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ABSTRACT

This thesis describes the work conducted in two main areas -

one concerning sodium nitroprusside, and the second concerning its

ruthenium analogues. The first chapter is a general introduction to

the historical background to the work. Chapter II reports the

experimental work concerning the reactions of sodium nitroprusside

with various amines and the conclusions drawn from this and earlier

work with other compounds concerning the in vivo reaction when

nitroprusside is employed as a hypotensive agent. Chapter III

discusses the decomposition of nitroprusside and examines various

detection methods for cyanide and thiocyanate; the effect of the

enzyme rhodanese on the compound is also studied. Chapter IV is a

review of the structure and bonding of nitrosyl complexes of

ruthenium, a brief look at their reactions is also presented.

Chapter V describes the preparation of sodium

pentacyanonitrosy1ruthenate(I I ) , its physical properties and a

mechanistic study of its reactions with hydroxide, sulphide, amines

and carbanions; comparison to the iron analogue nitroprusside is made

where appropriate. Chapter VI describes the preparation of sodium

pentach1oronitrosy1ruthenate(I I), its physical properties and chemical

reactions. The results from clinical tests of this and the pentacyano-

nitrosyl complex are reported.
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CHAPTER I

INTRODUCTION

The use of sodium nitroprusside as a hypotensive agent in

anaesthesia was first reported by Johnson in 1929and aroused the

interest of various workers in the department of chemistry at St.

Andrews University when later reports were received2. It causes the

rapid lowering of blood pressure by dilation of the blood vessels and

this effect can be controlled by the rate of infusion. The compound

was first introduced2 as a hypotensive drug to Britain in 1968, and

rapidly gained popularity. Its main advantage over other drugs then in

use was that when administration is stopped, the blood pressure

returns to normal without any overshoot. However, later reports

published described serious problems with the clinical use of

nitroprusside. It was claimed that, on infusion, the compound

underwent dissociation in a reaction with haemoglobin to release free

cyanide, detected in the blood plasma and exhaled air of patients3-'4.

Several cases of cyanide poisoning were attributed to the use of the

drug. These latter reports attracted the attention of workers at St.

Andrews University, since dissociation of the nitroprusside complex

would be surprising on consideration of the high thermodynamic

stability of the species.

Investigations were performed by Reglinski3 and HcGinnis3, the

former discovering the photolytical decomposition of nitroprusside to

produce a species which could dissociate to release cyanide. No

evidence, however, for any chemical reaction which led to

nitroprusside decomposition releasing cyanide was found. After the
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publication of this work, further reports were presented by other

groups, claiming that n i troprusside reacted in vivo, in the absence of

light to liberate cyanide"7". In an effort to settle the ensuing

disagreements, an investigat ion into the behaviour of nitroprusside in

aqueous and physiological media was subsequently conducted and this

work is discussed in Chapter III. The various procedures used to

measure cyanide concentration were examined for their reliability

under the conditions of the experiment.

In an attempt to understand the physiological effect of

nitroprusside, its chemical reactions have been investigated. Studies

of the compound's chemical reactions with hydroxide-, thiols- and

carbanions- have been conducted, and to complete the work, Chapter II

describes an additional investigation of the reaction with amines.

The kinetic information from these series of reactions led to the

proposal that a reaction between nitroprusside and a thiol group

occurred initia 11ya■ 13 at the active site in the muscle cell receptor

within the blood vessel walls, followed by a series of events finally

leading to dilation and thus a lowering of the blood pressure.

The uncertainty of the safety of nitroprusside in clinical use

led to the search for a 'safe' alternative. Ideally, the compound

should contain no potentially toxic groups, or be stable so that no

dissociation to release such groups could occur. Some analogues of

nitroprusside had been studied by Reglinski- without success.

Chapter V describes the preparation and investigation of the ruthenium

analogue of nitroprusside. Ruthenium was chosen since the chemical

properties of its compounds often resembles those of its iron

counterpart. It was hoped that if this was the case for the

pentacyanonitrosyl complex, then it too might exhibit hypotensive
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activity. The nature of the bonding in ruthenium nitrosyls is

discussed in Chapter IV, and since the ruthenium-nitrosyl bond is very

much stronger than the iron-nitrosyl bond, it seemed likely that the

ruthenium complex would be more resistant to the type of dissociation

that nitroprusside exhibits, which can lead to release of cyanide. A

second compound, the pentachloronitrosyl complex of ruthenium was also

studied, as described in Chapter VI. Should this compound undergo

dissociation, no harmful groups could be released, and if it were

found to show any hypotensive activity, would seem to fit the

requirement mentioned above for a 'safe' alternative to nitroprusside.

On completion of all the studies concerning the chemical

properties of the two above mentioned ruthenium compounds, clinical

trials were conducted at Ninewells Hospital, Dundee, to assess their

potential as possible candidates as alternatives to sodium

nitroprusside.
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CHAPTER II

THE REACTION OF SODIUM NITRQPRUSSIDE WITH AMINES.

2.1 Introduction.

It has been reported1-2 that nitroprusside reacts with primary

amines to form the corresponding aminopentacyanoferrate(11) and

aquapentacyanoferrate(I I) ions. The organic product is the

corresponding alcohol3, the same as that obtained from reaction with

nitrous acid."1-- The product from reaction with a secondary amine is

reported to be the nitrosamine.3

A mechanism for the reaction has been suggested3 which is

consistent with the above observations, and is displayed in Scheme

2. 1. This involves the initial formation of an adduct from the amine

and nitroprusside. The second step is the loss of protonated N-

nitrosamine, a process which is thought to be slow and therefore

rate-determining. Since, for primary amines, the nitrosamine molecule

is unstable, it rapidly breaks down to form nitrogen and alcohol.

Pentacyanoferrate(11) exists also for a very short time, acquiring

either a water or an amine molecule as its sixth ligand.

An investigation of the kinetics for the reaction between

amines and nitroprusside should provide information to either support

or contradict the proposed mechanism. The amines chosen for these

studies were ethylamine, n-propylamine, i-propylamine, t-butylamine,

diethylamine, triethylamine and benzylamine. The latter was also used

to verify the identity of the organic products of the reaction.



K
o-

CFe(CN)=NO]=- + RNH= ~ ± CFe(CN3,N 1 ="
N+ H=E

o-
CFe(CN)-»N ]=-

N"1" H=R

k =

[FeiCN),]3" + RH=fT
slow

f ast

RH=N^-NO ROH + Nz + H

H30

HFeCCN),]3"

CFe (CN) ,0H = 1:

CFe (CN) ,RNH=3
RNH3

Scheme 2. 1 Mechanism for the reaction of sodium nitroprusside

with amine.



slow

koH

:Fe(CN) = NO]=- + 0H~ ~ CFe (CN) JiO=H3

k —OH-

CFe (CN),N03H]3- + OH- > CFe ( CN ) ,N03]-1- + H=0
f ast

k i

CFe (CN )^N0= 3*1- + H30 N CFe (CN) ,OH =] 3~ + N03-
k- i

Scheme 2.2 Eeaction mechanism for sodium nitroprusside with

hydroxide.

1
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Since amines form aqueous solutions of high pH, consideration

had to be given to the reaction between nitroprusside and

hydroxide.--"7" The kinetics of this reaction have been studied, 10

but a value was required using the precise experimental conditions of

the amine studies.

2.2 Reaction of nitroprusside with hydroxide.

2.2.1 Previous investigation of the reaction kinetics.

Kinetic studies of the reaction between nitroprusside and

hydroxide73 have led to the proposal of the mechanism shown in

Scheme 2.2. Suinehart3 measured the rate constant for the forward

reaction of the first equilibrium, to form the nitrito complex,

ensuring that the second equilibrium did not become established, by

use of excess nitrite. The formation of the intensely coloured

nitrito complex was monitored using a stopped-flow apparatus and an

ultra-violet/visible spectrophotometer.

2.2.2 Experimental.

Rate constants were measured using a Hi-Tech, SF-4 stopped-

flow spectrophotometer, connected to a Commodore PET microcomputer,

via a transient recorder. Formation of the nitrito complex was

followed by monitoring the absorption of light at 390nm. A computer



Table 2. 1 Second-order rate constants for reaction of

nitroprusside with hydroxide.

ionic strength / M

0. 20

0. 50

0. 75

1. 00

1. 50

2. 00

0. 20

0. 50

0. 75

1. 00

1. 50

2. 00

C CFe (CN )bN0P" =

10= CN0=~] / H

4.0

4.0

4.0

4.0

4. 0

4.0

0.0 0.232

0.0 0.282

0.0 0.305

0.0 0.329

0.0 0.359

0.0 0.396

2.5 X 10—=M, CNaOH3 = 0.20M, T = 298K.

ko„- /n 1 s~ 1

0. 206

0. 241

0. 287

0. 320

0. 345

0. 370
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program calculated first-order rate constants, using the Kezdy-

Suinbourne method (Appendix I). 11.1= Fseudo first-order conditions

were achieved with hydroxide concentrations in large excess over that

of the sodium nitroprusside.

Eate constants were measured at constant concentrations of

reactants at a fixed temperature, varying the ionic strength by

addition of potassium chloride, in the presence and absence of

nitrite.

Sodium nitroprusside and potassium chloride were Analar grade,

all other materials were reagent grade. The sodium hydroxide

solutions were prepared by dilution of BDH concentrated volumetric

solutions. All sodium nitroprusside solutions were kept wrapped in

aluminium foil to prevent exposure to light.

2.2.3 Results and discussion.

The results obtained are shown in Table 2. 1, where I = ionic

strength. From the reaction mechanism in Scheme 2.2, the observed

rate for the formation of CFe(CN)=N0= 1*l~ has the following form;

Eate = koH- COH- HCCFeCCN )->N0]=— 1

or Eate = k0t,_ C CFe ( CN ),N0 I3" 1

where k^,*,-, = kDM~[OH_].

Since the hydroxide concentration is known, the rate constant kOH" for

the various conditions of ionic strength and nitrite concentrations



Ionic strength/ M

:CFe(CN),N0Dz-:o = 2.5 X 10-=, T = 298K.

Figure 2. 1 Plot of second-order rate constant (kOM-) against

ionic strength in absence of nitrite.

1



wavelength / nm

CEtNH^D = 0.5M, ItFe(CN),N01„ = 2.5 X 10~®M,

I = l.OM, T = 298K.

Figure 2.2 The ultra-violet spectrum of a mixture of ethylamine

and nitroprusside recorded a)0.5, b)3, c)8, d)15, e)30

and f)60 minutes after mixing.

Figure 2.3 The change in absorption spectrum monitored at 390nm

during reaction between n itroprusside and ethylamine.
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used can be calculated. Figure 2.1 displays a plot of kOH cLgd. i nSt I *

and the value of kow- relevant for the ionic strength used during the

studies with the amines found by interpolation from this plot. At an

ionic strength of 1.OH the value of kon~ was equal to 0.329M_1s_1.

2.3 Reactions of various amines with nitroprusside.

Experimental.

The UV-visible spectra of the reaction products from

nitroprusside and the various amines were measured to confirm an

absorption maxima of 390nm in each case. The spectra of the products

remained unchanged for at least 24 hours, indicating no subsequent

reaction (Figure 2.2).

The reactions between nitroprusside and amines were too slow

to be monitored using the stopped-flow method, therefore a Pye-Unicam

SP8-100 spectrophotometer was used. Equal volumes of amine and

nitroprusside were pipetted into a 10mm length UV silica cell, and the

change in absorption at 390nm followed as shown in Figure 2.3.

Pseudo first-order conditions were achieved using solutions of

amine at least one hundred-fold greater than the concentration of

nitroprusside. Amine solutions of various strengths were internally

buffered, by adding hydrochloric acid to an aqueous solution of the

amine of known concentration. Sulphuric acid was used in the case of

benzylamine. The pH remained constant throughout the experiment, and

was measured with a Beckman pH electrode and the value was used to



Scheme 2.3

RNHz + HC1 N RN+H3 + Cl"

Formation of an amine buffer solution.

Table 2.2 Observed rate constant obtained for reaction of

nitroprusside with ethylamine.

[EtNHz1/M 0.2 0.3 0. 4 0.5 0. 6 0.7 0. 8 0.9

103 kotJ. / s"1 6.2 7.4 8.9 11.8 (0C-J 13. 9 16. 1 18. 1

:CFe(CN),N01=-:o = 2. 5 X 10-=M, I = 1. OH (KC1),

T = 298K, pH = 10.65



CEtNHz1 / H

gradient = 1.95 X 10-zM-1s-1, intercept = 9.4 X 10-,*s-1

CCFefCNJ-jNOl51-:., = 2.5 X 10".3H, T = 298K,

I = 1.0H (KC1), pH = 10.65.

Figure 2.4 Plot of the second-order rate constant for reaction

of nitroprusside with ethylamine.
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calculate the rate of reaction between hydroxide and nitroprusside.

Potassium chloride was used to keep the ionic strength of all

solutions constant. The observed first-order rate constants were

calculated using a program on the Commodore PET microcomputer,

according to the Kezdy-Swinbourne method, giving correlation

coefficients greater than 0.99.

2.4 Results and discussion.

2.4.1 Ethylamine-

Table 2.2 displays the observed first-order rate constants for

each concentration. Assuming the mechanism given in Scheme 2.1 to be

correct, the rate of reaction is governed by the slow decomposition of

the adduct, and has the following form;

Rate = Kk=CCFe(CN),NO]C ENH =3

or rate = ka-*m C CFe ( CN )9NO]=- 1

where kcba =Kk=CRNH=1

Thus a plot of k^^j, against CRNH=3 should give . a straight line of

gradient Kk= (Figure 2.4).

The rate constant for the reaction with hydroxide, k'c-t,^, was
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calculated as follows:

k!ob. = k oh~[OH ~]

The value of OH- was calculated from the pH measurements, and k0H_ was

interpolated from the plot in Figure 2.1 at ionic strength of 1.0M.

The value of k ' was calculated to be 1,47 X 10~"*3-1, However, from

Figure 2.4, the observed intercept is 9.4 X 10_4s_1. The value of Kk=

is 1.95 X 10~3M-1s-1.

Discussion.

The linear nature of the plot of against CEtNH=l (where

EtNH3 = ethylamine) is consistent with the mechanism for the reaction

as shown in Scheme 2.1. However, the difference in value between the

observed intercept and that calculated, if due only to the reaction

between nitroprusside and hydroxide, is too large to be explained by

experimental error. One suggestion to account for this is that the

medium effect for ethylamine at high concentration depresses the rate

constant, and in forcing a linear plot, a positive intercept is

produced. The total ethylamine concentration is 2.0M at the highest

values, but if lower concentrations are used, the reaction becomes too

slow. Side-reactions become more apparent also, and good first-order

behaviour is not observed. Alternatively, a second explanation

proposed required a further look at the reaction of nitroprusside with

hydroxide. The mechanism outlined in Scheme 2.2 describes a second

step involving the rapid, irreversible transfer of a proton from the



Table 2.3 Observed rate constant

with n-propylamine.

for reaction of nitroprusside

Cn-PrNHa:/M o » o U! 0. 10 0. 15 O M O 0. 25

103 koi»/3"1 OCO 3. 79 (NCOCO 4. 50 5. 00

C CFe(CN)»N0]0 XoCOII 10_3M, I = 0.5M (KC1 ) ,

T = 298K, pH = 11.16

Cn-PrNH*] / M

Figure 2.5 Plot for second-order rate constant for reaction of

nitroprusside with n-propylamine.

gradient = 7.8 X 10~3M-1s-1, intercept = 2.65 X 10 3s~x.



adduct to hydroxide. If this step occurred however via an equilibrium

with equilibrium constant K, then the rate expression for the reaction

becomes

rate = k oh- COH" 1 [ CFe C CN NOF" ] + ( C k-oH*)/ C 1+KEOH ~1 ) )

or rate = Lba C CFe ( CN ]

where = ko„-[QH-] + C ( k _0h~ ) / C l+KCQH" 3 ) )

Thus the values calculated for kow- in Section 2.2.3 would be too low,

having ignored the term involving 1/[0H~3. At low hydroxide

concentrations, this value would become increasingly significant, and

so under the conditions at which the reaction between ethylamine and

nitroprusside was studied, the hydroxide-nitroprusside reaction

occurred to a far greater extent than previously thought. Therefore,

since calculations of this extent were not possible, it was decided

that the intercept obtained on the plot in Figure 2.4 was due to the

reaction between nitroprusside and hydroxide alone.

2.4.2 n-Propylamine.

The observed first-order rate constants are displayed in Table

2.3, and Figure 2.5 shows the plot for the second-order rate constant.

