acetone for 1S hours (91 

and 86 % yields, respectively). K[Rh(C SMe 5 ) (ONO)3] reacted 

with triphenylphosphine in acetone for 2 hours to yield 

Rh(C SMe 5 ) (PPh3 ) (ONO) 2 (96 % yield). Rh(C 5Me S ) (PPh3 ) (ONO)2 

was also obtained by displacement of chloride from the 

Rh(CSMe s ) (PPh3 )C1 2 with silver nitrite in acetone for 6 

hours (89 % yield). Each of these cyclopentadienyl-

nitrorhodium complexes formed orange crystals. 

Bir'yukov, Struchkov, Anisimov, Kolobova, and 

Skripkin (1967)S determined the structure of a complex in 

which two N02 groups and two FeCp(CO)2 groups were bonded 

to a central tin atom. 

Brown, Fitzpatrick, Glass, and Sayal (1984)9 

investigated the reactions of nitrite and other anions with 

tricarbonyl(~-1,S-cyclodienylium)iron cations, [Fe(CO)3(~

+ 
1,S-C5+nHS+2n)] where n = 0, 1, and 2. 

(CH2)n 

~/ 
CJ 

I + 
Fe(CO)3 

--> 



In the case of n = 1 and 2, the N02 group initially bonded 

at the 5-exo position of the organic ring. In the case of 
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n = 1, the product rearranged to the 5-endo isomer and then 

rapidly decomposed to yield unstable compound(s) that 

absorbed infrared radiation at 1808 and 1760 cm-1 - which 

are characteristic of nitrosyl complexes. 

None of the above reports of isolated 

organometallics included mention of oxidation or oxygen 

atom transfer reactions by the N02 ligand. In other nitro 

complexes, an oxygen atom can move from the nitro ligand to 

another ligand (e.g., alkene,10 alcohol,10a,11 carbon 

'd 12 't' 'd 13 h h' 14 d monOX1 e, n1 r1C OX1 e, p osp 1ne, an organo-

sulfide10a). Subsequently, dioxygen can oxidize the 

resulting nitrosyl ligand back to being a nitro 

1 · d 10,11,13a,14,15 19an . Consequently, some NOx complexes 

can catalyze the oxidations of various substrates by 

dioxygen. Such catalysis has attracted investigation due to 

the importance of the oxidation of alkenes to epoxides and 

of alcohols to ketones in industry.16 

Nitro complexes have also been proposed17 as 

intermediates in the catalysis of the oxidation of carbon 

dioxide by nitric oxide by nitrosyl complexes in solutions. 

This reaction, which is kinetically slow in the gas 

phase18 , yields carbon dioxide and nitrous 

'd 12c,d,17,19 OX1 e. 



The paucity of organometallic nitro complexes and 

the lack of information about their reactions with organic 

substrates prompted this study. Preparation and 

investigation of FeCp(co)2(N02 ) was deemed to be an 

appropriate starting point for the study since (1) the 

5 20 structures of CrCp(NO)2{ONO) and [FeCp{Co)2{S02)]AsF6 
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were known and comparable, (2) the difference in the mode of 

coordination of N0 2 in CrCp{NO)2{ONO) and the "product 

believed to be (C5H5)Fe{Co)2N02" - despite their electronic 

and structural similarities - was intriguing, (3) the 

existence of FeCp{CO)2{N02 ) was uncertain, (4) the FeCP(co)2 

group has attained fundamental status among organometallic 

chemists, and (5) cyclopentadienyl complexes tend to have 

solubility which would be suitable for homogenous catalysis 

of the oxidation of alkenes and other organic substrates. 
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Chapter 2 

SYNTHESES AND RELATED EXPERIMENTS 

General Experimental Procedures 

Dicarbonylcyclopentadienyliron dimer was purified by 

elution through neutral alumina with dichloromethane, 

concentration of the eluate, addition of hexane to the 

concentrate, filtration, and drying under high vacuum for 

several minutes. Dicarbonylcyclopentadienylruthenium 

dimer 21 was prepared in a refluxing solution of 

triruthenium dodecacarbonyl and cyclopentadiene in heptane 

under air and purified as the iron analog was purified. 

Dicarbonylcyclopentadienyliodoiron22 was prepared by 

oxidation of the dicarbonylcyclopentadienyliron dimer with 

iodine in refluxing chloroform, extraction of the mixture 

with aqueous sodium thiosulfate solution, and evaporation of 

the chloroform phase to dryness. Dicarbonylchloro

cyclopentadienyliron7 was prepared by oxidation of the dimer 

with air in acetone and fluoroboric acid, addition of sodium 

chloride, evaporation of the mixture to dryness, extraction 

of the residue with dichloromethane, and evaporation of the 

extracts to dryness. FeCp(CO) (PPh3 )I 23 was prepared by 



ultraviolet irradiation of a tetrahydrofuran or toluene 

solution of FeCP(CO)21 and triphenylphosphine, column 

chromatography of the products with neutral alumina, 
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evaporation of the benzene eluate to dryness, and 

crystallization from dichloromethane. Silver nitrite24 was 

prepared by reaction of silver nitrate with a slight excess 

of sodium nitrite and recrystallization from water. Ag15N0 2 

was similarly prepared with Na15N02 (95.3 atom %i Prochem of 

B. o. C. Limited). 

Acetone was stirred with anhydrous potassium 

carbonate, distilled under nitrogen, and repeatedly stirred 

with potassium permanganate and distilled under nitrogen 

until the pot mixture had retained a purple color. 

Acetonitrile, benzene, chloroform, dichloromethane, and 

1,1,2,2-tetrachloroethane, and toluene were each 

successively extracted with aqueous sulfuric acid solution, 

aqueous sodium hydroxide solution, and water, stirred with 

either anhydrous calcium chloride or anhydrous magnesium 

sulfate, filtered, stirred with phosphorus pentoxide, and 

distilled under nitrogen. Hexane was successively 

extracted with a mixture of equal volumes of concentrated 

sulfuric and nitric acids, aqueous potassium permanganate 

solution, and water, stirred with anhydrous calcium 

chloride, filtered, stirred with phosphorus pentoxide, and 

distilled under nitrogen. Methanol was stirred with calcium 

hydride and distilled under nitrogen. Nitrobenzene was 
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successively extracted with aqueous sodium hydroxide 

solution, aqueous hydrochloric acid solution, and water, 

stirred with anhydrous calcium chloride, filtered, and 

fractionally distilled under nitrogen through Pyrex 

glassware (which had been thoroughly rinsed with distilled 

water and dried in an oven). Tetrahydrofuran was checked 

for a dangerous level of peroxide (by mixing ten milliliters 

with 0.1 gram of sodium iodide dissolved in one milliliter 

of glacial acetic acid and checking for the dark brown color 

of iodine) before purification. Peroxide-free 

tetrahydrofuran was then heated to reflux over ferrous 

sulfate, distilled, stirred with sodium hydroxide, filtered, 

stirred with calcium hydride, and distilled under nitrogen. 

In order to inhibit the formation of peroxide, hydroquinone 

was added to the purified tetrahydrofuran (0.02 % by mass) . 

After purification, each solvent was stored over activated 

Linde 4A molecular sieve, under nitrogen, and in dark. 

Nitrogen was passed through activated Linde 4A molecular 

sieve and silica gel before use of the gas. Air was dried 

just before use by passage through magnesium perchlorate. 

Reagents were obtained commercially and used directly as 

received except where otherwise indicated. 

Unless stated otherwise in a specific experimental 

procedure, each of the following statements applies. The 

reactions were attempted under nitrogen atmosphere. The 

solvents were removed by application of high vacuum through 
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a liquid nitrogen trap. Crystals were obtained by 

extraction of the crude material with dichloromethane, 

filtration of the extract, concentration of the filtrate to 

about two milliliters by bubbling nitrogen through it, 

overlaying about five milliliters of hexane (which had been 

freshly purged with nitrogen gas), slow diffusion of the 

layers at -25°C under nitrogen for several days, 

decantation of the supernatant solution, washing the 

crystals with hexane, and drying them under high vacuum for 

a few minutes. Starting materials which had been recovered 

from the reaction mixtures and those products which have 

been previously characterized were identified by infrared 

absorption spectra and, where applicable, by lH nuclear 

magnetic resonance spectra and melting points. 

Infrared absorption spectra (IR) from 4000 to 400 

cm-1 were obtained with a Perkin-Elmer Instruments Company 

Model 983 spectrophotometer. Nuclear magnetic resonance 

spectra (NMR) were obtained with a Bruker Instruments 

Company Model AM-250 Fourier-transform spectrometer. A 

positive NMR chemical shift indicates that the resonance 

occurred downfield from the standard. Melting points (mp) 

were determined in a Laboratory Devices Mel-Temp apparatus 

without stem correction. Ultraviolet and visible 

absorption spectra (UV) were obtained with a Perkin-Elmer 

Instruments Company Model 552 spectrophotometer. 

Conductance was measured in nitrobenzene (which had 
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conductance of 66.5 x 10-9 S) with a Barnstead Still and 

Sterilizer Company Model PM-70CB conductivity bridge and a 

cell which had a volume of 20.0 milliliters, was fitted with 

platinum electrodes (which had been freshly platinized25 

with hexachloroplatinic acid26 ), and had a calibration 

constant of 0.2393 cm-1 (based upon a specific conductance 

of 0.001350 S/cm for an aqueous 0.0100 M KCl solution at 23 

°C27 ). Elemental analyses were performed by Desert 

Analytics, Tucson, Arizona. 

Specific Syntheses and Related Experiments 

Preparation of FeCp(co}2(NO
l

} by Reaction of 

[Fecp(co}212 with AgNo3 in Acetonitrile: (1) [FeCP(CO)2]2 
- - -

(0.231 g, 0.651 mmol) and AgNo3 (0.236 g, 1.37 mmol) were 

mixed in acetonitrile (10 ml) for 0.5 hour. Filtration of 

the reaction mixture, evaporation of the filtrate to 

dryness, and extraction of the residue with dichloromethane 

yielded a red solution. The red solution was loaded into a 

column of neutral alumina. Passage of dichloromethane 

eluted [FeCp(co)2 12 (0.041 g, 18 % recovery). Passage of 

methanol and evaporation of the effluent yielded 

FeCP(co)2(N0
3

)7,28 (0.171 g, 55 %). 

Preparation of FeCp(Co)2(N03 } by Reaction of 
- -

FeCp(CO)~I with AgNo
l 

in Acetonitrile: (2) FeCP(Co)21 

(0.418 g, 1.37 mmol) and A9N03 (0.476 g, 2.80 mmol) were 
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mixed in acetonitrile (10 ml) for 22 hours. Filtration of 

the reaction mixture, evaporation of the filtrate to 

dryness, extraction of the residue with dichloromethane, and 

evaporation of the extract yielded FeCp(CO)2(N03 ) (0.200 g; 

61 %). 

Attempted Preparation of FeCp(CO)~(NOJ) by Reactions 

of FeCp(co)21 with NaNo
J

: (3) FeCP(co)21 (0.419 g, 1.38 

mmol) and NaN03 (0.243 g, 2.86 romol) were mixed in 

acetonitrile (10 ml) for 4 hours. Filtration of the 

reaction mixture recovered NaNo3 (0.223 g, 92 %). 

Evaporation of the filtrate to dryness, extraction of the 

residue with dichloromethane, filtration of the extract, and 

evaporation of the filtrate to dryness recovered FeCP(CO)21 

(0.368 g, 87 %). 

(4) FeCp(co)21 (0.419 g, 1.38 romol) and NaN03 (0.243 

g, 2.86 mmol) were mixed in acetonitrile (10 ml). While 

refluxing for 19 hours, the reaction mixture changed in 

color from black to dark brown. Filtration of the reaction 

mixture yielded 0.263 g of brown solids (A). Evaporation of 

the filtrate to dryness" extraction of the residue with 

dichloromethane, and filtration of the extract yielded an 

additional 0.104 g of brown solids (B). Evaporation of the 

dichloromethane filtrate recovered 0.153 g of FeCp(CO)21 (37 

%). IR (KBr) indicated that A contained a lot of NaN03 as 

the only absorbing species and B contained a trace of NaNo 3 

as the only absorbing species. 
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Preparation of FeCp(CO)~(N02) by Reaction of 

[Fecp(CO)~12 with Air and NaNO~ in Acetone and Fluoroboric 

Acid: (5) [FeCp(CO) 2] 2 (0.470 g, 1 .. '33 mmol) and. 

concentrated (48 %) fluoroboric acid (0.5 ml) were dissolved 

in acetone (20 ml). Air was bubbled through the solution 

for 1 hour at room temperature. Addition of NaN0 2 (0.190 g, 

2.75 mmol), immediate evaporation of the mixture to dryness, 

and solution of the residue in dichloromethane-hexane 

yielded golden crystals of FeCP(CO)2(N02 )7 (0.018 g; 3 %). 

IR (KBr): 3114 (w), 2059 (s), 2004 (vs), 1379 (vs), 

1311 (vs), 1001 (m), 8.52 (m), 817 (s), 616 (m), 590 (m), 

-1 548 (m), and 533 (m) cm IR (CHCl 3 ): 2067, 2023, 1392, 

and 1308 cm-1 . 1H NMR (CDC1
3

) 0 (ppm vs. Me
4
Si): 5.16 (s); 

varies from 5.25 at -70 °c to 5.14 at 40 °c (Table 1). 

Anal. Calcd for C7H5FeN04 : C, 37.71; H, 2.26; N, 6.28. 

Found: C, 37.70; H, 2.25; N, 6.17. 



32 

Table 1. 1H NMR Chemical Shifts of FeCP(CO)2(N02 ) in CDC1 3 

Temperature (oK) 

203 
223 
243 
263 
283 
293 
303 
313 

o (ppm vs. Me 4Si) 

5.25 
5.23 
5.20 
5.19 
5.17 
5.15 
5.15 
5.14 

At -25 °C, FeCp(CO)2(N02 ) is stable for several 

weeks under dry air and for several hours in chloroform 

solution. However, at room temperature, FeCp(co>2(N02 ) 

decomposes completely within several days in the solid state 

and with a half-life of about three hours in chloroform 

solution. Details of the decomposition of FeCP(co)2(N0
2

) 

are reported in Chapter 7. 

Use of a stoichiometric amount of silver nitrite 

instead of a small excess as described above does not 

afford completion of the reaction within the above time 

frame and, consequently, causes cocrystallization of the 

unreacted [FeCp(Co)2]2. The latter can be removed from 

FeCP(co)2(N02 ) by extraction of the ground solids with 

benzene and recrystallization of the residue from 

dichloromethane and hexane. Extending the time of diffusion 

of the dichloromethane solution and the hexane at -25 °c 



from three days to one week did not improve the yield of 

FeCP(CO)2(N02 ) because brown powder precipitated and 

[FeCp(p-NO)]2 crystallized along with FeCP(CO)2(N02 ). 

Lowering the temperature of the dichloromethane-hexane 

solution from -25 to -77 °c also failed because the amount 

of diffusion was only slight even after one month and, in 
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that" time, no crystals and only a small amount of the brown 

precipitate had formed. 

Preparation of FeCp(CO)~(NO~) by Reaction of 

[Fecp(CO)~l~ with A9NO~ in Acetonitrile: (6) [FeCp(CO)2]2 

(0.231 g, 0.653 mmol) and A9N02 (0.219 g, 1.42 mmol) were 

mixed in acetonitrile (10 ml) for 40 minutes at 0 °c. 

Evaporation of the reaction mixture to dryness, extraction 

of the residue with dichloromethane, and dichloromethane-

hexane solution of the extract yielded crystals of 

FeCP(CO)2(N02 ) (0.128 g, 44 %). 

Preparation of FeCP(CO)211~N02l: (7) The procedure 

described in experiment 6 was followed using N-15 (95 %) 

substituted AgN0 2 . IR (KBr): 3114 (w), 2059 (s), 2004 (vs), 

1347 (vs), 1289 (vs), 1001 (m), 852 (m), 810 (s), 612 (m), 

588 (m), 547 (m), and 525 (m) cm-1 . IR (CHC1 3 ): 2067, 2023, 

1358, and 1288 cm-1 . 1H NMR (CDCI
3

) gave a single signal of 

o (ppm vs. Me 4Si) 5.16 with a line width of 9 Hertz at half

height (0.4 Hertz/point). The nitrogen-15 NMR spectrum of 

0.15 M solution of FeCP(CO)2(15N02 ) in CDCl 3 (with some 

Me 4Si included) was measured at -30 °c without decoupling 
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and with 900 pulses, 0.4096-second acquisition time, 5-

second delay, 20000-Hertz sweep window, and 2.4 Hertz/point. 

After 512 scans, a single signal with a chemical shift of 

95.36 ppm versus aqueous NH4
15N03 as an external reference, 

a line width of 15 Hertz at half-height, and a signal-to-

noise ratio of 10:1 was observed. The carbon-13 NMR 

spectrum of the same solution was also obtained at -30 °C: 

5 (ppm vs. Me 4Si): 209.8 (s, CO) and 86.6 (s, Cpl. Both 'of 

these signals had line widths of 5 Hertz at half-height 

(1.85 Hertz/point). 

Preparations of FeCp(co)2(NO~) by Reactions of 

FeCp(co)21 with AgN0 2 : (~) FeCP(co)21 (0.280 g, 0.920 

mmol) and A9N0 2 (0.153 g, 0.992 mmol) were mixed in 

acetonitrile (10 ml) for 9 hours at 0 °C. During the first 

hour, the reaction mixture gradually changed from black to 

dark brown. After the 9 hours, vacuum was applied to the 

reaction mixture until the residue was dry. 

Dichloromethane-hexane solution of the residue yielded 

crystals of FeCP(co)21 (0.066 g). Evaporation of the 

supernatant solution to dryness, extraction of the residue 

with dichloromethane, filtration of the extract, and 

addition of hexane to the filtrate yielded crystals of both 

FeCP(co)21 and FeCp(co)2(N02 ) (0.007 g). Evaporation of the 

supernatant solution to dryness yielded brown solids which, 

according to IR (KBr), contained mainly FeCp(co)21 and 

FeCp(co)2(N02 ) (0.015 g). 



(9) The above procedure was followed with methanol 

as the solvent. A small amount of a mixture of FeCp(CO)21 

and FeCP(CO)2(N02 ) was obtained. 
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Attempted Preparation of FeCp(CO)2(NO~) by Reaction 

of FeCp(CO)~I with AgNO~ in Refluxing Acetonitrile: (10) 

FeCp(CO)21 (0.360 g, 1.18 mmol) and AgN02 (0.438 g, 2.84 

mmol) were mixed in acetonitrile (10 ml). While refluxing 

for 30 minutes, brown solids precipitated from the reaction 

mixture and the upper interior surfaces of the apparatus 

were gradually coated with a brown stain. Filtration of the 

reaction mixture, evaporation of the filtrate to dryness, 

extraction of the residue with dichloromethane, and 

evaporation of the extract did not yield an appreciable 

amount of residue. The dichloromethane-extracted residue 

from evaporation of the filtrate of the reaction mixture 

consisted of rust-colored solids which, according to IR 

(KBr) , lacked carbonyl, nitrosyl, and nitro groups. IR 

(KBr) indicated absence of carbonyl and nitrosyl groups in 

the brown solids from filtration of the reaction mixture. 

Attempted Preparation of FeCP(CO)~(NO~~ 

Reactions of FeCp(co)21 with NaN02 : (11) FeCp(co)21 (0.359 

g, 1.18 mmol) and NaNo
2 

(0.202 g, 2.93 mmol) were mixed in 

dichloromethane (10 ml) for 90 minutes. Filtration of the 

reaction mixture recovered NaN02 (0.192 g, 95 %). 

Extraction of the filtrate with water and evaporation of the 
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dich10romethane phase to dryness recovered FeCP(co)21 (0.279 

g, 78 %). 

Ref1uxing the mixture for 1 hour using the procedure 

described above resulted in recovery of NaNo2 (91 %), but 

considerably more loss of FeCP(co)21 (29 % recovery) without 

concomitant formation of a tractable product. 

(12) FeCp(co>21 (0.355 g, 1,17 mmo1) and NaNo 2 

(0.196 g, 2.85 mmo1) were mixed in acetonitrile (10 m1) for 

4 hours. Filtration of the reaction mixture recovered NaNo2 

(0.175 g, 89 %). Evaporation of the filtrate to dryness, 

extraction of the residue with dich10romethane, filtration 

of the extract, and evaporation of the filtrate to dryness 

recovered FeCP(CO)21 (0.335 g, 94 %). 

(13) FeCp(CO)21 (0.355 g, 1.17 mmo1) and NaN02 

(0.196 g, 2.85 mmo1) were mixed in acetonitrile (10 m1). 

While ref1uxing for 15 hours, brown solids precipitated from 

the reaction mixture and the upper interior surfaces of the 

apparatus were coated with a brown stain. Filtration of the 

reaction mixture, evaporation of the filtrate to dryness, 

extraction of the residue with dich10romethane, and 

evaporation of the extract to dryness did not yield an 

appreciable residue. The dich10romethane-extracted residue 

from evaporation of the filtrate of the reaction mixture was 

brown. According to IR (neat), it lacked carbonyl, 

nitrosyl, and nitro groups. IR (KBr) indicated absence of 



carbonyl and nitrosyl groups in also the brown solids from 

filtration of the reaction mixture. 

Reactions of [FeCp(co)212 with [Fe(H~Ql~]Cll and 

NaNo2 ! (14) [FeCP(Co)2 J 2 (0.451 g, 1.28 mmol) and 

[Fe(H20)6JC13 (0.724 g, 2.68 mmol) were mixed in 

acetonitrile (10 ml) for 20 minutes. A red precipitate 

gradually formed in the reaction mixture. Then a solution 
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of NaN02 (2.323 g, 33.67 mmol) in freshly boiled and cooled 

water (20 ml) was added. An exothermic reaction immediately 

caused evolution of colorless gas for 1 hour and formation 

of brown precipitate. (The same was observed when acetone 

was substituted for acetonitrile in the above procedure.) 

Extraction of the reaction mixture with dichloromethane, 

filtration of the organic phase, evaporation of the filtrate 

to dryness, and chromatographic elution of the residue 

through neutral alumina with dichloromethane yielded 

FeCP(co)2Cl7,28a,29 (0.240 g, 44 %). IR (KBr) indicated 

the absence of carbonyl and nitrosyl groups in the brown 

solids obtained from filtration of the dichloromethane 

extract and evaporation of the balance of the reaction 

mixture. 

(15) [FeCP(Co)2 J 2 (0.454 g, 1.28 mmol) and 

[Fe(H20)6JCl3 (0.743 g, 2.75 mmol) were mixed in 

acetonitrile (10 ml) for 0.5 hour. A red precipitate 

gradually formed in the reaction mixture. Then NaN0 2 (0.417 

g, 6.06 mmol) was added and mixed for 2 hours without 
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apparent reaction. Filtration of the reaction mixture, 

evaporation of the filtrate to dryness, and chromatographic 

elution of the residue through neutral alumina with 

dichloromethane yielded FeCP(CO)2Cl (0.265 g, 49 %). IR 

(KBr) indicated the absence of carbonyl and nitrosyl groups 

in the red powder obtained from filtration of the reaction 

mixture. 

Preparations of FeCp(CO)~(NO~) by Reactions of 

FeCp(CO)~Cl with A9NO~: (16) FeCp(CO)2Cl (0.209 g, 0.985 

mmol) and AgN02 (0.240 g, 1.569 mmol) were mixed in 2-

propanol (10 ml) for 8 hours at room temperature. During 

this period, the reaction mixture gradually changed from red 

to brown. Evaporation of the reaction mixture to dryness, 

extraction of the residue with dichloromethane, filtration 

of the extract, and dichloromethane-hexane solution of the 

extract yielded crystals of FeCP(CO)2(N02 ) (0.013 g, 6 %). 

(17) Following the above procedure with acetonitrile 

as the solvent yielded crystals of FeCp(CO)2(N02 ) (3 %). 

Preparation of [FeCp(CO) (PPh
1

) (MeCN)]No
1

: (18) 

FeCp(CO) (PPh3 )I (0.628 g, 1.17 mmol) and AgN03 (0.266 g, 

1.57 mmol) were mixed in acetonitrile (10 ml) for 1 hour. 

The reaction mixture was filtered and the filtrate was 

loaded into a column of neutral alumina. Passage of 

acetonitrile sequentially eluted green and red bands. 

Evaporation of the red eluate to dryness and 



dichloromethane-hexane solution of the residue yielded red 

crystals of [FeCp(CO) (PPh3 ) (MeCN)]N03 (0.263 g, 44 %). 

I R ( KB r): 3077 ( w), 3058 ( w), 2 983 ( w), 2923 ( w) , 

1967 (vs), 1480 (m), 1434 (m), 1383 (s), 1345 (vs), 1092 

(m), 860 (m), 760 (m), 756 (m), 705 (m), 697 (m), 558 (m), 

-1 1 and 528 (s) cm . H NMR (CDC1 3 ) 0 (ppm vs. Me 4Si): 7.50 

(Ph), 4.86 (Cp), and 2.05 (Me). Anal. Calcd for 

C26H23FeN204P: C, 60.72; H, 4.51; N, 5.45. Found: C, 

60.63; H, 4.36; N, 5.31. 
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[Cf., [FeCp(CO) (PPh3 ) (MeCN)]PF
6

. IR (Nujol): 1970 

(m), 1480 (w), 1432 (m), 1092 (m), 830 (vs ,b), 740 (m), 690 

(m), 555 (s), and 523 (s). 1H NMR (CDC1 3 ) 0 (ppm vs. 

Me 4Si): 4.98 (J = 1.5) and 2.22 (J = 1.5) .]23a 

Preparation of [FeCp(CO) (PPh3 ) (MeOH)]N03~ 
- -

Reaction of FeCp(CO) (PPh3 )I with AgN03 in Acetonitrile: 

(19) FeCp(CO) (PPh3 )I (0.628 g, 1.17 mmol) and AgN03 (0.263 

g, 1.55 mmol) were mixed in acetonitrile (10 ml) for 2 

hours. Filtration of the reaction mixture, evaporation of 

the filtrate to dryness, and extraction of the residue with 

dichloromethane yielded a red solution. The red solution 

was loaded into a column of neutral alumina. Passage of 

methanol eluted a red band. Evaporation of the red eluate 

to dryness and dichloromethane-hexane solution of the 

residue yielded red crystals of [FeCp(CO) (PPh3 ) (MeOH)]N03 

(0.309 g, 52 %). 
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IR (KBr): 3411 (m), 3055 (w), 2919 (w), 1975 (s), 

1479 (m), 1432 (m), 1345 (m), 1093 (m), 752 (m), 696 (m), 

558 (m), and 529 (m) cm-1 . 1H NMR (CDCl
3

) 0 (ppm vs. 

Me4Si)~ 7.52 (Ph), 4.89 (Cp), and 2.56 (Me). Anal. Calcd 

for C25H24FeN05P: C, 59.43; H, 4.79; N, 2.77; 0, 15.83. 

Found: C, 60.00; H, 4.83; N, 3.26; 0, 11.94. (The presence 

of phosphorus is suspected of interference in the oxygen 

analysis by masking the oxygen of the coordinated 

methanol30 (but not the oxygen of the counterionic 

nitrate). Upon that basis, the oxygen analysis would be 

calculated to be 11.73 %.) The electrolytic conductances 

and ultraviolet-visible absorptivities, respectively, of 

solutions of [FeCp{CO) (PPh3 ) (MeOH)]N03 and other compounds 

are compiled in Tables 2 and 3. 

Preparation of [FeCp(CO) (PPh~) (MeOH)]NO~~ 

Reaction of FeCp(CO) (PPh~)I with AgN0
1 

in Methanol: (20) 

Following the procedure described in experiment 19 with 

methanol as the solvent yielded [FeCp(CO) (PPh3 ) {MeOH)]N03 

(67 %). 

Preparation of [FeCp(CO) (PPh~) (MeOH)]NO~~ 

Reaction of [FeCp(CO) (PPh~) (MeCN)]NO~ with Methanol: (21) 

[FeCp(CO) (PPh3 ) (MeCN)]N03 (0.102 g, 0.199 mmol) was 

dissolved in methanol (3 ml) and the solution was loaded 

into a column of neutral alumina. Passage of methanol (40 

ml) eluted a red band. Evaporation of the eluate to dryness 

yielded [FeCp(CO) (PPh3 ) (MeOH)]N03 (0.088 g, 88 %). 



Table 2. Electrolytic Conductance 
in Nitrobenzene at 23.0 °c 

Solute Concentration 

PhCOOH 2.39 
0.956 
0.191 

FeCp(co)21 2.74 

FeCp(CO) (PPh3 )I 2.45 

Me 4NI 2.51 

Et4NI 2.60 
1.04 
0.208 

Et4NCI04 2.65 

Bu4NCI 2.66 

(Ph3P)2NCI 2.53 

(Ph 3P)2NN02 2.57 

[FeCp(CO) (PPh3 ) (MeOH)]N03 2.52 
1.01 
0.201 
0.0161 

[FeCp(CO) (PPh 3 ) (MeOH)]N02 2.64 
1.06 
0.211 
0.0169 
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Specific 
Conductance* 

x10 6 (S/crn) 

0.420 
0.445 
0.465 

0.244 

1.38 

11.6 

12.4 
9.08 
2.20 

56.6 

70.1 

36.2 

64.5 

53.2 
19.9 

3.27 
0.198 

54.3 
19.9 

3.08 
0.184 

* Corrected for solvent conductance of 0.0665 x 10-6 S. 

Cell constant was 0.2393 crn-1 . 
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Table 3. Molar Absorptivity (crn-1 M-1 ) in Dichlorornethane 

Wavelength FeCp(CO) (PPh
3
)I [FeCp(CO) (PPh

3
) (MeOH)]+ 

(nrn) 

750 90 10 2 
610 285 (peak) 36 (sh) 11 
500 465 292 Csh) 289 (sh) 

445 979 (peak) 469 463 
398 921 1284 1155 (sh) 

365 1325 2119 (peak) 1715 
360 1457 2048 1772 (peak) 
330 2357 (peak) 1711 1406 

325 2337 1864 ( sh) 1578 
318 2246 1925 1749 (sh) 
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Attempted Reaction of [FeCp(CO) (PPh3 ) (MeOH)]N03 - -
with Acetonitrile: (22) [FeCp(CO) (PPh3 ) (MeOH)]N03 (0.103 g) 

was dissolved in acetonitrile (3 ml) and the solution was 

loaded into column of neutral alumina. Passage of 

acetonitrile (200 ml) eluted a red band. Evaporation of the 

eluate to dryness recovered [FeCp(CO) (PPh3 ) (MeOH)]N03 (0.074 

g, 71 %). 

Attempted Reaction of FeCp(CO) (PPh3 )I with NaNO~ in 

Refluxing Acetonitrile: (23) FeCp(CO) (PPh3 )I (0.641 g, 1.19 

mmol) and NaN03 (0.245 g, 2.89 mmol) were mixed in 

acetonitrile (10 ml) for 90 minutes at room temperature 

without apparent reaction. While refluxing for 80 minutes, 

the reaction mixture changed in color from green to brownish 

dark green. Filtration of the reaction mixture, extraction 

of the solids with dichloromethane, and filtration of the 

extract recovered (0.729 g, 93 %). Evaporation of the 

extracts recovered FeCp(CO) (PPh3 )I (0.447 g, 70 %). 

Evaporation of the filtrate of the reaction mixture 

recovered additional FeCp(CO) (PPh3 )I (O.lllg, 17 %). The 

total recovery of FeCp(CO) (PPh 3 )I was 87 %. 

Preparation of [FeCp(CO) (PPh~) (MeOH)]NO~: (24) 

FeCp(CO) (PPh3 )I (0.533 g, 0.99 mmol) and AgN02 (0.239 g, 

1.55 mmol) were mixed in acetonitrile (10 ml) for 2 hours. 

The reaction mixture was filtered and the filtrate was 

loaded into a column of neutral alumina. Passage of 

acetonitrile eluted two yellow bands. Subsequent passage of 
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methanol eluted a red band. Evaporation of the red methanol 

eluate to dryness and dichloromethane-hexane solution of the 

residue yielded red crystals of [FeCp(CO) (PPh3 ) {MeOH)]N02 

(0.139 g, 31 %). 

IR (KBr): 3415 (m), 3053 (w), 2919 (w), 1974 (vs), 

1478 (m), 1431 (s), 1271 (w), 1180 (m), 1093 (s), 998 (m), 

851 (m), 752 (m), 744 (m), 694 (s), 555 (m), and 528 (s) 

cm-1 . lH NMR (CDCl 3 ) 0 (ppm vs. Me 4Si): 7.52 (Ph), 4.81 

(Cp), and 2.49 (Me). Anal. Calcd for C25H24FeN04P: C, 

61.37; H, 4.94; N, 2,86; 0, 13.08. Found: C, 60.52; H, 

4,83; N, 2.78; 0, 8.01. (The presence of phosphorus is 

suspected of interference in the oxygen analysis by masking 

the oxygen of the coordinated methanol 30 (but not the oxygen 

of the counterionic nitrate). Upon that basis, the oxygen 

analysis would be calculated to be 8.72 %.) The 

electrolytic conductances and ultraviolet-visible 

absorptivities, respectively, of solutions of 

[FeCp(CO) (PPh3 ) (MeOH)]N02 and other compounds are compiled 

in Tables 1 and 2. 

Attempted preparation of FeCp(CO) (PPh3 ) (N03~ 
- -

Reaction of FeCp(CO) (PPh3 )I with AgN03 in Dichloromethane: 

(25) FeCp(CO) (PPh3 )I (0.628 g, 1.17 mmol) and AgN03 (0.264 

g, 1.55 mmol) were mixed in dichloromethane (10 ml) for 20 

hours. The reaction mixture had slowly changed from green 

and clear to brownish green and turbid. Filtration of the 

reaction mixture yielded brown powder (0.264 g) which, 



according to IR (KBr) , lacked carbonyl, phosphino, and 

nitrosyl groups and contained a lot of AgN03 as the only 

absorbing species. Evaporation of the dark green filtrate 

to dryness and extraction of the residue with 

dichloromethane yielded a dark green suspension. This 

suspension was loaded into a column of neutral alumina. 

Passages of dichloromethane and acetonitrile each eluted a 
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yellow band which, upon evaporation to dryness, yielded a 

negligible amount of residue. Passage of methanol eluted a 

dark green band which, upon evaporation to dryness, 

recovered FeCp(CO) {PPh3 )I (0.551 g, 88 %). 

Attempted Preparation of FeCp{CO) (PPh
l

) (NO~L-Qy 

Reaction of FeCp(CO) (PPh
l

)I with AqNO~ in Dichloromethane: 

(26) A procedure analogous to that described in experiment 

25 gave similar results (78 % recovery of FeCp(CO) (PPh3 )I). 

Reaction of FeCp(CO) (PPhl)I with AgNO
l 

in 2-

Propanol: (27) FeCp(CO) (PPh3 )I (0.269 g, 0.500 mmol) and 

AgN03 (0.265 g, 1.56 mmol) were mixed in 2-propanol (10 ml) 

for 15 hours. Evaporation of the reaction mixture to 

dryness, extraction of the residue with acetonitrile, 

elution of the extract through a chromatographic column of 

neutral alumina with acetonitrile, and evaporation of the 

eluate to dryness yielded triphenylphosphine oxide (0.116 g, 

84 %). The fraction of the residue which was insoluble in 

acetonitrile was also insoluble in methanol and, according 

to IR (KBr), lacked carbonyl, nitrosyl, and nitro groups. 
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Reaction of FeCp(CO) (PPh3 )I with AgNo
J 

in 

Tetrahydrofuran: (28) Following the procedure described in 

experiment 27 with tetrahydrofuran as the solvent yielded 

triphenylphosphine (79 %). 

