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ABSTRACT 

The fundamental modes of vibration of the coordinated 

dinitrogen, nitrosyl and carbonyl ligands in trans-[RuZ(XY) 

das2ln+ where Z = Cl~ or I" and XY = ^, NO, and CO have 

been assigned by isotopic substitution and analogy methods. 

15 The shift expected when N was substituted into the co

ordinated nitrosyl and dinitrogen ligand was calculated using 

a three-body model to describe the motions of the M-X-Y 

entity. This model has been shown to predict results 

accurately to within experimental error. 

2+ — 
A series of trans-["RuZ( NO) das,, ] W where Z = CI or 

_ 2 -
I and W = CI , Br , I , PF^ , and PtCl^ was studied to 

determine the effects of substitution in the inner and outer 

coordination sphere on the vibrations of the nitrosyl group. 

Substitution of I~ for Cl~ within the coordination sphere 

was found to lower the Ru-N stretching, vRu_N, "the RuNO 

bending, &RuN0' anc^ N0 stretching, frequencies. Sub

stitution of outer sphere anions had no significant effect 

on these frequencies, whereas the presence of crystalline 

water raised vNQ and broke the degeneracy of 6RuN0* 

Force constants were calculated for all three 

coordinated ligands. The force constants for the Ru-N bond 

were found to increase RUN2 < RuCO < RuNO, which follows the 

reactivity of these complexes to displacement. 

ix 



INTRODUCTION 

Transition metal complexes of the diatomic ligands, 

CO, NO( N2, and CN~ have long been the object of intensive 

study. Their chemical reactions and physical properties 

have been the subject of many excellent reviews (1-6). The 

infrared frequencies associated with the metal ligand 

vibrations have not been as well characterized as the ligand 

vibrations themselves. In addition, the M-N2 frequencies 

have not yet been assigned. Because the frequency assign

ments have been so uncertain-, it previously has been 

impossible to compare all the fundamental vibrations of 

metal complexes of this series of diatomic molecules. Such 

a comparison should help elucidate the nature of the 

bonding between these diatomic molecules and the transition 

metal. 

Assignments have been made for several hexacarbonyl 

and hexacyanide complexes by Jones (7, 8) and others (9-11); 

Clark and Crosse (12) have made assignments for Mn(CO),-X 

complexes. 

The assignments of the low frequency metal nitrosyl 

15 
vibrations are still uncertain, however. An early N 

isotopic substitution study of CofCOj^NO by McDowell, 

Horrocks, and Yates (13) led to assignment of the Co-N-0 

bending and stretching modes to bands found at 565 and 

1 
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594 cm~^f respectively. Feltham and Fateley (14) then used 

Horrock's assignments in describing the low frequency bands 

of Ni (NO) ( tt-C^H^ ). Durig et al. (15) assigned the 

vibrational frequencies in a series of pentahalonitrosyl-

2_ ruthenates, [RuCl^(NO)] . Durig's assignment of the Ru~N 

stretching vibration to a band near 600 cm-"1" was in agree

ment with the work of McDowell et al. and of Feltham and 

Fateley. However, Durig relegated the RuNO bend to bands 

near 350 cm"\ 

Subsequently, the assignment of the RuNO deforma

tion has been in dispute. Jezowska-Trzebiatowska and 

Ziolkowski (16) assigned the bending vibration for 

ruthenium nitrosylsto bands between 665 and 610 cm"\ 

while Mercer, McAllister, and Durig (17) chose to assign it 

to a shoulder near 400 cm"'''. Cleare and Griffith (18), Gans, 

Sabatini, and Sacconi (19), and Sinitsyn and Petrov (20) all 

assigned the bend and stretch to a pair of bands near 600 

cm~^, but did not distinguish between the two modes. 

Fairey and Irving (21) in their work on ruthenium ammine 

nitrosyls made no assignment of the bend. 

2-
Recently a careful study of the RuCl^(NO) 

complexes has been published by Miki (22). Miki based his 

assignments on isotopic shifts and agreement of these 

shifts with those calculated using a three and eight body 

model. The stretching vibrations were assigned to weak 

bands near 606 cm-"'' for ^[RuCl,. (NO) ] and ^[RuBr,- (NO) 1 and 
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the bending motions were assigned to bands at 588 cm"''" in 

K„[RuCl_(NO)] and at 573 cm""*" in K~[RuBrc(NO)]. In a later 
Z  D  / .  Z >  

paper, he assigned the bending and stretching modes for 

K2[RuII-(NO) ] to bands at 554 and 600 cm"1, respectively, in 

agreement with his previous assignments of the CL~ and Br 

compounds (23). 

Although the N-N stretching frequency, or vM , in 
2 

metal-dinitrogen complexes has been assigned by Allen and 

Senoff (24) and Allen et al. (25), the low frequency vibra

tions remain unassigned. Armor and Taube (26) have carried 

out kinetic studies using a band associated with the 

dinitrogen ligand, but they did not assign it. 

Comparison of the vibrational frequencies of the 

three coordinated diatomic molecules is important because 

it gives information as to the bonding within the ligand and 

between the ligand and the metal. It was hoped that the 

bonding and reactivity of these complexes could be correlated 

with the information gained from a comparison of the 

frequencies of the three coordinated ligands. In order to 

compare the three coordinated diatomic molecules, CO, NO, 

and N2, it is essential to find a system in which a single 

diatomic is bound to the transition metal, and the environ

ment of the diatomic-metal group is uniform. 

The trans-diligandbis[o-phenylenebis(dimethyl-

i n*i* arsine)]ruthenium complexes of the form [RuZ(XY)das] have 

been prepared for XY's CO, NO, and N2 (and a variety of Z) 
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(Figure 1). [O-phenylenebis(dimethylarsine) is abbreviated 

das.] Ruthenium is often considered to be in the same formal 

oxidation state (Ru(II)) for each of these complexes. First, 

rr-bonding between diarsine and highly charged metal ions is 

relatively small (27, 28). Second, das is relatively large 

and consequently capable of shielding the intermolecular 

effects. Third, arsenic has a large mass, which greatly 

reduces interaction with the coordinated diatomic molecule. 

15 3*f 
Finally the isotropically substituted Ru( NO) T and 

Ru ("^N^N) ̂ + complexes could be prepared. 

Calculations for the three body problem for a 

linear X-Y-Z molecule have been described by Herzberg (29). 

It was necessary to prove that this model described 

sufficiently the motions of the-Ru-N-0 and Ru-N-N group, 

and that the M-X-Y did not couple with the rest of the 

molecule. Comparisons were made between the experimentally 

15 
observed and the calculated isotopic shifts upon N 

substitution in the RuNO group and in the endo and exo 

positions of the Ru^ group. The agreement was within the 

experimental uncertainty of the measurements. 



9Ure1' The ̂ fens-[RuZ(xy)das.]n+ 
2J cation. 

Cn 



EXPERIMENTAL 

Materials and Analyses 

Ruthenium and trichloronitrosylruthenium were 

15 obtained from Englehard Industries, Inc.; NO (95%) and 

18 
H£ 0 (70%) were obtained from Bio-Rad Laboratories. 

Solvents and other common chemicals were obtained from 

Baker Chemical Company and Mallinckrodt Chemical Works. 

Chemicals were of reagent grade and not purified further 

unless noted in the text. The compounds were analyzed by 

Huffman Laboratories, Wheatridge, Colorado and Chemalytics 

of Tempe, Arizona. The elemental analyses are shown in 

Table 1. It should be noted that Huffman has observed that 

the carbon analyses can be as much as 1% too high for 

ruthenium-containing compounds. This possibly explains the 

poor carbon analyses found for several of the compounds. 

It should be noted that in each case the other analyses 

are quite good. 

Physical Measurements 

Nuclear magnetic resonance spectra were recorded on 

a Varian HA100 Nuclear Magnetic Resonance Spectrometer. 

The samples were prepared as solutions in CDCl^, or 

(CD^^S0 using tetramethylsilane as a reference. 

6 



Table 1. Analyses of Ruthenium Compounds3, 

C H N O X 

Compound Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. 

[RuCl(NOIdas^JCI2 (anhyd.) 29.7 30.1 4.3' 4.4 1.7 1.7 (CD 13.1 12.2 

[RuCl(NO)das2]C12-H2Od 29.0 29.4 . 
23.35 

4.1 In O O
 

3.9 3.5 
4.1b 

(Cl) 12.8 ̂  
12.75k 

12.7 

[RuCl(SO)das23cl2'3/2H20 28.7 29.6 4.2 4.1 1.67 1.63 4.8 4.9 (Cl> 12.7 12.9 

[RuCl(1S»0>das2]Cl2-3/2H20 1.79 1.74 4.8 5.0 

[RuCl{NO)das 2]Br2 (Cl) 
(Br) 

4.1 
18.5 

4.1 
18.4 

[RuCl(N0)das2]l2-l/2H20 (Cl) 
(I) 

3.5 
25.0 

3.2 
25.3 

[RuCl(NO)das2](PF6)2 23.4 23.6 3.2 3.4 1.35 1.45 (Cl) 
(F) 

3.4 
22.2 

3.7 
21.3 

[RuCl«N0)das2]PtCl6-2H20 20.4 20.3 3.1 3.4 1.2 1.0 4.0 4.5 (Cl) 20.0 19.8 

[RuX(NO)das2]Br2d (X) 
(Br) 

13.2 
16.7 

13.7 
16.5 

[RuI(NO)das2]l2 • 22.1 22.6 3.0 3.1 1.3 1.1 1.5 1.9 (X) 35.1 35.4 

[RuCl(Nj)das 2]C1 3.6 3.2 (Cl) 9.2 11.9 

[RuCl(N2)das2]PFgc 27.0 27.3 3.7 3.8 3.2 3.3 3.5 4.0 (Cl) 
(F) 

4.0 
12.9 

3.8 
13.3 

[RuCl(N2)das2]SbF6 24.7 25.5 3.4 3.4 2.9 2.6 (Cl) 3.6 3.8 

a. All analyses by Huffman Laboratories except where noted. 

b. Analysis by Schwarzkopf Microanalytical Laboratory, Woodside, New York. 

c. Analysis in Ref. 31, Douglas, Feltham, and Metzger. 

d. Because more sample was needed for two analyses, two samples were prepared whose infrared and n.m.r. 
spectra were identical. 
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Infrared spectra were recorded on a Perkin Elmer 

Model 337 and a Beckman IR-12 Infrared Spectrophotometer. 

Samples were prepared as KBr or polyethylene plates. For 

the mid and near infrared polystyrene was used as a 

calibration standard. In the far infrared the 202.8 cm""'" 

water band was used for this purpose. 

In the 650 to 200 cm""1' region, the infrared bands 

often overlapped to some extent. To obtain more accurate 

peak positions, it was necessary to use a Dupont 310 Curve 

Resolver. This instrument allows one to construct a complex 

curve from simple Gaussian curves. The experimental 

spectrum was fitted with the- smallest number of Gaussians 

possible. In the case of thick KBr pellets, it was often 

necessary to skew the Gaussian curve. A broad underlying 

curve or uneven baseline was fitted by using the adjustable 

baseline. The series of compounds studied varied in ease of 

resolution. Figures 2, 3, and 4 show several examples of 

experimental spectra and the spectrum reconstructed by use 

of the curve resolver. The experimental curve is the solid 

line, and the resolved peaks are the dotted lines. Figure 

2 was fairly easy to resolve; 3 was somewhat more difficult 

to resolve; and 4 was ambiguous. To test the resolvability 

of the machine, the nitrosyl stretching peaks were fit with 

15 the resolver for a N compound. The area under the large 

vi c peak was compared to that of the impurity. The 
j"3N0 "*• NO 



610 590 570 

cm1 

Figure 2. The infrared spectrum of [RuCl(15NO)das2]PtCl6 
(Nujol mull) from 560-610 cm*"-'- — An example of 
easy resolution. 



10 

Figure 3. The infrared spectrum of [RuCl(N0)das2]PtClg 
(Nujol mull) from 560-620 cm-1 — An example of 
moderately simple resolution. 
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Figure 4. The infrared spectrum of [RuCl(NO)das2]PtCl6 (KBr 
Pellet) from 570-620 cm~l — An example of 
ambiguous resolution. 
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impurity was found to be 1%. This is in good agreement with 

the value of 5% "^NO imparity given by the supplier. 

Experimental 

Nitrogen was determined by the Dumas method. The 

isotropic content ("^N or ^~*N) was established by mass 

15 spectrometry and by infrared spectroscopy. RuCl^ ( NO) 

and its derivatives were prepared as outlined below. 

Nitrosyl Complexes 
Trichloronitrosylruthenium 

Powdered ruthenium (1.0075 g.) was allowed to stir 

for 12 hours in 250 ml of 5% NaOCl solution. The solution 

was then evaporated to 100 ml, cooled in an ice bath, and 

added to a mixture of 50 ml conc. hydrochloric acid and 50 ml 

methanol. This solution was reduced by boiling, filtered, 

evaporated to dryness, and redissolved in a 500 ml round 

bottom flask in 100 ml of distilled water. After 5 ml of 

15 
conc. hydrochloric acid was added, 10.5'millimoles of NO 

were added to the flask from a vacuum line by condensation at 

77°K. The mixture was allowed to warm to room temperature. 