Kk 3 = 7.3 X 10-3M — 1s - 1

intercept = 2.65 X 10"*3s-1

k = 4. 1 X 10-*3 ~ 1

The discrepancy between observed and calculated intercept values again

can again be explained by suggesting the calculated value of the

extent of hydroxide reaction was too low under the conditions of very

low hydroxide concentration. The measured value of the gradient Kk3



Table 2.4 Observed rate constant

with i-propylamine.

for reaction of nitroprusside

Ci-PrNH^l/M 0. 05 0. 10 0. 15 0. 20 0.25

10= koh./s"1 2. 65 2. 70 3. 25 3.45 3.50

CCFe(CN)^NQ]3-:o = 3.0 X 10-=H, I = 0.50M,

T = 298K, pH = 11.29

10= kDb. / s~1

C i-PrNHa: 1 / H

Figure 2.6 Plot of kob. against Ci—PrNHz3 for reaction between

n itroprusside and i-propylamine.

gradient = 5.8 X 10~3M_1s_1, intercept = 2.2 X 10 3s 1
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was lower than in the ethylamine case, perhaps because the more

sterically demanding adduct reduces the value of K from Scheme 2.1,

thus lowering the overall rate constant Kk3. Alternatively and more

probably, since the measurements were carried out at a lower ionic

strength than for the ethyl amine measurements, a decrease in measured

intercept due to a decrease in reaction rate would be expected. The

linear nature of the plot demonstrates that the kinetics are entirely

consistent with this mechanistic route.

2.4.3 i-Prouylamine.

The observed first-order rate constants are shown in Table 2.4

and Figure 2.6 displays the plot of k0>,M against Ci-PrNH=H (where i —

PrNH= = i-propylaiine).

Kk=

intercept

= 5.a x

2. 2 X

= 5. 5 X

10-aH-ls _1

10~ 3 s~~1

10 _ 1

The kinetics are again consistent with the mechanism outlined in

Scheme 2.1, but poorer correlation coefficients were obtained when

calculating the values of the observed first-order rate constants.

This suggests less than perfect first-order behaviour.

The difference in value between the observed intercept and

k'nb. the calculated intercept can again be explained by the

calculated value k'ab, being too low.



Table 2.5 Observed rate constant for reaction of nitroprusside

with t-butylamine.

Ht-BuNHzl / « 0. 013 0. 025 0.038 0.050 0.063

10* koto. / s~1 10. 2 CO00 7.3 8. 1 9. 1

CCFeCCNlrsNOl^-lo = 3.0 X 10~3H, I = 0.5M CKC1),

T = 298K, pH = 11.2

10* kob. / s"1

10

8

0 0.25 0.50 0.75
Ct-BuNHzl / M

Figure 2.7 Plot of koto, against amine concentration for reaction

between nitroprusside and t-butylamine.
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2.4.4 t-Butylamine.

Table 2.5 displays the observed rate constants at various

butylamine (t-BuNH=) concentrations, and Figure 2.7 shows the plot of

these values against amine concentration. The solutions of butylamine

used were of much lower concentration than for the other amines, since

it was found that it was considerably less soluble in water. Figure

2.7 indicates no sensible dependance of the observed rate constant on

amine concentration.

The value for the calculated rate constant for reaction with

hydroxide, k 'obi. is 4.5 X 10-4s_1, which, allowing for a medium effect

as well, is quite close to the value of the observed rate constant.

This indicates that the only reaction occurring is that between

hydroxide and nitroprusside, which is as expected on consideration of

the formation of the sterically demanding adduct.

2.4.5 Diethylamine.

On mixing solutions of nitroprusside and diethylamine, an

intense blue species formed immediately, which then gradually faded to

form the more familiar yellow coloured products, with absorption

maximum at 390nm. It was initially thought that the blue species,

with absorption maximum at 580nm, was the adduct formed on reaction

between the amine and nitroprusside. However, this view was rejected

in the light of the kinetic evidence obtained.



103 kol5.
/ S"1

5.0

4.0

3.0

2.0

0.10 0.15 0.20
~~1 1
0.25 0.30

CEta-NH] / M

CCFe(CN),N0]2-:o = 2.5 X 10-3M, I = 1.0M (KC1), T = 298K

Figure 2.8 Plot of observed rate constant against amine

concentration for disappearance of blue species during
1

reaction of nitroprusside with diethylamine.



Absorbance

0. 6 390nm

0.4

0.2

580nm

100 200

Time / s

C CFe (CN ]0 = 2.50 X lO-'M, CEtzNH30 = l.OM,

I = l.OH (KC1), T = 298K, pH = 11.44

Figure 2.9 Change of absorption with time for reaction between

nitroprusside and diethylamine.



Table 2.6 Observed rate constant for formation of product for

reaction of nitroprusside with diethy1 amine.

C Et = NH] / M 0. 1 0. 2 O. 3 0.4 0.5

■P0
100

1

i /s~ 1 2. 2S 3. 77 5. 35 B. 30 S. 45

CCFe(CNl^NO:3-= 2.50 X I = l.OM (KC1),

T = 298K, pH = 11.44

CEtzNHl / M

Figure 2.10 Plot of observed rate constant against concentration

of amine for nitroprusside reaction with diethy1 amine.



HFe(CN),NO:z" Ets

bl ue

species

yellow product
CFe (CNJ^X]35-

->colour less

species

Et zHN-NO

X = NHEtz of Ha-0

Scheme 2.4 Mechanism for reaction between nitroprusside and

diethylamine.
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Firstly, on studying the formation of the blue species, it was

found to be non-first-order in diethylamine (Et=NH) concentration.

Although some relationship existed, values calculated for the observed

first-order rate constant gave very poor correlation coefficients,

indicative of a non-first-order process. On following the

disappearance of this species, the rate of reaction was found to be

completely independent of amine concentration (Figure 2.8).

When the progress of the reaction was monitored at 390nm and

580nm, the formation of the yellow product was seen to be complete

before the blue species had completely disappeared (Figure 2.9). If

the latter were the intermediate adduct, then its disappearance should

equal the rate of formation of yellow product.

Finally, the results of the kinetic studies on formation of

the yellow product, displayed in Table 2.8 and Figure 2. 10, indicate

it to be first-order in diethylamine concentration. If the blue

compound,which did exist for several minutes, were the adduct, then

formation of the yellow product should be independent of amine

concentration.

It was therefore concluded that diethylamine reacts with

nitroprusside, via the same mechanism as encountered for the other

amines, shown in Scheme 2.1. In addition, a side-reaction occurs with

the formation of a blue intermediate, which then forms a colourless

product (Scheme 2.4). Other workers have reported the formation of

highly coloured transient species during nitrosation of am i nes . 13 - 1*1

These were thought to be related to Wursters ' sa 1 ts15_ 1~r , which are

radical cations. However, ESR spectroscopy provided no evidence for a

radical or a paramagnetic species being formed, and all attempts to

isolate the blue compound failed. Therefore, the blue species is as



Table 2.7 Observed rate constant for reaction between

benzylamine and nitroprusside.

CPhCHz-NHzl / M 10* kob. / s"1

0. 04 0. 99

0. 08 1. 66

0. 12 2.21

0. 17 2. 98

0.21 3. 68

0. 25 4. 55

0. 29 5. 60

0. 33 6.63

0. 37 7.88

0.41 9. 18

CCFe(CN),3=~

T = 308K,

Ho =

PH

3 X 10-=M,

= 9.81

I = 0.5M CKC1),



0. 10 0.20 0.30 0.40 0.50
CPhCH2-NH3: / M

CCFe(CN),N01Z-D = 3.0 X 10-=M, I = 0.5M (KC1 ) ,

T = 308K, pH = 9.81

Figure 2.11 Plot of observed rate constant against amine

concentration of nitroprusside with benzylamine



K 0

/
CFe(CN),NO]=- + FhCH3-NH3 —CFe C CN )-,N ] ='

\

,0
k 3

CFe(CN),NC 3Z~ » C Fe < CN ) =H 3~ + FhCH3-H3N"""-NO
slow

NH3-CH3Ph

,0
k 3

CFe(CN),N'v 3=- + PhCH3-NH3 > CFe ( CN ) ,PhCH3-NH33 3~ + PhCH3-H3N +
slow

"NH3 -CH3 Ph

PhCH3-H3N^-NO 4 PhCH3—OH + N3 +

Scheme 2.5 Mechanism for

benzylamine.

reaction between nitroprusside and
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yet unidentified.

Values obtained for the rate constants of reaction of

nitroprusside with diethylamine and hydroxide are as follows:

Kk 3 (for formation of yellow product) = 1.52 X 10-=M-1s~1;

intercept = 8.0 X 10-"1 s~1 ; ko-es. = 8.8 X 10

The observed intercept, and that calculated from hydroxide reaction

are in this case very similar.

2.4.6 Benzyl amine.

Table 2.7 summarizes the values for the observed rate

constants, and these are plotted against amine concentration in Figure

2.11. The graph clearly illustrates that the reaction is not first-

order in benzylamine concentration. A second amine molecule was found

to be involved in the rate determining step as shown in Scheme 2.5.

This describes how the second benzylamine molecule effects

displacement.

Since the reaction occurred very slowly, the contribution made

by the hydroxide reaction became significant and also had to be

considered in the rate equation.

Kate = Kk3 [ NF=~ 3 Z KNH= 3 + Kk., Z NF=~ 3 Z FNH, 3= + ko«- Z NF=~ 3 Z OH- 3

where NP"~ = CFe (CN ),N03=~ , and ENH= = benzylamine.

Kate = k0bB CNF'3- 3

where k = Kk3CF;NH33 + Kk ,C ENH ,3 = + kou'lOH-]



10* (knb.-k'ot.)/[PhCHz-NHz]

/ M~1s- 1

25

10

5

0 0.1 0.2 0.3 0.4
CPhCH3-NH33 / M

CCFe(CN),N0D=-] = 3.0 X 10"*M, I = 0.5M (KC1),

T = 308K, pH = 9.81

gradient = 2.0 X 10_-H-Zs-1, intercept = 1.3 X 10-:3H-:l3-1

Figure 2.12 Second-order rate plot for reaction between benzyl-

amine and nitroprusside.
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thus (kob. - koH-COH-]) / CRNH®] = Kk3 + Kk, CENH3]

As before, the value koM~C0H_3 is the calculated rate of reaction due

to hydroxide reacting with nitroprusside, that is , k . The value

k, is the third—order rate constant for the reaction involving two

molecules of benzylamine.

Thus, a plot of (kol3. - k'abJ / CKNH31 against CENH 3] should

be linear with intercept Kk3, and gradient Kk^ if the proposed

mechanism is correct. Figure 2.12 displays such a plot from which the

following values were found;

Kk3 = 1.3 X 10-=M-ls-1

and Kk, = 2.0 X 10-*M-=s-x.

The linearity of this plot is consistent with the mechanism

shown in Scheme 2.5, which is similar to that proposed for the

nitrosation of morpho 1 ine1T5.

2.4.7 Triethylamine.

No reaction was observed between nitroprusside and

triethylamine, which was not surprising when the steric requirements

for formation of the adduct was considered.

2.5 Identification of organic products.

2.5.1 Introduction.
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Previous workers have reported that nitroprusside reacts with

primary amines to produce the corresponding alcohol, with nitriles and

olefins as subsidary products3, secondary amines reacting to form the

N-nitrosamine. It was decided to repeat the analysis of the products

formed between nitroprusside and benzylamine for verification.

2.5.2 Experimental.

A solution of sodium nitroprusside (1.5g) was made in water

(25ml) and added dropwise to a solution of benzylamine (0.9g) in water

(30ml) containing sodium carbonate (0.23g). The mixture was stirred at

room temperature for 24 hours, then potassium carbonate (2-3g) added

and dissolved. This was then extracted with five aliauots (20ml) of

ether, and the organic phase dried overnight with anhydrous magnesium

sulphate. The solution was concentrated to a volume of 2m1 under

reduced pressure, and this used for injection on to the gas liquid

chromatography column. This latter contained a polar-compound

separating packing material, and was maintained at 130°C. Nitrogen

was used as the carrier gas. Authentic solutions of benzylamine,

benzyl alcohol and benzonitrile were prepared. Samples of the test

solution containing the reaction products were injected into the gas

liquid chromatography column for separation of the components. A

detector linked to a chart recorder monitored the appearance of each

compound, measured as a function of time. This was repeated with each

of the authentic solutions, and their retention times recorded.



Table 2.8 Results from gas liquid chromatography measurements,

to identify product from reaction of nitroprusside

uith benzylamine.

Sample Retention times / s-1

benzyl alcohol 310

benzonitrile 161

reaction products ►—» 01 CO 304



Table 2.9 Comparison of the rate constants for reactions of

nitroprusside with amines, hydroxide, sulphides,

thiols and carbanions.

Feactant type Approximate rate

constant / M-1s-1

Amines io-=

Hydroxide

Sulphides

10-1

102

Thiols 10"

Carban ions 10®

T = 298K, Creactant] = 0.5-1.OH, CCFe(CN),N0D2~3 = lQ-'M.

1



18

2.5.3 Results and discussion.

On comparing the retention times of the components from the

test solution with those from the authentic solutions, shown in Table

2.8, it was immediately obvious that the major reaction product was

benzyl alcohol. A little benzonitrile had also been formed. These

findings agreed with those of Maltz and his co-workers3.

2.6 Conelusions.

The object of this series of kinetic studies, was to provide

further information to support previous proposals for the reaction

mechanism. In addition, the measurements for the reaction rate

constants should help to identify the chemical nature of the reaction

site in the muscle receptor cells affected by administration of sodium

n itroprusside.

Previous work on the rate of reaction between nitroprusside

and sulphides0- thiols3- 21' - 23, and carbanions0* 1 ^

reports these reactions to occur at a much faster rate than that

measured for reaction with amines (Table 2.9). It was therefore

concluded , that since the occurrance of carbanions in vivo is

unlikely in normal circumstances, the metabolic nitrosation by

nitroprusside is of a sulphur-containing group. The observed effect

of blood pressure 1owering occurs immediately on administration of

nitroprusside. If the initial attack by the nitroprusside ion

involved the nitrosation of an amine group, then the depression of
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blood pressure would occur much more slowly. Nitrosation of sulphur

groups occurs extremely rapidly, and so it is now believed to be such

a reaction which occurs on administration of the drug.
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CHAPTEE III.

INVESTIGATION OF NITEOPEUSSIDE DECOMPOSITION.

3. 1 Introduction

Many groups of workers have performed experiments to

investigate two matters: the action of light on aqueous solutions of

sodium nitroprusside and the fate of this compound after incubation

with blood. Aqueous nitroprusside, CFeCCNJ^NOI3-, is known to undergo

photolytic decomposition to form a complex which subsequently

experiences ligand substitution via a series of equilibria, eventually

leading to the replacement of all cyanide ligands by water

molecules1-3. Solutions in blood are also said to decompose to

release cyanide Disagreement between some groups has arisen on

the latter point0'7, as a result of experiments with nitroprusside and

blood performed by McGinnis3. A number of in vitro experiments with

nitroprusside dissolved in blood were undertaken to discover if and

how the complex decomposed. The use of carbon-13 nuclear magnetic

resonance (NME) spectroscopy to monitor the presence of carbon-13

labelled species was introduced as a new, non-intrusive method for the

detection of cyanide. Carbon-13 labelled sodium nitroprusside was

prepared, mixed with human blood and placed in the NME spectrometer to

follow the change in signal from the labelled nitroprusside. If any

cyanide was released, a new, characteristic NME signal would appear at

a different chemical shift. However, experiments failed to provide

any evidence for the formation of cyanide or any other products, and
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the conclusion drawn that the nitroprusside had not undergone

decomposition at the levels detectable by high field NMR.

Reports however have been published, claiming that experiments

have been performed clearly demonstrating the formation of cyanide

from solutions of nitroprusside in blood^-10. Such experiments

involved the incubation of nitroprusside in blood, and the subsequent

chemical analysis of the solution by a co1 ourimetric method for

cyanide.

In an effort to settle the conflicting reports, it was decided

to repeat the experiments, using the chemical procedure for cyanide

analysis, and also to investigate the reliability of results from this

method. In addition, further studies were performed concerning the

decomposition of nitroprusside.

Initially, various methods of cyanide detection were examined,

including the use of a cyanide ion selective electrode, carbon-13 NME

spectroscopy, and the co1 ourimetric procedure used by Vesey et

10. The results obtained by each technique were compared, and

an assessment made of the reliability of each.