Reaction times of 2 hours and 0.5 hour were also 

tried, but the only tractable product was again 

triphenylphosphine. After none of the reactions was 

triphenylphosphine oxide found. 

Preparation of FeCp(CO) (PPhJ ) (NO~L: (29) 

FeCp(CO) (PPh3 )I (1.07 g, 1.98 mmol) and AgN02 (0.475 g, 

3.09 mmol) were mixed together in 2-propanol (10 ml) for 3 

hours. Vacuum was applied to the reaction mixture until the 

residue was dry, the residue was extracted with 

dichloromethane, and the extract was loaded into a 

chromatographic column of neutral alumina. Passage of 

dichloromethane eluted FeCp(CO) (PPh3 )I (0.285 g, 54 % 

recovery). Passage of acetonitrile eluted a red band. 

Evaporation of the red acetonitrile eluate to dryness, 

extraction of the residue with dichloromethane, and 

dichloromethane-hexane solution of the extract yielded 

orange-red crystals of FeCp(CO) (PPh3 ) (N02 ) (0.104 g, 11 %). 

Evaporation of the supernatant solution to dryness, 

extraction of the residue with dichloromethane, 

concentration of the extract to one milliliter by bubbling 

nitrogen through it, overlaying ten milliliters of hexane, 

and slow diffusion at -25 °c for three more days yielded a 
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second batch of crystals of FeCp(CO) (PPh 3 ) (N02 ) (0.142 g, 16 

%). Total yield of FeCp(CO) (PPh 3 ) (N02 ) was 27 %. 

Repeating the above procedure except to extend the 

reaction time from 3 hours to 27 hours resulted in lower 

recovery of FeCp(CO) (PPh 3 )I and lower yield of 

FeCp(CO) (PPh 3 ) (N02 ) . 

IR (KBr): 3058 (m), 1965 (vs), 1433 (s), 1361 (m), 

1348 (m), 1299 (s), 1092 (s), 814 (m), 748 (m), 695 (s), 603 

(m), 555 (m), 528 (m), and 508 (m) cm -1. IR (CHCl 3 ): 1980, 

1355, and 1299 cm-1 • lH NMR (CDCl
3

) 0 (ppm vs. Me
4
Si): 7.4 

em, Ph) and 4.63 (s, Cp); the latter varies from 4.7b at -70 

°c to 4.62 at 30 °c (Table 4). 31p NMR (CDCl 3 ) 0 (ppm vs. 

H3P04 ): 68.59 (s). Anal. Calcd for C24H20FeN03P: C, 63.04; 

H, 4.41; N, 3.06. Found: C, 62.80; H, 4.40; N, 2.66. 

Table 4. Cyclopentadienyl 1H NMR Chemical Shifts 
of FeCp(CO) (PPh3 ) (N02 ) in CDC1 3 

Temperature (oK) 

203 
213 
233 
243 
263 
283 
303 

4.70 
4.69 
4.67 
4.66 
4.65 
4.63 
4.62 
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FeCp(CO) (PPh 3 ) (N0
2

) is stable for several weeks in 

the solid state and for several hours in chloroform solution 

at -77 °c , but decomposes completely within several days in 

the solid state and with a half-life of about two hours in 

chloroform solution at room temperature. Details of the 

decomposition of FeCp(CO) (PPh 3 ) (N0 2 ) are reported in Chapter 

7. 

Attempted Reaction of FeCp(CO) (PPh
1

) (NO~) with 

Methanol: (30) FeCp(CO) (PPh3 ) (N0 2 ) (0.091 g, 0.22 mmol) was 

dissolved in methanol (3 ml) and the solution was loaded 

into a chromatographic column of neutral alumina. Passage 

of methanol (30 ml) eluted a red band. Evaporation of the 

red methanol eluate to dryness recovered FeCp(CO) (PPh3 ) (N02 ) 

(0.066 g, 72 %). 

Attempted Reactions of FeCp(CO) (PPh
1

)I with AgCN: 

(31) FeCp(CO) (PPh3 )I (0.314 g, 0.58 mmol) and AgCN (0.104 g, 

0.78 mmol) were mixed together in acetonitrile (10 ml) for 4 

hours. Filtration of the reaction mixture recovered AgCN 

(0.099 g, 95 %). Loaded the filtrate into a chromatographic 

column of neutral alumina. Passage of methanol and 

evaporation of the eluate to dryness recovered 

FeCp(CO) (PPh3 )I (0.248 g, 79 %). 

(32) Followed the above procedure with 2-propanol as 

the solvent and obtained similar results (viz., 89 and 81 % 

recoveries of AgCN and FeCp(CO) (PPh3 )I, respectively). 



Preparation of RUCp(CO)~(NO~l: (33) [RUCP(CO)2]2 

(0.255 g, 0.57 mmol) and AgN0 2 (0.202 g, 1.31 romol) were 

mixed in acetonitrile (10 ml) for 3 hours. Evaporation of 

the reaction mixture to dryness, extraction of the residue 
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with dichloromethane, and dichloromethane-hexane solution of 

the extract yielded orange-brown crystals of RUCp(CO)2(N0 2 ) 

(0.241 g, 78 %). Evaporation of the supernatant solution to 

dryness, extraction of the residue with dichloromethane, 

concentration of the extract to one milliliter by bubbling 

nitrogen through it, overlaying ten milliliters of hexane, 

and slow diffusion at -25 °c for three more days yielded a 

second batch of crystals of RUCP(CO)2(N02 ) (0.016 g, 5 %). 

Evaporation of the second supernatant solution to dryness 

yielded more RUCP(CO)2(N02 ) as brown powder (0.026 g, 8%). 

The total yield of RUCP(CO)2(N02 ) was 92 %. 

IR (KBr): 3113 (w), 2063 (s), 2003 (vs), 1381 (s), 

1314 (s), 1005 (m), 997 (m), 839 (w), 828 (w), 818 (m), 567 

-1 (m), 527 (w), 503 (m), and 461 (w) cm . IR (CHC1 3 ): 2075, 

-1 1 2029, 1380, and 1313 cm . H NMR (CDC1 3 ) gave single 

signals of 0 (ppm vs. Me 4Si) 5.52 at 30 °c and 5.59 at -60 

°c with line widths of 0.8 Hertz at half-height (0.365 

Hertz/point). The carbon-13 NMR spectrum of the same 

solution was also obtained at 30 °C; 0 (ppm vs. Me 4Si): 

194.7 (s, CO) and 88.6 (s, Cp). Both of these signals had 

line widths of 2 Hertz at half-height (1.85 Hertz/point). 



Anal. Calcd for C7H5N0 4RU: C, 31.35~ H, 1.88~ N, 5.23. 

Found: C, 31.68~ H, 1.78~ N, 4.87. 

50 

RUCP(CO)2(N02 ) is stable as crystals under dry air 

at room temperature for weeks, but decomposes appreciably in 

chloroform solution with formation of carbon dioxide within 

days. The rate of decomposition of RUCP(CO)2(N02 ) is much 

slower than that of FeCP(CO)2(N02 ). 

Preparation of RuCp(CO) 2115N021: (34) The procedure 

described in experiment 33 was followed with N-15 (95 %) 

substituted AgN02 . IR (KBr): 3113 (w), 2063 (s), 2003 (vs), 

1354 (s), 1292 (s), 1005 (m), 997 (m), 839 (w), 828 (w), 811 

(m), 567 (m), 527 (w), 503 (m), and 461 (w) cm-1 IR 

-1 (CHCl 3 ): 2075, 2029, 1362, and 1290 cm 



Chapter 3 

DISCUSSION OF THE SYNTHESES 

The methods of preparing N02 complexes are 

summarized in the following list of general reactions. 

(1) Displacement: 

+ + + 

(2) Oxidative Addition: 

+ Ox + 

(3) Oxidation with Nitric Oxide: 

+ 3 NO + + 

(4) Nitrosyl Oxidation: 

+ 

(5) Oxidative Addition of Nitrogen Dioxide: 

L M x + + 

Cl 

The first three approaches are illustrated in the 
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introductory discussion of N02 organometallics (Chapter 1). 

Examples of the oxidation of a nitrosyl (4) are the 

reaction of dioxygen and pyridine with Co(salen) (NO) in 

chloroform to yield Co(salen) (N02 ) (py)31 and the reaction 

of iodosylbenzene and pyridine with Co(dtc)2(NO) in 



toluene-methanol to yield Co(dtc)2(N02 ) (py) and 

. d b 32 10 0 enzene. Oxidative addition of nitrogen dioxide (5) 

has not been reported as a synthetic route to N02 

complexes. 

The displacement and oxidative addition reactions 

were used in this research. The nitro and nitrito ligands 

are between the cyano and nitrato ligands in the 

spectrochemical series. Consequently, in order to 
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anticipate and analyze some of the difficulties encountered 

in the preparations of FeCp(CO)L(N02 ), where L = CO or PPh
3

, 

by reactions of FeCp(CO)LI and [FeCP(CO)2 J 2 with nitrite 

salts under various conditions, parallel efforts were made 

to prepare FeCp(CO)L(N03 ) and FeCp(CO)L(CN) with 

corresponding nitrate and cyanide salts. Also, when an 

experiment yielded little or none of the sought product, 

then the experiment was repeated in a different solvent, at 

a higher temperature, and for a longer time in order to 

determine whether the low yield was due merely to 

incompleteness of the reaction. The details of all of these 

experiments are described in the previous chapter. The 

experiments are summarized in the following discussion and 

in Figures 1 and 2. The underlined numbers within 

parentheses correspond to the numeric labels of the 

experiments as reported in the previous chapter. 

(1) The reaction of [FeCP(CO)2 J2 with silver nitrate 

in acetonitrile yielded FeCP(CO)2(N03 ) (55 %). (~) The 
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Figure 1. Summary of the experiments related to the 
synthesis of FeCp(CO)2(N02 ). KEY: m, h = minutes, hours of 
mixture; rt = room temperature; Dec, RR = decomposition, 
reactants recovered; t = numeric label of experiment in 
Chapter 2; #% = yield of product or recovery of reactant. 
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AgNO 
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Figure 2. Summary of the experiments related to the 
synthesis of FeCp(CO) (PPh3 ) (N02 ). KEY: m, h = minutes, 
hours of mixture; rt = room temperature; RR = reactants 
recovered; t = numeric label of experiment in Chapter 2; #% 
= yield of product or recovery of reactant. 
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same product was obtained from the reaction of FeCP(CO)2I 

with silver nitrate in acetonitrile (61 %). However, this 

product was absent from the reaction mixture of FeCP(CO)2I 

and sodium nitrate in acetonitrile both at room temperature 

(3) and at reflux (4). Instead, FeCp(CO)2I was recovered 

from the latter mixtures (87 % and 37 %, respectively). 

(5) Bubbling air through a solution of [FeCp(CO)2]2 

and fluoroboric acid in acetone and adding sodium nitrite 

(6 and ~) Following the 

procedures of experiments 1 and 2 with silver nitrite 

substituted for silver nitrate also yielded the expected 

FeCP(CO)2(N02 ) (44 % and less than 7 %, respectively). 

Heating the reaction mixture of FeCp(CO)2I and AgN02 in 

acetonitrile did not increase the yield of the 

FeCP(CO)2(N02 ). Instead, the FeCp(CO)2 moiety had 

completely decomposed. (9) FeCp(CO)2(N02 ) was also 

prepared in small yield (less than 5 %) when methanol was 

substituted for acetonitrile in the procedure of experiment 

~. 

In light of the attempted reactions of experiments J 

and 4, the absence of FeCP(co)2(N02 ) in mixtures of 

FeCp(CO)2I and sodium nitrite in dichloromethane at room 

temperature (11) and in acetonitrile at room temperature 

(12) and reflux (13) was not surprising .. The FeCp(Co)2I was 

recovered from the former two mixtures at room temperature 

(78 % and 94 %, respectively), but the FeCP(co)2 moiety had 
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completely decomposed in the latter refluxing mixture. In 

general, when an experiment was repeated at a higher 

reaction temperature (cf., experiments ~ and 10 and 

experiments 12 and 13) and for a longer reaction time (cf., 

experiments 3 and 4) I not only less of the product was 

obtained (8 and 10), but also less of the reactants were 

recovered (3 and 4; 12 and 13). As discussed in the 

Chapter 8, the rates of decomposition of the products as 

they formed and the amounts of time needed for their 

isolation apparently limited the yields of the products. 

Higher reaction temperatures and longer reaction times 

aggravated the situation. 

The reaction of [FeCP(CO)2]2' ferric chloride, and 

sodium nitrite in solution of acetonitrile and water (14) 

and in acetonitrile alone (15) yielded FeCp(co)2CI (44 % and 

49 %, respectively). Mixtures of this product and silver 

nitrite in isopropanol (16) and acetonitrile (17) afforded 

FeCp(co)2(N02 ) in small yields (6 % and 3 %). 

(18) Reaction of FeCp(CO) (PPh3 )I with silver nitrate 

in acetonitrile at room temperature did not yield 

FeCp(CO) (PPh3 ) (N02 ) - which had been anticipated in light of 

the course of the reaction of experiment 1. Instead, work

up of the reaction mixture involving elution of a 

chromatographic column of neutral alumina with acetonitrile 

yielded [FeCp(CO) (PPh 3 ) (MeCN)]N03 (52 %). Substitution of 

methanol for acetonitrile either (19) in just the 



chromatographic ,work-up of experiment 18 (52 %) or (20) in 

both reaction mixture and the chromatographic work-up 

correspondingly yielded [FeCp(CO) (PPh3 ) (MeOH)]N03 (67 %). 
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(21) [FeCp(CO) (PPh3 ) (MeOH)]N03 w~s also obtained by 

dissolution of [FeCp(CO) (PPh3 ) (MeCN)]N03 in methanol and 

work-up of the solution via elution of a chromatographic 

column of neutral alumina with methanol (88 %). In 

contrast, (22) dissolution of [FeCp(CO) (PPh3 ) (MeOH)]N0
3 

in 

acetonitrile and work-up of the solution via elution of a 

chromatographic column of neutral alumina with acetop.itrile 

did not yield any [FeCp(CO) (PPh3 ) (MeCN)]No3 . Instead, the 

starting methanol analog was recovered (71 %). Apparently, 

the nitrate ion cannot successfully compete with the 

solvent for coordination to FeCp(CO) (PPh3 )+ in either 

methanol or acetonitrile and methanol can more strongly 

coordinate FeCp(CO) (PPh3 )+ than acetonitrile. 

In light of the attempted reactions of experiments I 

and 4, the lack of substantial reaction of sodium nitrate 

with FeCp(CO) (PPh3 )I in refluxing acetonitrile (23; 87 % 

recovery) was not surprising. Apparently, the sodium cation 

lacks the ability of the silver cation to abstract the 

halide and thereby promote replacement of the halide by the 

nitrate ion. This is also noticed in a comparison of 

experiments 3 and 4 with experiment 2 and in comparison of 

experiment 12 with experiment ~. 
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(24) The reaction of FeCp(CO) (PPh3 )I and silver 

nitrite in acetonitrile and work-up of the reaction mixture 

via elution of a chromatographic column of neutral alumina 

with methanol yielded [FeCp(CO) (PPh3 ) (MeOH)]N02 (31 %) -

instead of FeCp(CO) (PPh3 ) (N02 ). The latter compound had 

been anticipated in light of the courses of the reactions in 

experiments ~ and 10, but the former product is analogous to 

that obtained from the reactions in experiments 19 and 20. 

The greater difficulty in preparing FeCp(CO) (PPh 3 ) (NOx ) by 

reaction of FeCp(CO) (PPh3 )I and AgNOx compared with 

preparing FeCp(CO)2(NOx ) by reaction of FeCp(CO)2I and AgNOx 

probably is not merely steric hindrance by triphenyl

phosphine because the complexes [FeCp(CO) (PPh
3

)2]PF
6

,23a,33 

34 28c [FeCp(CO) (P(OPh)3)2]PF6 , [FeCp(CO) (PPh3 ) (thf)]BF4 ,and 

[FeCp(CO) (P(OPh)3) (thf)]BF4
35 have been made. 

No reaction was observed when FeCp(CO) (PPh3 )I was 

mixed with either silver nitrate (25) or silver nitrite (26) 

in dichloromethane (88 % and 78 % recoveries, respectively, 

of FeCp(CO) (PPh3 )I). Although dichloromethane is a weakly 

coordinating solvent that probably would not effectively 

compete with the nitrite ion for coordination of 

+ FeCp(CO) (PPh3 ) , dichloromethane apparently cannot dissolve 

enough silver nitrate or nitrite for the reaction. 

(27) Mixture of FeCp(CO) (PPh3 )I and silver nitrate 

in 2-propanol yielded triphenylphosphine oxide (84 %). 

Somewhat similarly, (28) their mixture in tetrahydrofuran 
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yielded unoxidized triphenylphosphine (79 %). In contrast, 

(29) when FeCp(CO) (PPh3 )I was mixed with silver nitrite in 

2-propanol, FeCp(CO) (PPh3 ) (N02 ) was obtained (27 %) along 

with unreacted FeCp(CO) (PPh3 )I (54 %). Apparently, 2-

propanol retains the power to dissolve the reactants like 

methanol does, but the former alcohol, due to its steric 

bulk, lacks the power to effectively compete with the 

nitrite ion for coordination of FeCp(CO) (PPh3 )+ 

The abstraction of halide from FeCp(CO)LX, where L = 
CO or PPh3 and X = I or Cl, by the silver cation is slow 

(cf., experiments 2, ~, and 29). The isolation of the 

product from a reaction mixture of FeCp(CO)LX and silver 

nitrite involves separating a low yield of FeCp(CO)L(N02 ) 

from a large amount of unreacted FeCp(CO}LX. The 

chromatographic procedure and the time that it requires as 

well as the time that the slow abstraction of halide 

requires entails considerable loss of the product due to 

oxygen atom transfer reactions. Furthermore, the 

abstraction of iodide from FeCp(CO} (PPh3 }I yields only 

[FeCp(CO) (PPh3 ) (solvent)]N03 in methanol and acetonitrile 

and yields FeCp(CO) (PPh3 ) (N02 ) only in 2-propanol. 

The oxidative addition of [FeCp(co)2]2 by silver 

nitrite is much faster (cf., experiments 1 and ~) than 

halide abstraction from FeCp(co)2I by silver nitrite. The 

quick completion of the reaction and the precipitation of 

elemental silver in the former case simplifies the 



composition of the reaction mixture and the procedure for 

isolating the product. The procedure of Dombek and 

Angelici 7 in experiment 5 also involves oxidation of 

[FeCP(CO)2 12 in the presence of nitrite ion, but the 

distillation of the aqueous solution of fluoroboric acid, 

sodium nitrite, and other soluble species is slow and, 

consequently, yields less FeCP(co)2(N0
2
). 

60 

(30) Dissolution of FeCp(CO) (PPh3 ) (N02 ) in methanol 

and work-up of the solution via elution of a chromatographic 

column of neutral alumina with methanol afforded only the 

starting material (72 % recovery). Interestingly, although 

methanol and acetonitrile as solvents surpass the nitrite 

ion in ability to coordinate FeCp(CO) (PPh3 )+ (according to 

experiments 18, 19, and 20), they are not capable of readily 

displacing N02 after it has become coordinated. Probably, 

after the silver-assisted dissociation of FeCp(CO) (PPh3 )I, 

the abundance of solvent molecules overwhelms the nitrite 

ions in the competition to coordinate the FeCp(CO) (PPh3 )+ 

cation. 

Silver cyanide did not react with FeCp(CO) (PPh3 )I in 

either (31) acetonitrile or (32) 2-propanol (79 % and 81 % 

recoveries, respectively, of FeCp(CO) (PPh3 )I). The failure 

of silver cyanide to react with FeCp(CO) (PPh3 )I as silver 

nitrite did in experiment 30 may be due to lesser solubility 

of silver cyanide in acetonitrile and 2-propanol. A one

third excess of silver cyanide was included in experiments 
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31 and 32 and 95 % and 89 %, respectively, of the silver 

cyanide was recovered simply by filtration. 

(1) FeCP(CO)2(15N0 2 ), (33) RUCp(CO)2(N02 ), and (34) 

RUCP(CO)2(15N02 ) were also made by the procedure of 

experiment 6 except that Ag15N02 and/or [RUCP(CO)2]2 were 

sUbstituted for AgN02 and/or, [FeCP(co)21 2. Because 

RUCP(co>2(N0 2 ) is more stable than FeCp(Co)2(N02 ), the 

yield of the former (92 %) was greater than the yield of the 

latter (44 %). 
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Chapter 4 

DISCUSSION OF THE SPECTROSCOPIC PROPERTIES 

The Modes of Coordination of N02~ The spectroscopic 

properties of the N02 ligand depend on its mode of 

coordination. It has been observed to coordinate metals in 

numerous ways. The most frequently observed mode of 

coordination of a metal by N02 is via its nitrogen atom and 

is called "nitro" coordination. Coordination via its oxygen 

atom(s) is also common and is called "nitrito" coordination. 

If the metal is outside the "bite" of the nitrito ligand -

so that the metal and the free oxygen are trans to each 

other - then the coordination can be further specified as 

being "exo-" or "trans-nitrito." If, instead, the metal is 

inside the "bite" of the nitrito ligand, then the 

coordina tion can be II endo-" or II cis-ni tri to. II Endo- and 

exo-nitrito coordination are, respectively, the second and 

third most frequently observed modes of coordination of a 

metal by N02 . 

The fourth most frequently observed mode of 

coordination is chelation of the metal with both of its 

oxygens. Chelated complexes differ from endo-nitrito 

complexes by having equal metal-oxygen distances. Endo-
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nitrito groups range smoothly from monodentate to bidentate. 

Table 5 shows the continuity in the ratio of the shorter 

metal-oxygen distance to the longer metal-oxygen distance 

from unity (representing the extreme called chelation) to 

0.71 (representing the other extreme called monodentate 

endo-nitrito coordination) for two sets of compounds. The 

brief discontinuity in the ratio from 0.71 to 0.79 may be 

due to an insufficient number of compounds having been 

structurally characterized. 

In addition to the set of four modes of 

coordination of one metal atom by N02 which have already 

been discussed, the N02 group has also been observed to 

coordinate two metal atoms. Since the nitrite ion has at 

least five coordination sites (i.e., at the nitrogen atom 

and at either of the two sides of either of the two oxygen 

atoms) and since either chelation or endo-nitrito 

coordination of the first metal atom mutually precludes the 

other mode of coordination of the second metal atom, the 

nitrite ion is capable of "bridging" two metal atoms in at 

least seven distinguishable ways. Those seven ways and 

examples, if any, of each are listed in Table 6. In most of 

the known N02 bridges, one of the two metal atoms is bonded 

to the nitrogen atom. Although one oxygen atom of N02 has 

been found to bridge two metal atoms, N02 has not yet been 

found to bridge two metal atoms via both of its oxygen 

atoms. In all the bridges, the two metal atoms and the N02 



Table 5. Ratios of the Metal-Oxygen Distances in 
endo-Nitrito Coordination 

Compound Metal-Oxygen Distance (pm) 

Shorter Longer Ratio 

(Non-Bridging) 

K3 [CU(N02 )2(02N) (ONO)2] 211. 296. 0.71 

Cu (bpy) (02N) 2 198.6 250.8 0.79 
198.8 247.7 0.80 

Cu(NNN'N'-tetmen) (02N)2 200. 247. 0.81 
203. 240. 0.85 

Zn(NNN'N'-tetmen) (02N)2 207.2 233.9 0.88 
207.2 226.5 0.91 

Ni(NNN'N'-tetmen) (02N)2 207.4 213.8 0.97 
206.5 210.9 0.98 

Ni(4-mepY)2(o2N)2·2C6H6 210.6 210.6 1.00 

(Bridging two metals) 

[Co(NO)2(ONO)]oo 215. 

[Ni(en)2(ONO)]oo(ClO4 )oo 221.5 310.7 0.71 

Cd ( en) (ONO) 2 213. 242. 0.88 

K2 [Pb(ON02 ) (02N)3]H2O 269. 277. 0.97 
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Ref. 

99 

100 

101 

102 

102 

103 

104 

102 

105 

106 



65 

Table 6. Modes of Coordination of Two Metal Atoms by N0 2 

Mode Examples Ref. 

M-NO(exo-O-M) (H3N)3Co(~-ONO)2(~-OH)CO(NH3)3 107 

[Ni(4-MepY)2(ONO)2]2·2C6H6 103 

M-NO(endo-O-M) [CO(NO)2(ONO)]~ in solid state 104 

M-N(02=M) K2[Pb(02N)3(02NO)]H20 108 

N(O-M)2 None 

ON(O=M2 ) [Ni(4-MepY )2(ONO)2]2·2C6H6 103 
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group are coplanar and the bond angles that the metal atoms 

make with the N02 group are about 1200
• 

Several other modes of coordination are readily 

conceivable for N02 and have been observed for other AB 2-

type molecules (such as sulfur dioxide 36 and carbon 

dioxide37 ), but have not been found in the case of the 

nitrite ion. For example, N02 has not been found to bridge 

more than two metal atoms. Also, coordination of a metal 

atom by the edge (~-2) or the face (~-3) of the N02 group 

has not been observed. Despite the number of coordination 

modes of N02 , linkage isomerization has been observed 

between only the nitro and nitrito modes. 

Visible Spectroscopy. Various types of spectroscopy 

have been useful in discovering and investigating linkage 

isomerism of the nitro group. The earliest type was visible 

spectroscopy. Although S. M. J¢rgensen erred in the great 

debate with A. Werner on the basic nature of coordination 

compounds, J¢rgensen was the first of the two to recognize 

the ambidentate nature of the nitrite ion. 38 By comparing 

the colors of a stable yellow isomer and an unstable pink 

isomer of CO(NH3 )5(N02 )2+ 

2+ and pink Co(NH3 )5(OH2 ) , 

2+ to the colors of yellow Co(NH3 )6 

respectively, J¢rgensen concluded 

that the N02 group was coordinated via its nitrogen atom in 

the yellow isomer and via its oxygen atom in the pink one. 

This is a classic of visible spectroscopy which has been 

confirmed only recently by X-ray diffractometry.39 The 



reasoning has been incorporated into the "spectrochemical 

series" of ligands - which is, in part, OH- < N03 < OH2 < 

ONO < NH3 < pyridine < N02 < CN < CO. 
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Unfortunately, interpretation of visible spectra is 

frequently complicated by other (e.g., charge-transfer) 

absorption bands. For example, Ni(NH3 )4(N02 )2 is red and 

Ni(NH3 )4(ONO)2 is blue-green, but Ni(NH3 )6 2+ is blue and 

Ni(NH3 )4(OH2 )2 2+ is green. The colors of some MCpLL'X 

complexes are compiled in Table 7. Due to the scarcity of 

data and the other variables which influence the available 

data, trends that afford reliable identification of the 

coordination mode of small anionic ambidentate ligands 

cannot be established. However, it can be noted that the 

gold color of FeCp(co)2(N02 ) is intermediate between the 

yellow color of FeCP(co)2(CN) and the red-orange color of 

FeCP(co)2(ON02 ) and thus is in accord with the 

spectrochemical series. 

Infrared Spectroscopy. A much more useful and 

reliable method of identifying the mode of coordination of 

N02 in a compound is infrared absorption spectroscopy. The 

symmetrical and asymmetrical N02 stretching frequencies can 

often identify its mode of coordination1 (Table 8). The 

N02 stretching frequencies of FeCp(co)2(N02 ), 

FeCp(CO) (PPh3 ) (N02 ), and'RuCP(CO)2(N02 ) (Table 9) indicate 

that the N02 groups are bonded to the metals via the 

nitrogen atoms in both solution and solid state. This is 



Table 7. Colors of MCpLL'X Complexes 

MCpLL' X Ref. 

-NO 2 -ONO -SCN -NCS -SeCN -NCSe -CN -ONO 2 

FeCP(CO)2 Gold Red Yellow Brown Yellow Red- *;a,b; 
orange 73;c,d 

FeCp(CO) (P(OPh)3) Orange 76 
-red 

FeCp(CO) (ASPh3 ) Brown 23c 

FeCp (CO) (PPh
3

) Orange Olive Red- Red- Red- Yellow- *;23c,e 
-red -brown brown brown brown orange 76;110 

FeCp(CO) (PPh2Me) Yellow 110a 

FeCp (CO) (PPhMe
2

) Amber 110a 

FeCp(CO) (PMe
3

) Yellow 110a 

RuCp(CO> 2 Orange Yellow Yellow White *f 74a , 
-brown 74b;74a 

CrCp(NO)2 Green Yellow Yellow 4c-e;4a 
-green -brown 73 

* This work. 
a. References 9, 28a, 72, and 122b. 
b. References 9, 28a, and 72. 
c. References 7 and 29a. 
d. References 7 and 28a. 
e. References 23c and 123. 0'\ 

()) 



Table 8. Characteristic Frequencies of the 
Symmetrical and Asymmetrical Stretching Bands of N02 

Frequency (cm-1 ) 

69 

1700 1600 1500 1400 1300 1200 1100 1000 900 800 

Ionic N0 2 

Methyl-N02 

M-NO 2 

Methyl-ONO, 
exo-

en do-

M-ONO, 
exo-

endo-

M=O N 2 

M-NO (O-M) , 
exo-

endo-

M-NO =M 2 

N(O-M)2 

}582 

1500 

}681 

1615 

1510 

15_0 

147( 

147( 

123a 

1400 

1380 

1400 

-

- 1~ 

I I 
I I 

1155 

}384 

1300 
12 0 

811 

814 

13fO 

Jso 
1 30 990 

-
1190 - 1 70 

L30 
1260 1 

1 40 

14101 12 0 11L 
440 ~ J60 1200 

50 
10.;0 - 1010 

I 
I 

1700 1600 1500 1400 1300 1200 1100 1000 900 800 



Table 9. Properties of the New Compounds a 

Compound Color 1 Infrared (cm-.L) 1 

KBr Pellet CHC1 3 Soln. 

CO N02 CO N02 

FeCP(co)2(N0
2

)b Goldc 2059 1379 2067c 1392 5.15c ,d 
2004 1311 2023 c 1308 

817 

FeCP(co)2(15N0
2

)e 
616 

Gold 2059 1347 2067 1358 5.15 
2004 1289 2023 1288 

812 

f 612 
4.63

d 7.4d FeCp(CO) (PPh
3

) (N0
2

) Orange- 1965 1348 1980 1355 
red 1299 1299 

814 
603 

5.52d RUCP(CO)2(N0
2

)g Orange- 2063 1381 2075 1380 
brown 2003 1314 2029 1313 

818 

15 567 
RuCp (CO) 2 ( N02 ) Orange- 2063 1354 2075 1362 

brown 2003 1292 2029 1290 
811 

[FeCp{CO) (PPh3 ) {MeOH)]N0
2

h 564 
Red 1974 4.81 2.49 7.5 

[FeCp{CO} (PPh3 ) (MeOH}]N0
3

h Red 1975 4.89 2.56 7.5 

[FeCp{CO) (PPh3 ) (MeCN)]N0
3

h Red 1967 4.86 2.05 7.5 

The table is continued on the next page. -....J 
o 



Table 9 (Continued from the previous page). 

a. All of the new compounds are very soluble in polar organic solvents and 
insoluble in water and nonpolar organic solvents. 

b. FeCp(CO)2 (N02) sublimes under high vacuum at room temperature. 
c. Same as the value reported by B. D. Dombek and R. J. Angelici for "a 

product believed to be (C 5H5 )Fe(CO)2N02" (Inorg. Chern., 1973, ~, 345). 
d. See the experimental sect10n for effects of low temperatures on H-1 NMR. 
e. C-13 NMR in CDCl3 (0 vs. Me4Si): 209.8 (s, CO) and 86.6 (s, Cp) ppm. 

N-15 NMR in CDCl3 (0 vs, aq. N03-): 95.36 (s) ppm. 
f. P-31 NMR in CDCl3 (0 vs. H3P04): 68.6 (s) ppm. 
g. C-13 NMR in CDC13 (0 vs. Me4Si): 194.7 (s, CO) and 88.6 (s, Cp) ppm. 
h. The last three compounds are 1:1 electrolytes in nitrobenzene. 

-.....J 
I--' 
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the mode also found by X-ray diffractometry in a crystal of 

o FeCP(CO>2(N02 ) at -100 C and a crystal of RUCp(CO)2(N0 2 ) 

at 26 °c (Chapter 5). 

The literature on N02 complexes contains fewer 

reports of the N02 bending (0) frequencies than the N02 

stretching frequencies. The bending frequencies are 

generally 820 - 810 cm-1 for nitro complexes 3 ,13b,40 and 

850 - 815 cm-1 for nitrito complexes (including chelates and 

bimetallic complexes with oNO_bridges)4e,3d,40a,41. 

However, bending frequencies as high as 838 cm-1 have been 

reported for K2Ba[Ni(N02 )6]42 (with stretching frequencies 

at 1343 and 1306 cm-1 ) and as low as 760 cm-1 for trans

Fe(S2CNR2) (NO) (N02 ) (R = Me13b and Et3 ; 1386 and 1275 

-1 cm ). Furthermore, single-crystal X-ray diffractometry and 

the N02 stretching frequencies (1401 and 1095 cm-1 ) of 

CO{PPh3 ) (NO)2{ONO)2 indicate endo-nitrito coordination, but 

the bending frequency was only 757 cm-1 Consequently, the 

bending frequency is less reliable as an indicator of the 

mode of coordination of N02 . The bending frequencies of 

FeCP{co)2{N02 ), FeCp(CO) (PPh3 ) (N02 ), and RUCp{CO)2{N02 ) 

(Table 9) are within the narrower range which has been found 

for most nitro complexes. 

15 15 In FeCp{co)2( N02 ) and RUCP{CO)2( N02 ), the N02 

symmetrical and asymmetrical stretching, bending, and 

-1 wagging frequencies shift by about 22, 30, 6, and 4 cm , 

respectively, from those in their nitrogen-14 analogues. 
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These isotopic shifts approximately match those observed in 

13b cis- and trans-Fe (S2CNMe2) 2(NO} (N0 2 ). 

Infrared spectroscopy has frequently provided 

information about the coordination of other ligands to 

carbonylmetal fragments. A n-acidic ligand reduces the 

donation of electron density from the metal into the 

antibonding n* orbital of the carbonyl ligand and thereby 

strengthens the carbon-oxygen bond of the carbonyl ligand. 

Since carbon monoxide is more n-acidic than phosphines, the 

carbonyl stretching frequencies of FeCp(co)2X are expected 

to be greater than those of FeCp(CO) (PR3 )X. This 

expectation has been experimentally confirmed (Table 10). 

Since the cyanide ion is more n-acidic and the 

nitrate ion is less a-acidic than the nitrite ion, the 

carbonyl stretching frequencies of FeCP(co)2(CN) and 

FeCp(co)2(N03 ) are expected to be greater and less than 

those of FeCP(co)2(N02 ), respectively. Further examination 

of Table 10, however, does not confirm these expectations. 

Although the carbonyl stretching frequencies of 

FeCP(CO)2(N02 ) are between those of the corresponding cyano 

and nitrato complexes, the differences are small and the 

order is reversed. A similar result is obtained from 

comparison of FeCp(CO) (PPh3 ) (CN) and FeCp(CO) (PPh3 ) (N02 ) . 

Comparisons of the carbonyl stretching frequencies in the 

thiocyanato, isothiocyanato, selenocyanato, and 

+ isoselenocyanato derivatives of FeCp(co)2 and 



Table 10. Frequencies (cm-1 ) of the Carbonyl and Nitrosyl Stretching Bands in 
IR Spectra of MCpLL'X Complexes in CHC1 3 or CH2C1 2 

MCpLL' X Ref. 