The reaction mixture was magnetically stirred for eleven 

15 days, after which the excess NO was removed by distilla

tion. The rate of uptake of NO is dependent upon the quanti

ties used. When the reaction was carried out on one-fifth 

this scale, only 13 hours was required for complete reaction. 
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The solution containing the ruthenium nitrosyl species was 

purified by one of the following methods. 

Purification Method 1. A Dowex 50W-8X cation ex

change column (approximately 150 ml) was prepared. The 

resin was allowed to soak in distilled water for several 

hours, then washed with distilled water until the effluent 

was colorless. A 2M hydrchloric acid solution was passed 

through the column to convert the resin to the acid form. 

The column was again washed with distilled water until the 

effluent was neutral. 

15 
The solution from the reaction of RuCl^ with NO 

was passed down the column to remove the NaCl impurity. The 

colored portion was collected and evaporated to dryness. An 

infrared spectrum of the product was obtained which showed a 

nitrosyl frequency at 1860 cm~^ (and a weak peak at 1900 

cm-"1' indicating the presence of the ̂ NO impurity) and Ru-Cl 

stretch at 345 cm-"*". The above procedure was also used to 

prepare the "^NO complex (VN0 = 1^00 cm"""'"). 

Purification Method 2. The solution resulting from 

15 the reaction of RuCl^ with NO was taken to dryness and the 

solid residue extracted with 200 ml of ethyl acetate in 20 

ml portions. This solution was evaporated to dryness, re-

dissolved in 50 ml of water, passed through the Dowex 50 

column, and the eluant evaporated. An infrared spectrum of 
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the product showed v^0 at 1860 cm-"'', and a small amount of 

acetic acid impurity. 

Trichloronitrosyl[o-phenylenebis(dimethylarsine)] 
ruthenium 

This compound was prepared by standard literature 

methods (30) and identified by its infrared spectrum. 

Chloronitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Dichloride and Chloronitrosylbis[o-phenyl-
enebis(dimethylarsine)Druthenium Dihexafluorophosphate 

These compounds were prepared by the method of 

Douglas, Feltham, and Metzger (31) and were identified by 

nmr and infrared spectroscopy. N.M.R. spectra were recorded 

for all bis[o-phenylenebis(dimethylarsine)3 compounds. They 

all showed a doublet in the methyl region, indicating a 

trans configuration. A maximum of eight methyl resonances 

would have been expected for a cis complex. 

Chloronitrosylbis[o~phenylenebis(dimethylarsine)] 
ruthenium Dichloride; Form II 

[RuCl(NO)das2lCl2 (0.0373 g) was dissolved in 5 ml 

of distilled water, allowed to stir for 12 hours, and 

evaporated to dryness. Its analysis corresponds to 

C20H34As9C"''3NO2Ru* T*le nmr sPectrum this compound in 

D20 showed only a doublet in the methyl region, indicating 

that this complex was in the trans configuration. The 

infrared spectrum of this material indicated that no 

substitution had been made within the coordination sphere. 
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The compound is thus best described as [RuCl(N0)das2] 

CVH2°-

Chloronitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Dichloride; Form II, Method II 

A suspension of trans-[RuCl (NC>2 )das2 (0.040 g) 

in water (5 ml) was treated with conc. hydrochloric acid 

(5 ml). The resulting yellow solution was evaporated to 

dryness to give [RuCl (NO)das2]cl2*^2^ as a yeH°w powder 

(0.040 g). The infrared spectrum was found to be identical 

with that made from method I. 

ChloronitrosyIbis[o-phenylenebis(dimethylarsine)] 
ruthenium Dichloride; Form III 

[RuCl(NO)das23ci2 (0.02 g) was dissolved in 5 ml 

conc. HC1 and 5 ml methanol, was allowed to stir 12 hours, 

and evaporated to dryness. The yellow residue was dried for 

12 hours over P~Oc at 100°C in vacuum. The elemental 
Z D 

analysis showed its composition to be C20H3 5As4C13N°5/2Ru * 

Chloronitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Dibromide 

A saturated methanolic solution (5 ml) of LiBr was 

added to a solution of [RuCl(NO)das23cl2 (0.05 g) in 

methanol (5 ml). The dark yellow crystals which precipitated 

were collected by filtration, washed with methanol, 10 ml 

of methanol-ether (1:1), and finally with diethyl ether. 

The product was then dried for 12 hours over at 

in vacuum. 
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Chloronitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Diiodide 

[RuCl(NO)das2]Cl2 was dissolved in methanol (5 ml). 

A solution of Nal (0.014 g) in methanol (5 ml) was added. A 

light orange precipitate formed immediately, which was 

removed by filtration and washed with cold methanol. After 

drying for 12 hours over KOH and finally over ^2^5 a*- 100°C 

in vacuo, the color of the product remained light orange. 

Chloronitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Dihexafluoroantimonate 

To 0.05 g of [RuCl(NO)das2]Cl2 dissolved in 5 ml of 

1:1 H00 was added a saturated solution of KSbFc in 1:1 2 6 

methanol-water. A yellow precipitate was formed immediately, 

filtered, washed with 50 ml of 1:1 methanol-water, and dried 

for 12 hours over P2°5 at 100°C in vacuo. 

Chloronitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Hexachloroplatinate 

To a solution of [RuCl(NO)das23^12 (0.02 g) in 

distilled water (5 ml) was added 10 ml of a saturated 

aqueous solution of K^PtClg. A yellow precipitate formed, 

was removed by filtration, washed with 50 ml of distilled 

water, and dried at 100°C over ^2^5 ^"n vacuo f°r ^ hours. 

Iodonitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Diiodide 

When 0.041 G of [RuCl (NO )das2anc3 a large 

excess (0.5 g) of Nal were dissolved in methanol (5 ml), a 
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light orange precipitate appeared immediately. This mixture 

was refluxedi for 3 days. The solution was filtered and the 

solid product washed with ice cold water. The orange solid 

was dried in an oven at 110°C. During the drying process 

the color of this compound changed from medium orange to 

dark chocolate brown. 

Iodonitrosylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Dibromide 

To a solution of 0.07 g of [Rul (NO)das2]l2 •'-n m^ 

methanol, solid LiBr was added until an orange precipitate 

began to form. The yellow solid was collected on a frit and 

washed with methanol. It was dried in an oven for 3 hours. 

Dinitrogen Complexes 

Chlorodinitrogenbis[o-phenylenebis(dimethylarsine)] 

ruthenium hexafluorophosphate, tetraphenylborate, and hexa-

fluoroantimonate were prepared by literature methods (31). 

15 15 The N compounds were all prepared from trans-[RuCl ( N-N2) 

(das )2]C1. 

Chlorodinitrogenbis[o-phenylenebis(dimethylarsine)] 
Ruthenium Chloride 

[RuCl(N2 )das2]B(C&H5)4 (0.085 g) was dissolved in 5 

ml of 1:3 conc. hydrochloric acid-acetone and allowed to stir 

for 12 hours. The yellow solution was evaporated to dryness 

producing a dark red solid. Washing with benzene removed all 

of the dark red-brown impurities. The remaining white solid 
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was then recrystallized from Cf^C^, dried at 100°C over 

P2°5' anc^ finaHy over KOH to remove residual HC1. An 

infrared spectrum showed a peak at 2125 cm-"'", character

istic of v . The elemental analysis showed its composition 
2 

to be C2QH22AS4CI2N2RU. An nmr spectrum taken in CDCl^ 

showed a doublet in the methyl region indicating retention 

of the trans configuration. 

Chlorocarbonylbis[o-phenylenebis(dimethylarsine)] 
ruthenium Chloride 

[RuCl(CO)das2]B(CgH^(0.1 g) was dissolved in 5 ml 

of a 2:1 mixture acetone/conc. hydrochloric acid. The reac

tion mixture was allowed to stir for 3 hours. The color of 

the solution changed from light to dark yellow. After evapo

rating to dryness, the dark red residue was washed with 

benzene which removed the red impurity. The white solid was 

recrystallized from water. 



CALCULATIONS 

Force constants for Ru-N-0 and Ru-N-N in trans-

[RuX(NO) (das ) 2^+ and trans-[RuX(N^ ) (das ]"** were 

calculated using a three body model and a valence force 

field. Isotopic shifts of vibrational frequencies were 

15 calculated for N substitution. Treating the Ru-X-Y group 

separately from the rest of the molecule is a commonly used 

approximation. While not theoretically justified, this 

type of calculation works well in practice. Miki (22) 

discussed this problem with regard to transition metal 

nitrosyls. He found that if a light central metal atom were 

coordinated to ligands with small masses such as cyanide or 

ammonia then a three body model could not accurately account 

15 for the isotopic shift upon N substitution in a nitrosyl 

also coordinated to that light central atom. However, he 

found that for ruthenium coordinated to heavy ligands, such 

as chlorides, the three body approximation for calculating 

isotopic shifts in nitrosyls coordinated to the metal was 

as accurate as his measurements. The calculated and 

experimental isotopic shifts for K^RuCl^NO) using a three 

body and eight body model are compared in Table 2. They 

clearly demonstrate that the eight body model produces no 

significant improvement over the three body calculation. 

19 



Table 2. Observed and Calculated Isotopic Shifts for I^RuNOCl^ (22) 

Freq. Calc. Using an Freq. Calc. Using a 

NO stretch 1904 1865 39 1909 1869 40 1904 1864 40 

RuN stretch 606 600 6 607 602 5 606 600 6 

RuNO bend 588 572 16 589 574 15 588 572 16 

aFor these calculations, force constants were first calculated fitting all 
the data best. From those force constants these frequencies were calculated. 
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The coupling of vibrations within the molecule is 

strongly dependent upon the masses of the atoms involved. 

2— 
Miki found that the Ru-Cl vibrations of [RuCl^NO] ~ did not 

couple with the nitrosyl-frequencies. It is therefore 

reasonable to assume that Ru-As frequencies are even less 

likely to couple since As mass is twice that of chlorine. 

2+ 
Since no crystal study of [RuX(N0)das2] has been 

carried out the configuration of the NO group is unknown; 

however, its linearity may be inferred from analogous 

compounds whose structures are known. Structural data for 

known compounds of ruthenium in the same oxidation state 

have Ru-N-0 bond angles ranging from 171 to 180°. A 

neutron diffraction study (32) reported an RuNO bond angle 

of 179.98° and Ru-N distance of 1.748& for Na2[Ru(N02)^ 

(OH)(NO)]*2H2O . The N-0 bond distance was 1.1&. X-ray 

diffraction studies by Khodashova and Bokii (33) in 1965 on 

I^RuClj-fNO) gave an Ru-N bond length of 1.80& and N-0 length 

of l.lft, and an Ru-N-0 angle of 171°; and in K2[Ru(N02)^ 

(OH)(NO)] an Ru-N distance of 1.79°, an N-0 distance of 

l.lft and bond angle of 171°. The best bond length for Ru-N 

is 1.75& and for NO is 1.1&. The Ru-N-0 angle is almost 

certainly within 9° of linearity. Miki (22) has calculated 

the change of isotopic shift as a function of bond angle 

over the range 170-180° and found the effect of this change 

in angle on the calculations to be negligible. 
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The structure of [RuCl)das2]+ is also not known, 

so again the structure must be assumed. The structure of 

[Ru(Ng)(N3)(en)21(PFg) has recently been reported by Davis 

and Ibers (34), who found the Ru-N-N angle to be 179.3°, the 

Ru-N bond length to be 1.9&, and the N-N distance to be 1.1&. 

Consequently, the Ru-N-N bond angle has been assumed to be 

180° and the Ru-N and N-N bond lengths to be 1.9 and l.lSl 

respectively. 

The equation of motion for a linear X-Y-Z molecule 

taken from Herzberg (29) gives the following relationship 

between the masses, frequencies, and force constants: 

X, +X 9  = 4TT2(V2+V72 )  =  k ,  (— 
1  1 2  1 m m  x y 

+ k0( 1 1 1 ) 
2 m m 

y z 

X XX 2  = 16TT 4V V = f"x 
+ my + mz) k 

11 V mxmymz / 1 

2 2 X 6 = 4rr r = 
2 2 
l\l\ 

A *  U + j 6 9 ) 2  

— + — + — 
mz mx my 

where m , m , and m are the masses of x, y, and z, 
x' y' z ' 

respectively; is the X-Y distance, and JL2 the Y-Z 

distance (Figure 5). k^ and k2 are the force constants for 
• 

the stretching of the X-Y and Y-Z bonds and k^ or 6 is the 

force constant for the X-Y-Z bend. is the frequency of 

*This nomenclature will seem somewhat confusing, so 
only the k§ nomenclature will be used in this paper for the 
force constant. Both are used in the literature. 
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Figure 5. The X-Y-Z entity. 

the X-Y stretching motion, 6 is the frequency of the X-Y-Z 

bending motion, and is the frequency of the Y-Z stretching 

motion. , X2/ anc^ ̂  are "the eigenvalues determined by the 

solution of the secular equation and related to the frequency 

of the vibration by the relation 

Vi 2rr 

The force constant and bond length were considered 

unchanged with isotopic substitution in these molecules. 