The possibility that during its clinical use, sodium

nitroprusside received accidental exposure to light through inadequate

protection had been suggested. This could cause some degree of

nitroprusside decomposition, and therefore a reduction in hypotensive

properties of the solution. An investigation was conducted at the

Dundee Royal Infirmary, to observe the effect of normal conditions of

lighting in the operating theatre on unshielded nitroprusside

solutions. Also, a sample of the solution was examined before and

after its use during surgery, to determine the extent of nitroprusside

decomposition.
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The availability of cultured muscle tissue cells enabled

preliminary experiments to be conducted to investigate the metabolism

of n i troprusside on incubation with the cells. Carbon-13 labelled

samples of nitroprusside were used, and carbon-13 NMR spectroscopy

used to determine whether any labelled cyanide or thiocyanate had been

produced.

Reports have been published claiming that increased quantities

of thiocyanate have been detected in the blood of dogs and humans

after infusion with n i tropruss ide "=. Thiocyanate is the product from

the in vivo metabolism of cyanide, the enzyme responsible for the

catalysis of the reaction is rhodanese (thiosulphate : cyanide sulphur

transferase, EC 2.8.1.1). The in vitro metabolism of cyanide by

rhodanese to produce thiocyanate was studied, using colourimetric

methods for the detection of thiocyanate, as well as carbon-13 NMR

spectroscopy with labelled cyanide. The possibility of the enzyme

being able to convert nitroprusside to thiocyanate was investigated.

In addition, the presence of some cyanide complexes of iron was

thought to inhibit the enzyme's metabolism of cyanide, and this also

was investigated. Finally, experiments were performed to discover

whether rhodanese could use sulphur-containing species other than

th iosulphate, to bring about the conversion of cyanide into

thiocyanate, and also whether selenium analogues could be substituted

for the sulphur containing substrate, for se1enocyanate production.

3.2 Experiment to determine the extent of photodecomposit ion of sodium

nitroprusside during its clinical use.



[Fe (CN),NO:=- ^ CFe(CN)=]=- + NO

[Fe (CN ]z_ + H30 ^ CFe (CN ) =OHz: 2~

[ Fe ( CN ]3_ + NCS~ > [ Fe ( CN ) sNCSH 3~ + Hj-0

Scheme 3.1 Mechanism for reaction of photolysed nitroprusside with

thiocyanate.

CFe(CN)sNO:=~ SH'

[Fe(CN),NOSH33- OH"

[Fe (CN) sNOSH]

-> [Fe (CN ) ,NOS3 H=0

Scheme 3.2 Mechanism for reaction between nitroprusside and

su1phide.
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Thiocyanate is known to react with photolysed n i tropruss i de

solutions, to produce an intensly blue species 1 Irradiation of

nitroprusside yields the complex aquapentacyanoferrate( III )1",-1T,

CFe(CN)^0H=3=-, which reacts with thiocyanate to produce the blue

species13, CFe(CN)^NCS1'- (Scheme 3.1). Thus it can be seen whether

an aqueous solution of nitroprusside has undergone a photochemical

reaction by addition of thiocyanate. Therefore, to determine whether

the conditions of lighting in an operating theatre would bring about

the decomposition of nitroprusside, freshly prepared solutions of the

latter containing thiocyanate were observed in these conditions.

In order to obtain an estimate of the extent of nitroprusside

decomposition, a colourimetric method' was used, which employed the

reaction between nitroprusside and sulphide to give a strongly

absorbing purple-red species1'-30. The reaction scheme for this is

displayed in Scheme 3.2. Samples of nitroprusside solution before and

after exposure to the light in the operating theatre were taken, and

the concentrations in these were measured.

3.2.1 Experimental

A solution of sodium nitroprusside (1.25 X 10-3M) was

prepared, and a sample (50ml) pipetted into each of four flasks. To

two of these, sodium thiocyanate (0.10M; 50ml) was added, and

distilled water (50ml) was added to the remaining two flasks. All

four flasks were then wrapped in aluminium foil to prevent any

exposure to light. Once in the operating theatre, one of the flasks

containing nitroprusside and thiocyanate was unwrapped, as was one



Absorbance
at 574nm 1.0

0. 75

0. 50

0. 25

0.0
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log10 tnitroprusside]

Figure 3.1 Calibration plot for estimation of nitroprusside

concentration.

illuminated chamber
for anaesthetist to

observe rate of
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.<r

foil-covered
"reservoir bottle

tap for adjusting
■flow rate

— ^ to patient

\
foi1-covered

plastic tubing

Figure 3.2 Diagram of apparatus used for delivery of sodium

n itroprusside to patient.
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containing just nitroprusside solution. The four flasks were placed

on the operating table, directly under the light fixtures, and

observed for 30 minutes. The two uncovered flasks were then wrapped

with foil and all four returned to the laboratory. The two flasks

containing just the nitroprusside solution were used for measuring the

concentration of nitroprusside in the following way.

A series of standard sodium nitroprusside solutions were

prepared, ( 10~° to 1Q~3M) and carefully protected from light using

aluminium foil. A solution of sodium sulphide was prepared, a

concentration of more than 80 times that of the nitroprusside being

required for quantitative conversion of the nitroprusside to the red

species, according to Rock and Suinehart 13. Samples of nitroprusside

and sulphide solutions (1.0ml) were pipetted into a 1cm cell, which

was immediately placed into a Pye-Unicam SP-8100 spectrophotometer and

the absorption at 574nm recorded (the wavelength of maximum absorption

by the red compound). Since this species was unstable, and the red

colour faded over a period of time, great speed was required to

measure the initial value of the absorption. The average figure of

five such measurements for each of the standard nitroprusside

solutions was used to produce a calibration plot, as shown in Figure

3.1. The concentration of nitroprusside in a test solution was

determined by measuring the absorption at 574nm of a 1:1 mixture with

the 0.50M sulphide solution, and interpolation of this value on the

calibration plot.

The apparatus used for the administration of sodium

nitroprusside to a patient is represented diagrammatically in Figure

3.2. A solution of nitroprusside (50mg in 500ml of 5% dextrose) is

made up in the bottle which should then be covered with aluminium



Tab 1e 3.1 Resuits from experiments with nitroprusside solutions

conducted in an operating theatre.

Flask Treatment Result

50ml water added 10 - 15 % loss in

nitroprusside solution

B 50ml water added,
foi 1-covered

Concentration of

nitroprusside unchanged

50ml 0.1M NaSCN
added

Blue species formed

D 50ml 0.1M NaSCN
added, foil-
covered

No change in colour
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foil, as recommended by the suppliers. An illuminated chamber below

this enables the anaesthetist to monitor the rate of administration by

observation of the rate of drops falling through. The plastic tubing

from this, leading to the intravenous needle placed in the patient,

may be covered with foil. Such an arrangement, which had just been

used during surgery, was available for collection of nitroprusside

samples. These were taken from the foil-covered bottle and the tubing

below the drop counting chamber. They were wrapped in foil, and then

taken to the laboratory, where the concentration of nitroprusside was

measured.

All chemicals used were Analytical Reagent grade, with the

exception of the sodium sulphide which was only available in standard

Reagent grade.

3.2.2 Results and discussion

Table 3. 1 summarizes the results for the samples taken from

the operating theatre. A positive blue colour was observed in flask C

after only 10 minutes, and this deepened to an intense blue after the

full 30 minutes. No such colour change was seen in flask D,

indicating that no aquapentacyanoferrate(111) had formed. When flasks

A and B were returned to the laboratory for measurement of
i

nitroprusside concentration, a decrease of 10-15 % was found in flask

A, demonstrating that significant decomposition had occurred.

Accurate values for nitroprusside concentration could not be obtained

from the colour imetric method used, but were adequate for the

experiment.
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Results from the tests conducted on the samples of

nitroprusside solutions obtained from the bottle and tubing of the

apparatus, previously used during surgery, indicated a slight decrease

in nitroprusside concentration in the reservoir bottle, from the

figure of 50mg per 500ml of solution which had been prepared. This

drop was within the error of the analytical procedure and not thought

significant. However, a decrease of up to 10% was found for the

sample obtained after the solution had passed through the drop

counting chamber.

These results illustrate the importance of shielding all

nitroprusside solutions from the intense lighting during surgery.

Also, it is suggested that an alternative method of monitoring the

rate of administration be employed, to prevent partially photolysed

nitroprusside being infused into the patient, which would have a

reduced hypotensive action.

3.3 Comparison of conventional chemical analysis for determining

extent of SNP photodecoiposit ion, with use of a cyanide ion

selective electrode.

3.3.1 Quantitative chemical detection of cyanide.

Several methods have been developed for determining the

concentration of cyanide in a sample, based on the Konig reaction, in

which cyanide is first converted to a cyanogen halide. This is

reacted with pyridine to produce glutaconic aldehyde, which is then



Figure 3.3 Calibration plot for colourimetric assay of cyanide.

exit 4" - N i trogen
carrier gas

B

A = x ml of 1. OM NaOH trapping solution, for co 1 ourimetric
testing.

B = x ml of sodium nitroprusside solution, 5 X 10 =—M, in
phosphate buffer pH 7.2, then acidified with H=S04.

Figure 3.4 Apparatus for

n itroprusside

measuring cyanide liberated from

decomposition, using co lourimetric method.



Table 3.2 Results from co lourimetric determination of cyanide

released from sodium nitroprusside solution.

Incubated in daylight Incubated in darkness

mean concentration

/ Moles dm-3
(1.1- 1.5) X 10=- < io-*
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mixed with a primary amine, or a compound containing reactive

methylene hydrogens, to form a dyestuf f. The methods used by

Aldridge31, and Boxer and Eickardsinvolved the use of particularly

hazardous chemicals, and so the method developed by Epstein3- was

favoured. This involved the use of chloramin-T solution to convert

cyanide to cyanogen chloride, which was added to a mixture of pyridine

containing 0.1% bispyrazolone and l-phenyl-3-methyl,5-pyrazolone to

form a blue dye, stable for up to 30 minutes at 25aC. A calibration

curve for the method was obtained (Figure 3.3) using a series of

standard solutions of potassium cyanide in phosphate buffer at pH 7.2,

(which is the pH value of blood), by measuring the absorbance at 630nm

on an SP-8100 ultra-violet/visible spectrophotometer.

A solution of sodium nitroprusside (5 X 10-=M) was prepared,

also in phosphate buffer at pH 7.2. A portion (200ml) was poured into

each of two stoppered flasks, and one was covered with aluminium foil.

Both flasks were placed on the open laboratory bench and left for 2-3

hours. After this time, the solutions were acidified to pH < 4.0

using sulphuric acid, and nitrogen gas blown through the solution into

an equal volume of 1.OH potassium hydroxide solution, using the

apparatus show-n in Figure 3.4. This isolated any cyanide formed from

other species which may have interfered with the colourimetric test.

The nitrogen was bubbled through for twenty minutes, by which time all

the volatile HON should have been blown out, and trapped in the

hydroxide solution. This latter was then analysed for cyanide, by

conversion to the blue dye, and interpolation of the calibration plot

for the observed absorption at 630nm. The results from this

experiment, shown in Table 3.2, indieate a release of cyanide of up to

5% from the nitroprusside solution incubated in daylight, assuming



millivoItmeter

reading/mV

-100

-300

-5 -4 -3 -2 -1

logio CN~ concentration

Figure 3.5 A typical calibration plot for the cyanide ion selective

e1ectrode.
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that 100% cyanide release would result in five moles of cyanide from

every one mole of nitroprusside. The control solution, incubated in

darkness, gave no blue dye, indicating no measurable concentration of

cyanide.

3.3.2 Quantitative detection of cyanide using an ion selective

e 1 ectrode.

The cyanide selective electrode was used to measure cyanide

concentration of solutions in two ways. Firstly, all the cyanide

contained in a solution was removed using HCN by acidification and

trapped in hydroxide solution, into which the electrodes were

immersed, and the cyanide concentration measured. This was conducted

in a similar manner to the procedure described in Section 3.3.1.

Secondly, the electrode was used to measure cyanide concentration

directly from a solution, by immersion in this solution. A comparison

between the two methods was then made on the basis of results

obtained.

The cyanide selective electrode was used in conjunction with a

silver chloride reference electrode. Both were placed in the test

solution, either the hydroxide into which HCN had been blown, or the

original experimental solution. The electrodes were connected to a

mi11ivo1tmeter and a reading taken after a few minutes time, to obtain

a steady value. The system was calibrated before each experiment,

using a series of freshly prepared standard potassium cyanide

solutions, made up in 1.OH potassium hydroxide. A typical calibration

plot is shown in Figure 3.5. The solution used in the previous



Table 3.3 Results from cyanide ion

of cyanide released from

selective electrode determination

nitroprusside solution.

Solution A Solution B

mean concentration

of CN- found
/ Holes dm-3

(1.3 - 1.7) X lO-3 1i

o•HV

Solution A - measurement recorded
which HCN was blown.

from hydroxide solution, into

Solution B - measurement

so 1ution
recorded directly from nitroprusside



31

experiments (Section 3.2. 1), sodium nitroprusside (5 X 10_=M) prepared

in phosphate buffer (pH 7.2) was used. As before, two portions

(200ml) were poured into stoppered flasks, and both left exposed to

light on the open laboratory bencb for 2-3 hours. The flasks were

then covered with aluminium foil, and the electrodes used to measure

the cyanide concentration directly from one. The other was acidified

and HON blown into an equal volume of potassium hydroxide (1.0M),

which was then analysed for cyanide content using the two electrodes.

The results from these measurements are shown in Table 3.3.

Quite obviously, a much larger value was obtained when HCN was

blown out of the acidified sample and trapped. The results suggest

that a false value is given if this analytical method is employed.

One possible explanation for this has been proposed. Exposure of

nitroprusside to light leads to formation of the aquapentacyano-

ferrate(III) complex, which does indeed decompose to form free

cyanide, according to the system described below:

CFe (CN) dOH3l =- + H =0 5==? CFe ( CN ) OH =) =3 ~ + CN~

eventually forming

tFe ( 0H3) el + 5CN~.

The position of equilibrium lies towards the left, but is displaced if

cyanide is removed from solution by blowing out HCN. Thus, during the

colourimetric analysis for cyanide, the substitution of cyanide

ligands is promoted, causing the measurement of cyanide concentration

to be artificially increased. From the evidence provided by these

experiments, it is recommended that the cyanide selective electrode

should be employed for measuring cyanide release from nitroprusside

solutions, and results from previous work using the colourimetric

method must be regarded as suspect.
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3.4 Rhodanese and its use for conversion of cyanide to thiocyanate.

3.4.1 Introduct ion

Thiocyanate has long been known to be the product from the

enzymic detoxification of cyanide in vivo24""26. The main enzyme

responsible for this action is rhodanese, the literature on this

having been reviewed by Westley3"7 and more briefly by Wood33.

Rhodanese is distributed throughout the mammalian body, but the

highest concentrations are found in the liver, kidney, adrenas,

thyroid and pancreas23. A preparation of the enzyme was firstly

obtained by Crosby and Summer30, and crystalline samples have since

been obtained from the bovine liver30-33 and kidney2"1. Structural

studies on the crystalline enzyme have been performed33-3"7 and the

molecule is thought to exist as a dimer of molecular weight 37,000,

consisting of two identical monomers, with two catalytic sites per

dimer30'33. Evidence for this includes the observation of two active

sites33-*10, two essential sulphydryl groups*11, two independant binding

sites for divalent metal ions*13-*1*1, peptide maps33'*13, fluorescence

polarization studies*13, and gel filtration studies*13. The type of

reaction catalyzed by rhodanese is outlined in Scheme 3.3. The

sulphur donor ERSO^S]- can be a wide range of sulphur-containing

anions, typically thiosulphate S^Cb3-, and the acceptor can be any of

many thiophiles, particularly cyanide.

The mechanism of the enzymic catalysis has been greatly



CSSO^Sl- + Thiophilic An i on C RSO ^3 ~ + Thiolated Anion
eg CN~ eg SCN-

R = aryl or alkyl residue or 0~

x = integral value 0-2

Scheme 3.3 Generalised reaction of the kind catalysed by rhodanese.

E is the free enzyme

ES is the sulphur-substituted enzyme

Scheme 3.4 Mechanism for rhodanese action.



Scheme 3.5 Mechanism for the binding of the sulphur-containing

substrate to the enzyme rhodanese, and the subsequent

transfer of the sulphur atom to the thiophile.
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studied zt.ss.m-m an£ is outlined in Scheme 3.4. The free enzyme

reacts with a sulphur-containing compound such as thiosulphate, to

cleave the S-S bond of the donor, and form a sulphur-substituted

enzyme (ES) which has a transient existence. This rap idly reacts with

a thiophile acceptor such as cyanide, to form thiocyanate and

regenerate the free enzyme. The active site of each of the monomers

of rhodanese, which binds the sulphur-containing substrate, has been

shown to contain a sulphydryl group41 • "=1 ■ , and an adjacent

tryptophan group in a hydrophobic region"53-'5"1. When the enzyme is

exposed to a sulphur-containing substrate, it is thought that a

persulphide is formed"17 - and cyanide then reacts rapidly with the

complexed sulphur to form thiocyanate and regenerate the active enzyme

(Scheme 3.5). This transfer of sulphur from rhodanese to cyanide is

irreversible31-53, that is, the sulphane sulphur of thiocyanate is not

transferable to rhodanese.