-NO 2 -ONO -SCN -NCS -SeCN -NCSe -CN -ONO 2 

FeCP(CO)2 2067 2052 2071 2051 2034 2062 2069 *;a,b;c 
2023 2009 2028 2002 1987 2019 2025 9;d,e 

FeCp(CO} (P(OPh)3) 1993 2002 76 

FeCp(CO) (ASPh3 ) 1975 23c 

FeCp(CO) (PPh3 ) 1980 1975 1774 1962 1974 1971 *;f,g; 
76;h 

FeCp (CO) (PPh2Me) 1968 110a 

FeCp (CO) (PPhMe 2 ) 1963 110a 

FeCp(CO) (PMe 3 ) 1962 110a 

RuCp(CO) 2 2075 2061 2069 2063 *;74 
2029 2012 2023 2015 

CrCp(NO) 2 1825 1828 1829 4ce;4a, 
1719 1725 1728 72;73 

* This work. 
a. References 9, 23c, 29c, 72, and 121. 
b. References 9, 23c, 29c, 72, 121, 122a, and 122b. 
c. References 9, 29c, and 73. 
d. References 7, 29a, 29c, 122a, and 124. 
e. References 7 and 28a. 
f. References 23c and 29c. 
g. References 23c, 29c, and 75. 
h. References 29c, 110, and 124c. " +:--



FeCp(CO) (PPh3 )+ further undermine the utility of the 

measurement of the carbonyl stretching frequencies in the 

investigation of linkage isomerism. 

Nuclear Magnetic Resonance Spectroscopy. Like 
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infrared absorption spectroscopy, nuclear magnetic resonance 

spectroscopy is another major tool of chemists. The 

interpretation of spin-spin couplings of the nuclei, the 

effects of temperature on the chemical shifts and the shapes 

of the signals, and the chemical shifts and signal widths in 

themselves have a long history of revealing the arrangement 

and movement of atoms. Nuclear magnetic resonance spectra 

of protons and carbon-13 nuclei can provide indirect 

information about the coordination of a ligand such as N02' 

but not enough such spectra of relevant compounds have been 

reported (Tables 11 and 12) with which to compare the 

spectra of FeCP(co)2(N0
2

), FeCp(CO) (PPh3 ) (N0
2

) , and 

RuCP(CO)2(N0
2

). It can only be noted that the 1H chemical 

shift of FeCp(co)2(N02 ) is again between those of 

FeCp(co)2(CN) and FeCp(co)2(ON02 ). 

Hydrogen-1 and carbon-13 nuclear magnetic resonance 

spectra are commonly more accessible, but the first 

observation of chemical shift was in the nitrogen-14 

t · t f .. t t 43 magne 1C resonance spec rum 0 aqueous ammon1um n1 ra e. 

Although nitrogen-14 is the most abundant isotope (99.63 %), 

magnetic resonance spectroscopy of it has been limited by 

its very low sensitivity (about 0.001 that of an equal 
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number of hydrogen-l nuclei in a constant strength of the 

magnetic field) and its electric quadrupole moment (I = 1). 

Nitrogen-15 nuclei afford similarly low sensitivity and are 

scarce in nature (0.37 %), but they have a spin quantum 

number of 1/2. Botto, Kolthammer, Legzdins, and Roberts 44 

and Vallenilla S.2 applied nitrogen-15 magnetic resonance 

spectroscopy to char.acterization of some complexes with 

nitrosyl and N02 ligands. Olah, Gupta, and Narang45 

studied the nitro-nitrito linkage isomerism of (H3C)2S(ONO)+ 

in S02 at -60 °c by nitrogen-15 magnetic resonance 

spectroscopy. Linkage isomerization has also been studied 

by oxygen-17 (I = 5/2~ 0.037 % natural abundance~ 0.03 

sensitivity) magnetic resonance spectroscopy by Jackson, 

Lawrence, Lay, and sargeson46 in the case of 

CO(NH3 )5(ONO)2+ in water at 25 °C. The chemical shifts of 

the nitrogen-14, nitrogen-15, and oxygen-17 nuclei in some 

compounds of the various nitrogen oxides are listed in 

Tables 13 - 15. The nitrogen-15 chemical shift of 

FeCP(CO)2(15N02 ) is close to those which have been found for 

several nitro complexes of cobalt. 



Table 11. 1H NMR Chemical Shifts (ppm vs. Me 4Si) of Cyclopentadienyl Hydrogens 
in MCpLL'X Complexes in CDC1 3 

MCoLL' I X .... • Ref 

-NO 2 -ONO -SCN -NCS -SeCN -NCSe -CN -ONO 2 

FeCp(CO)2 5.15 5.06 5.14 5.20 5.14 *;72;7 

FeCp(CO) (P(OPh)3) 4.56 4.55 76 

FeCp(CO) (AsPh3 ) 

FeCp(CO) (PPh3 ) 4.63 4.60 4.52 4.60 4.51 4.53 *;23ci 
76ia 

FeCp(CO) (PPh2Me) 4.52 110a 

FeCp (CO) (PPhMe
2

) 4.64 110a 

FeCp(CO) (PMe
3

) 

RuCp(CO> 2 5.52 5.54 5.50 *;74; 
74a 

CrCp(NO) 2 5.83 72 

---~~-- ~~--- --------- - - -_ .. _- --- ------- - ----------

* This work. 
a. References 76, 110, 124c, and 125. 

'-.I 
'-.I 
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Table 12. Chemical Shifts (ppm vs. Me 4Si) in the Carbon-13 
NMR Spectra of M(C

5
H

5
) (CO)LX Complexes in CDC1 3 

M(C5H
5

) (CO)LX C5H5 CO other Ref. 

15 86.6 209.8 This FeCP(CO)2( N02 ) 
work 

RUCP(CO)2(N02 ) 88.6 194.7 This 
work 

It'eCp(CO) 2 (CN) 85.9 211.1 154.7 (CN) 109 

FeCp(CO) (PPh3 ) (CN) 84.2 218.0 110 

FeCp(CO) (PPh
2

Me) (CN) 83.61 217.0 110a 

FeCp(CO) (PPhMe
2

) (CN) 82.95 217.31 110a 



Table 13. Nitrogen-14 NMR Chemical Shifts of 
Some NOx Compounds 

Compound Solvent Temp. Chemical Shift 
Shift* Standard* 

(oC) 
ppm 

(vs. MeN02 ) 

Fe(CO)2(NO)2 167( 35) ext MeCN 
Benzene 30 ext N03 

Co(CO)3{NO) 149{ 17) ext MeCN 
Benzene 15 ext N03 

H2 [RUCl 5 (NO) ] 1 M HCl 107(-.25) ext MeCN 

Na 2 [Co{N02 )6] Water 26 135( 3) ext MeCN 

Na 2 [Pd{N02 )4] Water 26 134{ 2) ext MeCN 

Na 2 [Pt{N02 )4] Water 26 136{ 4) ext MeCN 

PhN02 Pure -8 int MeN02 
-MeONO Pure 25 --49{ 188) ext N02 
-MeONo 2 Pure 36 ext N03 
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Ref. 

111 
112 

111 
112 

111 

111 

111 

111 

113 

114 

115 

* Comparison of Chemical Shift Standards in which + means 
downfield and deshielded: aq. N02~' 237; MeN02 and aq. N03 ' 
0; HN03 , -47; MeCN, -132; aq. NH4 ' -354 ppm 1Ref. 116). 

o(vs. MeN02 ) = o{vs. standard) + 0standard{vs. MeN02 ) 



Table 14. Nitrogen-15 NMR Chemical Shifts of 
Some NOx Compounds 

Compound Solvent Temp. Chemical 
Shift* 

Shift 
Standard* 

FeCp(co>2(N02 > CDC1 3 

CrCp(NO>2Cl CHC1 3 

MOCp(NO>2Cl 

WCP(NO>2Cl 

crcp(co>2(NO> 

MOCP(CO)2(NO) 

WCp(CO)2(NO) 

[CrCP(NO)2 J2 

MoCp(CO)-
(PPh

3
) (NO) 

[Me2SN02]BF4 

[Me 2SONO]BF4 

CHC1
3 

CHC1 3 

CHC1 3 

CHC1 3 

CHC1 3 

CHC1 3 

CHC1 3 

- 30 95.36(91.4) ext N03 

190 . 6 ( 184) HNO 3 

191.4(185) 

178.9(173) 

55.0( 49) 

43.6( 37) 

22.5( 16> 

127.7(122) 

41.4( 35) 

- 60 197.6(262) 

- 60 556.6(621) 

ext 
pyridine 

80 

Ref. 

This 
work 
44 

45 

This table is continued on the next page. 
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Table 14 (Continued from the previous page). 

Compound Solvent Temp. Chemical Shift Ref. 
Shift* Standard* 

(oC) 
ppm 

(vs. MeN02 ) 

CO(PMePh
a

)- CH2C1 2 MeN02 2 
(NO) (N ~) 2 

Co- ° - 65 580.37 
- 80 576.90 

CO=02N - 65 226.82 
- 80 226.77 

Co-N02 - 65 93.26 
- 80 94.17 

CO(PMetPh)- CH2Cl 2 (NO) NOU)2 
Co- ° - 65 574.10 
cO=02N - 65 228.80 

- 80 228.82 
CO-N02 - 65 98.00 

- 80 98.18 

Co(PMe )- CH2Cl 2 - 80 

(NO)~~~a)u 220.08 
CO-N02 100.27 

* Comparison of Chemical Shift Standards in which + means 
downfield and deshiel~e~: aq. N02-, 230; MeN02 , 0; aq. N~3 ' 
-4.6; HN03 , -6.2; Pyr~d1ne, -63.9; MeCN, -138.0; aq. NH4 ' 
359.0 ppm (Ref. 117). 

O(vs. MeN0 2 ) = o(vs. standard) + 0standard(vs. MeN02 ) 
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Table 15. Oxygen-17 NMR Chemical Shifts (ppm vs. H20) of 
Some NOx Compounds 

Compound Solvent Temp. Chemical Ref. 
Shift* 

(oC) 

MeONO 118 
MeON- Pure 420 

-NO 790 

PhN02 Pure 569 119 

Ni(CO)4 Pure 362 111 

Fe(co)5 Pure 388 111 

Fe (COba(NO) 2 Pure 418 111 

Co(NH3 )5(N02 ) 2+ water 25 690 46 

CO(NHe)a(ONO)2+ Water 25 46 
o N- 430 

-NO 790 

* Comparison of Chemical Shift Standards in which + means 
dow~field and deshielded: aq. N02-, 650; MeN02 , 604; aq. 
N03 ' 410; HN03 , 414 ;H20, 0 ppm (Ref. 120). 

o(vs. H20) = o(vs. standard) + 0standard(vs. H20) 
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Chapter 5 

STRUCTURE DETERMINATIONS 

Structure Determination of FeCp(CO)~(NO~l: (35) The 

decomposition of FeCp(CO)2(N02 ) and the generation of gas 

that adhered to the crystals interfered in the 

determination of their density. A minimal density of 1500 

kg/m3 was measured by suspending crystals in aqueous ZnBr2 

solution at room temperature followed by pycnometric 

determination of the density of the solution. 

A gold-colored rectangular crystal having 

dimensions of 0.35 x 0.22 x 0.09 mm was mounted in a glass 

capillary with its longest axis oriented approximately 

parallel to the phi axis of the goniometer. Diffraction of 

graphite-monochromated Mo Ka (wavelength = 71.073 pm) was 

measured with a Nicolet-Syntex P21 computer-controlled 

diffractometer. The diameter of the collimator was 0.7 rom 

and the distance between the crystal and the detector was 

0.21 m. Omega scans of several intense reflections were 

measured; the half-height was 0.25 0 with a take-off angle of 

o 0 2.8. The crystal was kept at a temperature of -100 ± 5 C 

while scanning to a maximum 28 of 50 0 by the 28/e technique. 

The scan rate varied from 2.0 to 8.0 0 /minute in order to 
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allow rapid measurement of the intense reflections and 

still assure good counting statistics for the weak 

reflections. In order to correct for the separation of the 

Ka doublet,47 the scan range was calculated as 2.00 + 

(29Ka2 - 29Ka1 ) (1.0). Moving-crystal moving-counter 

background counts were made by scanning an additional 25 % 

above and below this range so that the ratio of the peak 

counting time to the background counting time was 2:1. 

All calculations were done with a PDP-11 computer 

using SDP-PLUS programs. 48 The intensities of reflections 

and the standard deviations thereof were calculated as 

follows. 

I = 

(total scan count) 

(sum of background counts) 

(ratio of background-to-scan times) 

(total scan count) 

r- (sum 

+ll~atio of 

of background counts) ] 

background-to-scan times)2 

1 
2 

(scan rate) 

(scan rate) 

From the systematic absences of reflections at hOI 

where h + I is odd and at OkO where k is odd and from the 

subsequent least-squares refinement, the spatial symmetry 

group of the crystalline lattice was determined to be 

49 monoclinic P21 /c (No. 14). The cell constants and the 



orientation matrix for the data collection were obtained 

from a least-squares refinement which used the setting 

angles of 25 reflections in the range 20 0 < 29 < 330 . The 

monoclinic cell constants and calculated volume (with the 
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estimated standard deviations of the last significant digits 

in parentheses) are a = 627.0(4) pm, b = 1137.4(5) pm, c = 
1146.8(3) pm, ~ = 94.82(4)0, and V = 0.8150(6) nm3 . With 

four molecules per unit cell and formula weight of 222.97 

glmol, the calculated density is 1820 kg/m3 . 

A total of 1787 reflections were collected. Of 

these, 1434 were unique and not systematically absent. The 

intensities of a set of three representative reflections 

were measured after each set of 46 reflections had been 

measured. The intensities of these standard reflections 

remained constant (within experimental error) throughout the 

collection of the data. Consequently, no correction for 

decay was applied. Lorentz and polarization corrections 

were applied to the data. The linear absorption coefficient 

was 1.82 mm-1 for Mo K radiation. A numerical absorption a 

correction of the intensities yielded relative transmission 

coefficients that ranged from 68.097 to 84.466 and averaged 

78.930. Intensities of equivalent reflections were 

averaged. Eight reflections were rejected from the 

averaging process because their intensities differed 

significantly from the average. The agreement factors for 

the averaging of the 243 observed and accepted reflections 



was 2.0 % based on intensity and was 1.2 % based on Fo. 

Scattering factors were obtained from Cromer and waber. 50 

Anomalous dispersion effects were included in Fc
51 . The 

values for Bf' and 5f" were obtained from cromer. 50 The 
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structure was refined by full-matrix least-squares where the 

function which was minimized was Ew(IFo 1-IFe 1)2. The weight 

w is defined as 4Fo2/o2(Fo2). The standard deviation on F 2 
o 

is defined by 

= 

where the parameter p was set at 0.040 in order to decrease 

the weights of the intense reflections. Only the 1206 

reflections which had intensities that were greater than 3.0 

times their standard deviation were used in the refinements. 

The structure was solved using the Patterson heavy-

atom method which revealed the position of the iron atom. 

The other non-hydrogen atoms were located in succeeding 

difference Fourier syntheses. Hydrogen atoms were included 

in the refinement but were restrained to ride with the 

positions of the five carbon atoms to which they were bonded 

(C-H = 95 pm along the external bisectors of the C-C-C bond 

angles) and to isotropic thermal parameters (B = 5.00 x 10 4 

pm2 ). The final cycle of refinement included 118 variable 

parameters and converged with all parameters having no shift 

(i.e., 0.00 times its estimated standard deviation) and with 

the following unweighted and weighted agreement factors. 
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R = Ell Fo I - I Fe II I E I Fo I = 0.023 

= [ Ew ( I F 0 I - I Fe p 2 I EwF 0 2 ] 1 I 2 = 0.035 

The standard deviation of an observation of unit weight was 

1.71. There were three correlation coefficients greater 

than 0.50. These three correlation coefficients (0.640, 

0.638. and 0.628) were between the scale factor and each of 

three of the thermal parameters (B(l,l), B(2,2), and B(3,3), 

respectively) of the iron atom. The three highest peaks in 

the final difference Fourier synthesis were around the iron 

atom and had heights of 420 - 290 e/nm3 with an estimated 

error of 70 e/nm3 based on O(F)52. Plots of Iw(IFo l-

IFe I) I versus IFo I, the order of the reflections in the 

collection of the data, (sin e)/wavelength, and the various 

classes of Miller indices showed no unusual trends. The 

scale factor was 0.18712. 

The diffractometric data were also solved in terms 

of the structures of the products of oxygen atom transfer, 

viz., the chiral isomers of FeCp(CO) (C02 ) (NO). The results 

of these alternative solutions are compared, in Table 16, to 

the solution which is reported above. According to 

application of the significance test of W. C. Hamilton53 to 

the weighted R values, the alternative solutions can be 

rejected in favor of the above solution with at least 99.5 % 

level of confidence. 



Table 16. Comparison of the Alternative Solutions in 
the Determination of the Molecular Structure of 

FeCP(CO)2(N02 ) by Single-Crystal X-Ray Diffractometry 

Equivalent B* 

Atom C 

Atom X 

Atom Y 

Unweighted R 

Weighted R 

Std. Dev. of 
an Observation 
of Unit Weight 

FeCp(CO) (XO) (Y0 2 ) where 

x = C and 
Y=N, i. e., 

FeCp(CO)2(N02 ) 

1.54 

1.65 

1.48 

0.023 

0.035 

1.71 

X = Nand Y = C, i. e., 

the two chiral isomers 
of FeCp(CO) (NO) (C0

2
) 

1.57 1.48 

2.60 2.71 

0.55 0.57 

0.033 

0.051 

2.51 

88 

3 Greatest 
Unassigned 
Electron 
Densities 

420 - 290 near 
the iron atom 

760 - 680 near the 
"carbon" atom of the Y0 2 group 

* Isotropic equivalent of the anisotropic thermal 
parameters of the atom according to the definition as 

2 8 n (U11 + U22 + U33 ) / 3. 
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Structure Determination of RUCP(CO)~(N02l: (36) The 

density of the crystals was found to be 2050 kg/m3 by 

suspension of the crystals in an aqueous ZnBr2 solution at 

room temperature followed by pycnometric determination of 

the density of the solution. 

An orange-brown rectangular crystal having 

dimensions of 0.58 x 0.25 x 0.07 mm was mounted on a glass 

fiber with its longest axis oriented approximately parallel 

to the phi axis of the goniometer. Except as described 

next, the diffraction data were collected and reduced and 

the structure was solved as for FeCp(CO)2(N0
2

). The crystal 

was kept at a temperature of 26 + 1 °c while scanning to a 

maximum 29 of 300 . The scan rate varied from 10.0 to 

30.00 /minute. 

From the systematic absences of reflections at hOl 

where h + 1 is odd and at OkO where k is odd and from the 

subsequent least-squares refinement, the spatial symmetry 

group of the crystalline lattice was determined to be 

monoclinic P2
1
/c (No. 14) .49 The cell constants and the 

orientation matrix for the data collection were obtained 

from a least-squares refinement which used the setting 

angles of 25 reflections in the range 20 0 < 29 < 27 0 . The 

monoclinic cell constants and calculated volume (with the 

estimated standard deviations of the last significant digits 

in parentheses) are a = 615.6(1) pm, b = 1163.1(2) pm, c = 
1246.0(1) pm, ~ = 95.66(1)0, and V = 0.8878(2) nm3 . With 



four molecules per unit cell and formula weight of 268.19 

glmol, the calculated density is 2010 kg/m3 . 
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A total of 2505 reflections were collected. Of 

these, 2036 were unique and not systematically absent. The 

intensities of the three standard reflections remained 

constant (within experimental error) throughout the 

collection of the data. Consequently, no correction for 

decay was applied. The linear absorption coefficient was 

1.71 mm-1 for Mo Ka radiation. A numerical absorption 

correction of the intensities yielded relative transmission 

coefficients that ranged from 67.858 to 88.676 and averaged 

83.114. The intensities of all equivalent reflections were 

averaged. The agreement factors for the averaging of the 

329 observed and accepted reflections was 1.3 % based on 

intensity and was 0.9 % based on Fo. Only the 1773 

reflections which had intensities that were greater than 3.0 

times their standard deviation were used in the refinements. 

The Patterson heavy-atom method revealed the 

position of the ruthenium atom. The other non-hydrogen 

atoms were located in succeeding difference Fourier 

syntheses. The final cycle of refinement included 118 

variable parameters and converged with all parameters having 

no shift and with unweighted and weighted agreement factors 

of 0.022 and 0.032, respectively. The standard deviation of 

an observation of unit weight was 1.42. There were four 

correlation coefficients greater than 0.50. The three 
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highest correlation coefficients (0.638, 0.634. and 0.630) 

were between the scale factor and each of three of the 

thermal parameters (B(2,2), B(l,l), and B(3,3), 

respectively) of the ruthenium atom~ the fourth (0.506) is 

between two of the thermal parameters (B(l,l) and B{1,3» of 

oxygen atom no. 3. The four highest peaks in the final 

difference Fourier synthesis were near the atoms of the 

nitro group and had heights of 380 - 290 e/nm3 with an 

estimated error of 70 e/nm3 based on a(F)52. Plots of 

Iw{IFo 1-IFe I) I versus IFo I, the order of the reflections in 

the collection of the data, (sin e)/wavelength, and the 

various classes of Miller indices showed no unusual trends. 

The scale factor was 0.23111. 

The diffractometric data were also solved in terms 

of the structures of the products of oxygen atom transfer, 

viz., the chiral isomers of RuCp(CO) (C02 ) (NO). The results 

of these alternative solutions, in Table 17, can be rejected 

in favor of the above solution with at least 99.5 % level of 

confidence according to the test of W. C. Hamilton53 . 



Table 17. Comparison of the Alternative Solutions in 
the Determination of the Molecular Structure of 

RUCp(CO)2(N02 ) by Single-Crystal X-Ray Diffractometry 

Equivalent B* 

Atom C 

Atom X 

Atom Y 

Unweighted R 

Weighted R 

Std. Dev. of 
an Observation 
of Unit Weight 

RuCp(CO) (XO) (Y0
2

) where 

X = C and 
Y = N, i. e., 

RUCP(CO)2(N02 ) 

4.09 

4.55 

3.85 

0.022 

0.032 

1.42 

X = Nand Y = C, i. e., 

the two chiral isomers 
of RuCp(CO) (NO) (C02 ) 

4.62 4.09 

5.25 5.92 

2.95 2.96 

0.027 

0.041 

1.80 
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3 Greatest 
Unassigned 
Electron 
Densities 

380 - 290 near 
the atoms of 
the Y0 2 

690 - 430 near the atoms 
of the Y0 2 group 

* Isotropic equivalent of the anisotropic thermal 
parameters of the atom according to the definition as 

2 8 n (U11 + U22 + U33 ) / 3. 
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Chapter 6 

DISCUSSION OF THE STRUCTURES 

The procedures of the structural determinations of 

crystalline FeCp(CO)2(N02 ) and RUCP(CO)2(N02 ) are summarized 

in Table 18. The structures of their molecules and unit 

cells are shown in Figures 3 - 6. The positions and 

isotropic thermal parameters of the atoms in FeCp(CO)2(N02 ) 

and RUCP(CO)2(N02 ) are listed in Tables 19 and 20; their 

anisotropic thermal parametric factors are listed in Tables 

21 and 22. Tables 23 - 26 list selected interatomic 

distances and angles among the non-hydrogen atoms of 

FeCp(CO)2(N02 ) and RUCP(CO)2(N02 ), respectively. 

Alternative structures, FeCp(CO) (NO) (C02 ) and 

RuCp(CO) (NO) (C02 ), were tested as solutions of the X-ray 

data, but the least-squares refinements were significantly 

worse and the alternative structures were consequently 

rejected. 

Crystalline FeCP(CO)2(N02 ) at -100 °c and 

RuCP(CO)2(N02 ) at 26 °c are isostructural except for the 

difference in the magnitudes of the thermal parameters. The 

distances of ligands from the metal atom are about 12 pm 
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Table 18. Summary of the Structure Determinations 

Compound 

Formula Weight 
Crystal 3 

Density (kg/m ) 
Shape 
Dimensions (mm) 

Unit Cell 
Space Group 
Dimensions 

a (pm) 
b 
c 
13 (deg) 3 
Volume (nm ) 

Z 3 
Calc. Density (kg/m ) 

Data Collection 
Temperature (oC) 
Diffractometer 
Monochromator 
Radiation 
Scan Type 
Scan Range (deg) 

Scan Rate (deg/min) 
Scan-to-Background Ratio 
Maximum 29 (deg) 
Min. & Max. hkl Scanned 
No. of Reflections 

Total 
Unique 

Corrections 
Structure Solution 

Computer 
Software 
Method 
Minimized Function 
Reflections Included 

Criterion 
Number 

No. of Parameters 
Max. Shift in Final Cycle 
Unweighted R-Value 
Weighted R-Value 
ESD of Obs. of Unit wt. 3 Max. in Final Map (e/nm ) 

222.97 268.19 

>1500 2050 
rectangular rectangular 

0.35xO.22xO.09 0.58xO.25xO.07 

Monoclinic P2 1 /c 

627.0(4) 
1137.4(5) 
1146.8(3) 

94.82(4) 
0.8150(6) 
4 

615.6(1) 
1163.1(2) 
1246.0(1) 

95.66(1) 
0.8878(2) 
4 

1820 2010 

-100 + 5 26 ± 1 

50 

Nicolet-Syntex P21 
Graphite crystal 
Mo K , 71.073 nm 

ex. 29/9 
2.0 + 29Kex.2 - 29Kex.1 

Varible (2.0 - 8.0) 
2:1 

30 
0,8;0,14;±14 0,8;0,16 i±17 

1787 
1434 

2505 
2036 

Lorentz, polariz., absorp. 

PDP-11 
SDP-PLUS 

Patternson heavy-atom 
4 E Fo2(IFol-IFcj)2/oo2 

1206 
118 

o 
0.023 
0.035 
1.71 

420 

I > 30x 
1773 

118 
o 
0.022 
0.032 
1.42 

380 
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Figure 3. Structure of FeCp(CO)2(N02) as determined by 
single-crystal X-ray diffractornetry at -100°C. 
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a 

Figure 4. Stereogram of the unit cell of crystallin~ FeCp(CO)2(N0
2

) as determined 
by single-crystal X-ray diffractometry at -100 0C. 

\0 
0\ 
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Figure 5. Structure of RuCp(CO)2(N02) as determined by 
single-crystal X-ray diffractometry at 26°C. 
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Figure 6. Stereogram of the unit cell of crystalline RuCp(CO)2(N02) as determined 
by single-crystal X-ray diffractometry at 26 °C. 
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Table 19. positions and Isotropic Thermal Parameters~ 
of the Atoms of FeCp(Co)2(N02 ) in a Crystal at -100 °c 

99 

Atom Position§ Isotropic 
Thermal . 

Fe 0.27462(4) 
N 0.0716(3) 
01 0.1320(3) 
02 -0.1135(3) 
03 0.5157(3) 
04 0.0005(3) 
C1 0.2887(4) 
C2 0.4932(4) 
C3 0.5534(4) 
C4 0.3856(4) 
C5 0.2198(4) 
C6 0.4227(4) 
C7 0.1070(4) 
Cp* 0.3881 
H1 0.211 
H2 0.576 
H3 0.684 
H4 0.383 
H5 0.086 

y 
b 

0.06302(3) 
0.1918(2) 
0.2856(2) 
0.1812(2) 
0.1333(2) 

-0.1072(2) 
0.1136(2) 
0.1230(2) 
0.0089(2) 

-0.0687(2) 
-0.0034(2) 

0.1060(2) 
-0.0403(2) 

0.0347 
0.176 
0.193 

-0.011 
-0.151 
-0.034 

z 
c 

0.22431(2) 
0.1932(2) 
0.1535(2) 
0.2183(2) 
0.0275(1) 
0.0919(2) 
0.4021(2) 
0.3597(2) 
0.3228(2) 
0.3414(2) 
0.3893(2) 
0.1036(2) 
0.1424(2) 
0.3630 
0.434 
0.356 
0.291 
0.325 
0.409 

ParameterJ. 

1.028(6) 
1.48(3) 
2.54(3) 
2.91(4) 
2.30(3) 
2.68(4) 
1.79(4) 
1.67(4) 
1.80(4) 
1.92(5) 
1.70(4) 
1.54(4) 
1.65(4) 

~: The estimated standard deviations of the last significant 
digits are given in parentheses. 

§: Presented as fractional coordinates of the unit cell. 

i: Isotropic equivalent of the anisotropic thermal 
parameters of the atom according to the definition as 

8 0
2 (U11 + U22 + U33 ) / 3. 

*: Cp is the center of the positions of the carbon atoms of 
the cyclopentadienyl ring. 



Table 20. Positions and Isotropic Thermal Parameters~ 
of the Atoms of RUCp(CO)2(N02 ) in a Crystal at 26 °c 

100 

Atom Position§ Isotropic 
Thermal . 

~ 
a 

Ru 0.28259(3) 
N 0.0684(4) 
01 0.1129(5) 
02 -0.1053(4) 
03 0.5361(4) 
04 -0.0172(5) 
C1 0.3026(6) 
C2 0.5090(5) 
C3 0.5768(5) 
C4 0.4150(7) 
C5 0.2415(5) 
C6 0.4384(5) 
C7 0.0940(5) 
Cp* 0.4089 
H1 0.216 
H2 0.590 
H3 0.712 
H4 0.420 
H5 0.109 

y 
b 

0.07390(1) 
0.2088(2) 
0.2863(2) 
0.2134(2) 
0.1289(2) 

-0.0927(2) 
0.1206(4) 
0.1340(3) 
0.0261(4) 

-0.0528(3) 
0.0047(3) 
0.1091(2) 

-0.0292(3) 
0.0465 
0.180 
0.203 
0.009 

-0.133 
-0.029 

z 
c 

0.22564(1) 
0.1831(2) 
0.1260(3) 
0.2231(3) 
0.0356(2) 
0.0966(2) 
0.4012(2) 
0.3646(2) 
0.3329(3) 
0.3479(3) 
0.3898(2) 
0.1057(2) 
0.1429(2) 
0.3673 
0.428 
0.362 
0.306 
0.333 
0.407 

Parameterl. 

2.933(4) 
3.85(4) 
8.53(7) 
7.57(7) 
6.55(6) 
7.78(7) 
5.73(7) 
5.25(6) 
5.55(7) 
5.62(7) 
5.54(7) 
4.09(5) 
4.55(6) 

~: The estimated standard deviations of the last significant 
digits are given in parentheses. 

§: Presented as fractional coordinates of the unit cell. 

i: Isotropic equivalent of the anisotropic thermal 
parameters of the atom according to the definition as 

8 0
2 (U11 + U22 + U33 ) I 3. 

*: Cp is the center of the positions of the carbon atoms of 
the cyclopentadienyl ring. 



Table 21. Anisotropic Thermal Parametric Factors* of the Atoms 
of FeCP(CO)2(N02 ) in a Crystal at -100 °c 

Atom U11 U22 U33 U12 U13 U23 

Fe 0.0162(2) 0.0114(2) 0.0111(2) 0.0001(1) -0.0012(1) 0.0003(1) 
N 0.0212(8) 0.0158(9) 0.0187(9) -0.0015(8) -0.0004(7) -0.0008(8) 
01 0.0360(9) 0.0167(8) 0.045(1) 0.0053(7) 0.0111(8) 0.0117(8) 
02 0.0182(8) 0.0297(9) 0.063(1) 0.0033(7) 0.0068(8) 0.0087(9) 
03 0.0384(9) 0.0269(9) 0.0241(8) -0.0010(8) 0.0151(7) 0.0019(7) 
04 0.050(1) 0.0249(8) 0.0243(8) -0.0170(8) -0.0113(8) 0.0007(8) 
C1 0.032(1) 0.026(1) 0.0098(9) 0.002(1) -0.0023(9) -0.003(1) 
C2 0.027(1) 0.020(1) 0.015(1) -0.004(1) -0.0071(9) 0.0002(9) 
C3 0.022(1) 0.025(1) 0.019(1) 0.005(1) -0.0072(9) 0.003(1) 
C4 0.037(1) 0.017(1) 0.016(1) 0.002(1) -0.009(1) 0.0048(9) 
C5 0.025(1) 0.029(1) 0.010(1) -0.008(1) -0.0018(9) 0.005(1) 
C6 0.025(1) 0.012(1) 0.021(1) 0.0014(9) -0.003(1) -0.0026(9) 
C7 0.029(1) 0.019(1) 0.014(1) -0.001(1) -0.0010(9) 0.0068(9) 

* The anisotropic thermal parameter is 

exp [-2n2 «ha,)2U11 + (kb,)2U22 + (lC,)2U33 

+ 2hka'b'U12 + 2hla'c'u13 + 2klb'c'U23 )] 

where h, k, and 1 are the Miller indices and a', b', and c' are the reciprocal 
lattice constants. The estimated standard deviations of the last significant 
digits are given in parentheses. 

I-' 
o 
I-' 



Table 22. Anisotropic Thermal Parametric Factors* of the Atoms 
of RUCp(CO)2(N02 ) in a Crystal at 26 °c 

Atom U11 U22 U33 U12 U13 U 23 

Ru 0.04394(9) 0.03464(9) 0.03239(9) -0.00156(7) 0.00139(8) -0.00044(7) 
N 0.050(1) 0.042(1) 0.054(1) 0.0017(9) 0.0041(9) 0.0039(9) 
01 0.109(2) 0.071(1) 0.153(2) 0.029(1) 0.055(1) 0.056(1) 
02 0.064(1) 0.088(2) 0.141(2) 0.021(1) 0.036(1) 0.025(2) 
03 0.100(1) 0.089(2) 0.066(1) -0.001(1) 0.039(1) 0.006(1) 
04 0.138(2) 0.075(1) 0.074(2) -0.047(1) -0.034(1) O.OOl(l} 
C1 0.094(2) 0.089(2} 0.033(1) 0.018(2) -0.001(1) -0.012(l} 
C2 0.078(2) 0.067(2) 0.051(1) -0.026(1) -0.014(1) 0.001(1) 
C3 0.052(1) 0.101(2) 0.055(2) 0.013(2) -0.008(1) 0.006(2} 
C4 0.101(2) 0.054(1) 0.052(2) 0.005(2) -0.022(2) 0.011(1) 
C5 0.070(2) 0.097(2) 0.041(1) -0.028(2) -0.003(1) 0.019(1) 
C6 0.064(1) 0.048(l} 0.044(1) 0.003(1) 0.010(l} -0.002(1) 
C7 0.078(2) 0.048(1) 0.043(1) -0.010(1) -0.011(1) 0.003(l} 

* The anisotropic thermal parameter is 

exp [-2n2 «ha,)2U11 + (kb,)2U22 + (lC,)2U33 

+ 2hka'b'U + 2hla'c'U + 2klb'c'U )] 12 13 23 

where h, k, and 1 are the Miller indices and a', b', and c' are the reciprocal 
lattice constants. The estimated standard deviations of the last significant 
digits are given in parentheses. 

t-' 
o 
!'V 
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Table 23. Interatomic Distances~ o§ FeCp(CO)2(N02 ) 
in a Crystal at -100 C 

Atoms 

Fe-N 
N -01 
N -02 
Fe-C6 
C6-03 
Fe-C7 
C7-04 
Fe-C1 

Distance 
(pm) 

195.4(2) 
123.2(2) 
122.6(2) 
179.8(2) 
113.3(2) 
178.9(2) 
113.8(2) 
211.4(2) 

Atoms 

Fe-C2 
Fe-C3 
Fe-C4 
Fe-C5 
Fe-Cp* 
C1-C2 
C2-C3 
C3-C4 

Distance 
(pm) 

209.7(2) 
209.2(2) 
209.1(2) 
209.2(2) 
171.8(0) 
141.3(3) 
142.5(3) 
140.3(3) 

Atoms 

C4-C5 
C1-C5 
C1-Cp* 
C2-Cp* 
C3-Cp* 
C4-Cp* 
C5-Cp* 

Distance 
(pm) 

142.5(3) 
140.3(3) 
120.1(2) 
120.3(2) 
120.5(2) 
120.2(2) 
120.2(2) 

The estimated standard deviations of the last significant 
digits are given in parentheses. 