The isotopic shift was calculated as the ratio of v/v^. 

and \>2 must be considered simultaneously: 

2 2 
V1V2 
2 2 
V, . v0. lx 2i 

!

m + m + m 
x v z 

m m m x y z 
klk2 

m . + m . + m . xx yi zjl 
m . m . m . xx yx zx 

klk2 

vlv2 
vliv2i 

f — V m . \ xx 

+ m + m 
Y z_ 

+ m . + m yx zx Km . m . m . \ xx yx zx\ 
m m m / x y z / 

1/2 

When X = ruthenium, Y = nitrogen, Z = oxygen, and Z* = 

nitrogen, then m and m . = 101; m = 14, m . = 15, m and x xx y y 1 
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m . =16, and m 1  = 14 and m 1  = 15 amu. giving a theoretical 
zi ' z z 

value of 

V1V2 
VliV2i 

for Ru-NO of 1.031 and for Ru-N-N of 1.032. 

The ratio of the product of the observed frequencies 

was compared to these numbers (see Table 3). Because the 

Ru-N stretching frequencies were not observed for all 

compounds 

V1V2 
v, .v0. li 2i 

could not be calculated for all complexes. For those 

compounds in which these frequencies were observed the 

results of the calculations were in close agreement with the 

experimental results, well within the estimated accuracy of 

the I.R.-12. For example, at 1800 cm-"'' the accuracy of the 

measurement is limited by the width of the absorption bands 

and is no better than +_ 3 cm-1. The nitrosyl frequency for 

[RuCl(NO)das2]Cl2, form I was obtained many times on a 

variety of samples. The values found ranged from 1884 to 

1879 cm"1. This much variation was found for all the 

nitrosyl complexes. The dinitrogen absorption band is much 

narrower and consequently variations of only 1 cm-1 were 

observed. In the 600 cm-1 region, numerous reading of such 

samples gave variations of + 1 cm-1. The maximum variation 

in the product rule which these errors could introduce is 



Table 3. Table of Isotopic Shifts for RuXY Calculated Using Method la 

Ruxy (#1) °Rua (#2) RuX "XY 

Compound 14v 15„ 15* 14v 15„ 15„ 14, 
obs obs ' cale obs obs ' calc 2J 1SN obs obs 

14v 1S„ 
obs obs 

Product Rule 
Calculation 

Obs Calc 

[RuCl(NO)das2]Cl2 form I 591.0b 576.5C 576.3 595. 5f 592. 0C 1831.5f 1843.0d 1. 026 1.031 

[RuClC:OJdas23Cl2 form II 594.5e 579.5f 579.7 586.0e 572. 0f 571. 5 1899.0g 1860.5h 

[Ru CI(SO)das 2 jCl2 form III 594.01 580.0^ 579.2 585.51 571. 5^ 571. 0 613. O1 609. 0^ 1890.0^ 1846.51 1. 030 1.031 

[RuCl(NO)das2]3r2 592. 5ra 577.0n 577.8 1882.0° 1842.5P 

[RuCl(NO)das2]l2 592.5q 578.0r 577.8 589.0q 574. 5r 574. 4 1875.0s 1837.0* 9 

[RuCl(NO)das23<PF6>2 591.5U 577.0V 576.8 605. 0W 603. 0* 1877.0y 1839.0Z 1. 024 1.031 

[RuCl(KO>das2]PtCl6 601.5aa 586. 5bb 586.6 589.5aa 575. obb 579. 9 607. 5aa 603. 5
bb 

1865.0CC 1826.0d<3 1. 029 1.031 

[RuCl3(SO)das] S93.5ee 578.Sff 578.8 580.0ee 567. 0£f 565. 6 616. 5
ee 

609. 5ff 1858.0ee 1821.5g9 1. 031 1.031 

[RuI(KO)das2]Br2 S90.0hh 575.5" 575.4 569.0hh 554. oil 554. 9 1873.0^ 1833.0kk 

[RuI(NO)das2]l2 588.5U 574.5™ 573.9 565.511 551. 551. 5 570. O11 565. 0mm 1873.0nn 1833.5°° 1. 030 1.031 

[RuCl(N2)das2]Cl 489.0PP 2125.0qq 

[RuCl(S2)das2]PF6 489.0rr 473.8SS 472.4 455. 0rr 448. 5SS 2130.5" 2095.5UU 1. 031 1.032 

[RuCl(K2IdasjSbFg 490.0VV 486*°w 
477.8 

485.6 
478.4 

453. 0™ 446. jWW 2130.5XX 2096. 5^ 1. 031 1.032 

a. Each peak has a footnote; which indicates the spectrum number from which the frequency was obtained. 
b. Spectrum #259 0. Spectrum #591 bb. 'Spectrum #507 nn. Spectrum #462 
c. Spectrum "23d P. Spectrum #301 cc. Spectrum #501 00. Spectrum #470 
d. Spectrum #564 q- Spectrum #560 dd. Spectrum #506 pp. Spectrum #537 
e. Spectrum #2ia r. Spectrum #570 ee. Spectrum #546 qq. Spectrum #536 
f. Spectrum #25a s. Spectrum #565 ff. Spectrum #561 rr. Spectrum #497 
g- Spectrum #300 t. Spectrum #567 gg. Spectrum #560 ss. Spectrum #576 
h. Spectrum S420 u. Spectrum #590 hh. Spectrum #598 tt. Spectrum #187 
i. Spectrum #427 V. Spectrum #584 ii. Spectrum #608 uu. Spectrum #241 
j- Spectrum #430 w. Spectrum #590, very doubtful assignment 35- Spectrum #595 vv. Spectrum #523 
k. Spectrum #426 X. Spectrum #584, very doubtful assignment kk. Spectrum #607 WW. Spectrum #526 
1. Spectrum #129 y. Spectrum #589 11. Spectrum #471 XX. Spectrum #525 
m. Spectrum #604 z. Spectrum #588 mm. Spectrum #478 yy. Spectrum #527 
n. ' Spectrum #602 aa. Spectrum #505, 508 
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0.005. This estimated error is greater than that observed 

for the product of the frequencies of all but one of the 

compounds ([RuCl(NO)das2](PF^)£). 

In calculating 6^, a similar procedure was followed. 

The expressions used for the calculation of the ratio of 

the bending frequencies is: 

6 
6 .  
1 

2 2 
h l2 

.2 .2 
1 2 

I? J&f U,+jfc9)2 

—  +  —  +  
m m m„ z x y 

im_ zi m 
XI 

(Z^+^2) 

m . yi 

1/2 

6 = 

.2 .2 . ,2 

— + + mm m z x y 

A' 

m zi m + 
XI 

(Jl1 + !'2)' 

m . yi 

1/2 

6 = FS^ 

For calculating the isotopic shift of the bending 

frequency, 6, or kg, I^ and must be known. Khodashova 

and Bokii's (33) and Simonsen's (28) work was used to 

estimate the Ru-N and N-0 distances. For the dinitrogen 

complexes, Davis and Ibers1 (34) values of Ru-N (1.9) and 

N-N (l.l8) were utilized. 

The value of F was calculated using these values. 

15 Fnq is 1.0254; for RuNN with N in the endo position FNN 
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15 is 1.0242, and for N in the exo position 1.009. Since the 

values of and are only approximated by assuming that 

analogous compounds will have similar values for and 

it is necessary to ascertain the effect which large errors 

in the Ru-N distance have on F. An error of _+ 0,l8. in this 

distance change F by only _+ 0.0002, creating a consequent 

15 —1 error in N (calculated) of only 0.1 cm . Thus, an error 

of O.lft in the Ru-N distance is considered negligible for 

these purposes. 

14 Using these value for F and the N values for 

5^. 15^,. was calculated. The results of these calcula-RuNO' Ru NO 

tions are found in Table 3. An error of + 1 cm""1" in 5RuN0 

leads to an error of 1 cm~^ in 6Ru15NQ calculation. All the 

6,,. observations and calculations agree within this 
N N 

experimental error. 

The force constants # an<^ were calculated 

using the same equations and assumptions. Two sets were 

calculated, one using the "^N frequencies, the other using 

14 the N values. The final force constant was the average of 

the two results for each compound. The two sets of force 

constants and final constant are listed in Table 4. From 

14 15 the final force constant, N and N vibrational frequencies 

were calculated. For the nitrosyls, these values are 

tabulated and compared with the observed values (Table 5). 

The corresponding results for the dinitrogen complexes are 

compared in Table 6. 
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Table 4. Force Constants Calculated for trans-diligandbis 
[o-phenylenebis(dimethylarsine)]ruthenium 

Compound K1 

K(14N) 

K(15N) 
x2 

K(14N) 

K(15N) 
K61 

X(14K) 

K(1SN) 
K62 

K(14N) 

K(15N) 

[RuCl!NO)das2]Cl2 (I) 5.45 
5.44 

5.46 
13.84 

13.84 

13.85 
.991 

.992 

.990 

[RuCl(NOIdas 2]C12•H20 HI) 1.002 
1.002 

1.001 
.974 

.973 

.975 

[RuCl(K0)das2*3/2H20 (III) 5.83 
5.62 

5.84 
13.80 

13.82 

13.78 
1.002 

1.000 

1.003 
.972 

.972 

.973 

[RuCl(NO)das2]Br2 .994 
.995 

.994 

[RuCl(NO)das2]l2 .996 
.995 

.946 
.983 

.983 

.983 

[RuCl(NO)das2](PF6)2 5.68 
5.65 

5.70 
13.78 

13.85 

13.71 
.992 

Q 
.992 

.992 

[RuCl(KO)das23PtCl6 5.72 
5.73 

5.72 
13.44 

13.43 

13.46 
1.024 

1.024 

1.025 
.985 

.985 

.985 

CRuClj<NO)das] 5.90 
5.94 

5.87 
13.30 

13.25 

13.35 
.998 

.998 

.998 
.956 

.953 

.958 

[RuX(NO)das2]Br2 .986 
.986 

.987 
.916 

.918 

.915 

[RuI(NO)das2]l2 4.92 
4.91 

4.93 
13.85 

13.84 

13.86 
.982 

.982 

.983 
.906 

.906 

.906 

[RuCl(N2>das2]Cl .693 
.693 

.693 

[RuCl(N2)das2]PF6 2.78 
2.79 

2.70 
17.98 

17.98 

17.97 
.694 

.693 

.694 

[RuCl(K2)das2]SbP6 2.75 
2.76 

2.74 
17.98 

17.98 

17.97 
.694 

.693 

.694 

a. K(*4N) and K(^B) refer to the value of each respective force constant calcu
lated from the 14N or 15N data only. 



Table 5. Observed and Calculated Isotopic Shifts for Ru-N-0 Calculated Using 
Method 2 

Stretch VN0 Stretch vRuN 5 RuNO #1 6 RuNO #2 

Compound °^c 14N 15N av2 14N 15N AV2 14N 15N 
4V2 14N 1SN AV2 

[RuCl{HO)das2)Cl2 form I 1881.5 
1883.0 

1843.0 
1842.0 

38.5 
41.0 

595.5a 

595.4 
592.0a 

590.7 
3.5 
4.7 

591.0 
591.3 

576.5 
576.5 

14.5 
14.7 

n.o. 

[RuCl(NO)das2JCIJ form II 1899.0 1860.5 38.5 
b 

n.o. n.o. n.o. 594.5 
594.6 

579.5 
579.7 

15.0 
14.9 

586.0 
586.2 

572.0 
571.6 

14.9 
14.6 

[RuCl(N0)das2]0l2 form III 1890.0 
1889.0 

1846.5 
1847.5 

43.5 
41.5 

613.0 
613.0 

609.0 
6C8.0 

4.0 
5.0 

594.0 
594.6 

580.0 
579.7 

14.0 
14.9 

585.5 
585.9 

571.5 
571.3 

14.0 
14.6 

[RuCl(N0)das2]3r2 1882.0 1842.5 39.5 n.o. n.o. n.o. 592.5 
592.2 

577.0 
577.4 

15.5 
14.8 

n.o. 

[RuCl(XO)das2]l2 1875.0 1837.0 38.0 n.o. n.o. n.o. 592.5 
592.8 

5T8.0 
578.0 

14.5 
14.8 

589.0 
588.9 

574.5 
574.2 

14.5 
14.7 

[RuCl(KO)das23(PFg)2 1877.0 
n.c.c 

1839.0 38.0 605.0a 

n.c. 
603.0a 2.0 591.5 

591.6 
577.0 
576.9 

14.5 
14.7 

n.o. 