An experiment was designed to investigate the liberation of

cyanide from sodium nitroprusside, using rhodanese to convert any

cyanide to thiocyanate for its subsequent detection. This was

achieved using the method described by Epstein33, which is simply an

adaptation of the colour imetr ic procedure used before for cyanide

determination, with the addition of ferric chloride which catalyses

the development of the dye material. Any cyanide present would be

firstly removed as hydrogen cyanide by acidification and the passing

through of nitrogen. The solution could then be analysed for its

thiocyanate content. The compound hydrogen thiocyanate, HSCN, was

assumed to be non-volatile under the conditions of the experiment, and

a control was performed to verify this.

The use of a thiocyanate ion selective electrode was
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investigated and preliminary tests

selective electrode was also used to

when required.

3.4.2 Experimental and results

3.4.2.1 Initial experiment to establish in vivo conditions in which

enzyme functions.

According to suppliers' instructions, rhodanese requires a

medium pH of 8.6 for 1 unit to convert 1.0 micromoles of cyanide to

thiocyanate per minute at 25°C with an excess of thiosulphate. Each

milligram of material contained 10 units of rhodanese. It was decided

to use lOmg of enzyme solid in the experiment, 65mg of potassium

cyanide ( 103 micromoles), and a two-fold excess of potassium

thiosulphate (2 X 103 micromoles). The mixture was left for a period

of 15 minutes to allow complete conversion of cyanide to thiocyanate.

The correct level of acidity was achieved by preparing the mixture in

a TRIS buffer at pH 8.6.

The cyanide and thiosulphate were initially dissolved in the

TRIS buffer (10ml) and the rhodanese (lOmg) added to this. After 15
1

minutes, the mixture was acidified to pH less than 4.0 using sulphuric

acid, and nitrogen gas passed through to remove any remaining cyanide

as HON, which was trapped in a 1.0M NaOH solution. The mixture was

then analysed for thiocyanate content, using the colourimetric

procedure as before, with the addition of 20mg of ferric chloride to

conducted. The cyanide ion

measure cyanide concentrations
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catalyse the formation the blue dye. The value obtained for

thiocyanate content indicated complete conversion of the cyanide had

occurred, thus demonstrating that the rhodanese functioned properly.

3.4.2.2 Investigation of removal of cyanide from solution

containing mixture of cyanide and thiocyanate.

The procedure previously used for detecting thiocyanate in the

presence of cyanide involved the initial removal of the cyanide as

HCN, by acidifying the solution and blowing out with nitrogen carrier

gas into hydroxide solution, which could then be analysed for cyanide

content if required. It had been suggested that thiocyanate might

also be removed in this way as HSCM, thus estimates of thiocyanate

concentration would be too low, whilst those for cyanide would be

higher than the true value. To determine whether this happened, a

solution of NaSCN (10-=M) was prepared in TEIS buffer at pH 8.6, which

was then acidified to pH < 4.0 with H^SCL., and nitrogen passed through

as before into hydroxide solution for 20 minutes. Both solutions were

then analysed for thiocyanate content using the colourimetric method.

No thiocyanate could be detected in the hydroxide solution, and the

concentration in the TEIS solution was unchanged from 10-=K, thus

demonstrating that no HSCN had been removed under the conditions used.

3.4.2.3 Use of an ion selective electrode to detect thiocvanate.

A thiocyanate selective electrode was available enab1in g



voltmeter reading
/ mV 50

Figure 3.6 Calibration of the thiocyanate selective electrode, using

standard solutions in TRIS buffer pH 8.6.
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preliminary tests to be conducted to study its suitability for

measurement of the rate of cyanide conversion to thiocyanate by

rhodanese. The electrode was firstly calibrated using a series of

standard sodium thiocyanate solutions, 10-3 to prepared in TEIS

buffer at pH 8.6, and a calomel reference electrode (Figure 3.6). The

electrode was then used to monitor the formation of thiocyanate from

the conversion of cyanide by rhodanese.

Both electrodes were placed in TRIS buffer solution containing

KCN ( 103 micromoles), KzS^O^ (2 X 1Q3 micromoles) and rhodanese

(lOmg). However, the initial reading of the mi 11ivo1tmeter was

impossibly high and fluctuated greatly. The experiment was restarted

several times, and both electrodes checked for faults, but the result

was the same. On further investigation, it was found that the ion

selective electrode responded to thiosulphate as well, and subsequent

literature research discovered that the electrode was sensitive to

many sulphur-containing materials3"7.

A possible solution to this problem would be to remove the

thiocyanate from the mixture, and then use the electrode to determine

the quantity present. It is claimed33 that the use of tetrapheny1-

phosphonium chloride enables thiocyanate to be extracted completely

into chloroform, leaving other sulphur-containing ions such as S0^=~,

SO-a3- and SsOb3- in aqueous solution. It was decided however not to

pursue the use of the thiocyanate selective electrode, since the

colourimetric method of detection was quite adequate.

3.4.2.4 Pre 1iminary exteriments incubating rhodanese with

nitrocrusside.



Table 3.4 Results of cyanide and

nitroprusside solution

thiocyanate determination

incubated uith rhodanese.

from

CN determination

of hydroxide solution

SCN~ determination

of nitroprusside solution

Incubated in

darkness
Negative Negative

Incubated in

1 ight
Negative Pos itive

!



37

An experiment was designed to determine whether rhodanese

would metabolise photolysed sodium nitroprusside to produce

thiocyanate. A light-protected solution of nitroprusside C10~= H3 was

prepared in TRIS buffer. This was much more concentrated than that

used medically, but the presence of cyanide or thiocyanate would be

demonstrated more conclusively if formed at these concentrations.

Excess sodium thiosulphate (5 X 10 ) was added to the nitroprusside

solution, and rhodanese (20mg) added to each of two 50ml portions.

The foil was removed from one of the flasks, and then both flasks

placed in the light from four 100W light bulbs for 20 minutes. Longer

exposure to the light resulted in the formation of Prussian Blue. The

flasks were then kept in darkness for a further 30 minutes, to allow

the rhodanese enough time to convert any cyanide to a measurable

quantity of thiocyanate. H3SCu was then added to each flask, until

the pH became less than 4.0, and nitrogen bubbled through into

hydroxide solution which was subsequently analysed for its cyanide

content, using the colourimetric method. Both of the nitroprusside

solutions were tested for thiocyanate content, also using the

co1 ourimetric procedure. To ensure that the presence of nitroprusside

would not affect the test, a control was made using a freshly prepared

solution of nitroprusside in TRIS buffer which contained thiosulphate.

No blue colour was formed when this was analysed for cyanide or

thiocyanate. Table 3.4 displays the results obtained from the test

solutions. The absence of thiocyanate from the flask of nitroprusside

solution kept in darkness indicated that nitroprusside had not been

metabolised by the rhodanese. The presence of thiocyanate, although

very slight, in the flask which had been exposed to light.
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demonstrated that the rhodanese had metabolised cyanide in the

decomposition products of nitroprusside, but the quantities involved

were very small. Further experiments were performed using carbon-13

labelled materials, and are described in the next section.

3.5 The use of carbon-13 labelled compounds to observe conversion of

cyanide to thiocyanate bv rhodanese, and the action of the enzyme

on nitroprusside, observing with carbon-13 NMF spectroscopy.

3.5.1 Introduction

Previous work conducted in this department involved the use of

carbon-13 NMR to observe the behaviour of nitroprusside in blood0.
/

This method provided a sensitive, non-intrusive means of studying the

various compounds, particularly with incorporation of carbon-13. The

technique was therefore adopted to monitor the formation of

thiocyanate from carbon-13 labelled potassium cyanide.

The previous work concerning the decomposition of

nitroprusside in blood®, using carbon-13 labelled nitroprusside,
>•

provided no evidence for the formation of cyanide. It was therefore

decided to investigate whether thiocyanate would be formed from

nitroprusside decomposition with the addition of rhodanese.

3.5.2 Experimental
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3.5.2.1 Carbon-13 NME spectra of some unlabelled compounds.

Carbon-13 NME spectra were obtained for unlabelled, natural

abundance (carbon-13 content of 1%) samples of sodium nitroprusside,

potassium cyanide and potassium thiocyanate in TEIS buffer solution,

and various combinations of these three materials were also studied,

to observe any effect on the individual NME patterns. A Varian CFT-20

spectrometer was used to obtain the carbon-13 NME spectra (20MHz in a

field of 1.9T). Solutions of 1.0M, or as close as possible, were

required to obtain a signal on the spectrometer in a reasonable time

period (usually 1-2 days of continuous scanning). Portions of each

solution (2ml) were prepared in TEIS buffer with 10% D-0 to act as a

lock for the spectrometer. contained in 10mm NME tubes.

Hexamethyl disiloxane (HMDS) was used as an external reference.

Spectra were obtained for the following samples; KCN, KSCN,

Na 3C Fe ( CN ) -NO ] , Na =C Fe ( CN ) ,N0 3 with KSCN, Na 3CFe ( CN ) -NO 3 with Na =3 =0 =,

and KSCN with N aa Q— .

3.5.2.2 Observation of rhodanese action with cyanide using carbon-13

NME and labelled compounds.

The use of carbon-13 labelled compounds greatly reduced the

accumulation time required to obtain carbon-13 NME spectra. The

disappearance of cyanide, due to its metabolism by rhodanese, could be

monitored constantly by the use of labelled sodium cyanide. A sample

(2ml) was prepared, containing NaCN (C-13) (200mg) and Na-S^D^ tig) in
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TRIS buffer, and its NMR spectrum obtained over 10 minutes. Rhodanese

(2mg) was then added, and spectra recorded at 30 minute intervals

until no further change occurred. The results obtained are displayed

in Sect ion 3.5.3.

3.5.2.3 Observation of action of rhodanese with sodium nitroprusside,

using carbon-13 NMR and labelled compounds.

In order to see if rhodanese would metabolise the complexed

cyanide from nitroprusside, it was necessary to obtain a sample of

carbon-13 labelled sodium nitroprusside. Labelled sodium ferrocyanide

had been prepared by HcGinnis3 and this was used for conversion to

nitroprusside in the following way. Sodium ferrocyanide (2.5g) was

added to an ice-cooled mixture of concentrated nitric acid (2.25ml)

and water (1ml). A further sample of ferrocyanide (1.54g) was

gradually added in portions over the next 4 hours. The mixture was

stirred for another hour, whilst it was allowed to come to room

temperature. It was then heated to 60°C, and sodium carbonate (Q.22g)

gradually added over a period of i5-30 minutes. The mixture was

heated to 75°C, and a further portion of sodium carbonate (0. 18g)

slowly added. It was cooled to < 65pC, and stirred for one more hour.

Water (3ml) and methanol (10ml) were then added, and the flask fitted

with a reflux column, and allowed to stand at 50 =C for 43 hours,

protected from light and under a gentle stream of nitrogen. Great

care was needed to ensure that the temperature did not rise above

60aC, and that the methanol was not allowed to evaporate off entirely,

because if this occurred and more methanol not added in time, the
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nitroprusside turned into Prussian Blue. After the 48 hour period,

the mixture was filtered through a bed of Hyflo ( l-2cm X 4.25cm),

washing out all the apparatus used with methanol to collect all the

product. The deep red filtrate was refiltered and concentrated on a

rotary evaporator below 80°C until crystals began to form. A little

hot water was added, enough just to redissolve the crystals, then the

solution was put aside to recrystal1ise in the dark.

A 0.5M solution of the sodium nitroprusside was prepared in

D=0 and wrapped in aluminium foil. A portion (0.2ml) of this was

added to TRIS buffer (2ml) at pH 8.6, containing Na^SsG^ (0.5g).

Rhodanese (5mg) was added and the carbon-13 NMR spectrum of the

solution recorded. Further spectra were obtained 6 and 24 hours

later.

3.5.2.4 Action of rhodanese with nitroprusside in blood.

Although previous workers53 did not detect the liberation of

free cyanide when sodium nitroprusside was mixed with human blood,

many claims have been made to the contrary*1-0, and it was decided to

investigate whether the rhodanese could metabolise nitroprusside in

blood to form thiocyanate.

A sample of fresh human blood (2ml) was obtained and added to

a D=Q solution (0.2ml) of carbon-13 labelled sodium nitroprusside

(0.50M) in a 10mm NMR tube. Sodium thiosulphate (0.5g) was added and

the carbon-13 'NMR spectrum obtained. Rhodanese (5ng) was then

dissolved in the mixture and spectra recorded at half-hourly intervals

for 6 hours, a final spectrum was obtained after 24 hours had elapsed.



Tab 1 e 3.5 Carbon-13 NMR spectra of unlabelled species.

Sample Chemical shift of peak / ppm

Na=EFe(CN)=NO] / H=0

KCN / TRIS

KSCN / TRIS

Naz:FeCCN),NO: and KSCN / TRIS

Na=CFe (CN) = N03 and Na==S303 / TRIS

KSCN and Na3S303 / TEIS

136.7, 134.8 4:1 ratio

163. 9

135. 6

■136.6, 134.7 4: 1 ratio
135. 5

136. 8

135. 5
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Figure 3.7 Carbon-13 NMR spectrum of Na=CFe(CN),N0I in TRIS buffer

solution at pH 8.6.
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Figure 3.8 Observation of conversion of labelled cyanide to
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a) Before adding rhodanese

b) 30 minutes later
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3.5.3 Results and discussion

3.5.3.1 Carbon-13 NMR spectrum of unlabelled compounds.

Table 3.5 displays the chemical shifts of the signals obtained

on the NMR spectrometer of the various samples studied. A typical

carbon-13 NMR spectrum for n i tropruss ide in TRIS buffer solution is

shown in Figure 3.7. Two peaks in the ratio of 4:1 were obtained,

from the presence of two types of carbon atoms in the complex, the

four equivalent atoms in the equatorial position, and the single axial

atom. Since the resolution of the spectrometer was poor, no splitting

of these signals was observed. If the time allowed to accumulate the

spectrum was reduced, only the stronger signal at 136.7 ppm was

visible.

3.5.3.2 Observation of rhodanese action with cyanide, using

carbon-13 NMR.

Figure 3.8 displays the series of spectra obtained over a

period of 2.5 hours after adding rhodanese to a solution of sodium

cyanide (C-13) in the TRIS buffer at pH 8.6 containing excess

thiosu1phate. The peak at 163.4 ppm from the CN_ (C-13) was clearly

seen to disappear as conversion to SCN~ (C-13) occurred, with the

gradual formation of a peak at 132.6 ppm. No evidence for the
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a) Spectrum recorded before adding rhodanese.
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b) Spectrum recorded 24 hours after adding rhodanese.

gure 3.9 Carbon-13 labelled nitroprusside with rhodanese
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b) Spectrum recorded 24 hours after adding rhodanese

Figure 3.10 Carbon-13 labelled nitroprusside with rhodanese in blood.
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presence of an intermediate, or formation of an enzyme-substrate

complex could be seen, probably because such a species would be

present in only minute quantities, not detectable by this technique.

Other reports mention the difficulty in obtaining NMR spectra of the

substrates whilst bound to the enzyme, even though the existence of

such a complex is knoun,B'E°.

3.5.3.3 Action of rhodanese with n itroprusside, using labelled

compounds.

The spectra shown in Figure 3.9 were obtained after mixing

labelled nitroprusside with rhodanese. The peak at 133.4 ppm was due

to the nitroprusside, the smaller second signal usually seen with

nitroprusside was not visible since the acquisition time was short.

The signal was observed not to change in any way over a period of 24

hours. No new peaks formed either, indicating that the rhodanese was

unable to metabolise the nitroprusside.

3.5.3.4 Action of rhodanese with nitroprusside in blood.

Figure 3.10 displays the initial spectrum and that obtained 24

hours after adding rhodanese to a solution of labelled nitroprusside

in blood. The peak at 133.6 ppm was due to the nitroprusside, no

change in the spectrum occurred after the 24 hour period. These

results agree with the conclusion drawn previously, that nitroprusside

did not decompose in blood, nor was there any metabolism by the
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enzyme.

3.6 The use of cultured tissue cells to investigate nitroprusside

decomposit ion.

3.G•1 Introduction

Cultured muscle tissue cells were available from the

physiology department, and it was decided to make a preliminary

investigation into how sodium nitroprusside would behave on incubation

with these cells. Carbon-13 NMR would be used to observe any changes.