Cp is the center of the positions of the carbon atoms of 
the cyclopentadienyl ring. 



Bonds 

01-N -02 
Fe-N -01 
Fe-N -02 
Fe-C6-03 
Fe-C7-04 
N -Fe-C6 
N -Fe-C7 
N -Fe-Cp* 
C6-Fe-C7 
C6-Fe-Cp* 
C7-Fe-Cp* 

Table 24. Bond Angles~ of Fecg(Co)2(N02 ) 
in a Crystal at -100 C 
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Angle (deg) Bonds Angle (deg) 

119.9(2) N -Fe-C1 86.90(7) 
120.1(1) C5-C1-C2 108.4(2) 
119.9(1) C1-C2-C3 107.7(2) 
180.00(0) C2-C3-C4 107.9(2) 
178.9(2) C3-C4-C5 108.1(2) 

91.49(7) C1-C5-C4 107.8(2) 
92.97(7) Fe-Cp-C1* 91.03(8) 

121.50(4) Fe-Cp-C2* 89.95(8) 
95.33(8) Fe-Cp-C3* 89.63(8) 

124.30(6) Fe-Cp-C4* 89.67(9) 
122.83(6) Fe-Cp-C5* 89.73(8) 

The estimated standard deviations of the last significant 
digits are given in parentheses. 

Cp is the center of the positions of the carbon atoms of 
the cyclopentadienyl ring. 
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Table 25. Interatomic Distances~ of RUCP(CO)2(N0 2 ) 
in a Crystal at 26 °c 

Atoms 

Ru-N 
N -01 
N -02 
Ru-C6 
C6-03 
Ru-C7 
C7-04 
Ru-C1 

Distance 
(pm) 

208.4(2) 
119.7(3) 
122.4(3) 
189.8(6) 
113.2(6) 
190.1(4) 
112.6(5) 
224.6(12) 

Atoms 

Ru-C2 
Ru-C3 
Ru-C4 
Ru-C5 
Ru-Cp* 
C1-C2 
C2-C3 
C3-C4 

Distance 
(pm) 

222.6(7) 
221.3(6) 
221.6(7) 
223.5(11) 
188.5(3) 
140.0(7) 
139.2(6) 
138.0(4) 

Atoms 

C4-C5 
C1-C5 
Cl-Cp* 
C2-Cp* 
C3-Cp* 
C4-Cp* 
C5-Cp* 

Distance 
(pm) 

140.4(8) 
140.3(3) 
118.5(6) 
119.1(4) 
118.1(6) 
118.1(5) 
119.8(6) 

The estimated standard deviations of the last significant 
digits are given in parentheses. 

'* Cp is the center of the positions of the carbon atoms of 
the cyclopentadienyl ring. 



Bonds 

01-N -02 
Ru-N -01 
Ru-N -02 
Ru-C6-03 
Ru-C7-04 
N -Ru-C6 
N -Ru-C7 
N -Ru-Cp* 
C6-Ru-C7 
C6-Ru-Cp* 
C7-Ru-Cp* 

Table 26. Bond Angles~ of RUCP(CO)2(N0 2 ) 
in a Crystal at 26 °c 
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Angle (deg) Bonds Angle (deg) 

118.0(2) N -Ru-C1 92.20(9) 
122.8(2) C5-C1-C2 108.5(4) 
119.0(2) C1-C2-C3 107.4(2) 
178.2(3) C2-C3-C4 108.7(4) 
177.1(6) C3-C4-C5 108.6(3) 

89.62(8) C1-C5-C4 106.8(4) 
89.97(9) Ru-Cp-C1* 91.1(6) 

123.9(1) Ru-Cp-C2* 89.8(5) 
92.2(3) Ru-Cp-C3* 89.4(5) 

125.4(2) Ru-Cp-C4* 89.6(5) 
125.1(2) Ru-Cp-C5* 90.1(5) 

The estimated standard deviations of the last significant 
digits are given in parentheses. 

Cp is the center of the positions of the carbon atoms of 
the cyclopentadienyl ring. 



distances between adjacent carbon atoms in the 

cyclopentadienyl ring are about two picometers longer in 

Electronic Factors in the Coordination of N02 
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Fe-N distances range from 161 pm to 174 pm (average 

= 168 pm) for linear nitrosyl ligands of iron complexes 

(i.e., <Fe-N-O L 1650
) and from 172 pm to 180 pm (ave. 173 

pm) for bent nitrosyls (i.e., <Fe-N-O ~ 150 0
) .54 The 

longer Fe-N distances in bent nitrosyls result from less n

bonding between the iron and nitrogen atoms in the bent 

configuration than in the linear configuration. The much 

longer Fe-N distance in FeCP(co)2(N02 ) than in nitrosyl iron 

complexes indicates much less n-bonding of the N02 group 

with iron than nitrosyl groups. The only other N02 complex 

of iron which has been structurally characterized is cis

Fe(S2CNEt2)2(NO) (N02 )3 and, in that complex, the Fe-N 

distance (200.8(6) pm) is even longer. The difference 

between the Ru-N distances of linear nitrosyl ruthenium 

complexes (166 - 180~ ave. 174 pm)54 and those of 

nitroruthenium complexes (201 - 209~ ave. 206 pm)40c,SS is 

similar to the difference in the case of iron complexes. 

While the Fe-N distance is longer in cis-

Fe(S2cNEt2)2(NO) (N02 ) than in FeCp(CO)2(N02 ), the N-O 

distances in cis-Fe (S2CNEt2) 2 (NO) (N02 ) (117.8(7) and 
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122.2(8) pm) are shorter than those in FeCp(CO)2(N02 ). 

Attributing the reciprocal relationship between the metal-

nitrogen and nitrogen-oxygen distances to a reciprocity in 

the n-bonding between the iron and nitrogen atoms and the n-

bonding between the nitrogen and oxygen atoms is 

unwarranted, because the relationship is not found in the 

structures of numerous other nitro complexes. 1 The O-N-O 

angles in the two nitroiron complexes are equal within one 

standard deviation. 

The Valence Orbitals of the Nitrite Ion. R. S. 

Mulliken56 and A. D. walsh57 applied qualitative molecular 

orbital theory to AB2 molecules with 18 valence electrons to 

identify the lowest unoccupied molecular orbital (LUMO) as 

an empty 2b1 orbital and the highest occupied molecular 

orbitals (HOMOs) as filled 6a1 , 4b2 , and la2 orbitals. The 

energies and shapes of the valence orbitals are shown as a 

function of bond angle in Figure 7. Mulliken and Walsh also 

concluded that these three HOMOs would be close in energy 

o when the bond angle of the AB2 molecule was about 115. A 

variety of quantitative calculations of the electronic 

orbitals and energies of the nitrite ion58 and other bent 

f . t AB . ( . t d . . d 58 a , d , f , 59 1rs -row 2 speC1es e.g., n1 rogen 10X1 e, 

ozone,58d,5ge,60 boron difluoride,59g carbon 

difluoride,59d,61 nitrogen difluoride,60c,62 and oxygen 

difluoride 58b ,c,62,63) have substantiated those conclusions. 

In addition, He(I) and He(II) photoelectron spectra (PES) of 
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Figure 7. Walsh diagram of the orbital energies of an AB2 
molecule as a function of the bond angle (degree). 
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gaseous nitrogen dioxide,59d,g,64 ozone,60h,65 and carbon 

difluoride 60e and He(II) PES of solid potassium nitrite60e 

have been interpreted as showing unresolved ionizations of a 

frontier set of 6al , 4b2 , and la2 molecular orbitals. 

Ultraviolet absorption spectra of the nitrite ion,66 

nitrogen dioxide,66b ozone,66b carbon difluoride,66b and 

t 1 56,66b d ° ° 67 hI ° dO °d h b neu ra an an~on1C c or1ne 10X1 eave een 

similarly rationalized. 

The Shapes of the Valence Orbitals. The A atom's p 

orbital whose axis coincides with the C2v axis of the bent 

first-row AB2 molecule contributes more to the character of 

the 6a l orbital and the A atom's p orbital whose axis is 

perpendicular to the plane of the AB2 molecule contributes 

much more to the character of the 2bl molecular orbital than 

the other orbitals of the three atoms (according to 

I I t o °t ° ° 40c,58a,d,68 °t ca cu a 10ns upon, e.g., n1 r1te 10n, n1 rogen 

d o °d 58a,59b,c,g 69 b dOfl °d 60e and 10X1 e, ozone, car on 1 uor1 e, 

nitrogen difluoride60e ). Consequently, the shapes of the 

filled 6al and the empty 2bl orbitals afford more 0-

donation and n-acceptance of electrons in nitro coordination 

than in nitrito coordination except, perhaps, in chelation. 

Furthermore, the la2 orbital imparts n-basicity to 

coordination of N02 via an oxygen atom. Consequently, the 

nitrite ion's most n-acidic mode of coordination is via its 

nitrogen atom. The nature of the orbital interactions 

between a transition metal and the nitrite ion are 
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summarized in Table 27. Consideration of these interactions 

rationalizes the preference of CO(NH 3 )S3+ (which has filled 

t 2g orbitals suitable for donating electrons to the n-acidic 

nitrogen) for nitro coordination and the preference of 

Cr(NH
3

)s3+ (which has half-filled t 2g orbitals suitable for 

receiving electrons from the n-basic oxygen) for nitrito 

coordination. 

The 2b1 and 6a1 orbitals not only bend the nitrite 

ion and impart bonding character to the interaction between 

its two oxygen atoms and antibonding character to the 

interaction between the nitrogen atom and each oxygen atom, 

but they may also account for why the isomerization of N02 

between the nitro and nitrito modes of coordination is 

slower than the rate of scrambling of an isotopically 

labelled oxygen atom in the nitrito mode. 46 ,70 Whereas the 

continuity of the wavefunctions between the oxygen atoms 

facilitates the intramolecular transfer of a coordinated 

metal atom directly from one oxygen atom to the other 

oxygen atom, the nodes between the nitrogen atom and each 

oxygen atom hinder the intramolecular transfer of a 

coordinated metal atom between the oxygen and nitrogen 

atoms. 

The Coordination Modes of the MCPL2± Moieties. 

Until the structures of FeCP(co)2(N02 ) and RUCp(CO)2(N0 2 ) 

were determined, the only structurally characterized nitro 

organometallic was (ON)CPMn(p-NO)2MnCp(N02) .6,71 Even in 
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Table 27. Electronic Roles of the Frontier Orbitals of N02 in its Various Observed Modes of Coordination 

Orbital Mode of Coordination 

Nitro exo-Nitrito endo-Ni tri to Chelate 

2bl n- n- n- weak n-
acceptor acceptor acceptor acceptor 

6al 0- 0- weak 0- 0-

donor donor donor donor 

4b2 none 0- weak 0- weak n-
donor donor donor 

la2 none n- n- o-
donor donor donor 
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the case of CrCP(NO)2(ONO) (which is formally isoelectronic 

with FeCP(CO)2(N02», the N02 group was found coordinated to 

the metal via an oxygen atom. 4 The sulfur dioxide 

stretching frequencies in the infrared absorption spectra of 

[FeCp(CO)2(S02)]ASF6 (1356 and 1143 cm-1 ) and 

[CrCP(NO)2(S02)]ASFG (1317 and 1125 cm-1 )20 are typical of 

monodentate planar coordination and indicate that both of 

the FeCP(co)2 and CrCp(NO)2 moieties are neither strongly n

basic nor strongly a-basic. 3Gb Nonetheless, finding nitro 

coordination in FeCP(CO)2(N02 ) and RUCP(CO)2(N02 ) is not 

surprising. Examination of Table 28 indicates that the 

FeCP(Co)2 group and its derivatives are more receptive to 

the more n-acidic ("softerll) modes of coordination of small 

anionic ambidentate ligands than is the CrCP(NO)2 group. 

For example, the CrCp(NO)2 moiety has only been found 

coordinated via the less n-acidic ("harder ll ) modes of such 

ligands: i.e., the oxygen atom of nitrite4e and the 

. 72 73 nitrogen atoms of th10cyanate and selenocyanate. On 

the other hand, the RUCP(CO)2,74 FeCP{co)2,72,9 and 

FeCp(CO) (PPh
3

)23C,29C,75,76 moieties have exhibited linkage 

isomerism with thiocyanate and, in the cases of the two 

latter moieties, selenocyanate. The FeCp(CO) (P(OPh)3)76 

moiety has been found coordinated to selenocyanate only via 

its selenium atom - i.e., in its more n-acidic mode. 

The orientations of the planes of the nitro groups 

of FeCp(co)2{N02 ) and RUCP(CO)2{N02 ) relative to the mirror 
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Table 28. Reported Linkage Isomers of MCPL 2X Complexes 

MCpL2 Reported Coordination Mode(s) of X = 
SCN SeCN 

RuCp(CO) 2 N* S , N74 

FeCp(CO)2 N* S, Na Se, N9 ,29c,73 

FeCp{CO) (P{OPh)3) se76 

FeCp (CO) (PPh 3 ) N* S, Nb Se, N76 

CrCp(NO} 2 0 4 N55a ,72 N73 

lie Reported in this work. 
a. References 9, 23c, 28a, 29c, 72, 121, and 122. 
b. References 23c, 29c, 75, and 123. 



planes of symmetry of the rest of the molecules is 

interesting. Schilling, Hoffmann, and Lichtenberger77 
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presented extended Huckel-type calculations upon MCp(CO)2L 

complexes (where L is a sulfur dioxide group or another 

planar monodentate ligand) which favored coplanar 

orientation of L over oblique orientation. ( "Copl anar" 

means that the plane of the ligand's atoms approximately 

coincides with the mirror plane of molecular symmetry. 

"Oblique" means that the plane of the ligand's atoms is far 

from being coplanar with the mirror plane of symmetry of the 

MCP(CO)2 group.) In addition, camPbel178 reported Fenske

type calculations upon MnCP(co)2(S02) which rationalized 

coplanar orientation of the sulfur dioxide group. Indeed, 

coplanar orientation of the sulfur dioxide ligand was 

observed in the cases of [FeCP(co)2(S02)]ASF620 and 

MnCP(co)2(S02)· 
78,79 Since the nitrite ion has LUMO and 

HOMOs similar to those of sulfur dioxide (according to 

theoretical calculations 36 ,60d,f,80 and interpretations of 

photoelectron60d ,80a,e,8l and ultraviolet absorption56 ,66b 

spectra) and since the nitrite ion is smaller than sulfur 

dioxide (and, thus, is less hindered sterically by the 

cyclopentadienyl ring), the oblique orientation of the nitro 

ligand was unexpected. Whether the empty 2bl orbital of s02 

or N02 favors coplanar or oblique coordination depends on 

whether the filled a" orbital of the MCP(CO)2+ moiety is 

higher or lower, respectively, in energy than the filled la' 
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and 2a ' orbitals of the MCP(CO)2+ moiety.77 According to 

the Huckel calculations, the difference in the energies of 

the a" and a l orbitals is greater in second-row transition 

metals than in first-row transition metals. Nonetheless, 

the nitro group has the same orientation in RUCp(CO)2{N02 ) 

as it has in FeCp(co>2(N02 >. Apparently, the preference of 

the 2b1 orbital of the nitrite ion for coplanar orientation 

is being outweighed by a larger energy barrier. This is 

consistent with the conclusion (which was reached in the 

above examination of the iron-nitrogen distances) that n-

bonding is weak in the nitro complexes. Table 29 includes a 

summary of the orientations of several planar anionic 

ligands relative to the mirror plane of symmetry in MCpL2X

type molecules. 

Effects of Coordination on NO~ Configuration. 

FeCP(CO)2(N02 ) and RUCP(CO)2(N02 ) provide two more examples 

of a general observation that the O-N-O bond angle and the 

average of the two N-O distances of the nitrite ion (115 0 

and 124 pm82 ) change little upon coordination to a 

transition metal (Tables 30 - 33).1 This also can be 

understood in terms of the frontier orbitals of the group. 

The HOMO 6a1 orbital is either nonbonding or weakly 

antibonding between the nitrogen and each oxygen and weakly 

bonding between the two oxygens. The LUMO 2b1 is 

antibonding between the nitrogen and each oxygen and weakly 

bonding between the two oxygens. As the 6a1 orbital 



Compound 

(MCPL 2X) 

RUCP(CO)2(N02 ) 

FeCP(CO)2(N02 ) 

[FeCP(CO)2(S02)]ASF6 

FeCp(CO)2(NCS) 

FeCP(CO)2(ON02 ) 

MnCP(CO)2( S02) 

CrCP(NO)2(ONO) 

CrCp(NO) 2 (NCO) 

CrCP(NO)2Cl 

Table 29. Comparison of MCPL 2X Structures 

Orientation of Cp 
relative to X'" 

Eclipsed 

Eclipsed 

Staggered 

Eclipsed 

Eclipsed 

Eclipsed 

Staggered 

Eclipsed 

Random disorder between 
eclipsed and staggered 

Orientation of X 
relative to plane of 
molecular symmetry'" 

Oblique 

Oblique 

Coplanar 

Linear 

Oblique 

Coplanar 

Coplanar 

Linear 

NA 

Reference 

This work 

This work 

20 

122c 

126 

79b 

4e 

127 

128 

* "Eclipsed" means that one of the cyclopentadienyl carbon atoms is in the mirror 
plane of molecular symmetry on the same side of the molecule as the X ligand. 
"Staggered" means that one of the cyclopentadienyl carbon-carbon bonds is bisected 
by the mirror plane of molecular symmetrry on the same side of the molecule. 
"Coplanar" means that the plane of the X ligand's atoms approximately coincides 
with the mirror plane of molecular symmetry. "Oblique" means that the plane of the 
X ligand's atoms is far from being coplanar with the otherwise mirror plane of 
molecular symmetry. "Linear" means that the ligand is linear and within the plane. 

I-' 
I-' 
-....J 



Table 30. N02 Dimensions in Nitro Complexes 

a Compound 

(as crystal unless indicated 
otherwise) 

NaN02 

MeN02 (gas) 

[trans-Cr(Me6 [14]4,11-dieneN
4
)-

(NO) (N02 ) J PF 6 
180 c 

(ON)CPMn(~-NO)2MnCP(N02) 

cis-Fe (S2CNEt2) (NO) (N02 ) 
175 

Na2 [trans-Ru(NO) (OH) (N02 )4]2H20 
180 

FeCp(Co)2(N02 ) 

RUCP(CO)2(N02 ) 

~-O[RU(bPY)2(N02)]2(CI04)2·2H2o 

Average of 19 CollI polynitro 
and amminenitro complexes 

trans-pt(en)CI 2 (N0
2

)2 

b Class 
of 

Compound 

Ionic 

Covalent 

{MNO}5, 
Oct. 

{MNO}6, 
Oct. 

" 

6 d , Oct. 

" 

" 

" 

" 

NO Distances (pm) I ONO 
Angle 

Shorter 
Longer 

124/124 

120/121 

118/122 

121/121 
121/121 

123/123 

120/122 

124/124 
122/126 

122/126 
115/135 

Ave. 

124 

122 

124 

121 

120 

121 
121 

123 

121 

124 
124 

122 

124 
125 

(deg) 

115 

126 

118 

119 

120 
118 

120 

118 

118 
116 

119 

127 
118 

References 

82 

129 

130 

6a 

3 

55a 

This work 

This work 

55b 

·39a,c,131 

132 

The table is continued on the next page. 
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Table 30 (Continued from the previous page). 

a Class b - NO Distances (pm) ONO References 
of Angle 

al unless indicated Compound Shorter Ave. 
e) Longer (deg) 

Co(PPh2Me)2(NO) (02N) (N02 ) fMNO)8, 122/123 122 123 2 
129 Oct. 

Average of 7 Ni II polynitro and d 8 , Oct. 124 117 1,83b,lJ3 
amminenitro complexes 

II II Average of 3 Pd and 1 Pt " 118 119 134 
amminenitro complexes 

K3 [CU(02N) (ONO)2(N02 )2] d 9 , Oct. 124d 118d 99 

Average of 5 CuII hexanitro " 124 117 133a, 135 
complexes 

a. In the case of a metal nitrosyl, the MNO bond angle (deg) is indicated beneath 
the chemical formula. 

b. Classified according to (1) a formal count of the d-type electrons at the 
central metal and (2) the type of coordination (Oct. = octahedral complex, Tet. 
= tetrahedral complex, and Sq. Py. = square pyramidal complex). In the case of 
the metal nitrosyls, where stereochemical control of valence appears (Enemark, 
J. H.; Feltham, R. D. Coord. Chern. Rev. 1974, 13, 339), the numbers of d-type 
electrons in the highly covalent MNO groups are indicated by the notation 
suggested by Enemark and Fe1tham. 

c. The bridging nitrosy1s are coplanar and both are closer to the first manganese 
atom. The terminal nitrosyl has MNO bond angle of 1750 • Both cyclopentadienyl 
rings are facially coordinated to the manganese atoms. 

d. Average of the reported distances and angles (which ranged over 1.21 - 1.26 A 
and 115 - 1210 ) of the eight N-bound nitro groups in the unit cell. 

t-' 
t-' 
\0 



Table 31. N02 Dimensions in exo-Nitrito Complexes 

~ompouna Class -
a b 

NO Distances (pm) ONO 
of Angle 

(as crystal unless indicated Compound Distal Ave. 
otherwise) Proximal (deg) 

NaN02 Ionic 124 115 

HONO (gas) Covalent 117/143 130 111 

MeONO (gas) " 116/142 129 112 

[Cr{NH3 )5{ONO)]CI 2 
3 d , Oct. 

trans-Cr(pY)3{NO) {ONO)2. PY {MNO}5, 113/134 124 112 
180 Oct. 

trans-Ru(saI 2en) (NO) (ONO) (MNO}6, 117 
linear Oct. 

[CO(NH3 )5{ONO)]Cl 2 
6 d , Oct. 124/104 114 125 

[trans-Co(en)2(NCS) (ONO)]I " 124/130 127 113 

[trans-Co(en)2(NCS) {ONO)]ClO
4 " 125/130 128 113 

trans-Ni{PY)4(ONO)2·2PY 8 d , Oct. 105/126 116 123 

(~-C204) [mer-Ni(PY)3(ONO)2]2·2py " 136/ 98 117 118 

trans-Ni (NN-dimen) 2(ONO)2 " 122/129 125 115 

trans-Zn(NN-dimen)2(ONO}2 10 d , Oct. 114/130 122 115 

a, b: The notes are at the bottom of Table 30. 

References 

82 

93, 95 

136 

39b 

137 

138 

39d 

39d 

39d 

85 

41d 

83b 

139 
I-' 
N 
o 



Table 32. N02 Dimensions in endo-Nitrito Complexes 

compouna a b C.Lass NO Distances (pm) ONO 
of Angle 

(as crystal unless indicated Compound Distal Ave. 
otherwise) Proximal (deg) 

NaN02 Ionic 124 115 

HONO (gas) Covalent 119/139 128 114 

MeONO (gas) " 118/140 129 115 

[FeCp(CO)2 12Sn (ONO)2 
0 d , Tet. 122/122 122 122 

CrCp(NO) 2 (ONO) 6 118/129 124 115 {M (NO) 2} I 

171 Oct. 

K3 [CU(N02 )2(02N) (ONO)21 
9 123/126 125 116 d , Oct. 

122/125 124 117 

(~-MeO) (~-ONO) [Cu(bpy) (ONO)12 d 9 , Sq. Py. 117/127 122 113 

Co(PPh3 ) (NO)2(ONO) {M(NO)2}10, 100/128 114 122 
169 Tet. 
158 
--- --- - - -- --- -- ----

a, b: The notes are at the bottom of Table 30. 

'References 

82 

93 

136 

5 

4e 

99 

140 

2 

--- --.---~--
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Table 33. N02 Dimensions in Chelates 

compound- C.lass --a b NO Distances (pm) ONO References 
of Angle 

Compound Shorter Ave. 
Longer (deg) 

NaN02 Ionic 124 115 82 

cis-Co(OPPh2Me)2(02N)2 d 7 , Oct. 122/123 123 113 2 
124/126 125 111 

trans-Co(PPh 3Me)2(NO) (N0 2 ) (02N) " 123/125 124 115 2 
III129 

d 8 , Oct. 125 113 Average of 6 Ni polynitro e 
and amminenitro complexes 

d 9 , 118c 120c 
K3 [CU(N02 )2(ONO)2(02N)] Oct. 99 

f 4 II . . t Average 0 Cu amrn1nen1 ro " 124 114 f 
complexes II 

d 1O , 125 112 Average of 5 Zn amminenitro Oct. g 
complexes 

Cd (en) (02N) 2 " 125/128 127 107 105 

Cs 2 [Zn(02N)4] 
10 d , Tet. 128d 113d 144 

K2 [Cd(02N)4] " 127d 111d 144 

K3 [Hg(02N)4]N03 " 124d 115d 145 

a, b: The notes are at the bottom of Table 30. 
c. Average of the reported distances and angles (which ranged over 1.21 - 1.26 A 

and 115 - 1210 ) of the eight chelate groups in the unit cell. 
d. Average of the reported distances and angles. 
e. References 95, 102, 103, and 141. 
f. References 100, 101, and 142. 
g. References 102, 139, and 141c. 

I--' 
N 
N 
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releases electrons (essentially the lone pair at the 

nitrogen atom) to the metal, the effect upon the N02 bonds 

is small. The above examination on metal-nitrogen distances 

concluded that n-bonding between the metal atoms and nitro 

ligands was weak. Consequently, as the 2b1 orbital accepts 

only a little electron density from the metal, the effect 

upon the N02 bonds is not only small, but also counteracts 

the small effect of release of electrons from the Gal 

orbital. 

The spatial distributions of electron density in the 

other two of the three HOMOs of the nitrite ion - viz., the 

4b2 and la2 orbitals - afford overlap with the metal 

orbitals only in nitrito coordination of the metal. The 

individual N-O distances are expected to change upon nitrito 

coordination as the n-electron density (which is delocalized 

in the nitrite ion) shifts from the proximal N-O bond to the 

distal N-O bond, but the average of the two N-O distances 

and the O-N-O bond angle change little (Tables 31 - 33). 

Since (a) even weaker n-bonding occurs in the nitrito mode 

of coordination than occurs in the nitro mode and (b) the 

4b2 and 1a2 orbitals are nonbonding between the nitrogen 

and each oxygen and weakly antibonding between the two 

oxygens, these observations are also understandable. 
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steric Factors in the Coordination of N02 

The molecular structures of FeCP(co)2(N02 ) and 

RUCP(CO)2(N02 ) deviate from perfect symmetry about a mirror 

plane. The plane of the nitro group of atoms is slightly 

twisted (counterclockwise in Figures 3 and 5) from being 

perpendicular to the mirror plane of the MCp(CO)2 group. As 

a consequence of this slight twist, oxygen atom no. 2 of the 

nitro group is slightly closer to the cyclopentadienyl ring 

than oxygen atom no. 1. Another imbalance in the structures 

of FeCp(Co)2(N02 ) and RUCP(CO)2(N0 2 ) occurs in the 

orientations of the thermal ellipsoids of the atoms of the 

two carbonyl ligands. The long axis of the thermal 

ellipsoid of the carbonyl oxygen atom no. 3 is oblique to 

the plane of the cyclopentadienyl ring (i.e., "vertical" in 

Figures 3 and 5) whereas the long axis of the thermal 

ellipsoid of other carbonyl oxygen atom (no. 4) is parallel 

to the plane of the ring (i.e., "horizontal"). The 

orientations of the thermal ellipsoids of the carbonyl 

carbon atoms are less elongated, but match those of their 

associated oxygen atoms. 

Examination of the packing of four of the molecules 

in a unit cell in Figures 4 and 6 suggests that the 

distortion of the molecule from perfect mirror symmetry 

observed in the twisting of the nitro group may be related 

to the distortion observed in the thermal ellipsoids of the 
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carbonyl atoms. The carbonyl with the "vertical" ellipsoid 

is extending towards the nitro group of a neighboring 

molecule while the carbonyl with the "horizontal" ellipsoid 

is not. One of the two nitro groups in each pair of 

molecules which are related by a point of inversion symmetry 

is approached by one carbonyl from each of the other two 

molecules related by the same center of inversion. 

Steric factors have influenced the orientations of 

nitro groups in other complexes. Among the known octahedral 

complexes with two or more nitro groups, the nitro groups 

1 83 tend to be trans to each other. However, both the trans 

and the cis84 isomers of Ni(en)2(N02 )2 have been obtained as 

crystals - the latter as a monohydrate. Furthermore, when 

two nitro groups are trans to each other, their orientations 

tend to be coplanar. However, the trans nitro groups in 

Ni(NN'-dimen)2(N02)2.H20 (where dimen = dimethyl-l,2-

diaminoethane) are staggered (instead of coplanar)83b - due 

to steric interactions with the methyl groups projecting 

away from the equatorial ligands. 

If the ligands can freely rotate about the metal-

ligand bond, then the exo-nitrito group sweeps out a cone 

angle about equal to the cone angle swept out by the nitro 

group. However, electronic and steric factors limit 

rotation of the ligands and, consequently, the exo-nitrito 

group has a smaller steric profile than the nitro group. 

This probably explains why nitro coordination is found in 
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Ni(NN ' -dimen)2{N02 )2,83b but exo-nitrito coordination is 

found in Ni{NN-dimen)2(ONO)2. 41a An exo-nitrito group can 

accommodate interligand repulsion in additional ways that 

the nitro group cannot. For example, the exo-nitrito group 

in trans-Ni(pY)4{ONO)2. 2Py85 has a Ni-O-N bond angle of 1490 

and thus a smaller cone angle than the common nitrito ligand 

which has a metal-N-O angle of 1200
• Another way that an 

exo-nitrito group can reduce its steric profile that a nitro 

group cannot is by bending of the axial metal-ligand bond 

away from orthogonality with respect to the plane of the 

equatorial ligands in an octahedral complex. Such 

distortion, 110
, has been found in the structure of Ni(2-

meim)4(ONO)2 (where meim = methylimidazole).86 

The more frequent occurrence of the nitro group 

despite the smaller steric profile an exo-nitrito group 

indicates the importance of electronic factors in the mode 

of coordination of N02 . 

The Cyclopentadienyl Ring 

A final feature of the structures of FeCp(CO)2(N02 ) 

and RUCP(CO)2(N02 ) to be mentioned is the conformation of 

the cyclopentadienyl ring. If a carbon atom of the 

cyclopentadienyl ring is directly above the X ligand of a 

MCpL2X-type complex, then the conformation of the ring is 

called "eclipsed." On the other hand, if a bond of the 
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ring is directly above the X ligand, then the conformation 

is called "staggered." As has been found in most 

determinations of the structures of MCpL2X molecules in 

crystals, the conformation of the cyclopentadienyl ring was 

found to be eclipsed in the cases of FeCp(CO)2(N02 ) and 

RUCP(CO)2(N02 ). However, several cases of the staggered 

conformation have also been reported. Representative 

examples of both conformations are presented in Table 29. 

As in the case of nitro ligands, the energy barriers which 

control the conformations of the cyclopentadienyl ligands 

merit further scrutiny. 

The angles between the bonds of the carbonyl and 

nitro ligands to the metal atom are each about 90 0
. The 

angle between the bonds of the metal atom with the nitro 

ligand and carbon atom no. 1 of the cyclopentadienyl ring is 

also about 90 0
. Consequently, the bonds between carbon 

atoms nos. 2 and 3 and between nos. 4 and 5 of the 

cyclopentadienyl ring in addition to the two carbonyl 

ligands, the nitro ligand, and carbon atom no. 1 constitute 

octahedral coordination of the metal atom. In light of 

this, it is noteworthy that (1) carbon atom no. 1 is further 

from the metal atom than the other four carbon atoms of the 

cyclopentadienyl ring and (2) the distance between carbon 

atoms nos. 3 and 4 is shorter than the other three 

distances between adjacent carbons of the cyclopentadienyl 

ring. Both of these distortions of the cyclopentadienyl 
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ring are significant (in terms of the estimated standard 

deviations of the distances) in the case of FeCP(CO)2(N02 ) 

at -100 °C, but negligible in the case of RUCP(CO)2(N02 ) at 

26 °C. Similar distortions have been found in 

FeCp(co)2(ON02 ), but not in all MCPL 2X-type complexes 

(Table 34). 



Table 34. Comparison of Cyclopentadienyl Bond Distances in MCpL2X 

Compound 

(MCPL 2X) 

RUCp(CO)2(N02 )E 

FeCP(co)2(N02 )E 

[FeCp(co)2(S02)] AsF6S 

FeCp(Co)2(NCS)E 

FeCp(co)2(ON02 )E 

MnCp(co>2(S02)E 

CrCp(NO)2(ONO)S 

CrCp(NO)2(NCO)E 

CrCp(NO)2ClE 

CrCp(NO)2ClS 

Distances* (pm) 

M-C1 

224.6 1 

211.42 

207.29 

210.11 

210.83 

208. 2 

217.2 

222. 

212. 

M-C2 
M-C5 

222.67 

223.51 

209.72 
209.22 
209. 1 

206. 1 

212.3 

209.43 
209.13 
211.1 
207. 2 
220. 2 
217.2 

219. 
219. 
219. 
219. 

M-C3 
M-C4 

221.36 

221.67 

209.22 
209.12 
207. 2 

207. 1 

202.3 

207.62 
206.73 
210. 2 
210. 2 
219. 2 
216. 3 

214. 
225. 
226. 
222. 

C1-C2 
C1-C5 

140.07 

140.33 
141.33 

140.33 
139. 2 
129. 2 

144.4 

137.44 
139.24 
139. 3 
140. 3 

150. 
149. 
133. 
155. 

C2-C3 
C5-C4 

139.26 

140.48 

142.53 
142.53 
139. 2 
132.2 
141.4 

141.64 
142.34 
138. 3 

135. 3 
134.4 

130. 
134. 
108. 
147. 

C3-C4 

138.04 

140.33 

142.1 

140. 11 

139.44 

127.4 

143. 

157. 

Ref. 

This 
work. 
This 
work. 

20 

122c 

126 

76b 

4e 

127 

128 

128 

* C1 is the cyclopentadienyl carbon atom which is in the mirror plane of the 
molecule. The other carbon atoms are numbered consecutively around the ring. 
The estimated standard deviations of the last significant digits are given in 
the superscripts. 

E,S: The conformation of C1 with respect to the X ligand is eclipsed or staggered. 
I-' 
N 
\.0 
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Chapter 7 

INVESTIGATIONS OF THE OXYGEN ATOM TRANSFER REACTIONS 

Decomposition of FeCP(CO)~(N02) in Solutions and 

Additional Characterization of [FeCp(U-NO)]2: (37) During 

decomposition of FeCP(CO)2(N02 ) in solutions, brown 

precipitates immediately began forming and gradually 

continued accumulating for several hours at room 

temperature. Filtrations of the mixtures yielded brown 

powders that, according to IR (KBr), lacked carbonyl, 

nitrosyl, and nitro groups. The brown powders were 

insoluble in hexane, benzene, toluene, acetonitrile, 

tetrahydofuran, acetone, methanol, and water. 