[RuCl(NO)das2]?tCl6 1865.0 
1864.0 

1826.0 
1824.0 

39.0 
40.0 

607.5 
607.0 

602.5 
602.0 

5.0 
5.0 

601.5 
601.1 

586.5 
586.1 

15.0 
15.0 

589.5 
589.5 

575.5 
574.8 

14.0 
14.7 

[RuCl3(NO)das2] 1858.0 
1860.0 

1821.5 
1820.0 

36.5 
40.0 

616.0 
616.0 

609.5 
612.0 

6.5 
4.0 

593.5 
593.4 

578.5 
578.6 

15.0 
14.8 

580.0 
580.8 

567.0 
566.3 

13.0 
14.5 

[RuI(NO)das2]Br2 1873.0 1832.0 41.0 n.o. n.o. n.o. 590.0 
589.8 

575.5 
575.1 

14.5 
14.7 

569.1 
568.5 

554.5 
554.3 

14.5 
14.2 

[RuI(NO)das2]X2 1872.0 
1872.0. 

1833.5 
1832.0 

38.5 
40.0 

570.0 
570.0 

565.0 
565.0 

5.0 
5.0 

588.5 
588.6 

574.5 
574.0 

14.0 
14.7 

565.5 
565.4 

551.5 
551.3 

14.0 
14.1 

a. 

b. 

c. 

Very doubtful assignment, 

n.o. ' = not observed, 

n.c. = not calculated. 



Table 6. Observed and Calculated Isotopic Shifts for MNN Calculated Using 
Method 2 

Stretch VNN Stretch VRuN 6 RuNN 

Compound 14N 15N A , 
calc 14N 15N 

A , 
calc 14N 15N 

A , 
calc 

[RuCl(N2 )das2]Cl Obs 

Calc 

2125.0 489.0 

[RUC1(N2 )das2]PFg Obs 2130.5 2095.5 34.0 455.0 448.5 7.5 489.0 477.8 11.2 

Calc for 
RU15NN 2130.0 2092.0 38.0 455.0 448.5 7.5 489.2 477.6 11.6 

Calc for 
RuN15N 2130.0 2097.0 33.0 455.0 448.0 8.0 489.2 485.0 3.8 

[RUC1(N2 )das23SbFg Obs 2130.5 2094.0a 35.5 453.0 446.5 6.5 430.0 486.0 
477.8 

4.0 
12.2 

• 

Calc for 
Ru NN 2130.0 2091.0 39.0 452.0 446.0 6.0 489. 6 477.9 11.6 

Calc for 
RuN N 2130.0 2096.5 33.5 452.0 446.0 6.0 489.6 485.2 4.7 

a. This is the peak maximum from the two unresolved N-N stretch frequencies of the two 
isomers, Ru^5:j14n and RuI^nISn. 
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For the nitrosyls and the dinitrogen complexes, the 

two sets of results for k^ are in very close agreement. 

Only one pair of value for k^2 (in RuCl^(NO)das) differ by 

more than 0.003 x 10"1"1 dyne-cm/rad or 0.3%. For the entire 

nitrosyl series of [RuCl (NO)das2]^2, the range of k^ is 

0.011 x lO"^ dyne/-cm/rad, the average is 0.996 x lO"*""*" dyne-

* 11 cm/rad, and the standard deviation equals 0.005 x 10 

dyne-cm/rad, or 0.5%. Obviously, since the values for JL^ 

j&2 are somewhat uncertain (vide supra) the absolute values 

of the force constants have greater uncertainty. However, 

it is unlikely that within this series of compounds, the 

length of Ru-N or N-0 would change significantly. For the 

purposes of this discussion, the force constants need only 

be internally consistent. 

The agreement of the two sets of data for the 

dinitrogen and the nitrosyl complexes, for k^ is as good. 

5 
Of eight constants calculated, six agreed within 0.02 x 10 

5 
dyne-cm (0.4%), while the other two agreed within 0.05 x 10 

dyne/cm (1%). For k2 , the agreement between the two sets 

of data and constants is within 1%. 

_ The standard deviation = [(X - ) /(n-l)] , 
where X is the mean, X^, the individual result, and n, 
the number of observations. 



RESULTS AND DISCUSSION 

Synthesis 

i 5 
Preparation of RuCl^f NO) 

15 RuCl^( NO) served as the starting material for the 

15 preparation of all the N substituted compounds of ruthenium 

15 discussed in this paper. RuCl^f NO) was prepared according 

to the literature (35) with minor modifications. Douglas 

15 
et al. (31) maintain that the reactive species to which NO 

added was RuCl^'SI^O. Experiments have shown that commercial 

RuCl^* 31^0 from Johnson-Mathey will not react with nitric 

oxide in water. Figure 6a shows the infrared spectrum of 

RuCl^'St^O (commercial) in the nitrosyl stretching region 

(1600-2000 cm""*"). There are no bands seen. It was later 

found that when the commercial RuCl^'SI^O was boiled in 

methanol/conc. hydrochloric acid, it reacted with NO. Figure 

6b shows infrared spectrum in the 1600-2000 cm region of 

the product of the reaction of commercial RuCl^'Sf^O with 

NO, after the RuCl^'Sf^O was boiled in methanol/conc. 

hydrochloric acid. In this case there is a band at 1900 

cm~^, indicating that RuCl^fNO) has been formed. 

Because the literature method of preparation leaves 

a large amount of NaCl impurity which contaminates the 

RuClg(NO), two alternative methods of purification were 

32 



Figure 6. The infrared spectra of RUC1_«3H20 (a) and 
RUC13N0 (b). 

(a) The infrared spectrum of RuCl^'S^O from 
Johnson-Mathey Inc. from 1400-2300 cnr"l snown as the 
dotted line. 

(b) The infrared spectrum of the product of the 
reaction of NO and commercial RuCl^'St^O boiled in 
methanol, shown as the solid line. 
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Figure 6. The infrared spectra of RuCl-j* 31^0 (a) and 
RUC13N0 (b). 
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devised. Both methods are described in the experimental 

section. In both cases the yields from the purification 

were quantitative. The product from method 2 is much less 

hydroscopic than that from method 1. 

However, a small amount of acetic acid could be 

detected in the product from method 2. This impurity does 

not appear to have any effect on the subsequent reaction of 

RuCl^NO) with o_-phenylenebis (dimethylarsine ). The infrared 

spectra of [RuCl(NO)das2]Cl2 made from RuCl^NO) purified 

using method 1 and 2 were compared and found to be identical. 

The "^N analog of RuCl^CNO) was prepared using 

method 1. A comparison was made between the RuCl^(NO) 

product using method 1 and commercial RuCl^NO). The 

nitrosyl stretching frequency for these species were 

identical. The infrared spectra of [RuCl (NO)das2 m a (^ e  

using both commercial and laboratory RuCl^fNO) were compared 

and were identical within experimental error. The results 

of this comparison ensured that any differences found 

between Ru(^NO) compounds and Ru(^NO) compounds made from 

commercial RuCl^NO) or via the sodium hypochlorite method 

could be attributed to isotope effects. 

[RuCl(NO)das2]Cl2, Forms I, II, and III 

The first evidence that there was more than one form 

of [RuCl(NO)das2]Cl2 was obtained from the infrared spectra 

of supposedly identical compounds. Table 7 lists the 
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Table 7. Frequencies Observed in the 400-650 cm"""*" Region 
of [RuCl(NO)das2]Cl2, Forms I, II, and III 

Vibration 

Form I Form II Form III 

Vibration N14 N15 N14 N15 N14 N15 

VNO 1883.0 1843. 0 1899.5 1860. 5 1890.0 1846. 5 

das 1 (C-As) 626. 5 626. 0 622.5 622. 0 622. 5 622. 0 

das 2 (C-As) 605.0 604. 5 600.0 600. 0 600.0 600. 5 

6RUNO bend 1 591.0 576. 5 594.5 579. 5 594.0 580. 0 

6RUNO bend 2 — — 586.0 572. 0 585.5 571. 5 

das 3 435. 5 435. 5 439.0 439. 0 441.5 441. 5 
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infrared frequencies observed for these materials which were 

used to distinguish between them. It is important to note 

that in most cases the spectral changes were small. 

Form II can be prepared by dissolving [RuCl(NO) 

das2]Cl2 H2° anc^ allowing it to stir for 12 hours. It 

can also be prepared by reacting hydrochloric acid with 

[RuCl (NC>2 )das2 ] (36). The products from these reactions 

corresponded analytically to [RuCl (NO )das2 lcl2* ̂2^ ^akle 

The infrared spectra of the products of both these reactions 

were identical within experimental error. The infrared 

spectrum of this compound was compared to those of forms I 

and III (Tables 7 and 9). There were four bands in the 

600 cm-"*" region and the nitrosyl band was sharper and was 

found at 1899.5 cm-^. The rest of the spectra were 

identical with experimental error. An nmr spectrum in D2O 

showed only two methyl proton resonances, indicating that 

form II, [RuCl (NO )das2 ]Cl2, had a trans configuration. The 

band at 330 cm~'L ([Ru-Cl] stretch) was unshifted by reaction 

with water, so that it is certain that (OH)- or f^O had not 

been introduced into the coordination sphere. An elemental 

analysis (Table 1) indicated 3 chlorine atoms and 2 oxygen 

atoms per ruthenium. The change in composition corresponds 

to the addition of one H^O of crystallization, [RuCl(N0)das2 

18 CI2*1^0. Form II was also prepared from 0 by method 1. 

The product from this reaction had an infrared spectrum 

identical to that prepared using F^^O, except for bands due 
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to water. No band associated with the coordination sphere, 

VN0» ^RuNO' VRuCl sh°we<3 any change upon this substitution, 

which also indicates that the compound is [RuCl(NO)das2 3 

CVH2°-
A third form (form III) was identified by its 

anomalous behavior upon isotopic substitution. [RuCl(NO) 

das2 3cl2 (form I) was treated with conc. hydrochloric acid 

in water. The resultant material (form III) had four 

prominent bands in the 600 cm-"1" region of the infrared 

spectrum. Two of them corresponded exactly to two bands 

15 
found in the spectrum of [RuCl(NO)das2]cl2 containing N, 

prepared in an analogous manner. Elemental analysis of 

14 the N containing sample of form III corresponded to a 

composition, [RuCl (NO )das2 Ic^* 3/2H2O, but in this case the 

carbon analysis is in very poor agreement with the expected 

value. It is possible that methanol is present in this 

complex, but no evidence for its presence could be obtained 

from the infrared or nmr spectra. The nmr spectrum 

consisted of two methyl proton resonances indicating a 

trans configuration. The 330 cm"'1' band (Ru-Cl) was still 

present in the infrared spectrum. Therefore, it was 

concluded that no change had occurred in the coordination 

sphere of form III. 
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Conversion of [RuCl (CO)das2]B(CgH,-and [RuCl(N2)das21 
B(C6H5)4 to CRuC1(c0)das2^C1 and [RuCl(N2)das2]Cl 

In order to identify the metal-N2 frequencies, an 

anion having no infrared bands in the 350-650 cm"1 region 

was required. The tetraphenyIborate salts of 

[RuCl(CO)das2J and [RuCl(N2)das2J were converted to the 

chloride salts, by the reaction of the tetraphenyIborate 

salt with hydrochloric acid. B(CgH^)^- was found to react 

with hydrochloric acid forming materials which were 

soluble in benzene. 

Since [RuCl(N2)das2]B(C^H^)^ was scarce, it was 

decided to convert [RuCl(CO)das2]B(C^H^)^, a somewhat more 

plentiful compound, to the chloride to test the synthetic 

route. Figure 7a shows the infrared spectra of [RuCl(CO) 

das2]B (CgH,. before and after treatment with hydrochloric 

acid. The infrared spectrum of [RuCl(CO)das2]B(C^H^after 

treatment with hydrochloric acid (Figure 7b) shows that the 

B(CgH^)^ strong bands at 700 and 1400 cm 1 are absent, while 

the CO band is still present. 

The same conditions were used to convert [RuCl(N2) 

das2]B(CgHt-to the chloride salt. The reaction again 

proceeded readily. Any organo-boron material was removed 

by washing with benzene. The solid residue was extracted 

into CH2C12 to dissolve the product. An nmr spectrum in 

CDClg showed that the compound had the trans configuration. 
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Figure 7. The infrared spectrum of trans-[RuCl(CO)das21B(C6H5 ̂4 before (a) and 
after (b) treatment with hydrochloric acid. 
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The Ru-^N stretch in the and sk>Fg~ salts was 

resolved and identified at 450 cm~"L, but could not be 

observed in the chloride salt. Presumably, it lies under 

the strong das band at 440 cm-"'" (Figure 8). There was a 

shoulder at 426 cm-"'', but further evidence would be 

necessary before it could be assigned to the Ru-N stretch. 

The "^N compound was not prepared, since little [RuC] 

("1'^N-''"^:N)das2]B(CgH<- was available. 