In addition, the reaction between labelled nitroprusside and

the thiol cysteine was studied using carbon-13 NMR spectroscopy. It

was hoped that evidence for the similarity of products from this

reaction, and from incubation with the muscle cells might be

discovered, since it was thought that nitroprusside acted on muscle

tissue in vivo via reaction with an enzymic thiol group.

3.6.2, Exper imental

1

The cultured muscle cells required a medium at pH 7.3

containing nutrients and a constant supply of oxygen to enable their

existence. The pH was regulated using a phosphate buffer at the

required level and a gentle stream of oxygen bubbled through the

solution, through a sinter glass disk.



a) Spectrum recorded immediately after mixing

b) Spectrum recorded 1 hour after mixing

gure 3.11 Carbon-13 NMR spectra of labelled nitroprusside with

cultured smooth muscle cells.



45

The solution of muscle cells was shaken thoroughly to ensure

even distribution, and a portion (2ml) pipetted into a 10mm NMR tube.

The carbon-13 labelled sodium mtroprusside solution, 0.5M in D-O,

(0.2ml) was added to this, and carbon-13 NMR spectra recorded

immediately after mixing, and at hourly intervals for 6 hours. A

further spectrum was obtained 18 hours after nitroprusside was added.

In addition, a control was prepared containing labelled nitroprusside

in the cell medium, but without any muscle cells being present, and

its carbon-13 NMR spectrum recorded.

The cysteine-nitroprusside sample was prepared by adding

labelled n i tropruss ide, 0.50M in D-dO, (0.2ml) to cysteine solution

(2ml) which was 0.05M in TRIS buffer at pH 8.6, contained in a 10mm

NMR tube. This was allowed to stand for 24 hours until the reaction

was complete, as seen by the colour change from an initial pale amber

to dark red, which then faded to yellow. The NMR spectrum was

recorded, and then 5mg of rhodanese added with 0.5g Ma^ Cb . and left

to incubate for a further 24 hours. The NMR spectrum of this mixture

was obtained to see whether the enzyme had used any of the reaction

products to produce thiocyanate. The NMR spectrum of a solution of

unlabelled cysteine in TRIS buffer was also recorded.

3.6.3 Results and discussion

Figure 3.11 displays the spectra recorded after mixing the

cultured muscle cells with carbon-13 labelled nitroprusside. The

nitroprusside gave rise to a signal at 133 ppm, and this spectrum

remained unchanged over the 18 hour period, suggesting that no
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Figure 3.12 Carbon-13 NMR spectrum of unlabelled cystei
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a) Labelled nitroprusside and cysteine incubated for 24 hours

gure 3.13 Carbon-13 NMR spectra of labelled nitroprusside

incubated with cysteine, and addition of rhodanese.
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reaction had occurred. This result could have been due to the

possibility of the cells dying before having chance to react with the

n i troprusside, since they were very sensitive to their environment,

and it had not been possible to maintain a steady oxygen supply during

their transportation. Further experiments with cultured tissue cells

and nitroprusside are needed before any positive conclusions can be

made.

The NMR spectra obtained from the solution of unlabelled

cysteine is displayed in Figure 3. 12. Three signals were observed at

23.6, 54.0 and 169.5 ppm from each of the three different carbon atoms

in the molecule HSCH3CH(00=H)NH^C1. The spectrum obtained on mixing

labelled nitroprusside with cysteine is shown in Figure 3.13, a single

peak at 177 ppm being recorded. The spectra of the sample recorded

after adding rhodanese and incubating for 6 and 24 hours also

contained a single peak at 177 ppm, indicating no further reaction had

occurred. Thus, free cyanide seems unlikely to have been produced,

since no rhodanese metabolism was observed, nor was the reaction

product, responsible for the NMF signal. affected by the enzyme. It

is thought that the inorganic product from reaction between

nitroprusside and thiols is the complex aquapentacyano-

ferrate ( I I ) e 1 • CFe ( ON ) -43H 3] . The carbon-13 NME spectrum of this

complex would normally have been expected to exhibit two signals from

the two different types of carbon atom it contained. However, only

one signal at 177 ppm was observed which was a fairly broad peak, and

would therefore overlap with any smaller peaks immediately adjacent.

A higher degree of resolution would be needed to identify the presence

of a second signal.
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3.7 Carbon-13 NMR spectra of some other iron complexes, arid effect of

these on rhodanese action.

3.7.1 Introduction

It had been found that when nitroprusside was dissolved in

blood, or its aqueous solution exposed to light, the addition of

rhodanese did not result in formation of significant quantities of

thiocyanate, suggesting that little or none of the products resulting

from nitroprusside decomposition were metabolised by the enzyme.

Since it is claimed that cyanide is one of the decomposition

products 1-,=, and cyanide is metabolised by rhodanese to produce

thiocyanate, the question of whether nitroprusside might inhibit the

enzyme action was raised. A report has been published discussing the

binding of several metal cyanide complexes to rhodanese, and the

subsequent inhibition of enzymic ability to transfer sulphur atoms

between sulphur donor and sulphur acceptor was observed53, so it

seemed quite possible that nitroprusside might also have this effect.

Therefore, experiments were designed to investigate the possibility.

The inorganic product of photolysis of aqueous nitroprusside

is known to be aquapentacyanoferrate(I I I) e 1 'and this was

synthesised and studied for its possible inhibition of rhodanese. A

carbon-13 labelled sample was also prepared and its carbon-13 NMR

spectrum obtained for its aqueous solution and used to observe its

behaviour in blood. It is not usual to obtain clear NMR spectra from

paramagnetic species such as iron(III) compounds, however, other
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samples containing the Fe37" species were also studied,

3.7.2 Experiiental

3.7.2. 1 Khodanese metabolism of cyanide in presence of nitroprusside.

Labelled sodium cyanide (30mg) was dissolved in TEIS buffer

(2ml) at pH 8.6, together with sodium thiosulphate (160mg) and

unlabelled sodium nitroprusside (60mg). D (0.2ml) was added and

rhodanese (lOmg) then mixed with it. Carbon-13 NMR spectra were

recorded every 30 minutes for 6 hours, and also after 18 hours.

3.7.2.2 Effect of aquapentacvanoferrate(111) on rhodanese action, and

its synthesis.

Aquapentacvanoferrate( 111 ) was prepared using an adaptation of

methods used by previous groups of workers®"1-57, in the following

manner. A solution of sodium carbonate (0.10M, 50ml) was prepared

and hydroxy1 amine hydrochloride (O.lg) added. Sodium nitroprusside

(0.3g) was dissolved in water (50ml) and the solution added to the

hydroxy1 amine mixture. After stirring for one hour, ethanol (500ml)

was added and this was allowed to stir overnight until a yellow solid

precipitated, C Fe ( CN )-sOH-d 3~, (which actually is thought to contain

the dimeric species, [Fe3(CN)3C~, as well)55 The solid was

collected by filtration and dissolved in distilled water (10ml). This
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was treated with excess bromine until further addition of bromine

resulted in bromine vapour being given off, to bring about oxidation,

to form the dark blue [Fe(CN)i0]4~ species. The mixture was stirred

for an hour, under a gentle stream of air until all the excess bromine

had evaporated off. The dimer could be isolated if required by-

precipitation, using successive 100ml portions of ethanol to absorb

the water. Care had to be taken in this procedure, as the addition of

larger volumes of ethanol dissolved the blue solid. The resulting

material was violet in colour, but dissolved in water to give an

intensely blue solution, with absorption maxima at 568, 407 and 358nm,

measured using an ultra-violet/visible spectrophotometer, agreeing

with spectra obtained by previous workers®4''3"5.

To increase the yield of end-product, the monomer

C Fe (CN) ^,0H 3 3~, the blue dimer was not usually isolated, but its

bromine-free aqueous solution added to sodium hydroxide (0.25M, 20ml).

The mixture was allowed to stand overnight in the dark, or until the

deep blue solution had become yellowish orange in colour. This

solution contained the required [Fe (CN) ->0H] and also some of the

blue dimer. To separate the two species, the solution was placed on a

column of Sephadex G25 and eluted with water. The dinuclear species

passed directly through the column, followed by pure [Fe (CN )rsOH]3~

which was collected and added to 500ml of ethanol. After standing

overnight, the yellow-green solid Na 3[ Fe ( CN ) ,0H ] was precipitated. It-

was collected by filtration, washed with cold ethanol and dried in a

vacuum desiccator. On dissolving in slightly acidic solutions, the

aquapentacyanoferrate(111) species was formed.

Carbon-13 NMS spectra were run for the complexes

[Fe ( CN ) = QH= , EFs= !CN) ir?]4- and the mixt ure of iron ill) monomer and
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dimer complexes, CFe(CN),0H=]a_ and [Fe=!CN}i0]°~, The samples were

prepared in 2ml of water, as close as possible to 1M and D3Q (0.2ml)

added. The spectra were accumulated overnight since unlabelled

samples were being used. Spectra were also run for 1.OM solutions of

unlabelled K^CFe(CM)e3 and K.-^ C Fe (CN)«? 1. Two samples of

CFe(CN)^0H=3=~ were prepared, KCN ( 1.OH) was added to one and sodium

nitroprusside (0.5M) was added to the other. Carbon-13 NMR spectra

for each sample were obtained, also by overnight accumulation.

A sample of aquapentacyano f er rate ( 111 ) containing Na^S30-5

(0.5M) was prepared in THIS buffer at pH 8.6, and its NMK spectrum

recorded overnight. Shodanese (lOmg) was added and a spectrum

recorded after an incubation period of 6 hours, during which time, the

enzyme would have metabolised any cyanide liberated. To investigate

whether or not the enzyme's action was inhibited by the presence of

aquapentacyanoferrate(I 11), a sample containing labelled NaCN (200mg),

Na3S303 (750mg), labelled aquapentacyanoferrate(111) (40mg) and

rhodanese (5mg) was prepared in the TRIS buffer (2ml) with 10% D20.

NMR spectra of the sample were recorded at hourly intervals for 6

hours and at 24 hours later.

3.7.2.3 Preparation of labelled aquapentacyanoferrate(I 11) and study

of its aqueous solution and in blood, using carbon-13 NHR.

It was decided to prepare a sample of carbon-13 labelled

aquapentacyanoferrate ( I I I ) C Fe ( CN ) = 0H3'3=~ , using the method described

by Wolfe and Swinehart1*7". A solution of sodium nitroprusside

buffered at pH 6.0, photolysed by ultra-violet radiation was reported
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Blue formation for up to 16 hours.

The phosphate buffer solution at pH 6.0 was prepared by mixing

potassium dihydrogen phosphate (0.1M, 50ml) with sodium hydroxide

solution (0.1M, 5.6ml). Na= CFe C CN 3-sNO] CC-13) (300mg) was added to

the buffer (10ml) and irradiated with ultra-violet light at 366nm from

a 550W medium pressure mercury vapour light for 2-3 hours. A portion

of the yellow solution formed (2ml) was used to obtain a carbon-13 NMR

spectrum. On attempting to isolate the C Fe (CN) -*0H (C-13) by

precipitation with ethanol, the potassium dihydrogen phosphate was

also brought out of solution, and so rather than attempting

separation, an alternative preparative route was sought.

The procedure used before for synthesising the unlabelled

sample of aquapentacyanoferrate(111) was adopted. Labelled

nitroprusside (lg) was used to produce a sample of the iron(II)

monomer/dimer mixture ( CFe ( 13CN 33~ CFe3 (13CN ) ) (1.03g). An

aqueous solution of this was used to measure the carbon-13 NMR

spectrum, before oxidation to the dimer CFe-( 13CN) ic.]4"". This was not

isolated, but split into the monomer form with hydroxide, to yield

0.85g of Na 3[ Fe ( CN)-sOH 31 (C-13) after purifying. An NME spectrum of

its aqueous solution was recorded.

The experiment to determine whether a solution of aquapenta¬

cyano ferr ate ( I I I ) underwent decomposition to release cyanide was

repeated, using the carbon-13 labelled complex. A sample was prepared

containing labelled CFe (CN )■* 0H3 ] = ~ (75mg) in TEIS buffer (2ml) at pH

8.6, and its NMR spectrum recorded hourly for 6 hours. A further

spectrum was taken after 18 hours, then Ma ^3 3 (650mg) and rhodanese

(3mg) added. Spectra were again obtained hourly to investigate



a) Immediately after addition of rhodanese

b) 6 hours later
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Figure 3. 14 Carbon-13 NMR spectra from labelled cyanide with

n i troprusside and rhodanese.
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whether the enzyme would metabolise the complexed cyanide from

CFe(CN)(C-13) to produce thiocyanate.

Another experiment using the Na^ CFe C CN )-*0H3] CC-13) was

conducted to investigate whether the complex would decompose in blood.

A portion of the solid (70mg) was dissolved in a sample of fresh human

blood, and NMR spectra recorded hourly for 24 hours.

3.7.3 Results and discussion

3.7.3.1 Rhodanese metabolism of cyanide in presence of nitroprusside.

Figure 3.14 illustrates the NMR spectra obtained from the

mixture of NaCN (C-13), nitroprusside and rhodanese. The initial

spectrum contained a single peak at 163 ppm from the labelled CN-. A

peak at 132 ppm was observed to appear, eventually after 24 hours it

was the only signal., and was designated as being from the la be lied

SCN-. Thus the rhodanese was seen to be able to metabolise the

cyanide in the presence of nitroprusside, with no sign of inhibition.

The previous work concerning the inhibition of rhodanese action by

metal cyanide complexes was performed by Lijk et alC3, using

Na C Au(CN)=], K= CFt CCNU 1 , K= C N i C CN U U and K= EZn ( CN U ] . These four

compounds were found to bind at a site at the entrance of the active

site pocket, thus preventing the passage of the sulphur-containing

substrate, but this work was not repeated here. The larger

nitroprusside ion may well have been too big to bind at this site, so

no inhibition of enzymic action occurred.
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Figure 3.15 Carbon-13 NMR spectra of unlabelled complexes.
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Figure 3.16 Carbon-13 NME spectra of hexacyanide complexes of

iron(II) and iron(III).
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Figure 3. 17 Carbon-13 NMR spectra of aquapentacyanoferrate(I I I) uith

cyanide, and nitroprusside.
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3.7.3.2 Effect of aguapentacyanoferrate(111) on rhodanese action, and

its synthesis.

Carbon-13 NMR spectra obtained for samples of NasCFe3CCN)in! /

Na3CFe (CN1,0H=3 (iron(II)), Na^CFe 3(CN) i03 and Na Fe ( CN ) ,0H 3]

(iron(III)) are shown in Figure 3.15. A single peak at 165 ppm was

obtained for the monomer/dimer mixture of iron(II) complexes,

suggesting that either both complexes had identical carbon-13 NMR

spectra, or that only one of these species was in fact present. The

spectrum recorded for the iron(III) dimer contained no strong signals

at all, just a very small peak at 159 ppm, which could well have been

background noise rather than a genuine NMR signal. This would not

have been surprising, since paramagnetic iron(III) species generally

show no NMR spectra. However, the iron(III) complex [Fe(CN),0H3]=~

apparently displayed a strong signal at 167.5 ppm.

Figure 3.16 displays the spectra obtained for the hexacyanide

complexes of iron(II) and iron(III). The iron(II) complex,

K4[Fe(CN)®3 produced a very strong signal at 175.4 ppm. but no signal

was obtained from the Krs CFe (CN 1.

The mixtures of aquapentacyanoferrate(111) with cyanide, and

with nitroprusside produced the NMR spectra shown in Figure 3.17.

Signals were observed at 164 ppm from the CN-, and at 133.7 and 131.7

ppm in the ratio of 4:1 for the nitroprusside. The LFe(CN)5QH3]=~

gave rise to a peak at 167 ppm in each case.

The solution of Na3CFeCCN)^OH33 (ironCIII)) in TEI3 buffer at

pH 8.6, containing thiosulphate was initially deep blue-green in
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b) Na=CFe(CNin TRIE with rhodanese after 6 hours

Figure 3.18 Carbon-13 NMR spectra of aquapentacyanoferrate(III) in

TRIS solution, and after incubation with rhodanese.
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Figure 3.19 Carbon-13 NMR spectra of labelled sodium cyanide with

rhodanese and aquapentacyanoferrate(I I I).
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colour, and produced an NMR spectrum with signals at 176.8 ppm (from

the iron complex), 56.8 and 16.3 ppm (presumably from the TRIS

buffer), Figure 3.18. No evidence was found for the formation of free

cyanide on leaving the aqueous solution of aquapentacyanoferrate(111)

to stand for 48 hours. After adding rhodanese and allowing incubation

for a further 6 hours, the NMR spectrum had not changed, indicating no

observable decomposition of the CFe ( CN )r5 OH^ 3=_, and no metabolism of

the complexed cyanide by the enzyme. This result was unexpected,

since a previous experiment (Section 3.4.2.3) had demonstrated the

presence of thiocyanate after exposing a solution of nitroprusside

containing rhodanese to a light source. Repetitions of the work using

carbon-13 NMR spectroscopy failed to provide any evidence for the

formation of thiocyanate. One possible explanation could be that

since unlabelled compounds were used. if only small quantities of

thiocyanate were formed, the NMR spectroscopy technique was not

sensitive enough to detect its presence. A better experiment would be

to use carbon-13 labelled compounds, which would be detectable by the

NMR spectroscopy in lower concentrations of material.