Spiking chloroform solutions of FeCp(CO)2(N02 ) with 

standards and monitoring the decomposition of FeCp(CO)2(N02 ) 

by IH NMR afforded identification of two the soluble 

products as ferrocene (4.14 ppm) and [FeCP(u-NO)]2 (4.75 

ppm). (Good resolution of [FeCP(u-NO)]2 and [FeCp(CO)2]2 

signals at 4.75 and 4.78 ppm, respectively, required that 

neither signal be much more intense than the other and was 

limited to the early stage of the decomposition because all 

signals gradually broadened. This procedure found [FeCp(u-

NO)]2 to become present and [FeCP(CO)2]2 to be absent during 
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the decomposition of FeCP(CO)2(N02 ) in solution.) 

Filtration of the decomposition mixture, evaporation of the 

filtrate to dryness, dissolution of the residue in 

dichloromethane, and diffusion of hexane yielded crystals of 

[FeCP(1l-NO )]2·
87 

IR (KBr) of [FeCp(1l-NO)]2: 3099 (m), 1768 (w,b), 

1510 (m), 1505 (m), 1495 (s), 1485 (vs), 1416 (m), 1347 (m), 

1267 (m,b), 1112 (m), 1064 (w), 1051 (m), 1005 (s), 920 (w), 

908 (w), 854 (s), 838 (s), 821 (s), 713 (s), 581 (s), and 

425 (w) cm- l . While monitoring the decomposition of 

FeCP(CO)2(15N02 ) in a potassium bromide suspension (as in 

experiment 56), an unresolved doublet of new bands 

assignable to the bridging nitrosyls of [FeCP(1l-15NO)]2 

appeared at 1468 and 1454 cm-l • 

Attempts at Isolation of FeCp(CO) (NO) from the 

Decomposition of Fecp(CO)~(NO~l: (38) The procedure 

described in experiment 6 was followed until after the 

extraction of the residue with dichloromethane. The extract 

was allowed to stand at room temperature in dark under 

nitrogen for 5 hours. The extract was then cooled to -77 °c 

with a dry ice-acetone bath and high vacuum was applied 

through a liquid nitrogen trap; no distillation occurred. 

The temperature of the extract was raised to -64 °c with a 

dry ice-chloroform bath and a small amount of red 

distillate was observed to collect very slowly. According 

to IR, the distillate was a dichloromethane solution of 



roughly equivalent amounts of FeCP(CO)2(N02 ) and 

FeCp(CO) (NO). As the temperature of the extract was 

successively raised to -49, -34, -25, -13, -7, and 0 °c 

(with, respectively, baths of dry ice in acetonitrile, 

xylenes, carbon tetrachloride, and benzonitrile and baths 
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of ice in water with and without rock salt), the rate of 

distillation increased at each temperature, but, according 

to IR, the compositions of red distillates did not change 

appreciably. The residue, after evaporation of the extract 

to dryness, was crude [FeCp(~-NO)]2. The distillates were 

combined and concentrated by bubbling nitrogen through it 

and the concentrate was loaded into a chromatographic column 

of neutral alumina. Hexanes, benzene, toluene, diethyl 

ether, dichloromethane, and acetonitrile were successively 

passed through the column. Only the latter solvent moved 

any visible band and the eluate was golden yellow and 

contained again roughly equivalent amounts of FeCp(CO)2(N02 ) 

and FeCp(CO) (NO). 

The above procedure was repeated twice with silica 

gel and Florisil substituted for neutral alumina and, in 

each case, again failed to separate FeCp(CO)2(N02 ) and 

FeCp(CO) (NO). 

(39) In experiments 17 and 18, separation of 

FeCp(CO) (NO), at the time which its concentration was 

maximal (according to Figure 27), from an appreciable amount 

of residual FeCP(CO)2(N02 ) was attempted. Because of the 
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difficulty encountered in separating these two species, the 

temperature and the time of decomposition reactions were 

changed in these experiments so that (according to Figure 

27) the amount of residual FeCp(CO)2(N02 ) was negligible and 

the concentration of FeCp(CO) (NO) was still appreciable. 

Under the conditions of the decomposition reactions in these 

experiments, the FeCp(CO) (NO) needed to be separated only 

from the brown precipitate and the [FeCP(~-NO)]2. 

The procedure described in experiment 6 was followed 

until after the extraction of the residue with 

dichloromethane. The extract was heated until refluxing in 

the dark under nitrogen for 3 hours. Filtration of the 

reaction mixture yielded brown powder and a filtrate 

containing FeCp(CO) (NO) and [FeCP(~-NO)]2. Yellow 

distillate from the filtrate at'Q °c under high vacuum 

condensed in a liquid nitrogen trap. The distillate 

consisted of FeCp(CO) (NO) dissolved in dichloromethane 

(Figure 8). Following the distillation procedure described 

in experiment 38 again failed to separate the FeCp(CO) (NO) 

from the dichloromethane. 

The procedure described above was repeated with 

1,1,2,2-tetrachloroethane as the solvent. Temperatures of Q 

- 24 °c were needed in order to collect just small amounts 

of distillate. The distillate was a light red viscous oil 

which, according to IR (neat), contained FeCp(CO) (NO) and a 

substantial amount of 1,1,2,2-tetrachloroethane. 
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(40) The procedure described in experiment 19 was 

followed except in that a stream of nitrogen was tried in 

order to remove the dichloromethane from the FeCp(CO) (NO) 

after the first distillation. The residue was crude 

[FeCp(1l-NO)]2· 

135 

(41) According to experiments 48, 49, and 50, 

FeCP(CO)2(N02 ) yields, during decomposition in the dark of 

an NMR probe, not only brown precipitate and soluble 

FeCp(CO) (NO), but also other soluble species. However, as 

found in experiment 43, FeCp(CO)2(N02 ) yields (in addition 

to the brown precipitate) FeCp(CO) (NO) as the only soluble 

product during decomposition under the irradiation of an IR 

cell. Consequently, it was hoped that letting FeCp(CO)2(N02 } 

stand long enough under irradiation to completely decompose 

and then simply filtering would separate FeCp(CO) (NO) from 

the insoluble polymeric side-product. With that hope in 

mind, the following experiment was performed. 

FeCp(CO)2(N02 ) (0.196 g) was dissolved in chloroform 

(2 ml). The solution stood under irradiation from a 

tungsten filament at 35 °c for 8 hours. Filtration of the 

resulting turbid brown solution, overlaying the filtrate 

with 18 ml of hexane, and slow diffusion of the layers for a 

week at -25 °c did not yield any crystals. 

Characterization of FeCp(CO) (NO) in situ: (42) 

Attempts to isolate FeCp(CO) (NO) as in experiments 38 - 40 

demonstrated that it is volatile and soluble in polar 
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chlorohydrocarbons. IR (CHCl3 or CH2Cl 2 ): 1995 and 1757 

cm-1 (Figure 8). 1H NMR (CDCl 3 ) 0 (ppm vs. Me 4Si): 4.92 

(s). From monitoring the decomposition of FeCp(CO)2(N02 ) in 

a potassium bromide suspension (as in experiment 55), a weak 

and transient band which may be assigned to FeCp(CO} (NO) 

appeared (on the slopes of a strong band) at 1720 cm-1 . 

Isotopic substitution of nitrogen-15 shifted the second band 

to 1722 cm-1 in chloroform and to about 1686 cm-1 in 

potassium bromide. After maintaining a 0.15 M solution of 

FeCP(CO)2(15N02 ) in CDCl 3 (with some tetramethylsilane 

included) in the dark at room temperature for one hour, its 

carbon-13 NMR spectrum was measured at -30 °C. In addition 

to the residual signal of FeCP(CO)2(15N02 ) at the chemical 

shift of 86.6 ppm versus tetramethylsilane, a new single 

signal assignable to the cyclopentadienyl carbons of 

FeCp(CO) (15NO ) had appeared at 83.7 ppm. Neither the signal 

due to the carbonyl carbons of the residual FeCP(CO)2(15N02 ) 

at 209.8 ppm nor any other new signal was discernable from 

the baseline noise. Chlorohydrocarbon solutions of 

FeCp(CO) (NO) yield brown precipitates within minutes at room 

temperature, but FeCp(CO) (NO) does not decompose 

significantly during a day in solution at -77 °C. 

The procedure described in experiment 39 was 

repeated in efforts to obtain a mass spectrum of 

FeCp(CO) (NO) in a light red distillate containing 

dichloromethane. Mass spectra of dichloromethane solutions 
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of FeCp(CO) (NO) after each of the following ionization 

procedures included only solvent and background-level 

signals: (1) electron impact ionizations in a probe at (a) 

153 °c (with tune-up of the instrument) and (b) 48 °c 

(without tune-up), (2) chemical ionization with isobutane as 

the reagent gas in a probe at 180 °C, (3) chemical 

ionization with isobutane after absorption and desorption on 

a rhenium surface heated from 25 to 500 °c during 9.5 

seconds, and (4) fast cesium atom bombardment with glycerol 

as the matrix in a probe at 50 °C. The electron impact and 

chemical ionization spectra (m/z 40 - 1000) were obtained 

with a Finnigan MAT Model 90 double-focusing mass 

spectrometer. The fast atom bombardment spectra (m/z 95 -

400) were obtained with a Varian MAT Model 311A double-

focusing mass spectrometer equipped with a Ion Tech Ltd. 

fast atom source. 

Monitoring the Decompositions of FeCp(CO)2(N02 ).and 
- -

FeCP(CO)~115NO~) in Chloroform by IR of the Solution: (43) 

FeCP(CO)2(N02 ) (1.0 mg; 0.004 romol) was dissolved in 

chloroform (1.5 ml) and the solution was loaded into an IR 

cell with a path length of 1 rom. A syringe was attached to 

t~e top port of the cell in order to accommodate the 

evolution of gas from the solution during the decomposition 

of FeCp(CO)2(N02 ). While the solution was irradiated by the 

instrument's Nernst filament, it was monitored by IR. As 

the intensities of the original bands at 2067, 2023, 1392, 
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and 1308 cm-1 diminished, new bands emerged at 2337, 1995, 

and 1757 cm-1 and grew in intensity. As the FeCP(co)2(N02 ) 

bands finished disappearing, a new band emerged at 2138 cm-1 

with trace-level absorbance of about 0.003. The data are 

reported in Table 35 and plotted in Figure 10. 

(44) FeCP(co)2(15N02 ) (1.8 mg; 0.008 mmol) was 

dissolved in chloroform (1.5 ml) and the above procedure 

was followed except in that the IR cell was kept in a sealed 

jar with desiccant and the jar was immersed in a dark 25 °c 

water bath between IR spectral measurements (which each 

required about 80 seconds). As the intensities of the 

original bands at 2067, 2023, 1358, and 1288 cm-1 

diminished, new bands emerged at 2337, 1995, and 1722 cm-1 

and grew in intensity. 15 As the FeCp(co)2( N02 ) bands 

finished disappearing, a new band emerged at 2138 cm-1 with 

trace-level absorbance of about 0.007. The data are 

reported in Table 36 and plotted in Figure 13. 

Monitoring the Decomposition of FeCp(CO)~(NO~) in 

1,1,2,2-Tetrachloroethane by Manometry of the Headspace: 

(45) FeCP(co)2CN02) (0.0208 g, 0.0933 mmol) and a magnetic 

stirring bar were loaded into a flask. 1,1,2,2-

Tetrachloroethane (0.50 ml) was loaded into a dropping 

funnel. The flask, the funnel, and a manometer were 

attached together. High vacuum was applied to the apparatus 

through a liquid nitrogen trap for a minute. The dropping 

funnel was then drained into the flask so that the 



Table 35. Data from Monitoring the Decomposition of 
0.003 M FeCP(co)2(N02 ) in Chloroform by Solution IR 

Time 

(hour) 

0 
0.054 
0.259 
0.360 
0.530 
0.763 
0.956 
1.277 
1.458 
1.966 
2.197 
2.483 
2.807 
3.087 
3.533 
3.914 
4.361 
4.681 
4.954 
5.448 
5.888 
6.500 

2337 

0.050 
0.C81 
0.186 
0.240 
0.322 
0.427 
0.503 
0.597 
0.651 
0.784 
0.819 
0.862 
0.922 
0.958 
0.999 
1.013 
1.051 
1.043 
1.061 
1.088 
1.077 
1.082 

-1 cm 

Net Absorbance* at 

2067 cm-1 

1.645 
1.620 
1.506 
1.455 
1.353 
1.234 
1.147 
0.997 
0.913 
0.732 
0.664 
0.576 
0.497 
0.448 
0.370 
0.306 
0.263 
0.228 
0.201 
0.171 
0.148 
0.129 

1758 

0 
0.016 
0.090 
0.132 
0.197 
0.272 
0.338 
0.401 
0.448 
0.528 
0.553 
0.589 
0.610 
0.617 
0.627 
0.635 
0.633 
0.627 
0.624 
0.617 
0.597 
0.584 

139 

-1 cm 

* Absorbance corrected for the background of the cell and 
the solvent. 



Table 36. Data from ~gnitoring the Decompositiog of 
0.005 M FeCp(CO)2( NO?) in Chloroform at 25 C 

lJy Solution IR 

Time 

(hour) 

0 
0.042 
0.148 
0.250 
0.354 
0.500 
0.667 
0.833 
1.000 
1.333 
1.667 
2.000 
2.333 
2.667 
3.000 
3.333 
3.667 
4.000 
4.333 
4.667 
5.000 
5.500 
6.000 
7.000 
8.000 
9.000 

2337 

0.056 
0.156 
0.280 
0.411 
0.534 
0.686 
0.846 
0.973 
1.136 
1.276 
1.446 
1.659 
1.712 
1.720 
1.788 
1.817 
1.891 
1.965 
1.887 
1.903 
1.879 
2.000 
2.111 
1.956 
2.016 
1.969 

-1 cm 

Net Absorbance* at 

2067 cm-1 

very high 
very high 
very high 
very high 
very high 
very high 
very high 
very high 
1.923 
1.843 
1.679 
1.485 
1.348 
1.208 
1.080 
0.951 
0.845 
0.754 
0.675 
0.614 
0.563 
0.487 
0.460 

ND 
ND 
ND 

1720 

0 
0.036 
0.117 
0.208 
0.298 
0.412 
0.515 
0.625 
0.718 
0.872 
1.009 
1.116 
1.205 
1.259 
1.328 
1.358 
1.385 
1.405 
1.414 
1.405 
1.412 
1.410 
1.418 
1.342 
1.297 
1.166 

140 

-1 cm 

* Absorbance corrected for the background of the cell and 
the solvent. 

ND Absorbance was not reliably determined due to substantial 
interference by other carbonyl bands. 



FeCP(co>2(N02 } dissolved in the 1,1,2,2-tetrachloroethane 

with stirring. While maintaining the temperature of the 

o mixture and the headspace at 25 C, the pressure of the 

gases evolved into the headspace was monitored with the 

manometer. 
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The volume of the combination of the flask and the 

accessible portions of the dropping funnel and the manometer 

was 17.2 milliliters. The data collected in this 

experiment are reported in Table 37 and plotted in Figure 

16. 

Monitoring the Decomposition of FeCp(co)2(N02 ) in 
- -

1,l,2,2-Tetrachloroethane by IR of the Headspace: (46) 

1,1,2,2-Tetrachloroethane (1.0 ml), a magnetic stirring bar, 

and a boat containing FeCp(co)2(N02 ) (0.0784 g, 0.352 mmol) 

were loaded into a flask. The flask was attached to an IR 

cell for gaseous samples. High vacuum was applied to the 

apparatus through a liquid nitrogen trap for a minute. The 

FeCP(co)2(N02 } was then mixed with the 1,1,2,2-

tetrachloroethane by stirring. While maintaining the 

temperature of the flask at 25 °C, the gases were monitored 

by IR as they evolved into the headspace in the cell. New 

bands appeared at 2357, 2337, 2233, 2212, 2168, and 2119 

cm-1 . The volume of the combination of the cell and the 

flask was 74 ml. The data collected in the experiment are 

reported in Table 38 and plotted in Figure 18. 



Table 37. Data from Monitoring the Decomposition of 
0.187 M FeCp(co)2(N02 ) in 1,1,2,2-Tetrachloroethane 

by Manometry 

142 

Time Pressure Time Pressure Time Pressure 

(hour) (rom Hg) (hour) (mm Hg) (hour) (mm Hg) 

0 8.6 5.00 125.9 21.33 173.3 
0.484 26.0 6.00 135.4 21.67 173.5 
0.992 46.0 7.00 143.2 22.00 173.7 
1.475 62.0 8.00 149.3 23.00 174.0 
1.974 76.0 9.00 154.1 24.00 174.6 
2.50 88.1 10.00 157.5 26.00 174.8 
3.00 97.9 11.00 160.1 28.00 175.0 
4.00 113.2 12.00 162.3 30.00 175.0 



Table 38. Data from Monitoring the Decomposition of 
0.352 M FeCp(CO)2(NS2 ) in 1,1,2,2-Tetrachloroethane 

at 25 C by Headspace IR 

Time· 

(hour) 

0 
0.083 
0.333 
1.000 
1.333 
1.667 
2.000 
2.533 
3.000 
3.500 
4.000 
5.067 
6.000 
8.000 

10.000 
12.017 
16.00 
20.00 
24.00 
50.00 

2337 

0 
0.013 
0.085 
0.251 
0.318 
0.377 
0.445 
0.539 
0.624 
0.700 
0.778 
0.898 
0.952 
1.103 
1.167 
1.257 
1.320 
1.310 
1.363 
1.498 

-1 cm 

Net Absorbance* at 

-1 
2233 cm 

0 
0 
0.005 
0.009 
0.019 
0.029 
0.046 
0.068 
0.091 
0.113 
0.129 
0.165 
0.177 
0.201 
0.220 
0.231 
0.243 
0.248 
0.254 
0.266 

2119 

0 
0 
0.016 
0.038 
0.045 
0.050 
0.055 
0.062 
0.071 
0.078 
0.084 
0.096 
0.098 
0.104 
0.114 
0.118 
0.123 
0.126 
0.128 
0.137 

143 

-1 
cm 

* Absorbance corrected for the background of the cell and 
the solvent vapor. 
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The absorptivities of the gases carbon dioxide, 

carbon monoxide, and nitrous oxide were determined at 25 °c 

and various pressures for the cell (which had a volume of 44 

ml and path length of 106 mm) and the spectrophotometer 

(which had a slit width of 0.303 mm, scan rate of 21 cm-1 /s, 

-1 and resolution of about 3.0 cm ). The data for the three 

pure gases are reported in Tables 39 - 41 and plotted in 

Figures 55 - 57. The data for carbon dioxide and carbon 

monoxide in the headspace over 1,1,2,2-tetrachloroethane 

(which had a vapor pressure of 1.8 mm Hg) are reported in 

Tables 42 and 43 and plotted in Figures 60 and 61, 

respectively. 

Manometer 

Gl/G2 

Gas 1 Gas 2 

Vacuum 

VIM C R 

Cell 

Figure 9. Apparatus used for IR of gases. 

In order to determine the effects of the other two 

gases on the absorbance of each of the three gases, the 

apparatus depicted in Figure 9 was assembled. The whole 
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apparatus was initially evacuated by opening stopcock C and 

adjusting stopcock VIM to both the vacuum pump and the 

manometer. With stopcock C open and stopcock VIM adjusted 

to the manometer, the cell was filled with a controlled 

amount of gas 1 by carefully adjusting stopcock G1/G2. The 

pressure was recorded and stopcock C was closed. The 

section of the apparatus between the manometer and stopcock 

G1/G2 was evacuated and refilled with a controlled amount of 

gas 2. When the pressure of gas 2 exceeded what the 

pressure of gas 1 had been, stopcock G1/G2 was closed. 

stopcock C was then slightly opened just long enough (about 

1.0 second) for the pressure at the manometer to 

restabilize (as gas 2 rushed into the cell) and before gas 1 

could begin diffusing out from the cell. With stopcock C 

closed, the pressure was again recorded. The first reading 

of the pressure corresponded to the partial pressure of gas 

1 in the cell and the difference between the second and 

first readings of the pressure corresponded to the partial 

pressure of gas 2 in the cell. The sample beam of the IR 

spectrophotometer was then directed through the cell and the 

absorbance spectrum was immediately measured. The data for 

binary mixtures of the ~hree gases are reported in Table 44 

and, in the case of carbon dioxide and carbon monoxide, 

plotted in Figures 58 and 59. 

(47) FeCp(Co)2(N02 ) (0.0586 g, 0.263 mmol) was 

loaded into the closed end of aU-tube. 1,1,2,2-
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Table 39. Infrared Absorbance of Carbon Dioxide at 25 °c 
in a Cell with a Volume of 44 ml and Path Length of 106 mm 

and a Spectrophot~~eter with a Slit Width of 0.303 mm~l 
Scan Rate of 20 cm Is, and Resolution of about 3.0 cm 

Pressure 

(mm Hg) 

0.0 
5.0 
7.5 

12.0 
20.3 
31.0 
40.0 
45.0 
50.6 
63.0 
76.5 
85.9 
90.0 

102.5 
107.9 
112.9 
117.0 

Net Absorbance* at 

2357 cm-1 

o 
0.012 
0.021 
0.049 
0.119 
0.236 
0.358 
0.435 
0.525 
0.773 
1.084 
1.279 
1.400 
1.651 
1.810 
1.928 
2.270 

2337 cm-1 

o 
0.018 
0.027 
0.058 
0.119 
0.226 
0.329 
0.393 
0.466 
0.650 
0.935 
1.076 
1.126 
1.425 
1.509 
1.565 
1.740 

* Absorbance corrected for the background of 
the cell. 
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Table 40. Infrared Absorbance of Carbon Monoxide at 25 °c 
in a Cell with a Volume of'44 ml and Path Length of 106 mm 

and a spectrophot~peter with a Slit Width of 0.303 mmLl 
Scan Rate of 20 cm Is, and Resolution of about 3.0 cm 

Pressure 

(mm Hg) 

0.0 
7.2 

36.7 
81.4 

144.2 
197.7 
267.2 
333.3 
438.9 
552.3 
678.7 
805.2 

Net Absorbance* at 

2168 cm- l 

o 
0.014 
0.041 
0.090 
0.161 
0.242 
0.343 
0.451 
0.629 
0.847 
1.123 
1.386 

-1 
2119 cm 

o 
0.012 
0.038 
0.086 
0.155 
0.233 
0.325 
0.428 
0.593 
0.798 
1.046 
1.315 

Absorbance corrected for the background of 
the cell. 
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Table 41. Infrared Absorbance of Nitrous Oxide at 25 °c 
in a Cell with a Volume of 44 ml and Path Length of 106 mm 

and a Spectrophot~~eter with a Slit Width of 0.303 mmL1 
Scan Rate of 20 cm Is, and Resolution of about 3.0 cm 

Pressure 

(mm Hg) 

0.0 
1.7 
2.2 
3.6 
4.9 
5.5 
6.3 
9.0 

12.8 
16.7 
18.8 
21.3 
24.5 
28.4 
34.5 
39.7 
49.7 
58.6 
72.7 
78.7 
92.2 

106.3 
122.8 

Net Absorbance* at 

2233 cm-1 

o 
0.016 
0.020 
0.033 
0.047 
0.052 
0.065 
0.095 
0.136 
0.187 
0.216 
0.241 
0.292 
0.343 
0.426 
0.515 
0.678 
0.837 
1.128 
1.263 
1.532 
1.794 
2.169 

2212 cm-1 

o 
0.014 
0.017 
0.032 
0.045 
0.050 
0.061 
0.089 
0.124 
0.170 
0.197 
0.220 
0.266 
0.313 
0.387 
0.466 
0.609 
0.744 
0.986 
1.096 
1.322 
1.592 
1.861 

* Absorbance corrected for the background of 
the cell. 
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Table 42. Infrared Absorbance of Carbon Dioxide at 25 °c 
in the Headspace over 1,1,2,2-Tetrachloroethane in a Cell 

with a Volume of 44 ml and Path Length of 106 mm and 
a spectrophotom~!er with a Slit Width of 0.303 mm, -1 

Scan Rate of 20 cm Is, and Resolution of about 3.0 cm 

Net Pressure* 

(mm Hg) 

0.0 
4.7 
6.7 

11.7 
14.7 
23.0 
31.4 
52.9 
68.9 
88.7 

Net Absorbance* at 

-1 2357 cm 

o 
0.008 
0.033 
0.058 
0.095 
0.158 
0.254 
0.555 
0.873 
1.368 

-1 
2337 cm 

o 
0.009 
0.042 
0.075 
0.100 
0.161 
0.243 
0.490 
0.774 
1.156 

* The pressure is corrected for the observed 1.8 mm Hg 
vapor pressure of the solvent. The absorbance is 
corrected for the background of the cell. 
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Table 43. Infrared Absorbance of Carbon Monoxide at 25 °c 
in the Headspace over 1,1,2,2-Tetrachloroethane in a Cell 

with a Volume of 44 ml and Path Length of 106 mm and 
a spectroPhotom~ter with a Slit Width of 0.303 mm, -1 

Scan Rate of 20 cm Is, and Resolution of about 3.0 cm 

Net Pressure* 

(mm Hg) 

0.0 
1.7 
8.2 

13.7 
25.4 
30.7 
35.2 
68.4 
99.8 

151.2 
210.7 
313.1 
409.4 
513.1 
601.7 
717.7 
783.6 

Net Absorbance* at 

2168 cm-1 

o 
0.006 
0.010 
0.015 
0.021 
0.033 
0.040 
0.075 
0.112 
0.177 
0.246 
0.407 
0.571 
0.767 
0.982 
1.223 
1.383 

-1 2119 cm 

o 
0.007 
0.011 
0.015 
0.021 
0.033 
0.038 
0.072 
0.107 
0.171 
0.238 
0.380 
0.521 
0.688 
0.863 
1.126 
1.2533 

* The pressure is corrected for the observed 1.8 mm Hg 
vapor pressure of the solvent. The absorbance is 
corrected for the background of the cell. 



151 

Table 44. Infrared Absorbance of Binary Gases at 25 °c 
in a Cell with a Volume of 44 ml and Path Length of 106 mm 

and a SpectrophotQ~eter with a Slit Width of 0.303 mm~l 
Scan Rate of 20 cm Is, and Resolution of about 3.0 cm 

Partial Pressure 
(mm Hg) 

CO2 N20 CO 

8.7 0 0 
8.7 0 11.5 
8.7 0 35.5 
8.7 0 77.3 
8.7 0 183.3 
8.7 0 373.1 
8.7 0 584.6 

20.0 0 0 
20.0 0 10.2 
20.0 0 27.3 
20.0 0 84.0 
20.0 0 190.7 
20.0 0 376.1 
49.0 0 0 
49.0 0 77.7 
49.0 0 156.6 

0 0 9.5 
19.5 0 9.5 
41.5 0 9.5 
60.5 0 9.5 

0 0 27.2 
21.0 0 27.2 
46.4 0 27.2 
67.5 0 27.2 

0 0 47.7 
23.3 0 47.7 
51.2 0 47.7 

0 0 67.6 
32.4 0 67.6 
67.5 0 67.6 

Net Absorbance* at (cm-1 ) 

2357 2337 2233 2212 2168 2119 

0.034 0.047 0 0 0 0 
0.066 0.056 0 0 0.010 0.010 
0.085 0.088 0 0 0.039 0.039 
0.116 0.113 0 0 0.089 0.086 
0.209 0.176 0 0 0.219 0.211 
0.340 0.272 0 0 0.511 0.472 
0.492 0.371 0 0 0.929 0.819 
0.116 0.118 0 0 0 0 
0.222 0.218 0 0 0.007 0.007 
0.272 0.264 0 0 0.028 0.026 
0.307 0.276 0 0 0.106 0.101 
0.529 0.439 0 0 0.238 0.225 
0.868 0.665 0 0 0.526 0.481 
0.503 0.453 0 0 0 0 
1.359 1.155 0 0 0.092 0.086 
1.713 1.520 0 0 0.197 0.186 
0 0 0 0 0.005 0.004 
0.153 0.158 0 0 0.012 0.012 
0.435 0.398 0 0 0.018 0.016 
0.767 0.658 0 0 0.021 0.019 
0 0 0 0 0.021 0.020 
0.277 0.221 0 0 0.031 0.029 
0.620 0.539 0 0 0.044 0.041 
1.092 0.928 0 0 0.049 0.045 
0 0 0 0 0.043 0.041 
0.329 0.305 0 0 0.060 0.056 
0.865 0.739 0 0 0.071 0.066 
0 0 0 0 0.066 0.063 
0.600 0.512 0 0 0.086 0.083 
1.364 1.122 0 0 0.103 0.096 

The table is continued on the next page. 



Table 44 (Continued from the previous page). 

Partial Pressure 
(mm Hg) 

CO2 N20 co 

0 5.5 0 
53.5 5.5 0 
90.8 5.5 0 

0 40.5 0 
58.4 40.5 0 

113.5 40.5 0 
0 8.2 0 
0 8.2 70.0 
0 8.2 125.5 
0 24.0 0 
0 24.0 54.2 
0 24.0 92.6 

20.5 0 0 
20.5 23.6 0 
20.5 42.3 0 

0 0 27.6 
0 24.4 27.6 
0 48.5 27.6 

2357 

0 
0.549 
1.337 
0 
0.860 
1.960 
0 
0 
0 
0 
0 
0 
0.131 
0.142 
0.150 
0 
0 
0 

Net Absorbance* at (ern-i) 

2337 2233 2212 2168 

0 0.062 0.055 0 
0.488 0.148 0.121 0 
1.140 0.200 0.158 0 
0 0.532 0.476 0 
0.722 0.840 0.716 0 
1.773 1.139 0.935 0 
0 0.095 0.085 0 
0 0.200 ND ND 
0 0.269 ND ND 
0 0.290 0~247 0 
0 0.405 ND ND 
0 0.483 ND ND 
0.128 0 0 0 
0.135 0.385 0.340 0 
0.140 0.745 0.682 0 
0 0 0 0.029 
0 0.396 ND ND 
0 0.952 ND ND 

152 

2119 

0 
0 
0 
0 
0 
0 
0 
0.059 
0.112 
0 
0.102 
0.168 
0 
0 
0 
0.026 
0.035 
0.042 

* Absorbance corrected for the background of the cell. 

ND Absorbance was not determined because the signal is not 
resolved. 
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Tetrachloroethane (1.0 ml) and a magnetic stirring bar were 

loaded into the bend at the middle of the U-tube. The open 

end of the U-tube was attached to the IR cell described in 

the above experiment. High vacuum was applied to the 

apparatus through a liquid nitrogen trap for a minute. The 

FeCP(co)2(N02 ) was then mixed with the 1,1,2,2-

tetrachloroethane by rotating the U-tube and stirring. 

While maintaining the closed end of the U-tube (which 

contained the mixture) at 30 °c, the gases were monitored by 
c 

IR as they evolved into the headspace. New bands appeared 

at 2357, 2337, 2233, 2212, 2168, and 2119 cm-1 . The volume 

of the combination of the cell and the U-tube was 159 ml. 

The data collected in the experiment are reported in Table 

45 and plotted in Figure 19. 

Monitoring the Decomposition of FeCp(CO)~(NO~) in 

Chloroform by !H NMR: (48) FeCP(co)2(N02 ) (0.0218 g, 

0.0978 mmol) was dissolved in deuterated chloroform 

containing a drop of tetramethylsilane (0.47 ml) within a 

NMR cell. The solution was immediately cooled to -77 °c and 

kept frozen until just before the spectrometer was ready 

(within less than an hour). The solution was then 

maintained at 20 °c and monitored by 1H NMR. The data are 

reported in Table 46 and plotted in Figure 24. 

(49) The above procedure was followed in duplicate 

except in that the solutions were maintained at 30 °c. The 

two samples of FeCP(co)2(N02 ) were 0.0205 g (0.0919 mmol) 



Table 45. Data from Monitoring the Decomposition of 
0.263 M FeCP(CO)2(Ng2 ) in 1,1,2,2-Tetrachloroethane 

at 30 C by Headspace IR 

Time Net Absorbance* at 
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(hour) 2337 -1 cm 
-1 

2233 cm 2119 cm-1 

o 
0.117 
0.167 
0.200 
0.250 
0.300 
0.333 
0.417 
0.500 
0.583 
0.667 
0.750 
0.833 
0.917 
1.000 
1.167 
1.333 
1.500 
1.667 
1.833 
2.000 
2.333 
2.667 
3.00 
3.50 
4.00 
4.50 
5.00 
6.00 
7.00 
9.00 

11.00 
15.00 
19.00 
27.0 
35.0 
43.0 

• o 
0.007 
0.009 
0.009 
0.016 
0.021 
0.020 
0.026 
0.031 
0.037 
0.042 
0.050 
0.054 
0.058 
0.061 
0.076 
0.090 
0.098 
0.109 
0.113 
0.124 
0.134 
0.148 
0.156 
0.170 
0.179 
0.189 
0.195 
0.206 
0.210 
0.222 
0.234 
0.237 
0.239 
0.247 
0.244 
0.252 

o 
0.000 
0.000 
0.000 
0.000 
0.000 
0.001 
0.000 
0.001 
0.000 
0.002 
0.004 
0.007 
0.010 
0.014 
0.021 
0.028 
0.035 
0.042 
0.047 
0.052 
0.061 
0.068 
0.073 
0.080 
0.083 
0.088 
0.090 
0.095 
0.097 
0.100 
0.105 
0.109 
0.109 
0.111 
0.112 
0.112 

o 
0.001 
0.001 
0.002 
0.002 
0.003 
0.003 
0.003 
0.005 
0.005 
0.007 
0.008 
0.009 
0.009 
0.010 
0.011 
0.013 
0.015 
0.017 
0.015 
0.017 
0.019 
0.019 
0.021 
0.022 
0.023 
0.023 
0.024 
0.026 
0.027 
0.028 
0.031 
0.035 
0.035 
0.036 
0.037 
0.036 

* Absorbance corrected for the background of the cell and 
the solvent vapor. 
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and 0.0238 g (O.1067 mmol) and the volumes of the solutions 

were 0.38 ml and 0.42 ml, respectively. The data are 

reported in Tables 47 and 48 and plotted in Figures 25 and 

26. 

The monitoring of the decomposition of the second 

sample by 1H NMR was interrupted at 3.3 hours by quick 

transfer of the NMR cell containing turbid brown solution to 

a dry ice-acetone bath. It was stored there in the dark 

until (about 0.5 hour later) it was centrifuged and the 

liquid was quickly decanted. Washing the precipitate with 

deuterated chloroform and application of vacuum for five 

minutes yielded 3.2 mg of brown powder. The powder was 

sealed in an ampule under nitrogen and stored in a dry ice 

container until analyzed the next day. Found: 21.92 % C, 

1.96 % H, and 4.29 % N by mass. 

The decantate was stored under nitrogen, in the 

dark, and at room temperature until the next day (so that 

the total time of decomposition was 22 hours). The new 

turbid solution was centrifuged and decanted and the new 

precipitate was washed with CDC1 3 and dried with vacuum. 

This yielded 5.2 mg of more brown powder which contained 

23.57 % C, 2.39 % H, and 3.74 % N by mass. Evaporation of 

the final decantate to dryness with vacuum at room 

temperature yielded 4.8 mg of mixed brown and black powders. 

IR (KBr): 2928 (vw), 2204 (vw), 2060 (vw), 2015 (vw), 1970 

-1 (vw), 1776 (w), 1713 (w), and 1485 (w) cm . 
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(50) The procedure described in experiment 48 was 

followed except that the solution was maintained at 40 °C. 