The Reaction of RuCl^^NO and RuCl^^NO 
With Liquid Ammonia 

The literature notes that [Ru(NH^)^(NO)]X^ will 

react with aqueous ammonia to form [Ru(NH^)^(N2)](37). 

It has previously been suggested that the dinitrogen 

complex would also be formed in a reaction with liquid NH^. 

Liquid ammonia was condensed onto commercial RuCl^NO'I^O. 

Initially, the RuCl^NO'I^O dissolved completely, forming a 

light orange solution from which a brown solid precipitated. 

This solid was dissolved in water and any remaining solid 

was removed by filtration. The water was evaporated, 

leaving a brown solid. 

An infrared spectrum of this solid (Figure 9) showed 

absorption bands at 2095 cm-"'" and 1845 cm-'1', and a shoulder 

at 1908 cm-'*'. The bands at 1908 and 1845 cm""'' were 

identified as being due to [Ru(NH^(OH)(NO)(21) and 

[RufNH^J^NOJCllC^ (38) by comparison with literature 

values. The band at 2095 cm-"'' does not correspond to the 
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Figure 8. The infrared spectrum of trans-[RuCl(N0)das9]ci 
from 410-460 cm--1-. 
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cm 
Figure 9. The infrared spectrum of the product of the reaction of RUC13N0 with 

liquid ammonia from 1300-4000 cm"-*-. 
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VNN an^ known complex, however, it occurs in the region 

typical o f VNN* 

Although this N2 complex was not isolated, it was 

possible to identify it as a complex of ̂  by preparing the 

complex from RuCl^NO'H^O. The infrared spectrum of the 

final product is shown in Figure 10. It shows bands at 

2057 cm~^ and 1872 cm"^ and a shoulder at 1835 cm~\ 

Comparison with known isotopic shifts for and -NO 

indicate that these ir frequencies correspond to those 

15 14 expected when one N is substituted for N in Ru-N-N or 

Ru-N-O. Consequently, the ligand is present in this 

Ru-N system and must be formed from the reaction of the 

ligand -NO, with NHg. Much more careful work must be done 

including isolation of compounds before further conclusions 

can be drawn. 

The "^N and "*"^N reaction products were treated with 

concentrated hydrochloric acid, yielding compounds 

containing nitrosyls. Infrared spectra taken of these 

nitrosyls compared most closely to those reported by Fairey 

and Irving (21) for [RuCl (NH^ )^(N0) 

Infrared Spectra 

Assignments of the M-N-0 Frequencies 

2+ 
The infrared spectra of [RuCl(NO)das2l and 

[Rul(NO)das2have been obtained for different salts to 

facilitate identification of the ruthenium nitrosyl 
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Figure 10. The infrared spectrum of the product of the reaction of RuCl^ 
liquid ammonia from 1300-4000 cm~l. 

15 NO with 
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frequencies. The anions used were Cl~, Br", I-, (PF^) , and 

2_ (PtClg) . The assignment of the M-N-0 frequencies was 

15 based primarily on the shift observed upon N substitution. 

Other absorption bands in the cation were assigned 

by comparison with the ir spectra of o-phenylenebis(dimethyl 

arsine)(das or diarsine) (39, 40). cis and trans RuCl2das2 and 

RuCl^(NO). Anion frequencies were identified by comparison 

with the ir spectra of their potassium or sodium salts. 

The infrared bands from the reference spectra are listed in 

Table 8. The frequencies of the nitrosyl complexes are 

summarized in Table 9. The spectrum of [Rul(NO)das2/ 

which is representative of the series is shown in Figure 11a 

Identification of the absorption bands in the 650-

4000 cm-''" portion of the infrared presented no difficulties. 

The bands near 3000 cm-'1' corresponded to C-H vibrational 

frequencies of the diarsine ligand, while O-H stretching 

bands were observed for forms II and m of [RuCl(NO)das2l-

Cl2, [RuCl(NO)das2]l2, and [RuCl(NO)das2]PtCl6 in the 3200-

4000 cm~^ region. 

A strong band in the region 1850-1900 cmwas 

assigned to the nitrosyl stretch (vjjo^* T^e N0 stretch can 

occur at this frequency, and the band was the only one found 

in the region 650-2700 cm-"1' which could not be assigned to 

known diarsine, solvent, or anion absorption bands. 

15 In all compounds the substitution of N into the 

nitrosyl group shifts this band by approximately 40 cm""1" to 



Table 8. Frequencies Observed in Reference Spectra 

trans- cis- Refer-
Diarsine RuCl 2das2 RuCl2das2 RUC13(NO) KSbF- KPF_ 6 6 NaB (CgHj.) ̂ ences 

3058 sh 3060 s 
3040 m 3040 w 3030 w 3017 sh 
2980 s 2980 w 2980 w 2990 s 
2900 s 2900 w 2905 2970 

2900 w 
1610 w 1895 s 1960 m 
1587 vw 1900 

1840 
m 
m 

1563 w 1545 w 1555 1785 
1578 

w 
s 

1441 m 1439 m 1440 1480 
1450 

s 
sh 

1421 s 1420 m 1418 1421 s 
1412 sh 1405 sh 1395 w 
1383 sh 1310 w 
1261 m 1266 s 1268 s 1265 sh 
1250 ms 1250 m 1245 m 1253 ms 
1235 sh 1238 w 1185 m 
1160 w 1150 s (b) 
1119 w 1100 broad 1128 sh 
1090 m 1094 s 1100 s band 1110--1090 shs 
1033 w 1070 

1031 
m 
ms 

980 vw 990 w 
941 w 929 
885 s 903 s 905 s 870 s 
865 sh 853 s 
846 s 856 vs 860 vs 



Table 8.—Continued 

trans- cis- Refer-
Diarsine RuCl2das2 RuCl2das2 RuCl^NO) KSbFg KPF6 NaB^C6H5^4 ences 

826 sh 
785 w 
744 s 
719 w 
692 w 
645 w 
576 s 

568 s 

495 w 
433 s 

344 s 

278 s 
231 m 

823 s 

768 s 

607 s 

590 s 

443 s 
377 s . 
350 vs 
319 w 
280 w 
271 m 
256 

762 s 

606 s 

592 s 

375 s 
357 vs 

270-80 bm 

345 s 

298 w 
223 w 

620 m 
610 m 
530, 550 
vvvw 
470 w 

561 vs 

750 vvs 
718 vvs 

626 m 
609 vvs 

561 vw 

487 ms 
468 ms 
420 vvw 



Table 9. Frequencies Observed in Ruthenium Nitrosyl Spectra 

Cl, Clj (X)a Cl, ci2 (II) Cl, ci2 (III) Cl, Br2 Cl, - X2 
Cl, I lPP6>2 Cl, (PtCl6) das, C13 I, 3r2 I, J2 

n.o. 3400 broad 3400 broad n.o. 3400 broad 3020 vb broad 3400 w 
3040 m 3040 w 3030 w m 3200-3600 3040 w 

n.r. 2978 s 2970 s 2976 w 2978 nw 2940 broad 2995 2970 s 2980 m 
2910 w 2800-3000 

2900 m 2900 b 2920 w 2880 w 2900 p. 2900 broad 
1881.5 1900 s 1890.5 1882 s 1877. .5 1873 bs 1865 1858 1373 s 1872 vs 

1865 br sh 1830 WW 1620 s 1620 w 
n.e. 1610 m 1620 m 1610 m 1615 w 1563 m 1560 m 1560 w 1563 n 

1563 w 1565 
1453 m 1450 m 1450 m 1450 ms 1450 m 1455 s 1455 bs 1450 w 1455 m 1453 m 
1421 m 1420 br 1424 ns 1420 ms 1419 bs 1421 s 1418 ms 1420 sb 1420 s 1419 bs 

1290 m 1370 ms 
1275 mw 1285 w 1280 wsh 1275 s 1230 w 1280 sh 1268 s 

1271 s 1261 m 1260 s 1270 ms 1265 ms 1260 shs 1261 s 1260 1270 ms 
1260 shs 1239 law 1245 shs 1260 sh 1253 m 1245 sh 
1253 1230 1248 1163 w 1130 br 
11C9 D 1102 ms 1108 m 1108 ms 1108 ms 1108 s 1107 s 1109 m 1109 m 1108 m 
10=6 nw 1090 sh 1034 w 1090 'sh 

1060 sh 
1050 br •1031 m 1035 m 1030 w 1034 w 1034 m 1030 m 1030 ms 1030 w 
935 s 939 s 933 s 930 s 924 s 920 ssh 915 s 930 s 930 s 923 s 
892 vs 888 vs 886 s 895, 885 883 vs 870 s 870 vs 890 vs 890 vs 888 vs 

s 
870 sh 850 sh 830 vs 830 w 830 msh 830 w 830 w 

840 w 835 w 830 v 830 s 830 w 765 s 760 s 765 s 765 s 7 58 s 
777 s 769 s 761 s 756 s 705 w 720 v 700 w 

625.5 622 622.5 624. S 620. .5 621. , 5 m 622.5 625 s 623.5 621, .5 
600 598. .5 615 n 607.5 616 w 597 

604. 5 600 601 591 601, . 5 s 601.5 601 s 600.5 589 
595.5 594. .5 m 594 592.5 578 596 s 598 593 590 570 
591 586 585.5 574, .5 589.5 580 m 569.5 565, .5 

556 ws 
435.5 n 439 m 441.5 m 434 m 433 m 441 m 437.5 m 440 ns 433 n 432 m 
377 m 375 B 377 m 376 ras 376 ms 378 s 374 s 372 m 375 m 373 s 
363 n 363 m 362 m 361 ns 361 ms 363 s 362 s 365 s 363 n 361, . 5 s 
330 mm 330 mm 330 m 332 w 330 w 335 s n.o. 
310 w 310 w 310 w 308 s n.o. 

276 w 

a. In the compounds [RuZ(NO)<3as2]^+Wn, the first anion used as column heading is 2, the second i3 Hn. 
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11. The infrared spectrum of trans-[Rul(l^NCOdaspli^ (a) and trans-[Rul (^NO 
das2]l2 
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15 lower frequency. Figures 11a and lib compare [Rul( NO) 

das2]l2 [Rul("^NO)das21^2* shift °f the nitrosyl 

band is apparent. The frequency of the NO absorption band 

near 1881.5 cm"'1 of [RuCl(NO)das2]C12 (form I) agrees well 

with the published frequency of 1883 cm-"*" (31), while the 

VNO of RuCl3das(NO) (1858 cm-1) is in reasonable agreement 

with the value reported by Fairey and Irving (30), 1865 cm 

650-250 cm-"'" Region 

There are six bands due to diarsine found in the 

250-650 cm-"1" region. All the das complexes have two closely 

spaced bands near 600 cm-'1'; C-As stretches; one near 440 

cm-"'" (ring deformation), two near 350 cm-"'' (out-of and in-

plane stretch of the ring-As bonds), and one near 275 cm-\ 

The assignments of these vibrations were made by Green, 

Kynaston, and Rodley (39) and Deacon and Green (40). 

The bands found between 250 and 500 cm"''" were well 

separated and easily assigned. The Ru-Cl stretch ^vruci' 

has been assigned to a band found at 330 cm-'1' in the 

2_L 15 
[RuCl(NO)daS2l complexes. It is unshifted upon N 

substitution and is eliminated when I- is substituted for 

CI- in the coordination sphere. This assignment is con

sistent with Ru-Cl stretching frequencies observed in other 

compounds. In RuCl^NO, there is a strong band at 345 cm-'1'. 

Lewis lists several Ru-Cl stretching assignments between 

310 and 340 cm-"'" (41). 
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For [RuX(NO)das2]^+, the bands at 440 and two bands 

at 350 cm""'' were assigned to das. They were unshifted upon 

15 isotopic substitution of N. 

The 500-600 cm""1' region is more complicated. By 

comparison with other diarsine complexes a maximum of five 

bands: two das bands, the two Ru-N-0 bending frequencies, 

and the Ru-N stretching frequency are expected. In addition, 

unlike most of the das bands which remain constant (_+ 1 cm""'") 

from compound to compound, the two frequencies near 600 cm 

assigned by Green et al. (39) and Deacon and Green (40) as 

the methyl-As stretches, shift position with changes in the 

coordination sphere of the metal and with changes in the 

lattice. In the free ligand, they occur at 568 and 576 cm , 

while in [RuCl(NO)das2(form I) they are found as high 

as 626 and 605 cm-"1' (27). Consequently to identify the 

metal-nitrosyl frequencies it was essential to substitute 

15 the nitrosyl group with N. The unshifted bands were 

assigned to the diarsine frequencies. For this series of 

compounds, one diarsine band was always found above 620 cm 

and therefore was easily identified. 

A maximum of three M-N-0 frequencies may occur in 

this spectral region: the Ru-N stretch and the Ru-N-0 

bend (degenerate). The symmetry immediately about the 

ruthenium is approximately C^v and one might expect to find 

a single bending frequency. In some compounds the symmetry 

is lower than C^' and two bands are found near 590 cm"1, 
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both of which have been assigned as bending frequencies. 