The experiment to investigate the metabolism of cyanide by

rhodanese in the presence of EFe (CN)-, OH^ (F- produced the spectra shown

in Figure 3.19. Initially, a peak was seen at 164 ppm from the

labelled CN-, which gradually decreased in intensity, with the

simultaneous appearance of a signal at 132 ppm, from the labelled

SCN~. This demonstrated that no inhibition of the enzyme action had

been caused by the presence of the CFe(CN)=QH^ IF-. A similar finding

had been observed with nitroprusside, and the reason no inhibition

occurred was probably again due to the larger size of the iron

complexes, compared to those used by Lijk et al33.



a) Labelled Na=CFe(CM)^0H3] in phosphate buffer pH 6.0

b) Labelled Na3CFe(CN)=0H33 aqueous solution
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Figure 3.20 Carbon-13 NMR spectra of labelled

aquapentacyano ferrate(II) and (III).
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3.7.3.3 Carbon-13 labelled aguapentacyanoferrate(111); NMR studies of

its solution in water and in blood.

The carbon-13 NMR spectrum of Na3CFeCCN)n0H33 CC-13), prepared

via irradiation of aqueous sodium nitroprusside in a phosphate buffer

at pH 6.0, is displayed in Figure 3.20. A single peak was obtained at

177 ppm. A sample of the complex prepared via oxidation of the

iron(II) dimer [Fe3(CN! xo3produced an NMR spectrum also with a

single peak at 177 ppm. A solution of the iron(II) dimer, thought to

contain monomer and dimer in equi1ibriurn,

2 CFe (CN),0H3 33~ ^ CFe 3£CN) + 2H30

again gave a carbon-13 NMR spectrum containing a signal at 177 ppm.

As in the previous case with unlabelled compounds, this mould suggest

the presence of just one species, or that the compounds had identical

spectra. This would be surprising, since the difference of iron

oxidation state in the two complexes would be expected to give rise to

two different carbon-13 NMR spectra. One possible explanation can be

suggested, that only one of the species had a carbon-13 NMR spectrum,

with a signal at 177 ppm. The other sample was impure, containing a

mixture of the iron(II) and iron(III) complexes. Since iron(III)

complexes do not generally produce NMR spectra, because they are

paramagnetic, it is suggested that the observed NMR signal at 177 ppm

can be assigned to the iron(II) complex, whilst the sample allegedly

of iron(III) species was contaminated with iron(II) impurities.

The NMR spectrum of a solution of CFe (CN) -£)H 31 (C-13) in

TRIS buffer was monitored, to observe whether cyanide was liberated
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b) Recorded 12 hours after addition of thiosulphate and rhodanese

Fi^ure 3.21 Carbon-13 NMR spectra of aquapentacyanoferrate(I I I) to

investigate decomposition and metabolism by rhodanese.
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a) Initial spectrum of aquapentacyanoferrate(111) (C — 13) in blood
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b) Spectrum of aquapentacyanoferrate(111) (C-13) after 24 hours
in blood

Figure 3.22 Carbon-13 NMR spectra of labelled

aquapentacyanoferrate( 11 I ) in blood.
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after an 18 hour period. Figure 3.21 shows some of the spectra

obtained, all containing a single peak at 177 ppm. No change was seen

after the addition of rhodanese and thiosulphate, which suggested that

no decomposition of the complex had occurred to release cyanide, and

that no complexed cyanide had undergone metabolism by the enzyme.

Figure 3.22 displays the spectra obtained from aauapentacyano-

ferrate(III) in blood. All the spectra recorded throughout the 24

hour period contained a single peak at 177 ppm, again this indicated

no decomposition of the iron complex had occurred, agreeing with

results from measurements using unlabelled compounds (Section

3.7.3.2).

3.8 Investigation of rhodanese utilization of different sulphur

sources, and substrates containing selenium instead of sulthur.

3.8.1 Introduction

As described in Section 3.4. 1, rhodanese can use a wide

variety of sulphur-containing anions in vivo, to bring about the

metabolism of cyanide to form thiocyanate. The possibility of

substrates other than thiosulphate being used in vitro for this

purpose was studied with thiourea and also thiocyanate, although

transfer from this latter on to rhodanese is said not to occur.31-"6

There has been a report discussing the binding of selenate

ions to rhodanesee'3, and selenium is now known to be involved in

various metabolic pathways throughout the body"~'r=. Preliminary
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experiments were designed to investigate whether rhodanese could use

selenium-containing substrates instead of sulphur, for the in vitro

metabolism of cyanide to form selenocyanide.

3.8.2 Experimental

3.8.2.1 Use of different sulphur-containing compounds by rhodanese to

accomplish cyanide metabolism.

A sample was prepared, containing thiourea, (CS(NH=)^3, and

carbon-13 labelled sodium cyanide. To ensure that no reaction

occurred between the two compounds, thiourea (700mg) and labelled

sodium cyanide (150mg) were dissolved in TRIS buffer (2ml) and NMR

spectra recorded half-hourly for 3 hours. Rhodanese (2mg) was then

added, and spectra recorded as before for a further 3 hours.

The possibilty of rhodanese being able to remove sulphur from

thiocyanate, and transfer it on to other cyanide ions was

investigated. However, firstly the possibility of spontaneous

exchange of cyanide ions was examined by dissolving KSCN (850mg) and

labelled NaCN (150mg) in TRIS buffer (2ml). NMR spectra were recorded

hourly for 24 hours. Should such an exchange occcur, the presence of

labelled thiocyanate would be detected. Rhodanese (2mg) was then

added, and NMR spectra recorded for a further 2 hours to observe the

effect, if any, of the enzyme on the mixture.
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3.8.2.2 Investigation of the ability of rhodanese to use non-sulphur

containing substrates for metabolism of cvanide.

The possibility of rhodanese being able to use substrates

containing atoms similar to sulphur (i.e. in the same Periodic Group),

such as selenium, for transfer of this atom to cyanide was examined.

If rhodanese was able to use such a selenium-containing substrate, the

product would be se1enocyanate, and so a carbon-13 NMR spectrum of a

1. OM solution of KSeCN in TEIS buffer was obtained overnight. The

compounds selenourea and se1enocyanate were then studied with

rhodanese, and carbon-13 labelled cyanide.

A solution containing selenourea, (CSe(NH=)3), (500mg) and

labelled NaCN (150mg) in TRIS buffer (2ml) was prepared. Rhodanese

(2mg) was added and NMR spectra recorded every 30 minutes for 4 hours.

The experiment was repeated without addition of rhodanese, to discover

whether any reaction occurred between cyanide and selenourea.

A second sample containing KSeCN (300ing) and labelled NaCN

(lOmg) was prepared in TRIS bufer (2ml), and after the addition of

rhodanese (2mg), carbon-13 NMR spectra were recorded at half-hourly

intervals for 3 hours. The procedure was repeated in the absence of

rhodanese, to investigate whether any reaction occurred between

cyanide and selenocyanate. Both experiments were repeated, with and

without rhodanese, using potassiurn cyanate instead of the
!

selenocyanate for comparison betwen oxygen and selenium species. KNCO

(500mg) and labelled NaCN (150mg) were used in this case.

3.8.3 Results and discussion
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Figure 3.24 Carbon-13 NMR spectra from investigation of rhodanese

ability to use sulphur from thiocyanate to metabolise

labelled cyanide.
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Figure 3.25 Carbon-13 NMR spectra from experiments with

se1enocyanate.
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The NMR spectra obtained on mixing thiourea and carbon-13

labelled cyanide contained just a single peak at 163 ppm, from the

labelled cyanide (Figure 3.23). No change in spectrum was observed

over the 3 hour period, indicating no reaction had occured between the

two compounds. The addition of rhodanese and subsequent incubation

effected no change in the NHS spectrum, so it was concluded that the

rhodanese had not been able to use thiourea as a sulphur source.

The NMR spectra obtained from the sample of NaSCN with

labelled NaCN contained a single peak at 163 ppm from the cyanide,

demonstrating that no reaction between the two compounds occurred

(Figure 3.24). The spectra were unchanged after addition of

rhodanese, indicating that the enzyme was not able to use the sulphur

from thiocyanate, as is the case in vivo31-,B.

The intention had been to conduct further experiments on a

wider variety of sulphur-containing compounds, but as it was not

possible at the time, such studies could be undertaken at a later

date.

The carbon-13 NMR spectrum of the unlabelled sample of KSeCN

is shown in Figure 3.25. A single peak at 119.5 ppm was recorded.

After the addition of rhodanese to a mixture of KSeCN and labelled

NaCN, the initial spectrum recorded contained two peaks, at 163 ppm

from the labelled cyanide and at 119.5 ppm from SeCN~ (C-13). This
!

spectrum did not change throughout the observation period, suggesting

the reaction had occurred within 10 minutes of mixing the compounds.

When the experiment was repeated, leaving out the enzyme, a similar

result was obtained, and so it was concluded that the equilibrium.

SeCN~ + 13CN~ v > Se13^N- + CN~
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Figure 3.26 Carbon-13 NMR spectra from experiment with NaCN

and Se(NH = )=.



n i i i 1 1 r
200 180 160 140 120 100 80

ppm

a) Potassium cyanate with labelled cyanide

200 180 160 140 120 100 80

ppm
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Figure 3.27 Carbon-13 NMR spectra from experiment with KNCO and

labelled cyanide.
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occured spontaneously, and the presence of the rhodanese had no

effect.

The spectra obtained from incubation of labelled cyanide with

selenourea with and without rhodanese are displayed in Figure 3.26.

Both sets of spectra contained a single peak at 160 ppm, which

although a little lower than usual, was thought to be from the

labelled cyanide. Since no other signals were observed and no change

in spectrum occurred, it was concluded that selenourea and cyanide did

not react together, and the rhodanese did not use the selenium in

CSe(NH3)3 for transfer to the labelled cyanide.

When KNCO and Na13CN were mixed together, the solution changed

from colourless to yellow, but the NMR spectrum did not show any

evidence for a chemical change, containing just a single signal at 161

ppm from 13CN- (Figure 3.27). No change in the spectrum occurred

throughout the observation period, even with the addition of

rhodanese, thus it was concluded that no reaction had occured between

the two compounds.

Further experiments with selenium-containing compounds should

be undertaken, particularly using Se^O, the selenium analogue of

thiosulphate, in order for a full investigation of the topic

concerning rhodanese utilization of selenium to convert cyanide into

selenocyanate.
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3.9 Conclusions

The many conclusions which have been formed from the various

pieces of work described in this chapter can be summarised as follows.

The solutions of nitroprusside used medically during surgery

must be adequately shielded from light at all times, since even brief

exposure can result in significant nitroprusside decomposition.

The different methods for determination of cyanide and

thiocyanate, namely the co1 ourimetric method and the use of ion

selective electrodes, if used correctly provide accurate, reliable

data. However, the possibility of error arises when using these

methods to determine the extent of cyanide release from nitroprusside

solutions. On illumination, nitroprusside reacts to form the

aquapentacyanoferrate(111) complex. This subsequently undergoes

ligand substitution via a series of equilibria, in the presence or

absence of light, thus releasing cyanide;

CFe (CN) ,0H=] =~ + H=0 s rFa tnm -.i - + CN~

The position of equilibrium for the substitutions is very much to the

left, but can be altered by removal of cyanide from the system as

happens during co1 ourimetric analysis for cyanide, with blowing out of

HCN. Thus the position of equilibrium is pulled over to the right,

resulting in an artificially high measurement for cyanide

concentration. This measurement would be better made using the

cyanide selective electrode, immersed directly in the nitroprusside

so 1ution.

Detection of thiocyanate using an ion selective electrode was

unsuccessful if attempted in the presence of other sulphur-containing

species. The co 1 ourimetric method however did give accurate results.
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even when detecting thiocyanate in the presence of cyanide.

Acidification of the solution removed all the cyanide as hydrogen

cyanide, yet no thiocyanate was lost as HSCN.

The use of the enzyme rhodanese to observe conversion of

cyanide to thiocyanate, and to investigate the metabolism of

n i troprusside was employed. After establishing that the enzyme would

convert any free cyanide to thiocyanate, even in the presence of

n i troprusside, it was demonstrated chemically, and by the use of

carbon-13 NMK spectroscopy with carbon-13 labelled compounds that the

enzyme did not metabolise nitroprusside itself. The use of carbon-13

NMR spectroscopy was extended to observe the effect of rhodanese on

n i troprusside in blood, and it was again found that no metabolism

occurred.

The use of cultured muscle cells to observe nitroprusside

decomposition was not successful, in that the nitroprusside was not

observed to undergo any change on incubation with the cells. It was

decided that a much greater degree of expertise in handling cultured

tissue cells would be required before further experimental work could

be continued.

The compound aquapentacyanoferrate(I 11) was prepared, labelled

with carbon-13, and carbon-13 NMR spectroscopy used to observe its

behaviour in aqueous solution and in blood. Surprisingly, no

decomposition was seen to occur, which would have resulted in the

formation of labelled thiocyanate in the presence of rhodanese.

Previously, it had been shown that the complex did decompose, and with

rhodanese present, some thiocyanate was detected using the

colourimetric procedure. Failure to observe any formation of labelled

thiocyanate was therefore unexpected. One possible explanation is
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that since the NMR technique is not quite as sensitive as the

co 1 ourimetric method for thiocyanate detection, if only very small

quantities of thiocyanate formed during the experiment, too little was

present to be visible using NME spectroscopy, but a positive result

would be found using the colourimetric method.

The observation of rhodanese activity in the presence of

n itroprusside and aquapentacyanoferrate(111) indicated that these

complexes did not inhibit enzyme act ion.

It was found that rhodanese was unable to use thiourea or

thiocyanate itself as a sulphur source for conversion of cyanide to

thiocyanate. In addition, none of the selenium compounds used,

se 1 enocyanate or selenourea, was found to be used by rhodanese to

convert cyanide to se 1 enocyanate.

Subsequent to this work being carried out, a suggestion was

made that significant quantities of the hexacyanoferrate(11) complex

are invariably formed during reactions of nitroprusside. If this is

correct, this would explain the presence of a peak at 177ppm on the

carbon-13 NMR spectra from many of the experiments described in this

chapter.
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CHAPTER IV.

NITROSYL COMPLEXES OF RUTHENIUM.

4. 1 Introduction

Ruthenium forms more nitrosyl complexes than any other

transition metal, yet there has been relatively little work done with

these compounds. The chemistry of metal nitrosyl complexes in general

has however been widely reviewed 1-1 1, and further details of their

bonding have also been publ ished1=~. This chapter presents an

account of the general features of the ruthenium complexes, including

structure and bonding, and looks at their known reactions.

4.2 Structure and bonding in metal nitrosvls.

The nitric oxide molecule was previously thought to bond to a

metal ion in one of three ways:

1) donation of its single, unpaired electron, housed in an anti-

bonding orbital, to the metal ion to form NO"1", followed by the

additional donation of an electron pair by NO"1";

2) donation of two electrons to the metal ion from the neutral NO

species;

3) acceptance of one electron from the metal ion, followed by donation

of an electron pair by the NO- species.

The bond angle of the M-N-0 bond was thought to reflect in a



Table 4.1 Comparison of X-ray data with infra-red spectral

information for some ruthenium nitrosyl complexes.

M-N-0 bond angle V/cm"1

CRu(NO) (diphos )=.]->-

CRu(NO)(H)(PPh3)3]

CRu(NO)3(PPh3)3Ci:-

Ru ( 0) complexes,

d^ , for 4 or 5

coordination.

174 1673 13

176 1640 1=5

167 (basal) 1S45

136 (apical) 1687

C Ru ( NO ) ( NH3 ) 3 D3"1" Ru ( 11 ) complexes, 167

CRu(NO)(OH)(N03)3(NH3)z: d*, for 6 176.6

coordination.

_ 1C

_ IS
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clear-cut fashion the method of bonding. A linear, or near-linear

bond, with <MNO approximately 180°, was said to result from donation

of an electron pair from the sp hybridised nitrogen atom of NO"1" to the

metal, and a bond angle of approximately 120° to result from donation

of an electron pair from the sp3 hybridised nitrogen atom of NO-.

It was also thought that the nature of the bonding by NO could

be inferred from the stretching frequency of the M-NO bond in infra¬

red spectroscopy in the following way:

NO"1" — > 1900 — 1700c m— 1

NO- > 1700 - 1500cm-1

NO > either region.