The sample of FeCp(CO)2(N02 ) was 0.0210 g (0.0942 mmol) and 

the volume of the solution was 0.40 mI. The data are 

reported in Table 49 and plotted in Figure 27. 

Decomposition of FeCp(CO)~(N02) in Chloroform under 

Various Gases: (51) Samples of FeCP(CO)2(N02 ) (about 2 mg) 

were dissolved in chloroform (1.5 ml) which had been purged 

and saturated with carbon dioxide, carbon monoxide, or air 

at about ambient pressure. The solutions were loaded into 

an IR cell with a path length of 1 mm and a syringe was 

attached to the top port of the cell in order to accommodate 

the evolution of gas from the solution during the 

decomposition of FeCp(CO)2(N02 ). The IR cell was kept in a 

sealed jar with an atmosphere of carbon dioxide, carbon 

monoxide, or air and desiccant and the jar was immersed in a 

dark 30 °c water bath during the time interval of 1 hour and 

25 minutes between IR spectral measurements. As the 

intensities of the original bands at 2067, 2023, 1392, and 

1308 cm-1 diminished, new bands emerged at 1995, 1757, and, 

in the case of carbon dioxide and air atmospheres, 2337 cm-1 

and grew in intensity. The data are reported in Table 50. 

Decomposition of FeCp(CO) (NO) in Chloroform under 

Various Gases: (52) A chloroform solution of FeCp(CO) (NO) 

was prepared according to the procedure described in 

experiment 39. Portions of the solution were treated 



157 

Table 46. Data from Monitoring Decomposition of 
0.208 M FeCP(co)2(N02 ) in Chloroform at 20 °c by H-1 NMR 

Time Intensity at 

(hour) 05.15 05.06 04.91 04.75 04.14 

0 100 0 0 0 0 
1.000 81.7 0.0 16.6 0.0 0.0 
2.000 66.4 0.0 21.9 2.8 0.0 
3.000 49.9 0.0 26.5 4.1 0.0 
4.000 38.8 0.0 30.0 6.0 0.0 
5.000 32.8 Trace 29.2 8.1 0.1 
6.000 24.5 1.7 30.9 10.0 0.1 
7.000 19.9 2.2 31.8 11.8 0.1 
8.000 16.5 2.5 31.5 14.6 0.2 
9.000 13.1 3.3 29.6 16.9 0.2 

11.00 8.7 2.8 24.2 22.1 0.5 
13.00 6.0 3.8 20.5 24.5 0.5 
15.00 4.8 3.5 17.1 29.6 0.6 
17.00 3.2 4.1 13.2 32.0 0.8 
19.00 2.6 4.5 10.6 33.1 0.9 
21.00 3.1 4.7 8.2 34.0 1.4 
23.00 Trace 4.6 6.7 33.0 1.6 
25.00 Trace 5.8 5.5 32.5 1.9 
27.00 Trace 6.4 4.5 30.9 2.3 
29.00 0.0 6.0 3.6 28.5 2.6 
47.0 0.0 4.3 0.0 15.2 6.4 

o Chemical shift is in ppm downfield from Me 4Si. 
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Table 47. Data from Monitoring Decompo8ition of 
0.242 M FeCp(CO)2(N02 ) in Chloroform at 30 C by H-l NMR 

Time Intensity at 

(hour) 05.15 05.06 04.91 04.75 04.14 

0 100 0 0 0 0 
0.33 77.8 0.0 13.0 1.9 0.0 
0.67 68.9 0.0 20.3 3.0 0.0 
1.00 59.5 0.0 24.4 4.0 Trace 
1.33 50.5 0.0 28.1 4.9 Trace 
1.67 44.2 Trace 30.3 6.7 Trace 
2.00 37.6 Trace 33.2 7.6 Trace 
2.33 31.4 1.9 35.7 9.4 Trace 
2.67 26.5 2.2 35.5 12.1 Trace 
3.00 21.3 3.2 36.0 14.0 Trace 
3.33 18.0 3.4 35.9 16.0 Trace 
3.67 15.1 3.4 35.8 17.6 Trace 
4.00 13.3 3.9 33.6 19.7 Trace 
4.33 11.9 3.9 32.8 21.2 Trace 
4.67 10.9 4.3 31.3 22.6 Trace 
5.00 8.8 5.0 27.6 22.6 Trace 
6.00 5.4 5.8 23.3 26.0 0.1 
7.00 3.4 6.2 18.5 28.9 0.1 
8.00 2.4 6.8 15.1 30.8 0.1 
9.00 1.4 7.0 12.4 32.4 0.2 

10.00 1.2 7.1 10.2 33.4 0.2 
11.00 0.8 7.4 8.5 34.0 0.4 
12.00 0.0 8.5 7.2 34.4 0.6 
13.00 0.0 8.7 6.0 34.7 1.0 
14.00 0.0 8.7 5.2 34.4 1.8 

o Chemical shift is in ppm downfield from Me 4Si. 



Table 48. Data from Monitoring Decomposition of 
0.256 M FeCP(CO)2(N02 ) in Chloroform at 30 °c by H-1 NMR 

Time Intensity at 
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(hour) 05.15 05.06 04.91 04.75 

0 100 0 0 0 
0.033 98.1 0.0 0.8 0.3 
0.067 95.4 0.0 3.2 0.9 
0.100 91.2 0.0 4.9 1.3 
0.133 89.5 0.0 4.8 1.3 
0.167 88.3 0.0 7.7 2.3 
0.200 85.4 0.0 8.6 1.5 
0.344 79.9 0.0 13.0 2.8 
0.510 75.0 0.0 19.1 3.6 
0.677 66.7 0.0 22.8 4.4 
0.844 63.3 0.0 25.9 6.6 
0.986 55.5 Trace 29.4 7.0 
1.319 48.8 Trace 35.3 10.5 
1.653 41.3 Trace 38.3 11.8 
1.986 36.3 Trace 41.1 17.1 
2.319 28.6 3.8 40.5 18.3 
3.319 17.5 5.1 37.6 27.8 

o Chemical shift is in ppm downfield from Me 4Si. 
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Table 49. Data from Monitoring Decomposition of 
0.236 M FeCP(CO)2(N02 ) in Chloroform at 40 °c by H-1 NMR 

Time Intensity at 

(hour) 05.15 05.06 04.91 04.75 04.14 

0 100 0 0 0 0 
0.17 74.7 0.0 22.5 Trace 0.0 
0.33 64.1 0.0 28.8 3.9 0.0 
0.50 55.2 0.0 37.0 4.3 0.0 
0.67 43.5 0.0 43.0 8.2 0.0 
0.83 35.5 0.0 44.4 14.2 Trace 
1.00 30.4 0.0 43.4 14.3 Trace 
1.33 21.1 Trace 37.1 25.6 0.2 
1.67 ND Trace 33.5 31.1 0.4 
2.00 ND Trace 28.9 35.1 0.6 
2.33 Trace Trace 24.8 38.3 0.6 
2.67 Trace 9.0 21.0 41.2 0.6 
3.00 Trace 9.6 18.7 41.1 0.7 
3.50 0.0 7.8 15.1 44.2 0.8 
4.00 0.0 7.8 11.1 46.2 0.8 
4.50 0.0 8.5 9.5 45.7 1.0 
5.00 0.0 9.5 7.4 45.0 1.2 
5.50 0.0 10.0 5.5 43.7 2.2 
6.00 0.0 9.9 4.0 42.7 2.3 
6.50 0.0 10.3 Trace 42.8 2.6 
7.00 0.0 9.5 0.0 40.7 3.3 
7.50 0.0 8.5 0.0 40.4 4.9 
8.00 0.0 7.9 0.0 39.6 5.9 
8.50 0.0 8.7 0.0 36.6 7.8 
9.00 0.0 8.2 0.0 35.6 8.2 
9.50 0.0 7.0 0.0 33.3 10.2 

10.00 0.0 7.8 0.0 32.2 10.7 
18.17 0.0 12.2 0.0 12.4 19.5 

o Chemical shift is in ppm downfield from Me 4Si. 

ND The intensity was not determined because the band was 
a shoulder and, consequently, the steps in the integra
tion curve could not be resolved. 
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according to the procedure described in experiment 51 except 

that the time interval between IR spectral measurements was 

3 hours and 37 minutes. The intensities of the original 

bands at 1995 and 1757 cm-1 diminished with successive 

measurements, but new bands did not emerge. The data are 

reported in Table 50. 

Monitoring the Decomposition of FeCp(CO) (NO) in 

Chloroform under Carbon Dioxide by 1H NMR: (53) A 

deuterated chloroform solution of FeCp(CO) (NO) was prepared 

according to the procedure described in experiment 39. The 

solution and the headspace were purged and saturated with 

carbon dioxide. The NMR cell was kept in a sealed tube with 

an atmosphere of carbon dioxide and desiccant and the tube 

was immersed in a dark 30 °c water bath between NMR spectral 

measurements. During a period of 3 hours and 40 minutes, 

the intensity of the original signal at 4.91 ppm decreased 

from 100 to 54 and new signals appeared at 5.06 and 4.75 ppm 

with intensities of 5 and 22. The solution in the cell had 

become very turbid with brown precipitate. During a second 

period of 3 hours and 37 minutes, all of the signals had 

become too broad to be resolved and the baseline had become 

too noisy to afford integration of the intensities of the 

signals. However, a broad and very weak signal had become 

discernable at about 4.1 ppm. 

Attempted Preparation of FeCp(CO) (NO) by Reaction of 

[FeCp(u-NO)]2 with Carbon Monoxide: 
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Table 50. Data from Monitoring the Decomposition of 
FeCp(CO)2(N02 ) and FeCp(CO) (NO) in Chloroform at 30 °c 

unaer Various Gases by Solution IR 

Starting Time Gas Net Absorbance* 
Material Interval 

Between 1st 2nd 3rd 
(Frequency) Measures 

(Hr:Min) 

FeCP(CO)2(N02 ) 1:25 CO2 1.165 0.711 0.396 

(2067 cm -1) CO 0.802 0.448 0.263 

Air 0.943 0.436 0.181 

FeCp (CO) (NO) 3:37 CO2 0.811 0.443 0.188 

(1757 -1 cm ) CO 0.762 0.387 0.206 

Air 0.820 0.334 0.131 

* Absorbance corrected for the background of the cell and 
the solvent. 
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(0.302 g; 1.000 mmol) was dissolved in CDCl 3 (5 ml) and the 

solution and the headspace were purged and saturated with 

carbon monoxide. The solution was kept under carbon 

monoxide at ambient pressure, in the dark, and at 30 °C. 

After 7 hours, 1H NMR and IR indicated the presence of only 

[FeCP(~-NO)]2 and a trace of ferrocene in addition to small 

amount of brown precipitate. Filtration of the reaction 

mixture and evaporation of the filtrate recovered [FeCp(~-

NO)]2 (0.269 g; 89 %). 

Monitoring the Decompositions of FeCp(CO)2(N02 ) and 
- -

FeCP(CO)2i15N02) in Potassium Bromide Pellets by IR: (55) 

About a milligram of crystalline FeCp(CO)2(N02 ) was mixed 

with about a hundred milligrams of crystalline potassium 

bromide. The mixture was finely ground, compressed into a 

transparent pellet, stored at room temperature in the dark 

under dry air, and periodically examined by IR. The 

original hands at 2059, 2004, 1379, 1311, and 817 cm-1 

gradually diminished and new bands emerged and gradually 

grew at 2337, 2193, 1952, 1932, 1760, 1496, 1484, 854, 838, 

830, 821, 713, 644, and 581 cm-1 for one week. A new and 

very weak band at 1720 cm-1 emerged (without resolution from 

the strong band at 1760 cm-1 ) during the first day and then 

gradually disappeared during the next two days. The band at 

2337 cm-1 initially grew rapidly and then leveled off as the 

other growing bands continued to grow and the diminishing 

bands continued to diminish. 
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(56) The above procedure was followed with 

FeCP(co)2(15N02 ). The original bands at 2059, 2004, 1347, 

1289, and 810 cm-1 gradually diminished and new bands 

emerged and gradually grew at 2337, 2193, 1952, 1932, 1760, 

1580, 1468, 1454, 694, and 568 cm-1 for one week. A new and 

very weak band at 1686 cm-1 emerged (without resolution from 

the strong band at 1760 cm-1 ) during the first day and then 

gradually disappeared during the next two days. The band at 

2337 cm-1 initially grew rapidly and then leveled off as the 

other growing bands continued to grow and the diminishing 

bands continued to diminish. 

Monitoring the Decomposition of FeCp(CO)~(NO~) in 

the Solid State by IR: (57) Upon standing for several 

hours at room temperature, several crystals of 

FeCP(CO)2(N02 ) shattered into many small fragments. When 

fresh KBr pellets were periodically prepared (as described 

in experiment 55) from a batch of whole crystals of 

FeCP(co)2(N02 ) which had been stored at room temperature in 

dark under dry air and examined by IR, the intensities of 

the original bands at 2059, 2004, 1379, 1311, and 817 cm- 1 

decreased and new bands at 1952, 1932, 1760, 1486, 854, 838, 

830, 821, 713, 644, and 581 cm-1 emerged and increased in 

intensity. The rates of these changes decreased in 

comparison to the rates observed for the decomposition of 

FeCp(co>2(N02 ) within a potassium bromide suspension in 

experiment 55. Also, a band did not emerge at 2337 cm- 1 . 
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Attempted Reaction of FeCp(co)2(N02 ) and 

Diphenylacetylene: (58) FeCP(co)2(N02 ) (5.3 mg, 0.024 Inmol) 

and diphenylacetylene (4.1 mg, 0.023 mmol) were mixed 

together with dichloromethane in an IR cell for liquid 

samples. The solution was monitored by IR for 5 hours. 

During the first hour, the solution was kept under 

irradiation from the instrument's Nernst filament between 

measurements. Then the solution was kept in the dark at 

room temperature for three hours before the next 

measurement. Finally, the solution was again kept under 

irradiation from the instrument's Nernst filament during 

another hour of monitoring. 

While the intensities of the original bands at 2067, 

2023, 1392, and 1308 cm-1 gradually decreased and the 

intensities of new bands at 1991 and 1753 cm-1 gradually 

increased, the intensities of the original bands at 1600, 

-1 1575, and 1497 cm stayed unchanged throughout the five 

hours. 

Decomposition of FeCp(CO) (PPhJ ) (NO~) in Solutions: 

(59) During decomposition of FeCp(CO) (PPh3 ) (N02 ) in 

solutions, brown precipitates immediately began forming and 

gradually continued accumulating for several hours at room 

temperature. Filtrations of the mixtures yielded brown 

powders that, according to IR (KBr), lacked carbonyl, 

nitrosyl, and nitro groups. The brown powders were 

insoluble in hexane, benzene, toluene, acetonitrile, 



tetrahydofuran, acetone, methanol, and water. Elemental 

analysis of the powder indicated about 44 % carbon, 3 % 

hydrogen, and 1 % nitrogen by mass. 

Attempts at Isolation of the Product from the 

Decomposition of FeCp(CO) (PPhJ ) (NO~l: (60) The procedure 
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described in experiment 29 was followed until after the 

extraction of the residue with dichloromethane. The extract 

was allowed to stand at room temperature for 6 hours and 

then vacuum was applied until the residue was dry. The 

residue was extracted, the extract was transferred into a 

chromatographic column of neutral alumina, and hexane, 

benzene, toluene, dichloromethane, and acetonitrile were 

successively passed through the column. Only the latter 

solvent moved a visible band. The latter eluate was brown 

and, upon evaporation to dryness, yielded only crude 

FeCp(CO) (PPh3 ) (N0
2
). 

(61) According to experiment 64, FeCp(CO) (PPh3 ) (N02 ) 

yields (in addition to brown precipitate) not only a soluble 

product of interest (because of the possibility that it is 

FeCP(PPh3 ) (NO», but also another soluble species during 

decomposition in the dark of an NMR probe. However, as 

found in experiment 62, FeCp(CO) (PPh3 ) (N02 ) yields only the 

sought soluble product during decomposition under the 

irradiation of an IR cell. Consequently, it was hoped that 

letting FeCp(CO) (PPh3 ) (N02 ) stand long enough under 

irradiation to completely decompose and then simply 
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filtering would separate FeCp(PPh3 ) (NO) from the insoluble 

polymeric side-product. With that hope in mind, the 

following experiment was performed. 

FeCp(CO) (PPh3 ) (N02 ) (0.202 g) was dissol·ved in 

dichloromethane (2 ml). The solution stood under 

irradiation from a tungsten filament at 35 °c for 6 hours. 

Filtration of the resulting turbid brown solution, 

overlaying the filtrate with 12 ml of hexane, and slow 

diffusion of the layers for a week at -25 °c did not yield 

any crystals. 

Monitoring the Decomposition of FeCp(CO) (PPh
l

) (NO~l 

in Chloroform by IR of the Solution: (62) The procedure 

described in experiment 42 was followed except in that the 

IR cell contained a chloroform solution of 

FeCp(CO) (PPh3 ) (N0 2 ). As the intensities of the original 

bands at 1980, 1355, and 1299 cm-1 diminished, new bands 

emerged at 2337, 1720, 1669, and 1223 cm-1 and grew in 

intensity. The data are reported in Table 51 and plotted in 

Figure 42. 

Monitoring the Decomposition of FeCp(CO) (PPh
l ) (NO~l 

in 1,1,2,2-Tetrachloroethane by IR of the Headspace: (63) 

1,1,2,2-Tetrachloroethane (0.5 ml), a magnetic stirring bar, 

and a boat containing FeCp(CO) (PPh3 ) (N02 ) (0.0117 g, 0.026 

mmol) were loaded into a flask. The flask was attached to 

an IR cell for gaseous samples. High vacuum was applied to 

the apparatus through a liquid nitrogen trap for a minute. 



Table 51. Data from Monitoring the Decomposition of 
FeCp(CO) (PPh 3 ) (N02 ) in Chloroform by Solution IR 

Time 

(hour) 2337 cm- l 

0 0.001 
0.070 0.009 
0.150 0.017 
0.333 0.037 
0.667 0.074 
1.000 0.104 
1.333 0.130 
1.667 0.152 
2.000 0.170 
2.500 0.190 
3.000 0.204 
3.500 0.216 
4.000 0.224 
5.000 0.232 
6.000 0.236 
7.000 0.232 

Net Absorbance* at 

-1 1980 ern 

0.315 
0.305 
0.294 
0.268 
0.226 
0.190 
0.160 
0.134 
0.111 
0.088 
0.069 
0.054 
0.045 
0.034 
0.027 
0.024 

1720 

0.009 
0.012 
0.014 
0.021 
0.038 
0.051 
0.060 
0.064 
0.066 
0.067 
0.069 
0.070 
0.072 
0.074 
0.078 
0.086 
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-1 cm 

* Absorbance corrected for the background of the cell and 
the solvent. 
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The FeCp(CO) (PPh3 ) (N02 ) was then mixed with the 1,1,2,2-

tetrachloroethane by stirring. While maintaining the 

temperature of the flask at 30 °C, the gases were monitored 

by IR as they evolved into the headspace in the cell. New 

bands appeared at 2357, 2337, 2233, 2212, 2168, and 2119 

cm-1 • 

The flask and the cell are described in experiment 

46. Due to the low initial concentration of the 

FeCp(CO) (PPh3 ) (N02 ), only the intensities of the bands at 

2357 and 2337 cm-1 could be quantified precisely enough to 

support calculations of reaction kinetics. The data 

collected in the experiment are reported in Table 52 and 

plotted in Figure 44. 

Monitoring the Decomposition of FeCp(CO) (PPh3 ) (N021 
- -

in Chloroform by 31p NMR: (64) FeCp(CO) (PPh
3

) (N02 ) (0.0918 

g, 0.201 mmol) was dissolved in deuterated chloroform 

containing a drop of tetramethylsilane (1.49 ml) within a 

NMR cell. The solution was immediately cooled to -77 °c and 

kept frozen until just before the spectrometer was ready 

(within less than an hour). The solution was then 

maintained at 30 °c and monitored by 31p NMR. The data are 

reported in Table 53 and plotted in Figure 46. Broadening 

of all the signals precluded monitoring the decomposition 

any further by 31p NMR. 

Monitoring the Decomposition of FeCp(CO) (PPhJ ) (NO~l 

in a Potassium Bromide Pellet by IR: (65) A milligram of 



Table 52. Data from Monitoring the Decomposition of 
0.052 M FeCp(CO) (PPh3)~N02) in 1,1,2,2-Tetrachloroethane 

at 30 C oy Headspace IR 

Time 

(hour) 

0 
0.083 
0.167 
0.250 
0.333 
0.417 
0.500 
0.667 
0.833 

Net Absorbance* 

at 2337 cm-1 

0 
0.0022 
0.0031 
0.0045 
0.0045 
0.0060 
0.0078 
0.0092 
0.0094 

Time 

(hour) 

1.000 
1.167 
1.333 
1.667 
2.000 
2.333 
2.667 
3.000 
5.000 

Net Absorbance* 

at 2337 cm-1 

0.0112 
0.0120 
0.0113 
0.0134 
0.0137 
0.0141 
0.0139 
0.0134 
0.0155 
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* Absorbance corrected for the background of the cell and 
the solvent vapor. 
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Table 53. Data from Monitoring Decomposition of 
0.135 M FeCp(CO)~PPh3) (N02 ) in Chloroform 

at 30 C by P-3I NMR 

Intensity at 

(hour) 068.59 064.56 062.00 

0 100 0 0 
0.25 78.2 0.0 11.7 
0.50 60.9 2.2 16.9 
0.75 51.6 3.7 20.7 
1.00 40.7 5.7 25.6 
1.25 34.2 7.3 28.4 
1.50 27.0 8.0 31.0 
1.75 22.3 9.3 32.5 
2.00 20.9 11.6 32.2 
2.25 16.5 13.5 31.9 
2.50 15.1 14.7 29.5 
2.75 11.3 16.8 29.2 
3.75 5.6 20.7 26.8 
4.75 0.0 23.1 24.8 
5.75 0.0 25.6 23.8 
6.75 0.0 27.0 21.5 
7.75 0.0 26.9 20.9 
8.75 0.0 25.1 17.5 

10.75 0.0 26.5 21.2 
17.0 0.0 20.1 17.3 

o Chemical shift is in ppm downfield from 85 % H3P0 4 . 
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crystalline FeCp(CO) (PPh3 ) (N02 ) was mixed with about a 

hundred milligrams of crystalline potassium bromide. The 

mixture was finely ground, compressed into a transparent 

pellet, stored at room temperature in the dark under dry 
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air, and periodically examined by IR. The original bands at 

1965, 1348, 1299, and 814 cm-1 gradually diminished and new 

bands emerged and gradually grew at 2337 and 1675 -1 cm . 

band at 2337 -1 initially rapidly and then leveled cm grew 

off as the other growing bands continued to grow and the 

diminishing bands continued to diminish for three weeks. 

Monitoring the Decomposition of RUCp(CO)~(NO~) in 

1,1,2,2-Tetrachloroethane by IR of the Solution: (66) 

RUCP(CO)2(N02 ) was dissolved in 1,1,2,2-tetrachloroethane 

and the solution was loaded into an IR cell and stored at 

room temperature under high vacuum in the dark. The 

original bands at 2075, 2029, 1380, and 1313 cm-1 

The 

diminished and new bands at 2337, 2055, 2006, 1907, 1833, 

1677, 1651, and 1396 cm-1 emerged for three days. Two more 

days under high vacuum, at 70 °C, and under ultraviolet 

irradiation completed the disappearance of the original 

bands with concomitant growth of the new bands. 

Monitoring the Decompositions of RUCp(CO)~(NO~) and 

RUCP(CO)2i15NO~) in Potassium Bromide Pellets by IR: (67) 

About a milligram of crystalline RuCP(CO)2(N02 ) was mixed 

with about a hundred milligrams of crystalline potassium 

bromide. The mixture was finely ground and compressed into 
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a transparent pellet, stored at room temperature in the dark 

under dry air, and periodically examined by IR. After a 

week, no change had occurred in the spectrum from 4000 to 

-1 400 cm . 

The above procedure was repeated except in that the 

pellet was stored at room temperature in the dark under high 

vacuum. Again after a week, no change had occurred in the 

spectrum from 4000 to 400 cm-1 . 

(68) The above procedure was followed except in that 

the pellet was stored at 40 °c in the dark under high 

vacuum. The original bands at 2063, 2003, 1381, 1314, and 

818 cm-1 gradually diminished and new bands emerged and 

gradually grew at 2337, 2217, 2050, 1985, 1858, 1823, 1769, 

1460, and 675 cm-1 for one week. 

(69) The above procedure was followed except in that 

the pellet was stored at 40 °c under ultraviolet irradiation 

under high vacuum. The original bands at 2063, 2003, 1381, 

1314, and 818 cm-1 gradually diminished and new bands 

emerged at 2337, 2029, 1975, 1825, 1680, 1540, 1460, and 669 

cm-1 and gradually grew in intensity for three days. 

(70) The above procedure was followed except in that 

the pellet was stored the pellet at 40 °c under ultraviolet 

irradiation under high vacuum. The original bands at 2063, 

2003, 1354, 1292, and 811 cm-1 gradually diminished and new 

bands emerged at 2337, 2029, 1975, 1825, 1680, 1515, 1440, 

and 661 cm-1 and gradually grew in intensity for three days. 



Chapter 8 

DISCUSSION OF THE OXYGEN ATOM TRANSFER REACTIONS 

The Decomposition of FeCP(CO)2(N02 ) 

Williams and Lalor (1973)28b probably had 

encountered the instability of FeCP(CO)2(N02 ) when they 

reported that while [FeCp(CO)2]2 "reacts rapidly with 

silver(I} nitrite, the product was not the expected 
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[(cp)Fe(CO)20NO] complex" and that the "anomalous reaction" 

was under investigation. In this chapter, the 

investigations of the kinetics and mechanism of the 

decomposition of FeCp(CO)2(N02 ) and some derivatives are 

discussed. The underlined numbers in parentheses are the 

numeric labels of the experiments as reported in Chapter 7. 

Decomposition of FeCp(CO)2(N02 } in chloroform 

yields a brown intractable precipitate and soluble 

FeCp(CO} (NO) along with carbon dioxide, carbon monoxide, 

and, after a brief induction period, nitrous oxide. The 

decomposition of FeCp(CO) (NO) gives [FeCP(~-NO)]2 which, in 

turn, gives ferrocene. The formation of ferrocene and an 

iron mirror during the decomposition of [FeCP(~-NO)]2 was 

reported by Brunner. 87 (37) The insolubility of the brown 
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intractable powder in a full range of solvents suggests that 

it is polymeric. According to IR (KBr), this material lacks 

carbonyl, nitrosyl, and nitro groups. 

FeCp(CO) (NO) • (38) Efforts to isolate the unstable 

intermediate FeCp(CO) (NO) from solutions which also 

contained FeCP(CO)2(N02 ) and [FeCP(p-NO)]2 by column 

chromatography failed. After allowing FeCP(CO)2(N02 ) to 

decompose in dichloromethane for an optimum amount of time, 

FeCp(CO) (NO) could be separated from residual FeCP(CO)2(N02 ) 

and the other products of decomposition by distillation, but 

redistillations (39) and evaporation of the solvent under a 

stream of nitrogen gas (40) failed to completely remove the 

solvent. The most concentrated sample of FeCp(CO) (NO) was 

reached by distillation from a 1,1,2,2-tetrachloroethane 

solution, but the viscous light red oily distillate still 

contained a substantial amount of the solvent. Irradiation 

of the solution of FeCp(CO)2(N02 ) during decomposition in 

experiment 41 was intended to promote polymerization 

(instead of dimerization) and thereby yield a precipitate 

which can be removed by filtration (instead of [FeCP(p-NO)]2 

and other soluble species), but this also did not allow 

isolation of FeCp(CO) (NO). (42) Since only solutions of 

FeCp(CO) (NO) could be prepared and were only stable at low 

temperature, the new compound was characterized in situ by 

IR (CHCI 3 and KBr), 1H NMR (CDCI 3 ), and 13c NMR (CDCI
3
). 

Replacement of nitrogen-14 with nitrogen-15 in FeCp(CO) (NO) 



176 

shifted the nitrosyl stretching frequency from 1757 cm-1 to 

1722 cm-1 in chloroform and from 1720 cm-1 to 1686 cm-1 in 

potassium bromide. The shift of 34 - 35 cm-1 in the IR 

spectral band of the intermediate of decomposition of 

FeCp(Co)2(N02 ) quantitatively confirms the identification of 

the intermediate as a complex with a nonbridging nitrosyl 

ligand. 88 The volatility of the intermediate with a 

terminal nitrosyl ligand indicates it is monomeric. 

Monitoring the Decomposition of FeCp(CO)~(NO~) in 

Solution by IR. (43) When the decomposition of 

FeCP(co)2(N02 ) in chloroform was monitored by IR of the 

solution (Figure 10), the intensities of the carbonyl (2067 

and 2023 em-1 ) and nitro (1392 and 1308 cm-1 ) bands of 

FeCP(co)2(N02 ) diminished according to first-order kinetics 

(Figure 11) and, concomitantly, the carbonyl (1995 cm-1 ) and 

nitrosyl (1757 cm-1 ) bands of FeCp(CO) (NO) and the band of 

carbon dioxide (2337 cm-1 ) emerge and grow in intensity (the 

latter according to first-order kinetics (Figure 12). A 

band assignable to a nitrito ligand (1500 - 1350 and 1200 -

1000 cm-1 )1 or to coordinated carbon dioxide (1700 - 1200 

-1 37 cm) was not found in the spectra. (44) The procedure 

of experiment 43 was repeated with FeCP(co)2(N02 ) replaced 

by FeCP(co)2(15N02 ), the concentration was increased, and 

the cell was kept in the dark at 25 °c between IR spectral 

measurements. Except for the isotopic shifts in the bands 
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assignable to vibrations of the nitrogen atom, similar 

spectra and kinetics were observed (Figures 13 - 15). 

The low solubility of carbon monoxide in chloroform 

and the low absorptivity of carbon monoxide in both the gas 

phase and in solution hinder detection of carbon monoxide. 

A volume of chloroform at 25 °c will dissolve 0.19 volume of 

carbon monoxide, 3.3 volumes of carbon dioxide, and 4.0 

volumes of nitrous oxide at a pressure of 760 rom Hg. 89 

Whereas the absorbance of a solution under CO 2 or N20 at a 

pressure of 740 rom Hg in an IR cell with a 1 mm path was 

about 2.5, the absorbance of a solution under CO was only 

0.012. Assuming ideal gas behavior for the gas, the 

specific absorptivity of carbon monoxide is about 1.4 M-1 

-1 
mm The formation of an equivalent amounts of carbon 

monoxide in the decompositions of the 0.003 M FeCp(co)2(N02 ) 

(43) and 0.005 M FeCP(co)2(15N02 ) (44) solutions and the 

absence of escape of the gas from the solution into a 

headspace or through the syringe attached to the top port of 

-1 the IR cell afforded very weak CO bands at 2138 cm as the 

FeCP(co)2(N02 ) bands vanished. 

Monitoring the Evolution of Gases from the 

Decomposition of FeCp(CO)~(NO~~ (45) The evolution of gas 

from FeCP(CO)2(N02 ) as it decomposed in 1,1,2,2-

tetrachloroethane under an initial vacuum at 25 °c was 

monitored by manometry of the headspace (Figure 16). The 

total pressure increased according to first-order kinetics 
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(Figure 17). Although (a) the dependance of the 

90 absorptivity of a gaseous species on the total pressure 

and (b) the greater (ca 20-fold) solubility of carbon 

dioxide and nitrous oxide than of carbon monoxide in 

chlorohydrocarbon solvents 89 complicate quantitative 
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interpretation of the experimental data, (46 - 47) IR of the 

headspace (Figures 18 and 19) revealed that the gas was a 

mixture of carbon dioxide (with the maxima of the P and R 

branches of its asymmetric stretching band at 2357 and 2337 

cm- l ), carbon monoxide (2168 and 2119 cm- l ), and, after an 

-1 induction period, nitrous oxide (2233 and 2212 cm ). In 

these experiments, the volume of the headspace was much 

greater than the volume of the solution in order to 

facilitate the evolution of the gas from the liquid phase 

into the headspace and minimize the amount of gas which was 

dissolved in the liquid phase. Also, the headspace was 

initially evacuated in order to facilitate the diffusion of 

the evolved gas into the IR path. According to empirical 

relationships between the absorbance and the pressure for 

each of the gases (Appendix B) and the ideal gas law, 

roughly equivalent amounts of carbon dioxide and carbon 

monoxide evolved from the decomposition of 0.352 mmol of 

FeCP(co)2(N02 ) in chloroform at 25 °c (Figure 20) and 0.263 

mmol at 30 °c (Figure 21). The evolution of carbon dioxide 

followed first-order kinetics at 25 and 30 °c (Figures 22 

and 23), but the evolution of carbon monoxide deviated from 
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first-order kinetics during the second half-life of the 

FeCP(CO)2(N02 ). The yield of nitrous oxide was so low that 

the induction period in its evolution does not appear in the 

kinetics of the total pressure (45). 

Monitoring the Decomposition of FeCp{CO)2(N02 ) by 

NMR. (48 - 50) Monitoring the decomposition of 

FeCP(CO)2(N02 ) in deuterated chloroform at 20, 30, and 40 

°c by 1H NMR (Figures 24 - 27) showed the intensity of the 

FeCP(CO)2(N02 ) signal (5.15 ppm) diminishing according to 

first-order kinetics (Figures 28 and 29) and the 

FeCp(CO) (NO) signal (4.91 ppm) emerging and initially 

growing in intensity according to first-order kinetics 

(Figures 30 and 31) and then subsequently diminishing in 

intensity according to first-order kinetics (Figures 30 and 

32). Another signal (5.06 ppm) slowly emerged and grew only 

weakly and very slowly in intensity and, therefore, is 

assignable to either the polymeric material which dissolves 

only slightly or an intermediate which reaches only a low 

steady-state concentration. After an induction period, the 

[FeCP(~-NO)]2 signal (4.75 ppm) emerged and grew in 

intensity as FeCp(CO) (NO) decomposed (Figure 33). After the 

intensity of the [FeCP(~-NO)]2 signal had ceased growing, a 

signal due to ferrocene (4.14 ppm) emerged. As the [FeCp(~-

NO)]2 signal diminished in intensity, the ferrocene signal 

grew in intensity. 
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Reversibility of the Oxygen Transfer Reactions. (51 

- 52) Comparison of the half-lives of FeCp{CO)2{N02 ) and 

FeCp{CO) (NO) in chloroform solutions saturated with carbon 

dioxide, carbon monoxide, and air (Table 50) to their half-

lives in pure chloroform solutions indicates that the 

decomposition reactions are not significantly reversible at 

ambient temperatures and pressures of the evolved gases and 

air. Experiment 53 also demonstrated that FeCp{CO) (NO) is 

an intermediate in the formations of the product which 

gives a 1H NMR signal at 5.06 ppm, [FeCP{~-NO)]2 (4.75 ppm), 

ferrocene (4.14 ppm), and the intractable brown precipitate 

during the decomposition of FeCP(CO)2(N02 ). (54) The 

failure of an attempt to prepare FeCp{CO) (NO) by reaction of 

[FeCp(~-NO)]2 with excess carbon monoxide also indicated 

that the decomposition of FeCp{CO) (NO) is irreversible. 

The Proposed Mechanism for the Decomposition of 

FeCp(CO)~{NO~~ The following reactions are proposed as 

steps in the mechanism of the decomposition of 

FeCp{CO)2{N02 ) in chloroform in the dark. 