The isotopic shift is the same for each of these bands and 

is almost twice that calculated for the Ru-N stretch, a 

theoretical impossibility. It is also impossible for the 

bend and the stretch to shift an equal amount in this 

system. 

In [Rul(NO)das23l2 there are five well resolved 

bands in the 550-650 cm-1 region. This region of the 

14 15 infrared spectrum of N and N-containmg compounds is 

shown in Figures 12 and 13. There are four bands of 

comparable intensity in the "^N compound at 622, 600, 588.5, 

-1 -1 15 and 565.5 cm and a weak shoulder at 570 cm . In the N 

complex, four bands of comparable intensity occur at 622, 

600, 574.5, and 551,5 cm"'1' and there is a completely 

resolved, though weak, band at 565. 5 cm-'1'. The bands at 

588.5 and 570 cm-'1' have completely disappeared. Three bands 

15 have shifted when N was substituted: Two of medium 

intensity and one weak band. Since the observed shifts of 

the two medium bands are identical and very close to that 

calculated for „n, and the shift of the weak band is the RuNO' 

same as that expected for vRuN, the two bands of medium 

intensity were assigned to the two bending modes and the 

weak band to the stretching motion. See Tables 3 and 5 for 

a comparison of the observed and calculated results. 

None of the other compounds gave spectra which were 

as well resolved as that of [Rul(NO)das2]l2* However, in 
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Figure 12. The infrared spectrum of [Rul(NO)das23^ from 540-630 cm -1 en 
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Figure 13. The infrared spectrum of [Rul ("*"^N0)das2from 540-630 cm \ Ul 



55 

most cases, the diarsine bands were well resolved. In 

every compound except [RuCl(NO)das2]PtClg the das bands 

near 600 crn"^ were at higher frequencies than the Ru-N-0 

deformation bands. In the case of [RuCl(NO)das2iPtCl^ 

there was a strong band at 601 cm-1 and below it, a shoulder 

poorly resolved. Curve resolution gave a value of 598 cm~^ 

for this shoulder. Upon isotopic substitution, the 601 cm ^ 

band shifted while the 596 cm band did not. The 

frequencies found in this region (550-650 cm by curve 

resolution are listed in Table 3. 

Other workers have found the bending motions of 

nitrosyls to occur at higher-frequencies or at a frequency 

comparable to the stretch. Khanna, Brown, and Jones (42) 

have assigned a band at 666 cm in Na2Fe (CN) ̂NO* ZI^O to 

the Fe-N-0 bend and one at 656.8 cm-"'' to the Fe-N stretch. 

In this case the bend was also of greater intensity than 

the stretch. Gans, Sabatini, and Sacconi (19) have 

assigned the M-NO bending frequencies in other penta-cyano 

nitrosyls to a pair of frequencies near 660 cm""'". McDowell, 

Horrocks, and Yates (13) have assigned the nitrosyl 

stretching and bending modes of Co(CO)^(NO) to bands at 

594 and 565 cm-1, respectively. Miki et al. (23) has 

assigned the nitrosyl frequencies in the pentahalonitrosyl-

ruthenates to a pair of frequencies near 600 cm~^. In 

this case the stretch was found to have less intensity than 

the bend. Feltham and Fateley (14) assigned a weak band at 
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570 cm""*" as the NiNO bending frequency in nitrosylcyclo-

pentadienylnickel. The stretching frequency Ni-N was 

assigned to a medium band at 640 cm"'*". 

Conflicting assignments of these bands have been 

made by other workers. Durig et al. (15) have assigned the 

strong bands near 600 cm-1 in numerous nitrosyl complexes 

to the Ru-N stretch and assigned a weak band near 360 cm~'L 

to the Ru-N-0 bend. The assignment of the stretch was made 

because the band shifted 15 cm"''" upon isotopic substitution. 

The assignment of the bend was based on analogy arguments. 

Others (21, 38, 43) have made other conflicting assignments. 

However, Durig and Wertz (5) have stated that perhaps 

and 6runq lie close together. 

Because of these previous conflicting assignments, 

— 1 —1 all our spectra have been recorded down to 300 cm (200 cm 

in some cases), often as very highly concentrated nujol mulls 

on polyethylene plates. In no case was there a shift in 

any bands occurring below 550 cm~\ Moreover, the theo

retical number of three bands shifted upon isotopic sub

stitution. These facts show conclusively that none of the 

frequencies lower than 500 cm"'*' involve the M-N-0 motions, 

since isotopic substitution would cause a shift of at least 

9 cm"'1' and be easily observed. This conclusion is in agree

ment with the assignments of Miki (22) and Gans et al. (19). 

The force constants were calculated using these data and the 

method outlined in CALCULATIONS (vide supra). 
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Certain trends and effects are apparent when the 

frequencies and force constants of this series of nitrosyls 

are compared. The largest shifts in nitrosyl frequency 

(v^o or v2^ were produced by introduction of water into the 

crystal lattice. In [RuCl(NO)das2Id2 one water of 

crystallization sharpens the nitrosyl peak and raises its 

frequency by 20 cm-"''. One and one-half waters of crystal

lization, however, raise the frequency only 8 cm"^ and leave 

the shape of the peak broad (see Figure 14). Sinitsyn and 

Petrov (20) found that water in the lattice increased the 

nitrosyl stretching frequency in the pentahalonitrosyl-

ruthenates (Table 10). They had attributed the shifts of 

VNO to the formation of hydrogen bonds between the nitrosyl 

group and the water molecule. 

Consequently, the effect of I^O on the nitrosyl 

frequencies of various other compounds was investigated. 

The infrared spectrum of Na2Fe(CN)^(NO)* 21^0 and 

Na2Fe(CN)j-(NO) (anhydrous) in the nitrosyl region were 

compared. The nitrosyl frequencies of the hydrated compound 

are 1945 and 1951 cm-"*" (42), while that of the anhydrous 

nitroprusside is 1920 cm~\ Although the N-0 group of this 

compound is not hydrogen-bonded (44), the water molecules 

are shown to be an integral part of the crystal structure. 

This is also seen in the difficulty one has in drying it. 

Since water is still found by elemental analysis and 

from the infrared spectrum after drying in vacuo over P2°5 
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Figure 14. The infrared spectra of [RuCl(NO)das2lcl2» forms 
I (a), II (b), and III (c) from 1800-2000 cm"1. 
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Table 10. The Effect of H20 in the Crystal Lattice on 
Nitrosyl Stretching Frequencies Found by Sinitsyn 
and Petrov (20) 

Compound an or # of H20 M "I 
NO in cm 

Rb2[Ru(NO)Cl5] anhydrous 1891, 1902 

2H20 1909 

CS2[RU(NO)C15] anhydrous 1878 

2H20 1897, 1905 

Rb2[Ru(NO)Br5] anhydrous 1871 

2H20 1894 

Cs[Ru(NO)Br5] anhydrous 1853 

2H20 1887, 1892 
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at 100° for five days, it is reasonable to conclude that 

water is also an integral part of the crystal lattice of 

[RuCl(NO)das2]Cl2 (form II). 

Other compounds showed no change in the nitrosyl 

stretching frequency even when there is present in the 

sample. IR spectra of (NPr^)2tFe(CN)^(NO)] and 

[Rul(NO)das2]l2 were recorded for wet and anhydrous samples, 

but no shifts in the nitrosyl stretching frequencies were 

observed. In contrast to sodium nitroprusside and 

[RuCl(NO)das2]C12 (form II), these compounds are dehydrated 

completely after drying five hours in an oven at 110°C. 

Thus, water which is strongly bound in the crystal lattice 

shifts the nitrosyl stretching of both [Fe (CN) <. (NO) ] ~ and 

[RuCl(NO)das2] by 20-25 cm" , while casual water has no 

effect. 

Marked differences were also noted between trans-

[RuX(N0)das23^2 and trans-[RuCl(NOIdas^]PtCl^. Although 

the symmetry of the cations is identical, the lattices must 

be different. The packing of a large cation with one large 

dinegative anion is necessarily different than that of a 

large cation with two small anions. This change in lattice 

structure may produce a change in potential about the 

2-nitrosyl group. In any case, PtCl^ caused a splitting of 

the Ru-N-0 bending frequency and a lowering of the nitrosyl 

stretching frequency. For [RuCl(NO)daS2]PtClg, k2 is 13.44 
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mdyne/8, which is 0.4 mydne/^ lower than k2 

[RuX(NO)das2]Y2. 

The effect of substitution of I for CI in the 

coordination sphere gave unexpected results. In 

[RuX(NO)das2]^+ this substitution leads to a decrease in 

VNO' vRuN' and 6RUNO <TABLE.(Since there is an 

objection to comparing the vRuN of [Rul(NO)das2]Y2 to 

that of [RuCl(NO)das2]Y2 when Y is not the same in both 

cases, the outer sphere anions were varied for both the 

chloro and iodo species. This change does not affect vNQ 

significantly nor does it lower vRuN below 595. 5 cm~\ ) 

It is interesting to note that Miki (22), Miki et al. (23), 

and Sinitsyn and Petrov (20) also found similar changes when 

they varied the inner sphere anionsiin the pentahalonitrosy1-

ruthenium complexes. In the pentahalonitrosylruthenium 

complexes, not only is there a change in trans effect, but 

also a change in the direct mechanical or steric effects due 

to the change of the cis ligand. Fenske and DeKock (4 5) 

have noted the importance of ligand to ligand interaction in 

the Mn(C0)^X series. The cis carbonyl stretching force 

constant decreased as Cl~ was replaced by Br" and I . This 

was explained by increased n-interaction between the cis 

2ny orbital and the increasingly diffuse halide electron 

cloud. One must note that the change in vNQ with change in 

X was much larger for the pentahaloruthenium nitrosyls than 

that observed for [RuX(NO)das2]^ + . (In the case of vrujj, 
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the changes in this frequency with change in halide are so 

2_ small for [RuX^(NO)] that they are possibly not signifi

cant. ) In the das complexes any shift in VNO would be due 

to changes only in electronic trans effects. The bulky das 

would effectively block any direct steric effect of the 

change of halogen of the nitrosyl. Consequently, any 

explanation of the effect which X~ has on the Ru-N-0 group 

2-f of trans-[RuX(NO)das2] must be due to electronic effects. 

Since analogies are often drawn between the 

electronic structures of metal carbonyls and metal nitrosyls 

(46), a short discussion of metal carbonyls will be presented 

below. The standard explanation of the variation of the 

carbonyl frequencies in transition metal carbonyls maintains 

that increased rr-electron donation from the metal to the 

carbonyl will increase the M-C frequency and decrease the 

C-0 frequency: 

M + C = 0 > MC = O 

Cs o ® 

//// indicates a filled orbital 

Halogens, which are TT donors, trans to the carbonyl group 

may then interact with this M-C TT system. Increasing the TT 

basicity of X would increase VMC and decrease VC0. This 

relation between VC0 and VMC is often postulated but only 
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recently has it possibly been observed for the carbonyl 

compounds. Clark and Crosse (12) have now completed a study 

of Mn(CO),_X compounds where X" is Cl~, Br~, or I~. Their 

data are included in Table 11. This is the most compre

hensive study of the lower frequency region of such a series. 

As has often been observed, vco increases when X changes 

from CI" to I~. However the change in vMC is so small that 

there appears to be little relationship between vCQ and ^MC. 

Table 11. Metal-carbonyl Frequencies in the Halopenta-
carbonylmanganese Series as Reported by Clark 
and Crosse (12) 

Compound vco(ai)axial v, MnCO v, MnC 

Mn(CO)5C1 

iMn (CO) 5Br 

Mn(CO)5I 

1989 

1986 

2004 641 

639 

640 

410 

409 

411 
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For the ruthenium nitrosyl compounds a different 

relationship between vNQ and vMn was observed. vrun and 

both decrease substantially with substitution of I for 

Cl~ in the coordination sphere. This effect can be 

accounted for by a effects rather than TT effects. I is 

more easily polarized than is CI and is hence a better 

electron donor than is Cl~, therefore changing I~ for Cl~ 

would tend to weaken the Ru-N bond. This in turn would 

place more electron density on the NO group, lowering the 

NO frequency. 

The bending frequency, 6RuN0' aPPears to ke affected 

by three changes in the complexes: the presence of water in 

the lattice, substitution of the trans ligand, and change in 

2 + the crystal lattice. In [RuCl(NO)das2] , the degeneracy of 

the bending frequency is broken when I^O is present in the 

lattice. In the isolated cation, the environment about Ru 

in the diarsine system has effectively C^v symmetry and 

6RUN0 is degenerate. Reduction of this symmetry by 

hydrogen bonds or by change in crystal lattice (by inclusion 

of water or rearrangement of anions) should lead to a 

splitting of the degenerate bend. When I~ is substituted 

for Cl~ trans to the nitrosyl group, two frequencies 

corresponding to bending modes occur even though no water 

is in the lattice. The lower frequency occurs 10 cm""^ lower 

than it does in the Cl~ salts. The bending frequency for 

[RuCl(NO)das2]PtClg is also split, in this case the higher 
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frequency occurs at a somewhat higher frequency than in the 

2+ other [RuX(NO)das2J complexes. There are two explanations 

for this and probably both are important. First, water of 

crystallization is found in the lattice, which would account 

for the splitting of the vibration. Second, the packing of 

the lattice is different from the rest of the series, which 

might also break the degeneracy of the bending mode. 