These ideas had to be revised from the evidence provided by X-

ray structural analyses, of CRu(NO)(H)(PPh3)3] having VNO = 1640cm-1,

and CRu (NO) (diphos 3"*" having VNO = 1673cm-1. From the IR spectra of

these complexes, the presence of NO- would have been inferred, but X-

ray structural data indicated both to be trigonal bipyramidal in

structure, with essentially linear M-N-0 bond angles, and Ru-N bond

lengths indicative of NO"1". The X-ray studies show that many

transition metal nitrosyls exist with M-N-0 bond angles between 120

and 180°, (Table 4,1), and although these results were at first-

discarded as being suspect, such "bent" nitrosyls have been shown

definitely to exist. In addition, ESR studies of complexes thought to

contain the NO"1" ligand indicate that the odd electron spends some time
1

also on the nitrosyl group3'-'31, so the bonding is in fact between the

neutral NO and NO^.

Recent evidence for the existence of bent nitrosyl complexes

has been provided from studies with nitrogen-14 and nitrogen-15 NMR

spectroscopy ==-=■=. Information had been obtained for a solution of
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the species under investigation, complementing X-ray data collected

from the solid state. Before discussing how nitrogen NMR indicates

the presence of bent nitrosyls, it is necessary to describe the

effect.

As in 1:3C NMR, the coupling constants and NMR shifts are very

sensitive to the presence of lone pairs and TT -e1ectrons. Singly

bonded nitrogen, as in amines and hydrazines, resonates at high field

strength, analogous to the alkyl or alkane carbons in 1:3C NMR. The

resonant nucleus is deshielded by the presence of the paramagnetic

circulation of 2p electrons, the effect increasing with proximity of

the electron current. The deshielding increases from saturated to

linear groups (e.g. cyanate, azide or cyano groups, compared with

alkynes in 13,C NMR), then to amido nitrogen, aromatic heterocycles

(e.g. pyridine), with doubly bonded nitrogen occurring at the lowest

field strength. The deshieldig is less for triply bonded nitrogen, as

there is no paramagnetic circulation of electrons around the o axis.

Nitrogen, unlike carbon, can carry a lone pair of electrons

(nN) and further deshielding occurs from nH >TT" * electron

circulation, thus extending the range of nitrogen shifts by up to

three times that observed for carbon, mainly because of the extended

range at low field for diazene (N=N) or nitroso (N=0) groups2",

Deshielding of the nitrogen also occurs with delocalisation of the

lone pair, this effect being greatest for diazene, nitrene or nitroso

groups. In the latter case, the "IT* orbital energy is brought down,

closer to that of the nN orbital, due to the presence of the electro¬

negative oxygen atom, thus making nN ^TT* transitions more likely.

There is also some interaction between adjacent lone pairs of

electrons. These effects are greatest in bent M-N=0 groups, there



Table 4.2 Nitrogen-15 NMR and structural measurements of nitrosyl

comp1 exes.

Compound cf ( X=N ) So 1 vent MNO bond angle/dag

bent nitrosyls.

CCo( x=NO) (SzCNEta.)z3 500.8

[Co(X = N0)(3zCNHez)3] 501.3

[Co(1SN0)(SzCN-i-Prz)3: 526.9

[Co(lsN0)(acacen)l 510.3

CCo(1=N0)Ibenacen)] 723.0

[Co(X=N0)(salen)1 725.4

[Co(15NO)(salox)zl 824.1

CDC13

CDC13

CDaCls

C DC 1 3

Me=S0

CDzCl:

He 2S0

135. 1

129

122. 4

122.9

127. 0

linear nitrosyls.

[Ru(NO)(NHa),]Cla

[Na=[Fe(CN)S(X=N0)1

[ H02OS2 ( NO ) = (Sss ) = S» :3"

(PPN l"1" [Fe^S3 ( NO )-t- iJ-

CPPN)-'-[Fe4Se3 (NO)-r U"

Fe4S4(N0)4

Fe4Se4(NO

[Co(C0)3(N0)1

[Ru( 15SN0)= (FPh3 )31

-29

- 13. 5

-3.0

7.7

7. 8

12. 8

20. 5

14

50. 7

[Ph(NO)(15 NO)(PPh31z](CIO*) 81.4

HzO

HzO

CD=C1 =

CD3CI3

CD=C 1 =

CD3CI3

CsHe

C ®D &

CD3CI3

172. 8

180

170. 6

158. 9
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being a corresponding large deshielding of the nitrogen t

which is also the case for diazenido groups33. For example, there is

a deshielding of 350 ppm for diazenido complexes of rhodium with the

group bent, compared to similar complexes of molybdenum, tungsten or

rhenium, in which the group is linear. In the nitrosyl complexes of

cobalt, rhodium and ruthenium, the deshielding effect for the bent

group is 500 - 800 ppm, compared to the linear groups. For nitrosyl

groups which have intermediate M-NO bond angles, (those which deviate

from 180 or 120" such as the quasi-tetrahedra1 dinitrosyls of

ruthenium, rhodium and osmium, in which the bond angles deviate from

linearity by 20 - 25°), there is a corresponding intermediate

deshielding of the nitrogen nucleus. This suggests that the extent of

nitrogen deshielding may be useful as a measure of M-NO bending. Work

performed on bent and linear nitrosyl complexes of cobalt, ruthenium

and rhodium33 - 3'-~33 (Table 4.2), provides further evidence for the

nitrogen shift being a useful criterion for the degree of bending;

linear nitrosyls absorbing at medium field strength close to that of

the free NO"1", for which (£~ is -S,3'7' the bent nitrosyls being deshielded

by 500 - 800 ppm, as has also been found for the C-nitroso

compounds3*1, (e.g. ( 1BN) is 594 for t-BuNO3"1. In addition, it has

been found that the degree of bending increases with <r or TT-donor

ability of the basal ligands13. With softer coligands such as As or

S, shorter M-NO bonds and larger MNO bond angles have been found than

with harder coligands bonding through N or 0"7".

Most of the work mentioned has been conducted using 13N NMK,

with 13N enriched compounds, although some studies habve been made

using natural abundance nitrosyl compounds (0.365% lSN), of linear

nitrosyls for chromium, molybdenum and tungsten-3. Synthesising the
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1=N labelled compounds is very costly, but 1=N NME provides sharper

spectral lines than 14N NME, which has the additional problems of very

slow relaxation times. Some studies however have been made using 14N

NME, on linear nitrosyl complexes since the symmetry reduces

the l4N-quadrupo1ar broadening of the lines, but when the nitrogen

carries a lone pair of electrons, (as in the case of bent nitrosyls),

the lines become too broad.

Some deviation from 120 or 180° bond angles occurs due to the

presence of some degree of of multiple bonding between the metal ion

and nitrosyl ligand. Kettle30 explained similar findings with studies

of the metal carbonyl systems, M(C0)3, by suggesting that because the

two 7T -antibonding orbitals of each carbonyl ligand were

nondegenerate, the metal ion could back-donate to them to different

extents. Thus the M-C-0 bond angles in M(C0)3 systems can deviate

from 180°. Since the nitrosyl ligand, NO, is a stronger V —acceptor

than CO, the filled d-orbitals of the metal can overlap with empty

antibonding orbitals of the ligand, thus creating a degree of multiple

bonding in the M-N Bond. Enemark3"* predicts this for mono—nitrosy1

species, in which the overall symmetry is less than , causing

deviation of the M-N-0 bond angle from linearity. Evidence for

multiple bond character in the M-N bond is provided by neutron

diffraction studies on NazCEu(NO)(OH)(N03)*3.2HZ0, in which the Eu-NO

bond length of 1.748A is shorter than the 2.079A found in Ru-N0=,

which is of single bond character*10.

This 'back-bonding' by NO"'" to the metal ion does not occur

with complexes containing the NO- species'11. Deviations from the 120°

bond angle are thought to result from packing effects in the crystal

lattice; alternatively, the Jahn-Teller effects of spin-orbit and
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vibronic coupling, which were previously used to explain all bond

angle deviations could make some contribution.

The presence of this multiple bond character in the Ru-NO

bonds means that the bond is very strong, and its formation is

thermodyanimically much favoured. For example, most ruthenium

compounds react with NO, N0=~, N03~ or HNO = to form a nitrosyl

complex. Thus there are many more ruthenium nitrosyls than for any

other transition metal.

Infra-red studies of the compounds [Ru ( NO ) ( NH3) ^.X ] 3"t", where

X = NH3, CI, Br or OH, show that the stretching frequency of the NO

group, VNO, decreases in order of increasing Ru-NO bond length"13.

Studies on the complexes M= CEu ( NO ) C 1B 3 and M3 CRu ( NO ) ( NOs-U ( OH ) 3 ,

(where M =Na, K, NR*, Eb and Cs), in which Eu(11) is in the low-spin

d3 configuration for maximising *TT -bonding with IT* -acceptor ligands,

show that the cation in the complex markedly influences the NO

stretching These values have been found to be relatively low

when there is an OH ligand present*43, due to hydrogen bonding between

the OH groups intermolecularly bonding to the NO groups,

(Eu-O-H... O-N-Ru). Lower stretching values for VNO are similarly

observed when there are water molecules bonded to the NO groups,

forming crosslinked networks in the crystal lattice.

Although the chemistry of iron and ruthenium is often very

similar, there is a major difference in the number of known nitrosyl

complexes existing for each. Far fewer iron nitrosyls occur, which is

partly attributed to the 't=s3 ion being more stable for

ruthenium than for iron. In consequence, the Ru(III) ion is more

ready to accept an electron to give the t3ge configuration. Also, the
_ O

larger size of the Ku3_+* ion, ionic radius of 0. 72A, compared to that
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of 0.64A for the Fe=7" ion, favours better dtr-pTT overlap, for NO back

IT-bonding in the former.

Since the Ru-NO bond is very strong, ruthenium nitrosyls

undergo mainly reactions of ligand substitution, in which this bond is

retained. There are, however, a number of other types of reaction

which occur, involving the nitrosyl group, and these are described in

the next section.

4.3 Reactions of ruthenium nitrosyls.

The reactions of ruthenium nitrosyls studied to date include

ligand substitution, nucleophilic attack, electrophilic attack and

reduction. Various examples typify each type of reaction, which will

be considered in turn below.

4.3.1 Ligand substitution.

The kinetics of several systems have been studied, and the

mechanism of reaction has been generally to be dissociative. For

example, the complex [ Ru ( NO ) C 1 3L =1 (where L = AsPh3 or SbPh3)

undergoes exchange with a variety of ligands, via formation of the

intermediate [Ru(N0)CUL]"10-'17.

The pentafluoro nitrosyl, K= C Ru (NO) F-> ]2H30, is formed on

reaction of the pentachloro species, K=[Ru(NO)C1=1, with KHF= at

350°C40, via an exchange mechanism. The barium salt has similarly

been prepared"113 .



K

CRu(CN),NQII=- + OH" , - CEu(CN),NO=H]3"

CEuCCNJ^NO^H:3" + OH- > URuCCN) ,N033'1- + H=0

Scheme 4. 1 Mechanism for reaction of CRu(CN)^NOl=_ with hydroxide.

CRuC 1 ( das )zNO]3+ + 20H~ * CRuC 1 ( das ) =N0=3 + H30

(das = o-phenyl bis (dimethylarsine). )

Scheme 4.2 Mechanism for reaction of CRuC 1 (das ) 3NQI!=~t" with

hydroxide.
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II
(i) C ( NH3 IsEu ( NO ) H3"*" + R'-C-CHzE + 20H~

C (NH3 ),Eu ( N=CR ) ]2+ + CR'C033- + 2HZ0

(ii) C ( NH3 )-bRu ( NO ) 333"1"

0

»
-C-

■c CH=. )«-

20H - 4

[ ( NH3 )9Ku ( N=C ( CHz )n- ! ( C03 ) ) 2HZ0

Scheme 4.3 Reactions of C ( NH3) = ( NO ) 3 3"1" uith ketones, causing

oxidative cleavage.
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Figure 4. 1 The structure of the compound 1,3-dimethyl-2,4,6-trioxo-

5-oximinopyrimidine-
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During the preparation of CRu(CM)^N0]3~ from [Eu(CN)s]*~ with

nitric oxide or nitric acid, if the reaction is allowed to continue

for too long, the product [Ru(NO)(CN)3(QH3)= ] is isolated50, which

forms by substitution of the CN- ligands of the pentacyano complex.

4.3.2 Reaction with nucleophiles.

Metal nitrosyls are known to react with a wide range of

nucleophiles including hydroxide, sulphides, thiols, ketones in basic

solution, hydrazine, amines and azides, via a nitrosation reaction.

The pentacyano nitrosyl complex of ruthenium reacts with

alkali to form the nitrato complex-51, via a mechanism probably the

same as for the iron analogue, n itropruss ide •==-,= -1 (Scheme 4. 1). The

reaction of [ RuC 1 ( das )3 1 NO ) H3-1" with alkali proceeds similarly (Scheme

4.2)"r*=':s. In each case, the reaction stops with formation of the

nitrato complex, unlike the case of nitroprusside, in which the N0^~

ligand is replaced by H=0. This is another example of the stronger

Ru-NO bond, compared to the Fe-NO bond, in nitrosyl complexes.

The mechanism for the reaction between sulphide and

CRu ( CN ),N01=- to form the unstable red complex, C Eu ( CN ) =( NOS ) 1 . ■==

is analogous to the final step of the reaction with hydroxide.

The complex CRu (NH3) ^NOl 3+' is known to effect oxidative

cleavage of ketones in alkaline solutior5T, as shown by the reactions

in Scheme 4.3 (i) and (ii).

The complex CRu(LL')= (NO)X], (where (LL'l is 2,4,S-trioxo-5-

oximinopyrimidine, or l,3-dimethyl-2,4,6-trioxo-5-oximinopyrimidine

(Figure 4.1) and X is CI, Br, OH or N0S) , reacts with J5 —di ketones,



Ci) CRuCl(NO)(das+ 3N=H,

CRuNaCl (das)z] + 2N3H,C1 + H30

(ii) CRuCl (NO) (das)zH: + 3HZN-NHR >

CRuCl(NON-NHR)(das)2l 2CNH3NHR]

(iii) CRu-^NOH + N3

lJ*N- lr5N + ( 1 "*N) =. + x*N1,5NO + (X*N)30

Scheme 4.4 Reaction of ruthenium nitrosyls with hydrazine and azide.



Table 4.3 Nitrosy 1 ation of benzyl bromide

nitrosyls, at 1 10°C in toluene.

by some ruthenium

% organic product (A) (B) (C ) (D)

PhCH2Br

PhCH=NOH

PhCN

PhCONH3

PhCHO

PhCH zOH

(PhCN3)*

PhCHzNOz

40. 0

0.4

3.5

9.5

45. 1

9.0

17.2

77. 0

5.4

14. 2

4.9

2.0

S. 2

61.0

13. 0

1.0

Reaction system.

(A) PhCHzBr +• NO alone; 48 hours.

(B) CRu(NO)=(PPh3)=] + CO; 48 hours.

(C) CRu(NO)Z(PPh3)21 + CzH2; 20 hours.

(D) [Ru(NO)3(P(OPh)3)z1 + CO; 18 hours.
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nitrosation of which results in the formation of coordinated oximes-50.

The glycinato- complex, (CKCRu(NH=CH3COO)(OH) =CNO)])", has also been

reported.

Metal nitrosyls react with various nitrogen nucleophi les, such

as hydrazines35, azides and amines; examples of which are shown in

Scheme 4.4. Cleavage of the Ru-N bond occurs on reaction of azides

with CRuCl (NO) (das) =3 ^ and C Ru ( b i pr ) = ( NO ) C 1 3 ^ ao , isotopic

labelling with ll*N suggested the mechanism shown in Scheme 4.4 (iii).

The susceptibility of the nitrosyl ligand to nucleophilic

attack is characteristic of linearly coordinated NO groups, with high

NO stretching frequencies (Vno ^ 1850cm 1 ) , and a high N—Is binding

energy, (En-i, > 4Q2eV), that is, the NO"1" group11'551.

4.3.3 Reaction with e 1 ectrophi1es.

Linear coordinated nitrosyl groups, with low NO stretching

frequencies and low N-ls binding energies are susceptible to attack by

electrophiles and are aften completely stable in alkaline solution32.