FeCp{CO)2(N02 ) + 

FeCp(co)2(N02 ) + 

FeCp(CO) (NO) + CO2 (t) 

"FeCp(CO)NO "(+) + CO (t) 2 
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1/2 [FeCP(1l-NO)]2 

t a 

FeCp (CO) (NO) + CO ( t) + "FeCpNO" 

k2 -I- b 

1/2 "(FeCp) 0" 2 
(-I-) + 1/2 N20 (t) 

[FeCP(1l-NO)]2 + "FeO" (-I-) 

Those species which are included within quotation marks in 

the above scheme of reactions were not specifically 

identified in the course of decomposition of FeCP(CO)2(N02 ) 

and are not presumed to occur as quoted, but are 

intermediates suggested by the stoichiometry of the observed 

species. 

The values for the rate constants are reported in 

Table 54. Although the determinations of the reaction rates 

by infrared spectroscopy of the liquid and gaseous phases 

are complicated by the effect of light on the reactions and 

by the effect of the total pressure on the absorptivity of 

gaseous species 90 , they do provide semiquantitative 

confirmation of the nature and the rates of the reactions as 

determined by 1H NMR spectroscopy. 

The differential equation for the first-order rate 

of decomposition of FeCp(CO)2(N02 > and the integrated 



Table 54. Rate Constants of the Decomposition Reactions of FeCP(CO)L(N02 ) 

FeCp(CO)- Reactiona Method Solvent Temp. First-order 
L (N02 ) Rate Constant 

L = (0 C) x10 5 (s-l) 

CO k1 Manometry 1,1,2,2-C14C2H2 25 6.5 
IR of CO2 evolved .. 25 6.8 .. " 30 11.2 
IR of FeCP(CO)2(N02 ) CHC1 3 b 11.8 
" " 25 8.8 
IR of CO 2 amid liquid " b 19.3 -
" " 25 22 
H-1 NMR CDC1 3 20 6.2 

30 13.7, 14.4 
40 33 

k2 " .. 20 2.9 
30 5.3 
40 13.1 

PPh3 k1 IR of FeCp(CO) (PPh3 ) (N02 ) " b 13.1 
IR of CO2 evolved l,l,2,2-C14C2H2 30 30 
P-31 NMR CDC1 3 30 21 

.-

a. The rate constants k1 and k2 are for the first and second steps, respectively, 
in the decomposition of FeCP(CO)L(N02 > as described in the text. 

b. Warmed by continuous irradiation from the Nernst filament of the spectrometer. 
N 
o 
0'\ 
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equation for the concentration of FeCp(CO>2(N02 ) are given 

below. 

= (1 > 

[FeCp(CO)2(N02 )] = (2) 

According to equation 2, the slope of the linear dependance 

of the logarithm of the integrated lH NMR intensity of the 

FeCP(co>2(N02 ) signal (i.e., In(IoII) at 5.15 ppm) on time 

is the rate constant k 1 . These plots are shown in Figure 

29 and the rate constants are given in Table 54. The 

dependance of the intensity of the FeCp(CO)2(N02 ) signal on 

time at 20 °c as calculated with equation 2 is compared 

with the experimental data in Figure 34. 

The concentration of FeCp(CO) (NO) does not increase 

as fast as the concentration of FeCP(co>2(N02 ) decreases 

according to lH NMR (Figures 24 -27). The difference 

between the rate of decomposition of FeCP(CO)2(N02 ) and the 

rate of formation of FeCp(CO) (NO) may be ascribed to a 

combination of competitive side reaction(s) and the 

simultaneous decomposition of FeCp(CO) (NO) as it forms. 

Monitoring the decomposition of FeCP(CO)2(N02 ) in 1,1,2,2-

tetrachloroethane by headspace IR (in experiments 46 and 47) 

indicates that approximately equal amounts of carbon dioxide 

and carbon monoxide evolve (Figures 20 and 21) at the start 
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of the decomposition reactions, but does not afford 

information about the fraction of the total carbon monoxide 

which was generated from decomposition of FeCp(CO)2(N02 ). 

The data from monitoring the decomposition of FeCP(CO)2(N02 ) 

in chloroform at 30 °c by 1H NMR (experiment 49) are used in 

Table 55 to determine the fraction, f 1 , of the 

FeCP(CO)2(N02 ) which decomposes by the oxygen atom transfer. 

(The calculations of Table 55 are plotted in Figure 35.) 

According to those calculations, about 82 (± 11) % of 

FeCP(CO)2(N02 ) decomposes by oxygen atom transfer and the 

balance by carbon monoxide dissociation. 

Neglecting the rate of decomposition of 

FeCp(CO) (NO) in comparison to the rate of its formation 

during the first half-life of FeCp(CO)2(N02 ) yields the 

following two expressions and an alternative method of 

estimating the fraction, f 1 , of FeCp(CO)2(N02 ) which 

decomposes by oxygen atom transfer. 

d [FeCp(CO) (NO)] I dt ~ f1 k1 [FeCP(CO)2(N02 )]n 

~ f1 k1 ([FeCp(CO)2(N02 )]o exp(-k1 t))n (3) 

[FeCp(CO) (NO)] ~ (f1 [FeCP(CO)2(N02 )]on In) 

x (1 - exp(-n k1 t)) (4) 

According to the latter expression, the slope of the linear 

dependance of the concentration of FeCp(CO) (NO) on the 



Table 55. Calculations of the Millimoles of the Products during the Decomposition 
of 0.1067 Millimole of FeCp(CO)2(N02 ) in Chloroform at 30 °c and the Fraction of 

Oxygen Atom Transfer, f1 

Time 

(Hour) 

o 
0.033 
0.067 
0.100 
0.133 
0.167 
0.200 
0.344 
0.510 
0.677 
0.844 
0.986 
1.319 
1.653 
1.986 
2.319 
3.319 

FeCP(CO)2(N02 ) [FeCp(p-NO)]2 

FeCp (CO) (NO) 

A 

0.1067 
0.1047 
0.1018 
0.0974 
0.0955 
0.0943 
0.0911 
0.0853 
0.0800 
0.0712 
0.0676 
0.0592 
0.0521 
0.0441 
0.0388 
0.0306 
0.0187 

B 

o 
0.0009 
0.0034 
0.0052 
0.0051 
0.0082 
0.0091 
0.0139 
0.0204 
0.0241 
0.0277 
0.0313 
0.0377 
0.0409 
0.0439 
0.0432 
0.0402 

C 

o 
0.0001 
0.0005 
0.0007 
0.0007 
0.0012 
0.0008 
0.0015 
0.0019 
0.0024 
0.0035 
0.0037 
0.0056 
0.0063 
0.0091 
0.0098 
0.0149 

CO
2 

CO from Total 
FeCp(CO)2(N02 ) CO 

f1 

D 

o 
0.0011 
0.0044 
0.0066 
0.0065 
0.0106 
0.0107 
0.0168 
0.0024 
0.0291 
0.0035 
0.0387 
0.0489 
0.0535 
0.0621 
0.0628 
0.0699 

E 

o 
0.0009 
0.0005 
0.0027 
0.0047 
0.0019 
0.0049 
0.0046 
0.0025 
0.0064 
0.0044 
0.0087 
0.0058 
0.0092 
0.0058 
0.0134 
0.0182 

F 

o 
0.0012 
0.0015 
0.0041 
0.0061 
0.0042 
0.0065 
0.0076 
0.0063 
0.0112 
0.0115 
0.0162 
0.0170 
0.0218 
0.0241 
0.0329 
0.0479 

D 
D + E 

0.564 
0.893 
0.708 
0.583 
0.851 
0.686 
0.785 
0.908 
0.818 
0.886 
0.816 
0.894 
0.854 
0.914 
0.824 
0.794 

Average 0.82 
std. Dev. 0.11 

A, B, C: Calculated from the initial concentration of FeCp(CO)2(N02 ) and the H-1 
NMR intensities. 

D = B + 2 C 
E = (0.1067 millimole) - A - D 
F = E + 2 C 
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exponential term gives the fraction of FeCP(CO)2(N02 ) which 

decomposes by oxygen atom transfer. Use of the data from 

experiment 49 in this method (Figure 36) yields, for a 

first-order reaction (n = 1), f1 ~ 0.73. This agrees with 

the above method within one standard deviation. 

The rate con~tant for the oxygen atom transfer 

reaction, k 1a , equals f1 k1 . The differential equation for 

the first-order rates of formation and decomposition of 

FeCp(CO) (NO) and the integrated equation for the 

concentration of FeCp(CO) (NO) are given below. 

d [FeCp(CO) (NO)] / dt = f1 k1 [FeCP(CO)2(N02 )] 

k2 [FeCp(CO) (NO)] (5) 

[FeCp(CO) (NO)] = (f 1 k1 [FeCp(CO)2(N02 )]0 / (k1 - k 2 » 

x (exp (-k 2 t) - exp(-k
1 

t» (6) 

After almost all of the original FeCp(CO)2(N02 ) has 

decomposed, the first term in the rate equation 5 becomes 

negligible. At these times, consequently, the slope of the 

linear dependance of the logarithm of the integrated 1H NMR 

intensity of the FeCp(CO) (NO) signal (i.e., In(Io/I) at 4.91 

ppm) on time is the rate constant k 2 . These plots are shown 

in Figure 32 and the rate constants are given in Table 54. 

The dependance of the intensity of the FeCp(CO) (NO) 

signal on time at 20 °c with equation 6 is compared with the 
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experimental data in Figure 37. At the time, t max ' of the 

maximum concentration of FeCp(CO) (NO), [FeCp(CO) (NO)]max' 

the rate of change in the concentration of FeCp(CO) (NO) is 

zero. Consequently, differentiation of equation 6 yields 

the following equations for the maxima. 

(7 ) 

[FeCp(CO) (NO)]max = 

= 

f1 [FeCP(CO)2(N02 )]o exp(-k1 t max ) 

f1 [FeCP(CO)2(N02 )]o 

x (k /k ) (k2 /(k1-k2 ) 
2 1 (8 ) 

Table 56. Experimental and Calculated Magnitudes and Times 
of the Maxima in the H-1 NMR Intensities of the FeCp(CO) (NO) 

Signals during the Decompositions of FeCp(CO)2(N02 ) 

Temperature 

20 
30 
40 

Maximum Intensity 
of FeCp(CO) (NO) 

Signal (04.91 ppm) 

Exp. Calc. Ratio 

32 
37 
44 

41 
44 
44 

1.28 
1.18 
0.99 

Time of the Maximum 

Exp. 

7 
3 
0.9 

(hour) 

Calc. 

6.4 
2.5 
1.3 

The times and the magnitudes of the calculated maxima in 

the concentrations of FeCp(CO) (NO) match those of the 
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experimental maxima (Table 56) within experimental error.! 

As the temperature increased, the magnitude of the 

experimental maximum intensity of the FeCp(CO) (NO) signal 

increased more than the magnitude which is the calculated by 

presuming constancy (i.e., f1 ~ 0.82) in the ratio between 

the reaction rates of the two decomposition pathways. The 

increasing proportion of FeCp(CO) (NO) from the decomposition 

of FeCp(CO)2(N02 ) as the temperature increased is consistent 

with the entropy of activation in the proposed oxygen atom 

transfer reaction being less negative than that in the 

proposed carbon monoxide dissociation reaction. 

! Differentiation of the equations 7 and 8 with 
respect to the rate constants yields 

d t / t = max max 

= 

d [FeCp (CO) (NO)] 
max 

dk1 
= 

= 

dk1 

(k1-k2 ) 

[(l/(k 
1 t max )) - 1] 

dk2 

(k1 -k2 ) 

[1 - (l/(k 
2 t max ))] 

/ [FeCp(CO) (NO)]max 



The rate of formation of [FeCp(~-NO)]2 depends on 

the concentration of FeCp(CO) (NO). 

-- k2a' [FeCp(CO) (NO)]n 
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(9) 

Second-order kinetics (i.e., n = 2 in equation 9) would be 

readily understood as indicative a single bimolecular 

reaction step involving dimerization and generation of two 

molecules of carbon monoxide. However, if FeCp(CO) (NO) loss 

the carbonyl ligand according to first-order (or pseudo-

first-order) kinetics to yield an unstable intermediate 

"FeCpNO" (e.g., FeCp(NO) (solvent» which then reacted to 

yield [FeCp(~-NO}]2' then the steady-state approximation 

would lead to apparent first-order kinetics (n = 1). In an 

investigation of the order of the formation reaction of 

[FeCp(~-NO)]2' the dependance of its rate of formation on 

the concentration of FeCp(CO) (NO) was estimated by numerical 

differentiation of the intensities of the [FeCp(~-NO)]2 

signals as a function of time and division of each 

derivative by (a) the intensity of the FeCp(CO) (NO) signal 

at that time and (b) the square of that intensity (e.g., 

Table 57). According to the following rearrangement of 

equation 9, the results will approximate either (a) a first-

order rate constant or (b) a second-order rate constant. 

k2a' ~ ( d [[FeCp(~-NO)]2]] / dt ) / [FeCp(CO) (NO)]n (10) 
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Table 57. Dependance of the Numerical Derivatives of the 
Intensity of the H-1 NMR Signal of [FeCp(~-NO)] (54.75) 

as a Function of Time on the Intensities ot the 
FeCp(CO) (NO) Signal (54.91) During Decompgsition of 

FeCP(CO)2(N02 ) in Chloroform at 20 C. 

Time A B AlB AlB 2 

(Hour) Change in I4. 7!5 
I4 . 91 (k ' for (k ' for 2a n=1* ) 2a n=2*) 

Change in Time 

5 -1 5 -1 7 -1 x 10 , s x10 , s x10 , s 

1 19.4 16.6 1.17 7.1 
2 28.5 21.9 1.30 5.9 
3 22.2 26.5 0.84 3.2 
4 27.8 30.0 0.93 3.1 
5 27.8 29.2 0.95 3.3 
6 25.7 30.9 0.83 2.7 
7 31.9 31.8 1.00 3.2 
8 35.4 31.5 1.12 3.6 
9 33.3 29.6 1.13 3.8 

11 26.3 24.2 1.09 4.5 
13 26.0 20.5 1.27 6.2 
15 26.0 17.1 1.52 8.9 
17 12.15 13.2 0.92 7.0 
19 6.94 10.6 0.66 6.2 

Ave. 1.05 4.9 
Std. Dev. 0.22 1.9 
ReI. Std. Dev. (% ) 21 38 

'I< d [[FeCP(~-NO)J2] I dt k2a' [FeCp (CO) (NO) ] n 
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The numerical analysis included only the data in which both 

the intensities of the FeCp(CO) (NO) signals and the rates of 

change in the intensity of the [FeCP(~-NO)]2 signals were 

substantially above detection limits in order to minimize 

the consequences of the limited precision. The data also 

excluded the time after which the formation of ferrocene 

from the decomposition of [FeCp(~-NO)]2 had become 

appreciable. Since numerical differentiation involves 

calculating small differences between large numbers, it 

amplifies the "noise" among the numbers. This is 

illustrated in Table 57. Although, the relative standard 

deviation for the calculated rate constant is smaller when 

the data are fitted to first-order kinetics than when fitted 

to second-order kinetics, these results alone do not 

satisfactorily contradict the possibility of second-order 

kinetics. In the following discussion, the order of the 

dependance is treated as one since the decomposition of 

FeCp(CO) (NO) followed first-order kinetics and the formation 

of [FeCP(~-NO)]2 was a major pathway in the decomposition of 

FeCp(CO) (NO) from its beginning to its end. The ratios, f 2 , 

of these first-order rate constants for the formation of 

[FeCP(~-NO)]2' k 2a , to the first-order rate constants for 

the decomposition of FeCp(CO) (NO), k 2 , at the three 

temperatures are compiled in Table 58. As in the case of 

f 1 , f2 increases as the temperature increases. 



Table 58. First-order Rate Constants for the Formation 
of [FeCP(~-NO)]2' k , and Comparisons to the Rate 
Constants of the De~8mposition of FeCp(CO) (NO), k2 

Temperature 

20 
30 
40 

2.9 
6.4 

13.1 

1.05 
2.1 
6.5 

0.36 
0.39 
0.49 

The difference between the rate constants for the 
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decomposition of FeCp(CO) (NO) and the concomitant formation 

of [FeCP(~-NO)]2 may be ascribed to another combination of 

competitive side reaction(s) and the simultaneous 

decomposition of [FeCp(~-NO)]2 as it forms. Monitoring the 

decomposition of FeCP(CO)2(N02 ) in 1,1,2,2-

tetrachloroethane under an initial vacuum by headspace IR 

(46 - 47) indicates not only concurrent evolution of carbon 

dioxide and carbon monoxide, but also, after an induction 

period, nitrous oxide (Figures 20 and 21). The induction 

period in the evolution of nitrous oxide is too brief and 

its subsequent rate of evolution is too rapid to be merely 

ascribed to the decomposition of [FeCP(~-NO)]2 in which 

ferrocene 87 and ferrous oxide may be produced. The rate of 



evolution of the nitrous oxide decreases (according to 

headspace IR) at the same time that the concentration of 

FeCp(CO) (NO) reaches its maximum (according to 1H NMR). 
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Consequently, the decomposition of FeCp(CO) (NO) or another 

product from the decomposition of FeCp(CO)2(N02 ) probably 

generates nitrous oxide. 

The differential equation for first-order rates of 

formation and decomposition of [FeCp(~-NO)]2 is given below. 

= f2 k2 [FeCp(CO) (NO)] 

k3 [[FeCp(~-NO)]2] (11) 

The experiments indicated that the decomposition of 

[FeCP(~-NO)]2 is much slower than its formation. 

Consequently, as long as a substantial concentration of 

FeCp(CO) (NO) remains, the second term in the rate equation 

(11) for the concentration of [FeCP(~-NO)]2 is negligible. 

-- f2 k2 [FeCp(CO) (NO)] (12) 

Substitution of equation 6 into equation 12 yields the 

following differential equation for the rate of formation of 

[FeCp(~-NO)]2 at these times. 
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d[[FeCP(NO)]2]/dt ~ (f 2 k2 f1 k1 [FeCp(CO)2(N02 )]0 /(k1-k2 » 

x (exp(-k2 t) - exp(-k1 t» (13) 

Integration of this equation yields the following dependance 

of the concentration of [FeCp(p-NO)]2 on time. 

[[FeCP(p-NO)]2] ~ (f 2 f1 [FeCp(CO)2(N02 )]0 / (k1 - k 2 » 

x (k2 (exp(-k1 t) - 1) - k1 (exp (-k2 t) - 1» (14) 

The dependance of the intensity of the [FeCP(p-NO)]2 signal 

(at 4.75 ppm) on time at 20 °c as calculated with equation 

14 is compared with the experimental data in Figure 38. The 

calculated dependance of the concentrations of 

FeCP(CO)2(N02 ), FeCp(CO) (NO), and [FeCp(p-NO)]2 on time at 

20 °c are shown together in Figure 39. 

The differential equation for the first-order rate 

of formation of carbon dioxide and the integrated equation 

for the number of carbon dioxide in and above a solution of 

volume V are given below. 

d NOCO / dt = f1 k1 V [FeCp(CO)2(N02 )] 

= f1 k1 V [FeCp(CO)2(N02 )]0 exp(-k1 t) 
(15) 

(16) 

The differential equation for the rate of formation of 

carbon monoxide is given below. 
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d NCO / dt = (1 - f 1 ) k1 V [FeCP(CO)2(N0 2 )] + 

k2 V [FeCp(CO) (NO)] (17) 

Substitution of equations 2 and 6 into equation 17 yields 

the following differential equation for the rate of 

formation of carbon monoxide. 

d Nco / dt = (k1 [FeCp(CO)2(N02 )]o / (k1 - k 2 ) 

x [(k1 - k2 + f1 k 1 ) exp(-k1 t) + f1 k2 exp(-k2 t)] (18) 

The last differential equation has not been solved in closed 

form. During the first half-life of the decomposition of 

FeCP(CO)2(N02 ), the second term of equation 17 is much 

smaller than the first tBrm. Integration of the approximate 

differential equation for the early decomposition of 

FeCp(CO)2(N02 ) yields the same equation as 16 except that 

the factor f1 is replaced by 1 - fl· 

Although replacing an initial atmosphere of nitrogen 

with an initial atmosphere of carbon monoxide does not 

significantly retard the rates of the decompositions of 

FeCP(CO)2(N02 ) and FeCp(CO) (NO) (as discussed above), 

replacing it with an initial vacuum (except for the vapor of 

1,1, 2, 2-tetrachloroethane) in the headspace approximately 

doubles the fraction of FeCP(CO)2(N02 ) which decomposes by 

carbon monoxide dissociation). This is seen by comparison 
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of the amounts of carbon dioxide and carbon monoxide 

generated during the early decomposition of FeCP(CO)2(N02 ) 

at 30 °c according to the NMR data (Figure 35) and the 

amounts according to the headspace IR data (Figures 20 and 

21). Despite the differences in the headspaces, the 

pressures, and the polar chlorohydrocarbon solvents in the 

experiments, both IR and NMR have shown that FeCp(CO)2(N02 ) 

undergoes oxygen atom transfer and carbon monoxide 

dissociation reactions at comparable rates at ambient 

temperatures. 

The determinations of the reaction rates by lH NMR 

at 20, 30, and 40 °c were used to calculate the 

thermodynamic parameters of activation in the reactions. 

The logarithms of the rate constants each divided by the 

absolute temperatures (i.e., In(kx/T)) were plotted versus 

the reciprocals of the absolute temperatures (Figure 40). 

From these Eyring plots, the enthalpies and entropies of 

activation were calculated (Table 59). 
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Table 59. Thermodynamic Activation Parameters of 
Decomposition Reactions of FeCP(co)2(N02 ) 

Reaction 
Rate Constant 

Enthalpy of 
Activation 

(KJ/mol) 

62 

55 

Entropy of 
Activation 

(J/mol K) 

-115 

-145 

All the entropies of activation are negative. This is as 

would be expected for reactions of polymerization, 

dimerization, and the formation of FeCp(CO) (NO) via an 

activated complex in which an oxygen atom from the nitro 
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group of FeCP(co)2(N02 ) is intramolecularly shared with the 

carbonyl group (Figure 41). This activated complex 

corresponds to species which have been proposed in the 

mechanisms for the oxygen atom transfer in cis-

13b 
Fe(S2CNMe2)2(NO) (N02 ), the oxidation of carbon monoxide 

to carbon dioxide by Ni(PEt
3

)2(N0
2

)2,12e and the oxidation 

of alkenes to ketones and epoxides by 

Pd(MeCN)2Cl(N02)10b,d,e and [Rh(MeCN)4(N0
2

)] (BF
4

)2. 10f As 

the transfer of the oxygen atom is completed, carbon 

dioxide is released and FeCp(CO) (NO) is formed. In contrast 

to the oxygen atom transfer between the nitro and carbonyl 

ligands, the nitrite ion does not oxidize carbon monoxide in 

1 t · 12f so u 10n. 
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The Balance of Elemental Masses in the Decomposition 

of FeCp(CO)~(NO~~ After monitoring the decomposition of 

23.8 mg of FeCp(CO)2(N02 ) in 0.42 m1 of deuterated 

chloroform at 30 °c by lH NMR (49) until the concentration 

of FeCp(CO) (NO) had reached the maximum (3.3 hours), 3.2 mg 

of precipitate was separated and found to contain 21.92 % 

carbon, 1.96 % hydrogen, and 4.29 % nitrogen by mass. The 

low content of these elements indicates that the precipitate 

is not simply "FeCp(CO) (N02 ) II (37.04 % C, 2.59 % H, and 7.20 

% N), II FeCpNO II (39.79 % C, 3.34 % H, and 9.28 % N), 

"(FeCp)2o" (46.58 % C and 3.91 % H), or a mixture of such 

products of simple CO, CO2 , and N20 loss. Consequently, the 

precipitate may include chlorine and/or iron oxides. The 

insolubility and featureless infrared absorption spectrum 

discouraged further investigation of the precipitate. At 

the time of the interruption of the decomposition reactions, 

the concentration of FeCP(CO)2(N02 ) had declined to 17.5 % 

of its original concentration. The intensities of the 

FeCp(CO) (NO) and [FeCp(p-NO)]2 signals were 37.6 and 27.8 %, 

respectively, of the initial intensity of the FeCp(CO)2(N02 ) 

signal. A cyc10pentadieny1 lH NMR signal at 05.06 ppm had 

an intensity of 5.1 % of the initial intensity of the 

FeCP(CO)2(N02 ) signal. A signal of ferrocene had not 

appeared. The distribution of the initial masses of carbon, 

hydrogen, and nitrogen in the sample of FeCP(CO)2(N02 ) among 

the products of its decomposition is analyzed in Table 60. 
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Table 60. Balance of Elemental Masses in the Decomposition 
o of FeCP(co)2(N02 ) in CDC1 3 at 30 C for 3.3 Hours 

Distribution Milli- Mass (mg) of Element 
mole 

C H 

Initial FeCp(co)2(N02 ) 0.1067 8.966 0.538 

Unreacted FeCp(CO)2(N02 ) 0.01869 1.570 0.094 

Products: 

FeCp(CO) (NO) 0.0402 2.895 0.202 

[FeCp(1l-NO)]2 0.0149 1.784 0.150 

CO2 0.063 a 0.761 

CO 0.054 a 0.654 

N20 0.010 a 

Unidentified Solute 0.0054b 
~0.326 0.027 

Precipitate (3.2 mg) c 0.701 0.063 

Total Account (mg) ~8.691 0.536 

% Accounted > 96.9 99.6 

a. Calculated from the headspace IR experiments with 
consideration of the sample sizes. 

N 

1.494 

0.262 

0.562 

0.416 

0.27 

? 

0.137 

~1.65 

~110 

b. Solute gives H-1 NMR signal at 05.06 ppm. Since this is 
characteristic of cyclopentadienyl hydrogens, at least 
an equal number of carbon atoms is associated with the 
number of hydrogen atoms. 

c. Mass of precipitate was 21.92% C, 1.96% H, and 4.29% N. 
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The masses are, within the experimental limits, 

satisfactorily accounted. 

The Decomposition of FeCp(CO)2(N02 ) in KBr 

Suspension. (55) The decomposition of FeCP(CO)2(N02 ) in a 

compressed suspension with potassium bromide was monitored 

by IR. Again, the disappearance of the carbonyl (2059 and 

-1 -1 2004 cm ) and nitro (1379, 1311, and 817 cm ) bands of 

FeCp(CO)2(N02 ) and concomitant emergence and growth of the 

bands of [FeCP(~-NO)]2 (1495, 1485, 854, 838, 821, 713, and 

581 cm-1 ) and carbon dioxide (2337 cm-1 ) was observed. A 

weak and transient band appeared (on the slope of a strong 

band) at 1720 cm-1 and may be assigned to the nitrosyl 

group of FeCp(CO) (NO). (56) When the procedure of 

experiment 55 was repeated with FeCP(CO)2(15N02 ), an 

unresolved doublet of new bands which may be assigned to the 

bridging nitrosyls of [FeCP(~-15NO)]2 appeared at 1468 and 

1454 cm-1 A weak and transient band appeared (on the slope 

of a strong band) at 1686 cm-1 and may be assigned to the 

nitrosyl group of FeCp(CO) (15NO ). Interestingly, the 

decomposition within the potassium bromide pellet also 

-1 yielded [FeCP(CO)2]2 (1952, 1932, 1760, 830, and 644 cm ). 

The formation of the latter dimer when the FeCp(CO)2 group 

is in the presence of carbon dioxide and cationic alkali has 

been observed by others. 91 The presence of cationic alkali 

is probably unnecessary for the formation of [FeCP(CO)2]2 

because (57) periodically preparing fresh potassium bromide 
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pellets from a batch of whole crystals of FeCP(CO)2(N02 ) (as 

it decomposed in the solid state) and immediately examining 

the pellets by IR yielded similar spectra - except that a 

band at 2337 cm-1 due to entrapped carbon dioxide did not 

appear. The rate of decomposition of FeCp(Co)2(N02 ) within 

whole crystals is slower than the rate of decomposition when 

ground to a powder which - in turn - is much slower than the 

rate of decomposition when dissolved. This decrease in the 

rate of decomposition of FeCP(Co)2(N02 ) as its surface area 

decreases suggests that the rate-limiting step not only 

involves transfer of an oxygen atom from the nitro ligand to 

the carbonyl ligand, but also release of the resulting 

carbon dioxide. The inability of carbon dioxide to 

stabilize FeCP(Co)2(N02 ) in solution (51) indicates that 

crystalline packing forces are also required in the 

stabilization afforded by entrapment of the carbon dioxide 

within solids. This may be related to the distortions the 

carbonyl and nitro ligands of FeCP(co)2(N02 ) and 

RUCP(CO)2(N0
2

) from the otherwise mirror-plane symmetry of 

the whole molecules in crystals (as discussed in Chapter 6). 

Attempted Reaction of FeCp(CO)~(NO~) with 

Diphenylacetylene. In order to test whether a 

coordinatively unsaturated complex such as the intermediate 

FeCp(CO) (NO) would readily accept an alkyne into 

coordination and whether it would then produce, for example, 

a cyclopropenone. (58) Equimolar amounts of FeCp(co)2(N02 ) 
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and diphenylacetylene were mixed together .in 

dichloromethane for five hours under irradiation and in the 

dark at room temperature. While the intensities of the 

carbonyl (2067 and 2023 cm-1 ) and nitro (1392 and 1308 cm-1 ) 

bands of FeCp(CO)2(N02 ) diminished and the carbonyl (1995 

cm-1 ) and nitrosyl (1757 cm-1 ) bands of FeCp(CO) (NO) emerged 

and grew in intensity during those times, the intensities of 

the bands of diphenylacetylene (1600, 1575, and 1497 cm-1 ) 

stayed constant. This indicates that coordination or 

another reaction of the alkyne had not occurred in the 

presence of FeCp(co)2(N02 ) and FeCp(CO) (NO). 

The Decompositions of FeCp(CO) (PPh3 ) (N02 ) and RuCP(CO)2(N02 ) 

The decomposition of FeCp(CO) (PPh3 ) (N02 ) was not 

investigated as extensively as that of FeCp(CO)2(N02 ), but 

analogous formations of brown intractable precipitate (59), 

an intermediate nitrosyl complex, carbon dioxide, carbon 

monoxide, and nitrous oxide were observed. (60) The 

nitrosyl intermediate did not survive efforts to separate it 

from the reaction mixture by column chromatography. 

Irradiation of the solution of FeCp(CO) (PPh3 ) (N02 ) during 

decomposition in experiment 61 was intended to promote 

polymerization (instead of dimerization) and thereby yield a 

precipitate which can be removed by filtration (instead of 
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soluble species), but this also did not allow isolation of 

the nitrosyl intermediate. 

The Decomposition of FeCp(CO) (PPh3 ) (NO~~ 

Solution. (62) When the decomposition of 

FeCp(CO) (PPh3 ) (N02 ) in chloroform was monitored by IR of the 

solution (Figure 42), the intensities of the carbonyl (1980 

cm-1 ) and nitro (1355 and 1299 cm-1 ) bands of 

FeCp(CO) (PPh3 ) (N02 ) diminished according to first-order 

kinetics (Figure 43) and, concomitantly, the bands of the 

intermediate (1720 cm-1 ) and carbon dioxide (2337 cm-1 ) 

emerged and grew in intensity. The additional formation of 

weak bands at 1669 and 1223 cm-1 is interesting in that such 

bands may be due to coordinated carbon dioxide. 37 ,91,92 

(63) The evolution of gas from FeCp(CO) (PPh3 ) (N02 ) as it 

decomposed in 1,1,2,2-tetrachloroethane under an initial 

vacuum at 30 °c was monitored by IR of the headspace. 

Again, the gas was found to be a mixture of carbon dioxide, 

carbon monoxide, and nitrous oxide. The absorbance by 

carbon dioxide increased according to first-order kinetics 

(Figures 44 and 45). 

(64) Monitoring the decomposition of 

FeCp(CO) (PPh
3

) (N0
2

) in deuterated chloroform at 30 °c by 31p 

NMR (Figure 46) showed the intensity of the signal of 

FeCp(CO) (PPh3 ) (N0 2 ) (68.59 ppm) diminishing according to 

first-order kinetics (Figure 47) and a new signal at 62.00 

ppm emerging and initially growing in intensity according to 
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first-order kinetics (Figure 48) and then subsequently 

diminishing slowly in intensity. After an induction period, 

another new signal emerged at 64.56 ppm and grew in 

intensity. The intermediate in the decomposition of 

FeCp(CO) (PPh3 ) (N02 ) decomposes more slowly than FeCp(CO) (NO) 

- the intermediate in the decomposition of FeCP(CO)2(N02 ). 

Broadening of all the signals prevented further monitoring 

of the decomposition reactions by 31p NMR. 

Although the determinations of the reaction rates by 

infrared spectroscopy of the liquid and gaseous phases are 

complicated by the effect of light on the reactions and by 

the effect of total pressure on the absorptivity of gaseous 

" 90 h d "d " t" t" f" " f speC1es , t ey 0 prOV1 e sem1quan 1ta 1ve con 1rmat10n 0 

the nature and the rates of the reactions as determined by 

31p NMR spectroscopy. The first-order rate of evolution of 

carbon dioxide approximates the first-order rate of 

decomposition of FeCp(CO) (PPh3 ) (N02 ) (Table 54). In analogy 

to the reactions of FeCP(CO)2(N02 ), the evolution of carbon 

monoxide and nitrous oxide and the precipitation of brown 

powder in the decomposition of FeCp(CO) (PPh3 ) (N02 ) indicate 

that side reaction(s) may again accompany oxygen atom 

transfer. 

The Decomposition of FeCp(CO) (PPh
J

> (NO~) in KBr 

Suspension. (65) The decomposition of FeCp(CO) (PPh3 ) (N02 ) 

in a compressed suspension with potassium bromide was 

monitored by IR. Again, the disappearance of the carbonyl 
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(1965 cm-1 ) and nitro (1348, 1299, and 814 cm-1 ) bands of 

FeCp(CO) (PPh3 ) (N02 ) and concomitant emergence and growth of 

a nitrosyl-like strong band at 1675 cm-1 and the carbon 

dioxide band at 2337 cm-1 was observed. 

The Decomposition of RUCp(CO)~(NO~~ (66 - 70) 

RUCP(CO)2(N02 > was stable in the solid state at room 

temperature in the dark even under air, but decomposed with 

evolution of carbon dioxide over a period of several days in 

the solid state at 40 °c even in the dark and in solution. 

The IR spectra of the decomposition products include a 

variety of bands assignable to carbonyl, nitrosyl, and 

carbon dioxide ligands and, therefore, indicate that the 

decomposition of RuCP(CO)2(N02 ) warrants further 

investigation. 

In conclusion, it is noted that FeCP(co)2(N02 ), 

RUCP(CO)2(N02 ), and FeCp(CO) (PPh3 ) (N02 ) are three more 

examples of the observation that in all compounds in which 

the mode of coordination of a N02 ligand has been determined 

and in which transfer of an oxygen atom from the N02 group 

to another group has been reported, the N02 group has been 

found to be bonded to the metal via its nitrogen 

atom. 10- 14 Isomerization of those oxygen-atom-transfer 

reagents to other modes of N02 coordination has not been 

reported. Furthermore, Grundy, Laing, and Roper12b observed 

that Ir(PPh3 )2(Co>2(ONO>2 isomerized to Ir(PPh3 )2(CO)2(N02 >2 

before the oxygen atoms were transferred and Ir(PPh3 )2(NO)2 
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was formed. For these reasons, linkage isomerism was not 

included in the proposed mechanism of oxygen atom transfer 

in FeCp(CO)2(N02 ). 