The bending frequency, like and vRuN, is not 

greatly affected by changes in outer sphere anions, so long 

as the number of anions in the lattice remains constant. 

That the diarsine ligands protect the nitrosyl group from 

small changes in the environment in the lattice is seen from 

preliminary X-ray information. Several attempts have been 

made to determine the crystal structures of trans

itMX(NO)das23n+ salts, but in every case the halogen and 

nitrosyl disorder. 

The bending vibration is an often discussed but 

little understood topic. Comparison of several compounds 
v-

of known structure with both bent and linear nitrosyls may 

elucidate the problem. Feltham (47) has obtained infrared 

spectra of [CoX(NO)das2]X, [CoX2das2]X2, [FeX(NO)das2]X, and 

[FeX2das2]X systems where X is Cl~, Br~, or l"~. The 

elemental analyses for these compounds agree with these 

formulations and are found in Table 12. The crystal struc

ture of trans-[FeCl(NO)das2]C10^ has been determined by 

Perry (48), who reported an Fe-N-0 bond angle of 148°. The 



Table 12. Analyses of Cobalt Compounds 
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„ , calc Compound found c H N 0 Ha log 

[CoCl (NO )das2 ]ci 32. 
32. 

81 
75 

4.41 
4.45 

1.91 
1.73 

— 9.69 
10.69 

[CoBr(NO)das2]Br 29. 
29. 

26 
22 

3.93 
4. 22 

1.71 
1. 34 

1.95 
1.84 

19.47 
20.60 

[Col (NO)das2ll 26. 
26. 

25 
70 

3. 53 
3.83 

1. 53 
1.81 — 

27.74 
27.65 

crystal structure of trans-[CoX(NO)das2]X has not yet been 

elucidated, but two closely related structures have been. 

Snyder and Weaver (49) studied the structure of 

[CoCl(NO)(en)2]C104, finding a Co-N-0 angle of 124.4°, and 

Ibers (50) has determined the structure,.,of black 

[Co(NH^)^(NO)]C12 also finding a bond angle of ~120°. The 

NO stretching frequency of both these compounds is close to 

that of [CoCl(NO)das2]Cl. For [CoCl(NO)das2]ci vNQ is 1550 

and 1563 cm"1, for [CoCl(NO)(en)2]C104, it is 1590 and 1663 

cm-1, and for [Co(NH^)^(NO)]C12 it is 1614 cm 1 (22). The 

far infrared frequencies of the iron and cobalt complexes 

of diarsine are listed in Table 13. 

In the 200-600 cm-1 region two bands are present in 

the nitrosyls, which are not found in the [MX2das2]X 

complexes. In the Co complex, these are found near 355 cm"1 



Table 13. Frequencies Observed in the Halonitrosylbis[o-phenylenebis(dimethyl-
arsine)]iron and Cobalt Complexes and Reference Spectra 

[CoCl2das2]Cl 

280 

372 

382 

448 

598 

615 

[CoCI(NO)das2]C1 

275 

358 m 

368 

378 

440 

565 w 

598 

618 

[CoBr2das2]Br 

275 

367.5 

380 

442.5 

598 

617 

[C0Br(NO)das2]Br 

274 

350 m 

365 

376 

442.5 

560 w 

595 

615 



Table 13.—Continued 

[CoI2das2]l [Col(NO)das2]l [FeBr2das2]Br 

290 290 254 

350 m 272.5 

362 367 307.5 

370 372 325 

485 440 347.5 

540 w 357.5 

590 596 

n.r. 617 442.5 

600 

617.5 

[FeBr(NO)das2]Br [Fel(NO)das2]l 

257 257 

274 275 

302. 5 301 

315 324 

345 345 

352.5 357.5 

425 w 427.5 w 

445 445 

562.5 560.5 w 

595 597.5 

612.5 615 
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and 555 cm-'1', while in the iron complex they occur at ~427 

and 560 cm . These bands have been assigned to the metal-

nitrosyl bending and stretching vibrations, respectively, by 

virtue of intensities and positions. The bending vibration 

was assigned to the band at 355 cm""'' for the cobalt complex 

and to 425 cm""1" for the iron complex. The stretching vibra

tion was assigned to the band near 560 cm""'' for both com

plexes. The assignments were based on intensity arguments 

and analogy to the nitrosyl halides, NOX. In the cases 

studied thus far the bending vibration has been of greater 

intensity than the stretch. This is true for the cobalt 

complex, but in the iron complex the bands are of comparable 

intensity. 

These assignments of the Co-N-0 frequencies are 

supported by the analysis of the nitrosyl halide systems. 

The nitrosyl halides are structurally similar to the Co-N-0 

and Fe-N-0 complexes having bond angles ranging from*. 110° 

(for NOF) to 120° (for NOC1 and NOBr) and bond distances of 

1.58 (NOF), 1.958 (N0C1), and 2.14% (NOBr). The structural 

data, force constants, and frequencies of the fundamentals 

for NOC1 and NOBr are found in Table 14 (51, 52). Table 15 

compares the stretching and bending frequencies of the 

nitrosyl halides with those of the transition metal 

nitrosyls. The X-N-0 and M-N-0 angles are also listed in 

this table. In the case of NOBr and NOC1, the X-N frequency 

is in the 500-600 cm""*" range while the bending frequency is 



Table 14. Nitrosyl Halides: Infrared Fundamental Frequencies, Force Constants, 
and Structural Data 

Structural Data 

X-N N 0 Infrared Frequencies and Force Constants 
Bond Bond XNO 

Compound Length Length Angle VNO kNO VXN kXN 6XNO kXNO 

NOC1 1.95 Aa 1.14 A 116° 1799b 13.97d 592 1.98 332 1.30 

NOBr 2.14 A 1.15 A 117° 1801° 14.00 542 2.18 265 .832 

a. All structural data from reference -5 2. 

b. All spectral data from reference 5 3. 

c. Frequencies in cm~\ 

5 d. Force constants in 10 dyne/cm. 



Table 15. A Comparison of Nitrosyl Frequencies for X-N-0 where X = Cl, Br, Ru, 
Cr, Fe, Co 

Bond Angle 

Compound XNO VN0 VXN 6 XNO 

N0C1 116°a 1799a 592a 332a 

NOBr 117°a 180la 542a 265a 

NOCo 
[CbCl(NO)das2]Cl 
[CbBr(NO)das2]Br 
[CoI(NO)das2]i 

I20°b 

1614° 570° 
560° 
540c 

358° 
350c 
350c 

NOFe 
[FeBr(NO)das2]Br 
[FeI(NO)das2JI 

148°d 
562.5° 
560.6C 

425C 
427.5C 

NOCr 
[Cr(NH3)5NO]Cl2 

180°e 

573 535 

NORu 
[Ru(NO)das2X]Yn 

180°g 1850-1900 
570-615 550-601 

a. Reference 52. 
b. References 51 and 53 
c. Reference 48. 
d. Reference 49. 

e. Reference 54. 
f. Reference 22. 
g. References 32 and 33. 
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near 300 cm"\ agreeing well with our assignments for the 

CoNO and FeNO complexes. 

The crystal structure of [Co(en)^][Cr(CN)(NO)]* 

21^0 (53) showed the CrNO bond angle to be 17 5.6°, which 

is essentially linear. An analysis of the ir spectrum of 

the related [CrCl(NO)das2]C10^ would allow a comparison of 

the nitrosyl frequencies of three first row transition metal 

nitrosyls of known bond angle. The ir spectra of 

[CrCl("^NO)das2]C10^ and the "^N complex were obtained. 

However, no shifts of the bands in the 300-650 cm region 

were observed. Presumably, the nitrosyl frequencies were 

obscured by diarsine and/or perchlorate bands. A plot was 

made of cos (TT-CC), which is roughly the angular dependence 

of (a is the M-N-0 angle) (54) versus The Plot 

was non-linear, implying that the force consant k^ is also 

affected by changes in the M-N-0 group. 

From the above discussion, it may be concluded that 

while vNQ is independent of the M-N-0 angle the bending 

frequency is highly dependent upon the bond angle. When 

the bond angle is near 180° , the bending and stretching 

motions occur attroughly the same frequency, with a total 

of three bands being commonly seen. When the bond angle is 

near 150° the bending and stretching modes are separated by 

100 cm-''' and only two bands are commonly seen. The presence 

of only two bands in this region is a restriction imposed by 
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symmetry. When the bond angle is near 120° then $wo and 

^MNO are seParate(3 by 200 cm""''. 

Assignments of the M-N-N Frequencies 

All frequencies observed in these compounds are 

listed in Table 16. 

As in the diarsine nitrosyl complexes, the region of 

the infrared from 650 to 4000 cm-''" was easily assigned. A 

strong band found between 2125 to 2132 era"''' was assigned to 

VNN* VNNN^as keen observed between 1700 and 2200 cm~^ for 

15 numerous other compounds (24, 25). Upon N substitution of 

a single nitrogen, this band shifts 36 cm-"'" to lower 

frequency in the diarsine complexes, thus unequivocally 

identifying the band at ~2130 cm-"'' as All other bands 

in this region could be identified as belonging to diarsine, 

PF6-, or SbF6". 

vRuN and 6RUNN have not been previously assigned. 

The assignments in the diarsine complexes were based 

primarily on isotopic substitution. The infrared spectrum 

was recorded from 300 to 650 cm~^ using high concentrations 

in KBr pellets or nujol mulls. One new band of medium 

intensity (i.e., one not seen in RuCl2das2 or the nitrosyls) 

was found for [RuCl(N2)das23pF6 near 490 cm~\ Upon 15N 

substitution it shifted 12 cm-"'" to lower frequency (Table 6). 

This is very close to the shift calculated to ^runn with 

"^N in the endo position. The [RuCl (^ )das ]C1 and SbF^ 



Table 16. Frequencies Observed in M-N-N Complexes from 200-4000 cm~^ 

[RuCl(N2)das2]Cl [RuCl(N2)das2]SbF6 [RuCl(N2)das2]PF6 [RuCl(CO)das2]C1 

3020 w 
2970 m 
2900 m 

3060 
3040 
2990 
2910 

w weak peaks 
near 3000 too weak 

2125 s 2130 s 2130. ,5 s 1945 s 
2030 W, 1700 w 1930 s 

1454 w 1420 br , 1445 m 1445 m 1450 w 
1360 m 

1420 fr ms 1279 1420 fr m 1420 m 
1275 sh 1261 > trip m 1279 \ 1280 
1261 ms 1251 1261 > mw 1260 m 

1220 m 1251 ) 
1102 m 1102 s 1102 m 1102 mw 

1030 s 1030 w 1030 m 
908 s 905 br s 918 w 915 m 
901 w 
876 s 864 865 br s 
861 s 860 br s 837 vs 
810 w 815 w 
783 s 755 br s 758 m 750 s 
702 w 700 m 710 br w 

666 vs 648 w 
616 m 613 m 613 m 615 m 
595 m 594. , 5 m 594 m, 556 vs 598 m 
489 m 490 489 s 588 m 

453 455 m 545 m 
445 m 441 s 441 s 435 m 
375. 5 m 376 s 378 rn 378 m 
358 m 357 s 359 m 360 s 
310 w 318 m 
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-1 15 compounds also show bands near 490 cm . When the N 

spectrum was recorded for [RuCl(N2)das2]SbFg, the singlet 

14 found in the N complex had split into a doublet at 486 and 

478 cm""''. These correspond to the shifts expected of ̂  ̂ 

15 for a mixture of compounds with N in the endo and exo 

positions. 

Douglas et al. (31) have shown that the 

i 2 5 
[RuCl(N£)das2] complex is substituted with only one N and 

that it is initially attached to the ruthenium. Since the 

dinitrogen complex is initially substituted endo, the 

appearance of two peaks in the st>Fg~ salt indicated that 

exchange between the endo and exo positions was taking place. 

A similar isomerism has also been observed by Armor and 

Taube (26), for [Ru(NH^)5(^)3^+. They, however, make no 

assignment of the band they studied. 

A third and previously unreported new band was 

observed at 455 cm""1", next to, but not well resolved from, 

-1 15 the diarsine peak at 440 cm . Upon N substitution, this 

shifted 7.5 cm""'" to lower frequency as expected for the 

Ru-N stretch (Table 6). 