Chapter 9 

CONCLUDING REMARKS 
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This research has explored an undeveloped, but 

potentially important, class of compounds. The kinetic and 

mechanistic investigations of the oxygen atom transfer and 

other decomposition reactions of FeCP(CO)2(N0
2

) and some 

related compounds provide a basis for additional 

investigations of the reactions. The newly characterized 

compound FeCp(CO) (NO) may yet be isolated in a pure form by, 

for example, distillation from another solvent or 

crystallization at low temperature. Investigation of the 

oxygen atom transfer reactions of FeCp(CO) (PPh3 ) (N02 ) and 

RUCP(CO)2(N02 ) may afford new compounds - including 

FeCp(C02 ) (PPh3 ) (NO) or RUCP(C02 ) (CO) (NO), FeCP(PPh3 ) (NO), 

and RuCp(CO) (NO). The preparation of other derivatives of 

FeCP(CO)2(N02 ) besides FeCp(CO) (PPh3 ) (N02 ) and 

RuCP(CO)2(N02 ) - including olefinic derivatives - may expand 

the utility of their capacity for oxygen atom transfer 

reactions. Many N02 organometallics containing metals other 

than those of the iron group and ligands other than those of 

the cyclopentadienyl and carbonyl groups have yet to be 

pursued. 



Appendix A 

ANGULAR ORIENTATION OF THE BASICITY OF THE NITRITE ION 

The nitrite ion is a strong base. The angular 

orientation of its basicity (i.e., its electron density) 
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was investigated by extended Huckel calculations of the 

orbital energies of hydrogen nitrite as the proton was moved 

among a set of sixty eight positions smoothly spanning 

nitro, exo-nitrito, endo-nitrito, bidentate, coplanar 

lateral, oblique lateral, and facial protonation of the 

nitrite anion. During the calculations, the proton was kept 

at a distance of one hundred picometers (1 A) from the 

nearest atom except for the four special positions (A - D) 

described below. The fixed coordinates of the N02 atoms 

were derived from the observed structure of sodium 

nitrite82 and are listed in Table 61. The coordinates of 

the positions of the proton are listed in Table 62. The 

calculations were done with the Huckel constant, k, set at 

1.75 and without iteration of the charge. The Slater-type 

orbital exponents and the valence shell ionization 

potentials are listed in Table 63. 



Table 61. Coordinates of the Atoms of Nitrite in the Extended Huckel Calculations 

Atom 

NaN02 N 
01 
02 

exo-HONO 
N 
01 
02 
H 

endo-HONO 
N 
01 
02 
H 

Distance (A) 

N-O 

Distal 
Proximal 

1.240 

1.177/1.433 

1.185/1.392 

Angle (deg) 

O-N-O N-O-H 

114.9 

110.65 102.05 

113.55 104.00 

Ref. Coordinates (A) 

x y z 

82 
0 0 0 
0 1.045224 0.667164 
0 -1.045224 0.667164 

93 
0 0 0 
0 1.178021 0.814181 
0 -0.962489 0.665217 
0 1.906392 0.128998 

93 
0 0 0 
0 1.164776 0.762208 
0 -0.991566 0.648862 
0 0.835909 1.706584 

N 
~ 
00 
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Table 62. Coordinates of the Hydrogen Atom 
of Hydrogen Nitrite in the Extended Huckel Calculations 

Position Coordinates (A) 

x Y Z 

1 0 0 -1 
2 0 0.173648 -0.984808 
3 0 0.342020 -0.939693 
4 0 0.538035 -0.842922 
5 0 0.642788 -0.766044 
6 0 0.766044 -0.642788 
7 0 0.866025 -0.5 
8 0 0.944756 -0.327776 
9 0 1.089715 -0.331846 

10 0 1.262516 -0.308943 
11 0 1.507747 -0.219444 
12 0 1.583259 -0.175758 
13 0 1.669104 -0.114356 
14 0 1.747998 -0.044249 
15 0 1.818142 0.032658 
16 0 1.879912 0.116440 
17 0 1.932637 0.206190 
18 0 1.969437 0.285287 
19 0 1.999203 0.367290 
20 0 2.021709 0.451576 
21 0 2.036782 0.537503 
22 0 2.044310 0.624417 
23 0 2.044234 0.711655 
24 0 2.021331 0.884456 
25 0 1.968769 1.050654 
26 0 1.888146 1.205199 
27 0 1.781911 1.343397 
28 0 1.653293 1.461048 
29 0 1.506198 1.554577 
30 0 1.427101 1.591377 
31 0 1.345097 1.621143 
32 0 1.260812 1.643649 
33 0 1.174885 1.658722 
34 0 1.087972 1.666250 

The table is continued on the next page. 



250 

Table 62 (Continued from the previous page). 

position Coordinates (A) 

x Y Z 

35 0 1.000733 1.666174 
36 0 0.908068 1.657713 
37 0 0.816590 1.640676 
38 0 0.727092 1.615210 
39 0 0.613925 1.569373 
40 0 0.507189 1.510086 
41 0 0.435770 1.459986 
42 0 0.368991 1.403851 
43 0 0.251340 1.275233 
44 0 0.157811 1.128138 
45 0 0.100468 0.994940 
46 0.342020 0 -0.939693 
47 0.707107 0 -0.707107 
48 1 0 0 
49 0.942721 0 0.333582 
50 0.744911 0 0.667164 
51 0.342020 0 0.939693 
52 0 0 1 
53 0 -0.842922 -0.538035 
54 0.342020 -0.792088 -0.505588 
55 0.707107 -0.596036 -0.380448 
56 0.866025 -0.421461 -0.269018 
57 0.939693 -0.288296 -0.184019 
58 0.984808 -0.146372 -0.093429 
59 0.928233 0.313567 0.200149 
60 0.784602 0.522612 0.333582 
61 0.496564 0.731657 0.467015 
62 1 1.045224 0.667164 
63 0.707107 1.641260 1.047612 
64 0.342020 1.837312 1.172752 
A 0 1.060647 -0.509340 
B 0 -0.015423 1.176504 
C 1 0 0.333582 
D 1 0.522612 0.333582 



Table 63. The Slater-type Orbital Exponents and 
the Valence Shell Ionization Potentials which were 

Used in the Extended Huckel Calculations 
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Atom Principal 
Quantum 
Number 

Slater 
Exponent 

Valence Shell 
Ionization Potential 

H 
N 
o 

1 
2 
2 

sand p 

1.3 
1.950 
2.275 

s p 

-13.6 
-26.0 -13.4 
-32.3 -14.8 

The calculation of the orbital energies of the 

nitrite anion yielded results that agreed with those of 

others in that the lowest unoccupied molecular orbital 

(LUMO) is 2b1 and the highest occupied molecular orbitals 

58 (HOMOs) are 6a1 , 4b2 , and la
2

. These results are 

reported in Tables 64 and 65. 

The Positions of the Proton in Hydrogen Nitrite 

In the Planar Nitro Set of nine calculations, the 

position of the proton was moved, within the plane of the 

N02 atoms, from symmetrical nitro protonation (position 1) 

around the nitrogen atom towards the nitrogen-oxygen bond 

until the proton was 100 pm not only from the nitrogen atom, 

but also from the oxygen atom (position 8). An additional 

calculation was done with the proton located 100 pm from the 



Table 64. Orbital Energies (eV) of Anionic Nitrite and Hydrogen Nitrite 
according to Extended Huckel Calculations 

Orbital Anionic Isomers of Hydrogen Nitrite 
Nitrite* 

Nitro exo-Nitrito endo-Ni tri to Chelate 

Position 1* Position 19 Position 34 Position 52* 

13 18.476 (8a1 ) 15.700 16.370 19.036 (8a1 ) 
12 15.452 (7a1 ) 7.100 (7a1 ) 8.524 7.562 11.247 (7a1 ) 
11 6.784 (5b ) 6.784 (5b ) 0.388 0.854 6.784 (5b ) 
10 lumo -10.783 (2b~) -10.783 (2b~) -10.783 -10.783 -10.783 (2b~) 
--------- -------------- -------------- ------------- -------------- --------------

9 homo -12.552 (6a1 ) -14.295 (6a1 ) -12.557 -13.068 -12.729 (6a1 ) 
8 -14.295 (4b2 ) -14.389 (4b2 ) -14.637 -14.491 -14.295 (4b2 ) 
7 -14.673 (la2 ) -14.673 (la2 ) -14.673 -14.673 -14.673 (la2 ) 
6 -16.009 (5a1 ) -16.020 (3b2 ) -16.017 -16.009 -16.020 (3b2 ) 
5 -16.020 (3b 2 ) -16.290 (lb1 ) -16.290 -16.290 -16.290 (lb1 ) 
4 -16.290 (lb1 ) -16.734 (5a1 ) -17.079 -16.779 -16.416 (5a1 ) 
3 -20.697 (4a1 ) -21.831 (4a1 ) -21.302 -21.399 -20.774 (4a1 ) 
2 -32.150 (2b2 ) -32.150 (2b2 ) -32.353 -32.341 -32.150 (2b2 ) 
1 -36.692 (3a1 ) -36.692 (3a1 ) -36.713 -36.713 -36.718 (3a1 ) 

SUM of -358.757 -366.148 -363.242 -363.525 -360.128 
Occupied 
Orbital 
Energies 

* The C2v symmetry representation of the molecular orbital is given in parentheses. 
N 
I.n 
N 



Table 65. Coefficients of the Linear Combinat~ons of Atomic Orbitals in 
the Molecular Orbitals of the Nitro Isomer of Hydrogen Nitrite (Position 1) 

according to Extended Huckel Calculations 

Atom
ic 
Orbi- pal 
tal 

2b2 4a1 5a1 

H s -0.00 0 0.30 -0.26 

N s -0.42 0 0.49 0.06 
Px 0 0 0 0 
Py 0 0.18 0 0 
P z -0.03 0 -0.30 0.37 

01s -0.51 0.65 -0.34 -0.15 
Px 0 0 0 0 
Py -0.04 -0.03 -0.20 -0.51 
Pz -0.03 0.02 -0.18 0.02 

02s -0.51 -0.65 -0.34 -0.15 
Px 0 0 0 0 
Py 0.00 0.03 0.20 0.51 
Pz -0.00 -0.02 -0.18 0.02 

Molecular Orbital 

1b1 3b2 1a2 6a1 4b2 2b1 5b2 7a1 8a
1 

0 0 0 0.29 0 0 0 -1.06 0.66 

0 0 0 0.03 0 0 0 0.15 -1.28 
0.51 0 0 0 0 0.89 0 0 0 
0 -0.33 0 0 -0.07 0 -1.21 0 0 
0 0 0 -0.19 0 0 0 -1.17 -0.24 

0 0.14 0 -0.00 -0.01 0 0.50 0.27 0.50 
0.52 0 -0.71 0 0 0.50 0 0 0 
0 0.36 0 -0.14 0.56 0 -0.40 -0.31 -0.49 
0 0.47 0 0.66 -0.46 0 -0.39 -0.01 -0.28 

0 -0.14 0 -0.00 0.01 0 -0.50 0.27 0.50 
0.52 0 0.71 0 0 -0.50 0 0 0 
0 0.36 0 0.14 0.56 0 -0.40 0.31 0.49 
0 -0.47 0 0.66 0.46 0 0.39 -0.01 -0.28 

N 
lJl 
W 
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outside of the nitrogen-oxygen bond and equidistant (but not 

100 pm) from the nitrogen and oxygen atoms (position A) • 

The results of these calculations are reported in Table 66 

and Figure 49. 

In the Planar Nitrito Set of forty one calculations, 

the position of the proton was moved, again within the 

plane of the N02 atoms, from position 8 around the oxygen 

atom through exo- and endo-nitrito protonation until 

symmetrically chelated and 100 pm from the nitrogen atom 

(position 52). This set not only includes position A again, 

but also includes an additional calculation with the proton 

located 100 pm from the inside of the nitrogen-oxygen bond 

and equidistant (but not 100 pm) from the nitrogen and 

oxygen atoms (position B). The results of these calculations 

are reported in Tables 67 and 68 and Figure 50. The 

energies of the 2b1 and 1a2 orbitals stayed at -10.783 and 

-14.673 eV, respectively, in both the Planar Nitro and the 

Planar Nitrito sets of calculations. 

In the Facial Nitro Set of nine calculations, the 

position of the proton was moved, within the plane which 

bisects the N02 group and is perpendicular to the plane of 

the N02 atoms, from position 1 around the nitrogen atom 

towards the face of the N02 group until position 52. An 

additional calculation was done with the proton located 100 

pm from the plane of the N02 group and equidistant (but not 

100 pm) from all of the N02 atoms (position C). The results 



of these calculations are reported in Table 69 and Figure 

51. The energies of the 4b2 and 1a2 orbitals stayed at 

-14.295 and -14.673 eV, respectively, in this set of 

calculations. 
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In the Lateral Nitro Set of seven calculations, the 

position of the proton was moved, within a plane which 

includes the nitrogen-oxygen bond and is perpendicular to 

the plane of the N02 atoms, from 100 pm from the nitrogen 

atom along an extension of the nitrogen-oxygen bond 

(position 53) around the nitrogen atom until 100 pm from the 

nitrogen atom and from the plane of the N02 atoms (position 

48). In the Lateral Nitrito Set of four calculations, the 

position of the proton was moved within the same plane as in 

the Lateral Nitro Set, but around the oxygen atom from 100 

pm from the oxygen atom along the opposite extension of the 

nitrogen-oxygen bond (position 26) until 100 pm from the 

oxygen atom and from the plane of the N02 atoms (position 

62). Lastly, in the Lateral Bond Set of six calculations, 

the position of the proton was again moved within the same 

plane as in the Lateral Nitro and Nitrito Sets, but from 

position 48 to position 62. An additional calculation was 

done with the proton located 100 pm from both the nitrogen 

and oxygen atoms (position D). The results of the Lateral 

Nitro, Lateral Bond, and Lateral Nitrito Sets of 

calculations are reported in Tables 70 - 72 and Figures 52 

- 54. 



Table 66. Orbital Energies of the Planar Nitro Set 
of Protonations of Nitrite according to 

Extended Huckel Calculations 

Posi
tion 

H-N-C 
2v Angle 

Orbital Energy (eV) 

1 
2 
3 
4 
5 
6 

A 
7 
8 

(Degree) 

Ob 
10 
20 
32.55c 

40 
50 
58.20d 

60 
70.87e 

neo-
6a1 

-14.295 
-14.290 
-14.233 
-14.003 
-13.795 
-13.439 
-12.733 
-13.049 
-12.718 

neo-
4b2 

-14.389 
-14.362 
-14.323 
-14.322 
-14.327 
-14.345 
-14.432 
-14.369 
-14.402 

a Sum of OMOs 

-366.148 
-366.051 
-365.750 
-365.051 
-364.450 
-363.451 
-361.626 
-362.379 
-361.488 

a. Sum of the energies of all occupied one-electron 
molecular orbitals. 

b. Molecular symmetry is C2 . 
c. N-H bond is perpendicula¥ to N-O bond. 
d. H is 100 pm from the middle of the N-O bond. 
e. N-H and O-H distances are both 100 pm. 
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Table 67. Orbital Energies of the Planar exo-Nitrito Set 
of Protonations of Nitrite according to 

Extended Huckel Calculations 

Posi- External Orbital Energy (eV) 
tion H-O-N 

Angle 
neo- neo-

(Degree) 6a1 4b2 Sum of OMOs a 

8 51.68b -12.718 -14.402 -361.488 
A 58.20 c -12.773 -14.432 -361.626 

9 60 -12.606 -14.466 -361.372 
10 70 -12.554 -14.555 -361.582 
11 80 -12.562 -14.639 -362.025 
12 90 -12.583 -14.697 -362.495 
13 96.0a -12.590 -14.716 -362.734 
14 102.1 -12.591 -14.724 -362.925 
15 108.07 -12.588 -14.720 -363.064 
16 114.03 -12.580 -14.707 -363.158 
17 120 -12.571 -14.686 -363.214 
18 125 -12.564 -14.663 -363.237 
19 130 -12.557 -14.637 -363.242 
20 135 -12.553 -14.608 -363.234 
21 140 -12.552 -14.577 -363.218 
22 145 -12.555 -14.545 -363.196 
23 150 -12.563 -14.512 -363.173 
24 160 -12.594 -14.446 -363.133 
25 170 -12.647 -14.386 -363.122 
26 180 -12.721 -14.336 -363.144 

a. Sum of the energies of all occupied one-electron 
molecular orbitals. 

b. N-H and O-H distances are both 100 pm. 
Co H is 100 pm from the middle of the N-O bond. 
d. Experimentally observed angle for HONO. 
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Table 68. Orbital Energies of the Planar endo-Nitrito Set 
of Protonations of Nitrite according to 

Extended Huckel Calculations 

Posi- Internal Orbital Energy (eV) 
tion H-O-N 

Angle 
neo- neo-

(Degree) 6a l 4b 2 Sum of OMOs a 

26 180 -12.721 -14.336 -363.144 
27 170 -12.721 -14.304 -363.203 
28 160 -12.808 -14.296 -363.289 
29 150 -12.896 -14.318 -363.387 
30 145 -13.004 -14.341 -363.433 
31 140 -13.030 -14.371 -363.473 
32 135 -13.048 -14.407 -363.504 
33 130 -13.061 -14.448 -363.523 
34 125 -13.068 -14.491 -363.525 
35 120 -13.070 -14.534 -363.508 
36 114.67 -13.068 -14.578 -363.464 
37 109.35 -13.062 -14.616 -363.387 
38 104.0 -13.054 -14.644 -363.274 
39 97.00 -13.039 -14.662 -363.062 
40 90 -13.019 -14.650 -362.769 
41 85 -13.000 -14.622 -362.509 
42 80 -13.009 -14.575 -362.233 
43 70 -12.908 -14.469 -361.515 
44 60 -12.810 -14.371 -360.778 
B c -12.849 -14.296 -360.667 58.20

d 45 51.68 -12.725 -14.325 -360.210 
52 50.21e -12.727 -14.295 -360.128 

a. Sum of the energies of all occupied one-electron 
molecular orbitals. 

b. Experimentally observed angle for HONO. 
c. H is 100 pm from the middle of the N-O bond. 
d. N-H and O-H distances are both 100 pm. 
e. Molecular symmetry is C2v and N-H distance is 100 pm. 
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Table 69. Orbital Energies of the Facial Set 
of Protonations of Nitrite according to 

Extended Huckel Calculations 

Posi
tion 

H-N-C 2v Angle 
Orbital Energy (eV) 

1 
46 
47 
48 
C 
49 
50 
51 
52 

(Degree) 

Ob 
20 
45 
90 c 108.45d 109.49 

138.15 
160

b 180 

neo-
2b1 

-10.783 
-10.868 
-11.158 
-11.669 
-11.577 
-11.559 
-11.065 
-10.796 
-10.783 

Sum of the energies of all 
molecular orbitals. 
Molecular 

neo-
6a1 

.-14.295 
-14.295 
-14.183 
-13.376 
-12.919 
-12.909 
-12.687 
-12.700 
-12.727 

occupied 

H is over 
symmetry is C2 . 
the center of gitrite and 

plane of the nitrite atoms. 
H is over the center of nitrite and 
nitrogen atom. 

Sum of OMOs a 

-366.148 
-366.029 
-365.504 
-363.045 
-361.548 
-361.561 
-360.532 
-360.147 
-360.128 

one-electron 

100 pm from the 

100 pm from the 
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Table 70. Orbital Energies of the Lateral Nitro Set 
of Protonations of Nitrite according to 

Extended Huckel Calculations 

Posi- H-N-O 
tion Angle 

(Degree) 

53 180 
54 160 
55 135 
56 120 
57 110 
58 100 
48 90 

neo-
2bl 

-10.783 
-10.870 
-11.176 
-11.395 
-11.523 
-11.620 
-11.669 

Orbital Energy (eV) 

neo-
6a1 

-13.146 
-13.190 
-13.342 
-13.440 
-13.478 
-13.466 
-13.376 

neo-
4b2 

-14.362 
-14.344 
-14.308 
-14.298 
-14.296 
-14.295 
-14.295 

neo-
1a2 

-14.673 
-14.693 
-14.726 
-14.720 
-14.703 
-14.683 
-14.673 

a. Sum of the energies of all occupied one-electron 
molecular orbitals. 

Sum of 
OMOs a 

-362.643 
-362.778 
-363.202 
-363.423 
-363.463 
-363.354 

·-363.045 
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Table 71. Orbital Energies of the Lateral Bond Set 
of Protonations of Nitrite according to 

Extended Huckel Calculations 

Posi- Fraction 
tion Along 

N-O 
Bonda 

48 0 
59 0.3 
60 0.5 
D 0.5c 

61 0.7 
62 1.0 

neo-
2b1 

-11.669 
-11.450 
-10.971 
-11.048 
-10.788 
-10.922 

Orbital Energy (eV) 

neo-
6a1 

-13.376 
-12.908 
-12.656 
-12.686 
-12.574 
-12.594 

neo-
4b2 

-14.295 
-14.296 
-14.299 
-14.297 
-14.301 
-14.295 

-14.673 
-14.741 
-14.859 
-14.861 
-14.940 
-15.100 

Sum of, 
OMOs 

-363.045 
-361.793 
-361.188 
-361.277 
-361.262 
-362.317 

a. H atom is above the N-O bond and the plane of the nitrite 
atoms and at this fraction of the bond length from the 
nitrogen atom. 

b. Sum of the energies of all occupied one-electron 
molecular orbitals. 

c. H is 100 pm from the middle of the N-O bond. 
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Table 

Posi-
tion 

62 
63 
64 
26 

72. Orbital Energies of the Lateral Nitrito 
of Protonations of Nitrite according to 

Extended Huckel Calculations 

H-O-N 
Angle 

(Degree) 

90 
135 
160 
180 

Orbital Energy (eV) 

neo- neo- neo- neo-
2b1 6a1 4b2 1a2 

-10.922 -12.594 -14.295 -15.100 
-10.970 -12.667 -14.309 -14.871 
-10.832 -12.709 -14.328 -14.719 
-10.783 -12.721 -14.336 -14.673 

a. Sum of the energies of all occupied one-electron 
molecular orbitals. 
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Set 

Sum of 
OMOs a 

-362.317 
-363.086 
-363.142 
-363.144 
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Discussion of the Results 

The energies of the six least energetic molecular 

orbitals of hydrogen nitrite (i.e., those below -16 eV in 

energy) changed much less than the energies of the valence 

orbitals as the position of the proton was changed (Table 

64). The sum of the occupied one-electron orbital energies 

was minimal (at -366.1 eV) in symmetrical nitro protonation 

(position 1) due mostly to stabilization of the 6a1 orbital. 

This nitro minimum was about 3 eV lower than the nitrito 

minima (positions 19 and 34). The energies of the molecular 

orbitals are included in Table 64. 

With the presence of a proton at any position other 

than positions 1 (nitro) and 52 (chelate), the point group 

of symmetry of the N02 species is no longer C2v . 

Consequently, the names of the molecular orbitals must 

change from those which have been used for the nitrite 

anion. Protonation effects the coefficients of the atomic 

orbitals in the linear combinations of the nitrite anion so 

little that the molecular orbitals of hydrogen nitrite can 

be readily correlated with those of the nitrite anion. 

Consequently, the molecular orbitals of hydrogen nitrite can 

be supplementally labelled as neo-6a1 , neo-4b
2

, etc., in the 

following discussions. 
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The endo-nitrito minimum (-363.5 eV at position 34) 

is due mostly to stabilization of the neo-4b 2 orbital and 

slight stabilization of the neo-6a l orbital.) The exo

nitrito minimum (-363.2 eV at position 19) is due mostly to 

stabilization of the neo-6a l and neo-4b2 orbitals. The 

endo-nitrito minimum is about 0.3 eV lower than the exo-

nitrito minimum. The energies of the molecular orbitals of 

the exo- and endo-nitrito isomers of hydrogen nitrite 

(positions 19 and 34) are included in Table 64. When the 

coordinates of the atoms of hydrogen nitrite were changed to 

those which have been experimentally observed for the exo-

d d . t . t' f h d .. t 93 an en o-n1 r1 0 1somers 0 gaseous y rogen n1tr1 e 

(except that the hydrogen-oxygen distance was kept at 100 pm 

instead of being changed to 95.4 pm in the case of the exo 

isomer or to 98.2 pm in the case of the endo isomer), the 

difference between the sums of the occupied one-electron 

orbital energies for the exo- and endo-nitrito isomers 

(-362.9 and -363.3 eV, respectively) did not change 

significantly. 

The experimentally determined difference in the 

enthalpies of the nitro and nitrito isomers of 

[CO(NH3 )5(N02 )]C1
2 

was about 0.1 ev42 ,94 (based upon a 

conversion factor of 1 eV = 23.06 kcal/mol = 96.49 kJ/mol). 

The difference in the energies of the exo- and endo-nitrito 

isomers of hydrogen nitrite has been measured to be about 

0.02 ev. 93 ,95 These thermodynamic differences do not agree 
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satisfactorily with the calculated differences in energies 

between the nitro and nitrito isomers of hydrogen nitrite (3 

eV) and between the exo- and endo-nitrito isomers of 

hydrogen nitrite (0.3 eV). However, in both the 

experimental and the calculated results, the former 

difference is one order of magnitude greater than the latter 

difference. 



Appendix B 

Infrared Absorption Coefficients of CO2 , N20, and CO 

Consideration of Beer's law and the ideal gas law 

leads to the following linear dependence between the 

absorbance, A1 , of a particular band of a gaseous species 

and the partial pressure, P1' of the species. 
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where b is the absorption coefficient. The absorption 

coefficients were determined for the maxima of the P and R 

branches of the asymmetric stretching frequencies of carbon 

dioxide and nitrous oxide and the stretching frequency of 

carbon monoxide by least-squares fitting the experimental 

data to a line constrained to pass through the origin. The 

data are reported in Tables 39 - 41 and plotted in Figures 

55 - 57. The results of the calculations are reported in 

Table 73 along with the associated correlation coefficients. 

The experimental data fit the following second-order 

polynomial relationship between absorbance and pressure much 

better than the above relationship. 
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Table 73. Be5r's Law Absorption Coefficients of Pure Gases 
at 25 C in a Cell with a Volume of 44 ml and 

Path Length of 106 mm and a spectrophotomeElr with 
Slit Width of 0.303 mm, Scan Rate of ~2 cm Is, and 

ResQlution of about 3.0 cm 

Gas Frequency Absorbance Absorbance Corr. 
Pressure* Mmol of Gas Coeff. 

-1 -1 in the Cell* 
(cm ) (mm Hg) 

Carbon 2357 0.01443 6.126 0.957 
Dioxide 2337 0.01206 5.121 0.970 

Nitrous 2233 0.01490 6.329 0.986 
Oxide 2212 0.01315 5.584 0.989 

Carbon 2168 0.001504 0.6386 0.988 
Monoxide 2119 0.001419 0.6026 0.988 

* Estimated with Beer's law and the ideal gas law. The 
correlation coefficient indicates the goodness of fit of 
the least-squares line which is constrained to pass 
through the origin to the data. 
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= = 

where the constant a is negligibly small and the term cIPI 

accounts for the dependence of the absorptivity on the 

pressure. 90 The constants a, b, and c I for carbon dioxide, 

nitrous oxide, and carbon monoxide are reported in Table 74 

along with the correlation coefficients. 

The dependence of the absorptivity of a gaseous 

species on the pressure results from broadening of the line 

shapes in the rotational fine structures of the vibrational 

spectra due to intermolecular collisions in the gas phase. 

In the case of gas mixtures, each gas contributes to the 

pressure-broadening of each absorbance band. The 

contributions of other gases are incorporated in the 

following equation. 

= 

According to this equation, the linear dependance of Al on 

P2 in a binary gas mixture has a slope of c 2PI . From 

experimental measurements of PI' P2 , and Al (reported in 

Table 44 and, in the case of carbon dioxide and carbon 

monoxide, plotted in Figures 58 and 59), the constants c 2 

were determined for carbon dioxide, nitrous oxide, and 

carbon monoxide (Table 75). 
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Table 74. Second-order Absorption Coefficients of Pure 
Gases at 25 °c in a Cell with a Volume of 44 ml and 
Path Length of 106 mm and a spectrophotomeEir with 
Slit Width of 0.303 mm, Scan Rate of ~~ cm Is, and 

Resolution of about 3.0 cm 

Gas Frequency Absorption Coefficients* Corr. 

-1 10 6 Coeff. 
(cm ) a b c x 

(mm Hg)-l (mm Hg)-2 

Carbon 2357 -0.020 0.005080 114.7 0.9982 
Dioxide 2337 -0.021 0.006020 75.9 0.9992 

Nitrous 2233 -0.015 0.01166 51.6 0.9996 
Oxide 2212 -0.012 0.01068 39.5 0.9997 

Carbon 2168 -0.002 0.001084 0.811 1.0000 
Monoxide 2119 0.000 0.001016 0.770 1.0000 

* A = a + b P + c p2 where A is the absorbance and P is 
the pressure. The correlation coefficient indicates the 
goodness of fit of the least-squares second-order 
polynomial to the experimental data. 



Table 75. The Dependance of Infrared Absorbances 
of Mixed Gases on Their Partial Pressures at 25 °c 
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in a Cell with a Volume of 44 ml and Path Length of 106 mm 
and a Spectrophot2~eter with a Slit Width of 0.303 mmL1 

Scan Rate of 20 cm Is, and Resolution of about 3.0 cm 

Absorbance Absorption Coefficient of 2nd Gas,* c 2 x 106 

CO 

* 

Band 

(cm-1 ) 

2357 
2337 

2233 
2212 

2168 
2119 

CO2 

114.7 
75.9 

205 (73) 
173 (73) 

15.4 (6.9) 
13.9 (6.5) 

(mm Hg) 

N20 

23.0 
13.9 

51.6 
39.5 

ND 
12.0 

-2 

CO 

112 (32) 
89 (35) 

131 (44) 
ND 

0.811 
0.770 

A1 = a + b P1 + c 2 P2 P1 where A1 is the absorbance 
and P1 and P2 are tfie parEial pressures of the absorbing 
gas and the other gas. The estimated standard 
deviations, where determined, are given in parentheses. 
(The absorption coefficients a and b are reported in the 
previous table.) 

ND Not determined because absorbance bands were not 
resolved. 
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The addition of 1.0 ml of 1,1,2,2-tetrachloroethane 

did not appreciably affect the absorbance of carbon dioxide 

(the most soluble of the three gases in chlorohydrocarbon 

sOlvents 89 ) or carbon monoxide (the least soluble) in a 159-

ml headspace. The data are reported in Tables 42 and 43 and 

plotted in Figures 60 and 61, respectively. These 

experiments indicate that the volume of the solvent and the 

pressure of the solvent vapor were too small to appreciably 

affect the absorbance of carbon dioxide, nitrous oxide, and 

carbon monoxide in the headspace while monitoring the 

decomposition of FeCp(Co)2(N02 ) in this research. 

The partial pressures of the three gases were 

calculated from their headspace IR absorbances during the 

decomposition of FeCP(co)2(N02 ) in 1,1,2,2-tetrachloroethane 

at 25 and 30 °c (Tables 38 and 45). The Beer's law 

coefficients (Table 73) were used in a preliminary 

estimation of their partial pressures (e.g., 113 mm Hg of 

CO2 , 17.0 mm Hg of N20, and 90 rom Hg of CO at the end of the 

decomposition reactions at 25 °c and 21, 7.5, and 25 mm Hg, 

respectively, at 30 °C). These estimates were then refined 

by iterative solutions of three of the following quadratic 

formulae in which the subscript 1 represents the absorbing 

gas species and the subscripts j = 2 or 3 represent the 

nonabsorbing gas species. 



2 I -B- Pure Gas 

7 1.6 
E 
v 
l'
OJ 
OJ 
N 1.2 
.+oJ 
~ 

~ 
U 
Z 
~ .8 

~ 
o 
en 
CO 
< 
0::: .4 -

o m""$';l~ 
o 20 

~ 

// 
tY 

// 
//)Zl 

/~/ 
£.tr' 
/~ 

40 60 80 

PRESSURE (mm Hg) 
100 

-*- Also Solvent 

)(J 

120 

Figure 60. Comparison of the infrared absorbance of carbon dioxide at 25 °c in 
the headspace over 1,1,2,2-tetrachloroethane and in the absence of the solvent. 

N 
co 
L.cJ 



1.4 I --:-B- Pure Gas 

/1 I --*- Also Solvent 

1.2 
r-i 
I 

..-4 

~ 
U 1 
m // 
-I /1 
'I'"'"i 

.8 j /)l N 

+" JZV 
ct'l // 
~ /7 u // z .6 
~ 
o:l 
0:; /' 
0 r rn .4 /: o:l 
< .P 
~ 

-,y -.2/ 
ok: 

0 100 200 300 400 500 600 700 800 900 

PRESSURE (mm Hg) 

Figure 61. Comparison of the infrared absorbance of carbon monoxide at 25 °c in 
the headspace over 1,1,2,2-tetrachloroethane and in the absence of the solvent. 

N 
00 
+' 



= c
1

,P,) + 
J J 

2 c
1

,P,) -
J J 

285 

The solutions of the three equations with, for example, the 

absorbances at the end of the decomposition reactions 

converged during the first half of six iterations to partial 

pressures of 79.2 mm Hg for CO 2 , 7.11 mm Hg for N
2
0, and 

o 60.0 mm Hg for CO at 25 C and to 24.7, 5.52, and 24.9 mm 

Hg, respectively, at 30 °C. The partial pressures of the 

gases were converted to millimoles of the gases with the 

ideal gas law (Figures 20 and 21). The decomposition of 

FeCP(co)2(N02 ) yielded 0.89, 0.64, and 0.16 equivalents of 

carbon monoxide, carbon dioxide, and nitrous oxide, 

respectively, at 25 °c and 0.79, 0.79, and 0.35 equivalents 

o of the same gases at 30 C. 



Appendix C 

31p NMR of Fe(CO)4(PPh3 ) 

As part of the investigation of the 31 p_57 Fe 

coupling in phosphinoiron complexes,96 Fe(CO)4(PPh
3

) was 

prepared and examined as follows. Pentacarbonyliron 

(Aldrich Chemical Company) was purified by fractional 

distillation under nitrogen with collection of the yellow 

fraction during head temperature of 98 - 100 °c. 97 A 

solution of 20 milliliters (0.15 mol) of purified 

pentacarbonyliron and 2.7 grams (0.010 mol) of 

triphenylphosphine (Pressure Chemical Company) was 
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irradiated with a 450 watt mercury arc lamp for two hours, 

o heated with an oil bath at 150 C for one hour, and finally 

irradiated and heated for an additional hour. 98 The excess 

pentacarbonyliron was removed by distillation under vacuum. 

Extraction of the residue with tetrahydrofuran, passage of 

the extract through neutral alumina with elution by 

tetrahydrofuran, and evaporation of the eluate to dryness 

under vacuum yielded 4.0 grams of crude Fe(CO}4(PPh3 ) 

(tainted with triphenylphosphine). Sublimation of the crude 

product under vacuum at 150 °c yielded 0.70 gram (16 %) of 
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deuterated chloroform was examined by 31p magnetic resonance 

spectroscopy with a Bruker Instruments Company Model AM-250 

Fourier-transform spectrometer. The data are included in 

Table 76. 

Table 76. 31p NMR of Tetracarbonylphosphinoiron Complexes 

Fe(CO)4PR3 Solvent 

PR3 = 

PPh3 CDC1 3 

PPh2Et CD2C1 2/10% 

PPhEt 2 " 

PEt3 " 

C6F6 

(ppm vs. 
85% H3P04 ) 

-68.6 

-67.3 

-65.2 

-62.7 

Ref. 

(Hertz) 

24.4 This 
work 

27.4 96 

26.5 

25.9 
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