Since two 6,, bands were observed for Ru () RuNN 

(endo and exo), two vRuN bands would also be expected. For 

the SbFg" salt there is a possible shoulder indicated on the 

2094 cm""*" peak at 2089 cm~^. No similar shoulder was seen 

in the PF6~ salt. Assuming that this shoulder was due to a 

VNN seconc^ isomer, the product rule was used to 
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calculate the vRuN of that isomer. It was found that vru^ 

15 -1 for the second N isomer would only dxffer by 1 cm from 

15 vRuN :Eor the first N isomer. This means that if two 

15 — isomers (endo and exo) exist in the N substituted SbFg 

salt of the dinitrogenbisdiarsineruthenium complex, then it 

is improbable that two Ru-N stretches could be discovered. 

A however, readily indicates the presence and identity 
RuNN 
of each isomer. 

The assignments of vNN , vRuN, and 6RuNN have been 

made on the bases discussed above. Table 3 shows the results 

14 15 using the N data to calculate the N frequencies of the 

bending modes. In both cases the calculated value agrees to 

within 0.4 cm"''' with the experimental value. For the 

stretching frequencies, the product rule was used for 

similar calculations. Again the agreement is very good, the 

calculated product being within 0.001 of the experimentally 

observed product. Alternatively if the 490 cm-"'' band is 

assigned to vRuN, the product rule gives 1.045 which is much 

higher than the theoretical value of 1.032. Such an assign

ment requires that the band at 455 cm"^ be assigned to the 

bending frequency. The shift of 7.5 cm""'" is much smaller 

than calculations would predict. Finally, if the 490 cm"'1' 

band is assigned to the stretch there is no possible 

explanation for the presence of two bands near 490 cm"'' 

upon isotopic substitution. 
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Tables 4 and 6 list the results of the second 

calculation. As in the case of the nitrosyls, the force 

constants (k^, k^, and ) were calculated using both the 

and "L5N data. The values for k^, k^ and kg shown in 

Table 4 are the averages from these calculations. From 

these force constants, , vRuN, and &RuNN were calculated 

and these values are listed in Table 6. The force constants 

are internally consistent. k^ was calculated four times, 

twice for each of two compounds. The overall variation in 

k1 was only 0.0 5 mdyne/8. or 1.4%. For each separate compound 

the variation was only 0.6%. 

The agreement between the various values for k^ is 

exceedingly good. As for k^, k^ was calculated four times, 

using four independent data sets—two for each compound. 

The total variation in k2 was only 0.01 mdyne/8. or 0.06%. 

For both compounds, k2 was 17.98 mdyne/S. The results for 

k^ are equally good, the total range was 0.1% and k^ equals 

0.69 x lO"^'1' dyne-cm/rad. for both and SbF^- salts of 

[RuCl(N2)das2]+. 

Assignments of the M-C-0 Frequencies 

Trans-[RuCl(C0)das2]C1 was prepared (see results in 

Table 16). The carbonyl stretch was assigned to two new 

bands (in comparison to RuCl2das2) at 1930 and 1942 cm \ 

Two additional bands were identified- in the 300-600 

cm~^ region. There were a total of four bands found in the 
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540-650 cm-"*" region at 545, 585, 598, and 615 cm~\ Since 

no isotopically substituted compounds were available, the 

bands were assigned by analogy to the nitrosyls and 

dinitrogen complexes, and other known carbonyls. In other 

complexes of diarsine, there are two bands in this region 

due to das itself, one above 620 cm-"'" and one near 600 cm \ 

Consequently, the bands at 615 and 598 cm*""1" were assigned to 

the das frequencies. This left the bands at 585 and 545 cm 

for assignment as Ru-C-0 frequencies. Neither band showed 

evidence of splitting. Most other workers have assigned 

6MCO hi<3her than VMC (7/ 8» 9» 10, 11 )• Their assignments 

are based on normal coordinate analyses of the group VI 

hexacarbonyl series. They have also found 6MC0 to be more 

intense than VMC- Therefore the band at 545 cm-"*" has been 

assigned to the Ru-C stretching motion and the one at 585 

cm""1" to the Ru-C-0 bending motion. Force constants were 

calculated using the three body model and are listed in 

Table 17. Although the crystal structure of [RuCl(CO)das2l 

CI has not been elucidated, that of a similar compound, 

Ru^fC0)^ has been (55). The bond distance used was 2.028. 

for a carbonyl group trans to a halide, and for C-0 it was 

1.06. The Ru-C-0 angle was 171°. 

The Configuration of RuCl^(NO)das 

RuCl^NOdas is, of course, markedly different from 

[RuX(NO)das23^2. To discuss this compound it is necessary 



Table 17. MXY Fundamental Frequency Assignments and Force Constant Ranges 

Compound v a 
XY *2b 

X! kl 6RuXY 

[RuZ(NO)das2]2+ 1865-1900 13.4-13.8 596-616 5.4-5.8 565-602 ~1.0 

[RuCl(CO)das2]1+ 1930-42 ~13. 3 545 4.1 585 ~. 843 

[RuCl(N2)das2]1+ 2125-32 ~18.0 452-5 2.8 490 69 

a. All frequencies in cm""'". 

5 b. All force constants in 10 dynes/cm. 
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to know the symmetry about the ruthenium. There are two 

possible isomers, the cis or mer configuration, in which a 

Cl~ is trans to the nitrosyl group, and the trans or fac 

configuration, in which an As is trans to the nitrosyl group. 

Both configurations are shown in Figure 15. 

To determine the configuration of RuCl^(NO)das, an 

nmr spectrum was taken of the compound in (CD^^SO. The 

methyl proton resonances were split the same amount 

as in [RuCl(NO)das2]Cl2« This indicates that the methyl 

protons in both complexes were experiencing a similar field. 

Because the nmr did not unambiguously distinguish between 

the two isomers, an ir spectrum of RuCl(NO)das was recorded 

from 200-400 cm-"1". Only two bands attributable to Ru-Cl 

stretches were found. They were at 330 and 318 cm~^. Lupin 

and Shaw (56) have shown that values of vn fall within 

small ranges depending on the trans ligand. Since one of 

the observed was identical to that of the trans-RuCl 

bis[o-phenylenebis(dimethylarsine)]chloronitrosyls, it was 

assumed that Cl~ is trans to NO, and the isomer is the fac 

or cis isomer. If As were trans to NO, then the CI would 

be trans to As and vR would certainly be shifted compared 

2+ 
with the trans [RuCl(NO)das21 species. 

Even assuming that the Cl~ is trans to the nitrosyl, 

this compound differs significantly from the other series of 

compounds studied; the ruthenium complex is neutral, of 

different molecular symmetry, and necessarily has a 



As 

As 

Ru 

As 

As 

a) b) 

Figure 15. The mer (a) and fac (b) configurations of RuCl3(NO)das 
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different crystal structure. Since it is a neutral species, 

there are no negative ions near the nitrosyl oxygen. This 

would allow the NO group to carry a greater negative charge 

with a consequent lowering of the force constant, as is born 

out by experimental result. k2 for RuCl^(NO)das is 13.30 

2 | 
mdyne/ft, 0.5 mdyne/ft lower than those for the [RuX(N0)das23 

series. The compound is of much lower symmetry (C ) than 
5 

2-f [RuX(N0)das23 and therefore, the two bending frequencies 

should not be degenerate. There should be one in-the-plane 

bend, which bisects the molecule and one out-of-plane, 

perpendicular to the first. 

While this compound is very different from the bis-

(das) nitrosyl complexes its similarities are of interest. 

Most notably, the Ru-N stretching force constant for this 

compound is comparable to those for the nitrosyIbis(das) 

series. This says that this vibration is more directly 

affected by changes in the trans ligand than by major 

changes in the crystal or molecular symmetry. 



CONCLUSIONS 

It has been shown that for the series of trans-

diligandbis[o^-phenylenebis (dimethylarsine) ]ruthenium com

plexes studied (Figure 1) ([RuZ(XY)das2]n+), the three body 

model is an accurate approximation of the motions of Ru-X-Y 

to within experimental error. This has been demonstrated by 

comparing the experimentally observed isotopic shifts upon 

15 isotopic ( N) substitution in the coordinated NO and in the 

endo and exo positions of the coordinated N£ molecules, with 

those calculated using this model. In all cases the agree

ment between calculated and experimental values has been 

found to be within _+ 0.8 cm . 

The frequencies of the vibration modes of the 

coordinated dinitrogen ligand have been assigned for trans-

[RuCl(N2)das2]X, where X = PF~ and SbF~, to bands at 

2130.5 cm-1 (s, vN1J) , 490 cm-1 (m, ̂ RuNN), and 455 cm"1 

(w, vRuN)* These assignments have been verified by compari-

1 5  . . .  son of the observed isotopic shifts upon N substitution m 

the endo and exo positions of the dinitrogen ligand (Table 

6). In each case the agreement was good. Force constants 

were calculated using the three body model (Table 4) for the 

two independent sets of data (^N and ^N). 

The fundamental vibrational modes for the coordi

nated CO in trans-[RuCl(C0)daSo]C1 have been assigned by 

83 
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analogy with the bisdiarsineruthenium nitrosyl and dinitro-

gen complexes and the Mn(CO)^X series studied by Clark and 

Crosse (12) (Table 18). The carbonyl frequencies were 

assigned to bands at 1942 cm"~^ (vq q  ) . 585 cm ^ ' anc^ 

545 cm-"'' (vruc ) • Force constants were calculated using the 

three body model (Table 17). 

The fundamental modes of the nitrosyl group in a 

series of trans-bis(diarsine)nitrosyl complexes, [RuZ(NO) 

das2]^+Wn, where Z = Cl~ and I- and W = CI , Br , I , PFg, 

2_ 
and PtCl6 , were assigned (Table 3), force constants calcu

lated (Table 4), and the effect of these substitutions 

noted. It was found that only the trans ligand had any 

major effect on vRuN or k^ (the force constant associated 

with this vibration). This substitution caused a lowering 

of the Ru-N frequency and force constant, and 1<2 were 

changed little by this substitution, though a slight de

crease in vNQ was observed. The degeneracy of 6RuNQwas 

removed, but the higher bending frequency was unshifted from 

the bending frequency found in the chloride. 

The effect of changes in symmetry was found to be 

greatest on vNQ and to a lesser extent on k.2 (the force 

constant associated with ) • When H„0 was an integral 
iSl ^ 

part of the crystalline lattice, the symmetry was lowered to 

as indicated by the splitting of SRuN0 • V
N0 

was ^oun<^ 

to increase, although k2 was unchanged. When the symmetry 

2-
was altered more radically, i.e., when PtCl^ , a dinegative 



Table 18. MXY Fundamental Frequency Assignments and MXY Bond Angles 

Compound MXY Bond Angles a 
VXY VMX 6 MXY 

trans-[RuCl (N0 )das-,3+ 
b 

180° 2130° 455 490 

trans-[RuCl(C0)daso]+ 
o c 170° 1930-1942 545 585 

trans-[RuX(NO )das-, ]+ 170°-180° 1850-1900 570-620 565-602 

trans-[FeX(NO)dasn]+ 148°° 1620-40g 560-5 425-30 

trans-[CoX( NO) das ] + of 120° -1550 540-565 350-360 

a. All frequencies in cm 

b. Reference 34. 

c. Reference 56. 

d. References 32 and 33. 

e. Reference 49. 

f. References 50 and 51. 

g. Reference 57. 

-1 
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anion was substituted for two univalent anions, or when two 

CI" were substituted for a diarsine ligand within the 

coordination sphere, vNQ and both decreased considerably. 

Therefore ̂ RuN or k^ is found to be primarily 

affected by changes within the coordination sphere, while 

and k^ were more affected by changes in symmetry of both 

the outer and inner coordination sphere. Substitution of 

uncoordinated univalent anions appeared to have no signifi

cant effect on any of the frequencies. 

The fundamental modes for two bent nitrosyls, trans-

[FeZ(NO )das2 ]Z, Z = Br~ and I-, and trans-CCoZtNOMas^Dz, 

Z = Cl~, Br~, and I~, were assigned (Table 18) by analogy 

with the nitrosyl halides and to the compounds previously 

studied. The fundamentals of these bent nitrosyls were 

compared to the linear ruthenium nitrosyls. Only small 

changes in were effected by the change in M-N-0 angle; 

however, the bending mode, , decreased markedly as the 

MNO angle decreased. 

A comparison of the force constants for the three 

systems studied, trans-[RuZ(XY^as^l"* (Figure 1), where 

XY = NO (Z = C1~, I~), NN (Z = CI"), and CO (Z = Cl") is 

found in Table 17. k^ is found to increase in the order 

Ru-^ < Ru-CO < Ru-NO. This order follows the reactivity of 

these complexes to displacement: Ru^ > RuCO > RuNO (58). 

The change of kg with ligand appears to be correlated with 

k, . kg for RuNO is higher than k. for RuCO and RUN2 which 
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are comparable. The stretching frequencies of the coordi

nated diatomic molecule increases in the order VN0 ' vCO» an<̂  

vN (Table 17), while the force constants for vNQ and vCQ 
2 

are comparable and for vN is much higher. 
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