Protonation of the MNO group is easily achieved, e.g. [Ru(NO) =(PPh3)33

and HC1. Oxygenation, with molecular oxygen, occurs, forming the

nitrato or nitro nitrito species, e.g. [ Ru ( NO ) =( FFh =3 or

[Ru(CO) (NO) (PPh,)X3 (where X is CI or NCS)5"4.
1

Reaction with various organic e1ectrophi1es occurs3',

resulting in the formation of N-C bonds. Benzyl bromide is a good

example, reacting with metal nitrosyls to form a variety of organic

products, depending on the reaction conditions (Table 4.3). Reactions

also occur with [Ru(NO)=(diphos)3 and [Eu(NO)=CF(OEt)33=3, but the



+e ~

CRuC 1 ( NO )3 ( PPh3 )2 D"1" N CPuCl (NO) z(PPh3) 2:i
-e~ ^

CRuCl(NO)2 CPPha)z:~

-ci-

CRu(NO)z(PPh3)2 1 stable

+

4 CRuCla(NO)z(PPh3)2: CRuCl(NO)a(PPha)z]'

\l/
slow decomposition

Scheme 4.5 Electrochemical reduction of CEuC 1 ( NO ) 3. ( PPh3 )=; l"1".
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yield of organonitrogen compounds are very low compared to that

obtained with [Ru(NO)3(PPh3)31.

4.3.4 Reduction.

The electrochemical one-electron reductions of many

systems are known, for example,

[Ru(NH 3) ■=N033"t" + e ~ ^ .^CEulHH^) PHQ] 00

and [Ru(bipy)= CNO)X:3+- b~ K * C 5u ( b i py ) a( NQ ) X ] ^

(where X is CI, N3 or N0=).

The reduction of C RuC 1 ( NO )3 ( FPh^ )3 3"1" has been investigated00, and is

said to be accomplished in two one-electron steps, the first being

reversible (Scheme 4.5).

Various multi-electron processes have also been studied;

[ Ru ( NHrs ) NO 33"1" with chromous ions > [Ru ( NH^) 3~t' 03

[RuCl,NO:=- + alkaline formaldehyde KRu=N ( OH ) ,( 0H = ) ,3

[RuCl,NQ3=- + SnC 1= in HC 1 » C Ru 3C 1 ( OH =) = 3 3~ T 1

4.2.5 Other reactions.

The hydrolysis of [RuC 1--.NO]=~ has been we 11 -studiedT=, the

products LRu(NO)C14(0H3)]- and CRu(NO)(OH)C1*3having been

identified. The oxidation of ( NH4 ) [ Ru ( NO ) C 1-^ 3 with periodate has been

studied k inet ical ly'73 .

One final reaction of interest is that of [Ru(NO)3(PFh3)=3

with S0=, to form [Ru ( NO ) 3( FPh 3) 3( SO = ) 3 . This complex contains both
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bent and linear nitrosyl 1 igands"7"*4, and undergoes oxidation in air to

form [Ru(NO)=(PFh, )=(SCu)Il.
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CHAPTER V

INVESTIGATION OF THE PROPERTIES OF PENTACYANONITROSYLRUTHENATE

5.1 Introduction.

An account of the use of sodium nitroprusside as a hypotensive

agent has been given in Chapters I and III. A need to find an

alternative to this compound arose because of the uncertainty

concerning its safety. A photochemical reaction was found to occur,

even in diffuse lighting, producing the complex aquapentacyano-

ferrate(111), which can then decompose to release cyanide.

Allegations were made, stating that cyanide was found in the blood

plasma and exhaled breath of patients infused with sodium

nitroprusside, 1-s and whilst no definite recommendations have been

made to restrict the use of nitroprusside, an alternative would prove

very useful. It was hoped that a compound chemically similar to

nitroprusside could be found, but with the advantage that its aqueous

solution would be stable in light, or else the compound should not

contain cyanide ligands or other such potentially toxic groups.

The cyanonitrosy1s of vanadium, chromium, manganese, cobalt

and molybdenum were prepared and studied by Reglinski.15 The chemical

nature of all these complexes was found to greatly differ from that of

nitroprusside, and not unexpectedly, none exhibited hypotensive

activity when clinically tested. It was later suggested that the

ruthenium analogue of nitroprusside should be considered, since the

chemistry of ruthenium and iron complexes is often quite similar.
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►

The compound sodium pentacyanonitrosy1ruthenate(11),

C Eu ( CM ) -sNO ] , was therefore prepared. Various synthetic routes were

attempted, and one finally found to be satisfactory. A suitably pure

sample was obtained and its infra-red absorption spectrum recorded.

The stretching frequency of the NO group was noted, and compared to

that of nitroprusside, in order to reveal information about the type

of bonding involved. The chemistry of the ruthenium complex could

then tentatively be predicted, since the bonding between the metal

nucleus and NO group greatly affects the chemistry of the entire

complex, and the stretching frequency measured in the infra-red

spectrum is directly linked to this bonding (Chapter IV discusses this

topic in more detail). Samples of the complex were also used for

carbon, hydrogen and nitrogen elemental analysis, and ultra¬

violet/visible light absorption spectroscopy measured the extinction

coefficients of short-wave radiation.

A preliminary study of the chemical reactions with hydroxide,

amine, thiol and carbanions was made, and the results compared to

those obtained with nitroprusside. These results suggested

significant similarity between the chemistries of the two complexes,

and so a detailed investigation into the kinetics and mechanism of

reaction was conducted. From the evidence that this work would

produce, it should be possible to predict whether or not pentacyano-

n itrosylruthenate would exhibit hypotensive properties. Finally, a
J

preliminary study was made concerning the stability of the aqueous

solution of the ruthenium complex in light, and a comparison to nitro-

prusside made.
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5.2 Synthesis of pentacyanonitrosyIruthenate(11).

Several different preparative methods were found in the

literature for the complex but, although the procedures were repeated

exactly, they were not found entirely satisfactory. An account is

presented for each of the methods attempted. The chemicals used were

all of analytical reagent grade unless otherwise stated.

5.2.1 Preparation of potassium pentacyanonitrosylruthenate from the

hexacyanoruthenate, nitrite and nitric acid.

The method described below was used by Manchot and DusingT'°

to prepare the compound. Potassium hexacyanoruthenate (l.Og) was

dissolved in dilute bench nitric acid (40ml) on a warm water bath.

The solution became green in colour, and on continued heating at 90 -

100°C with vigorous stirring, a rusty brown colour developed. The

liquid was allowed to evaporate off, almost to dryness, then the

residue was cooled and dissolved in cold water. This was repeatedly

concentrated and redissolved until no further HNQ, was detected in the

vapour, using damp blue litmus paper as an indicator. Finally, the

solution was concentrated until a precipitate formed, which was

collected by filtration, washed, dried and stored.

This procedure was followed exactly, and a rusty brown solid

was obtained. However, after storage, it was found that the solid had

become dark brown in colour, and acrid fumes could be detected. This

solid was completely insoluble in water, methanol or ethanol, and was

obviously not the product required.
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5.2.2 Preparation of potassium pentacyanonitrosylruthenate from

hexacyanoruthenate and potassium nitrite.

The usual method of preparing nitroprusside is from hexacyano-

ferrate and nitrite,"® and this method was adapted for synthes i s i ng

the ruthenium analogue. A solution of K4[Ru(CN)®] (l.Qg) in hot water

(10ml) was made up in a 50ml flask. To this, KN0= (0.27g) was added,

allowed to dissolve and then a solution of reagent grade BaCl= (0.8g)

in hot water (2ml) poured in. The flask was immersed in a boiling

water bath, and carbon dioxide gas passed through for 6-8 hours. The

mixture was cooled, filtered, and concentrated on the boiling water

bath. A white precipitate of Ba3C03 formed which was removed by

filtration. Ethanol ( 10-20ml) was added, and the flask cooled in ice.

A precipitate of white KC1 should then have appeared, but the crystals

that formed were obviously not KC1. Infra-red spectroscopy (Figure

5.1) indicated that the colourless crystals were in fact unreacted

K4CRu(CN)Bl, and it was clear that very little had reacted at all,

although some some of the rusty brown K=[Ru(CN)3N01 had been formed.

It was therefore assumed that the conditions of this method had not

been vigorous enough to achieve significant nitrosation of the

hexacyanoruthenate.

5.2.3 Preparation of potassium pentacyanonitrosy1ruthenate from

hexacyanoruthenate, nitrite and dilute nitric acid.
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Sodium nitroprusside was successfully prepared by dissolving

Na4CFe(CN(0.5g) in dilute nitric acid (40ml), with the subsequent

addition of NaN0= (0.lg) and vigorous stirring for 2 hours at 80°C on

a water bath. The mixture was concentrated, and a precipitate of

unreacted Na4CFe(CN)c] filtered off. The red-brown solution of

nitroprusside was further concentrated and then allowed to

crystallise. This method was then adapted to attempt the preparation

of the ruthenium analogue. Potassium nitrite (O.lg) and K.*, CEu (CN )B 1

(0.5g) were added to the nitric acid (40ml; 0.5M), and a blue-green

colour developed immediately which was then gradually replaced by an

orange-brown. A sample of orange-brown crystals was obtained, thought

to be the required product. However, it was found that after leaving

the sample for a week, it had changed into a dark brown powder, like

that formed from the previous route (Section 5.2.1). This solid was

also formed on dissolving K4CRu(CN)c3 in more concentrated nitric acid

(5M), in which the conditions for only nitrosylation to occur were too

vigorous. It was then concluded that the orange-brown crystals

initially obtained still contained HNCb,, which caused further reaction

to occur after bottling for storage. An alternative nitrosylating

agent was sought, since nitrite alone was not strong enough, and

excess nitric acid could not be completely removed on formation of the

required product, which led to further reactions.

5.2.4 Preparation of potassium pentacvanonitrosy1ruthenate using

ruthenium trichloride, cyanide and nitric oxide.

A method has been described10-11 using ruthenium trichloride
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dissolved in excess cyanide solution to form the hexacyanide complex,

which was then treated with NO gas to produce [Ru(CN).5NQ3=_. The

apparatus was set up as a closed system to exclude air, since nitric

oxide would be oxidised to N0 = on contact with air. Ruthenium

trichloride (l.Og) was dissolved in a solution of potassium cyanide

(2.7g; 50ml water) in a 100ml round-bottomed flask. Both of these

chemicals were of standard reagent grade. The flask was refluxed for

3-4 hours under a gentle nitrogen stream to ensure the continued

exclusion of air. The solution was expected to change from intense

black to colourless on formation of the URuCCN)*,]"1-, but some colour

still remained after the treatment. The solution was allowed to cool

slightly and NO gas bubbled through for 30-40 minutes. The colour of

the solution gradually changed into a deep rusty-brown, indicating the

successful formation of CRu(CN)«N01=_. According to Durig et al1D,

isolation of the product was achieved by concentrating the liquor, and

allowing crystals to form which could then be washed with cold water

to remove any excess cyanide. However, it was found that crystals

would not precipitate from solution, and evaporation to dryness was

used to obtain the solid, without removing excess cyanide.

In order to remove the cyanide from a solution of the material

obtained, the hot solution was acidified and nitrogen gas passed

through to blow out any cyanide as hydrogen cyanide. This was trapped

in a solutions of sodium hydroxide and sodium hypochlorite. The

complete removal of cyanide was determined by applying the following

spot test. A piece of filter paper previously bathed in a 0.1%

ammoniacal solution of copper sulphate and allowed to dry, was treated

with hydrogen sulphide gas, which turned it uniformly brown. A drop

of the cyanide solution applied to the paper would cause a white stain
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or circle to form. Hydrochloric acid was used to acidify the

[Ru (CN) rsNOl solution, and after all the excess cyanide has been

removed it was concentrated. However, colourless crystals began to

grow, and infra-red spectroscopy revealed that these were in fact the

hexacyanoruthenate complex. Very little pentacyanonitrosylruthenate

was found to have been formed, thus it was concluded that nitric oxide

had been ineffective at the n itrosylat ion of [ Ru ( CN ) 0 l"1-.

5.2.5 Preparation of potassium pentacyanonitrosylruthenate from

ruthenium trichloride, cyanide and dilute nitric acid.

The previous method of forming the hexacyanide complex was

repeated, heating RuC 1 3 in a solution of excess cyanide. Dilute

nitric acid was then used to bring about nitrosylation. The mixture

was heated as before, but the temperature was kept at the lower value

of 70-80-C. The excess cyanide was removed by treating with

additional nitric acid and blowing the HON into a solution of

hydroxide. Once all the cyanide had been removed, the pH level of the

mixture was adjusted to 7 using dilute potassium hydroxide. The

mixture was then concentrated and attempts at purification made. The

main impurity was thought to be potassium chloride, and column

chromatography thought suitable to remove this by separation.

Sephadex G25 was used as the column packing material, since it was

well known to successfully separate aqueous, mixtures on the basis of

mass of solute ions. The heaviest ions would be washed through the

column first, followed by progressively lighter species. This indeed

was found to occur, with the K3C EuC CN)=N01 being collected first,
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followed by KC1, but the separation was incomplete. Alternative

remedies were suggested, using either a much larger chromatography

column, or else the conversion to the sodium salts, which were thought

likely to separate more completely due to the bigger mass difference

in the two species. The latter suggestion was implemented, and an ion

exchange column of Amberlite gel, previously loaded with sodium ions,

used to replace all the K"*" ions with Na"1" ions. The mixture was

concentrated, and the Sephadex column used to separate the

Na3CEuCCN)=N0] from the NaC1. Silver nitrate solution was used to

detect the presence of the chloride ions. The solution of the

ruthenium complex was concentrated and left to crystallise, but no

crystals appeared, even after a week and with further concentration.

A solid product was eventually obtained by evaporating to dryness

under reduced pressure at 80-90°C. The residue was collected as a

shiney, flakey, dark rust-brown material.

5.3 Physical properties of sodium pentacyanonitrosy 1 ruthenate.

A pure sample of the ruthenium complex had now been obtained

by the last method described, and various measurements were made to

discover its physical properties. Absorption spectroscopy was

performed and elemental analysis used to obtain further information.

5.3.1 Carbon, hyrdrogen and nitrogen elemental analysis.

A sample of the purified Na=CEu(CN),N0H2H=0 (Relative
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Molecular Mass = 343.174) was used for elemental analysis and the

results shown below.

%Carbon %Hydrogen %Nitrogen

Theoretical composition 17. 5 1. 10 24. 49

Results of analysis 15. 33 1. 20 f-ooCM

Since it was not known for certain that exactly two molecules of water

were associated with each unit of Na3 C Eu (CN )-,N01 , a better comparison

between theoretical and observed values would be that of the

carbon:nitrogen ratio-

Theoretical C •- N Observed C:N

0.71 0.76

This comparison demonstrated that the prepared Na3CEu(CN)had been

purified to a standard of greater than 90%, and further purification

was not attempted at this stage.

5.3.2 Ultra-violet/visible absorption spectroscopy.

A Pye-Unicam SP8-100 ultra-violet spectrophotometer was used,

with silica cells, 1cm in width, to record the absorption spectrum of

an aqueous solution of Na= C Eu ( CN) -.MO ] (5 X 10—1H ) . The wavelength of

maximum absorption was found to be 450nm and the absorbance was 0.568.

From the equation

Absorbance(A) = molar X path X concentration

asorptivity(E) length(l) in moles dm-3



Table 5. 1 The infra-red spectra of sodium pentacyanonitrosy1-

ruthenate and sodium nitroprusside, obtained as a) Nujol

mulls using sodium chloride discs and b) aqueous

solutions using silver chloride discs.

a) NazCFe(CN)sNQ]2HaQ Naz C Eu ( CN )-sNO ] 2HZ0

absorption band /cm-1 assignment absorption band /cm 1 assignment

3860 u

3440 b,s

2160 sh,u

2130 m

2090 m

1940 b,s

1610 b,m

640 u

Hz0 overtone

Hz0 stretch

CN stretch

CN stretch

CN stretch

NO stretch

Hz0 bending

FeN stretch

3850 w

3400 b,s

2200 b,m

2150 m

1945 b,s

1625 b,s

630 sh,u

H=0 overtone

Hz0 stretch

CN stretch

CN stretch

NO stretch

HzO bending

RuN stretch

b) 2200 CN stretch

2150 CN stretch

2105 CN stretch

1925 NO stretch

u = weak m = medium s = strong b = broad sh = shoulder
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a value of 1 136dm3mo 1~~ 1 cm- 1 (or 1 13SM~lci"1) was found for the molar

absorptivity (or extinction coefficient), E. By comparison the value

measured for sodium nitroprusside at its absorption maximum was less

than 100. This demonstrated one noticeable difference between the two

compounds, the aqueous solution of the ruthenium complex was intensly

coloured, whereas a solution of nitroprusside of the same

concentration was only faintly coloured.

5.3.3 Infra-red spectroscopy.

No suitable organic solvent for the pentacyanonitrosy1-

ruthenate could be found so studies using solutions were not possible.

Therefore, Nujol mulls were prepared, for use with sodium chloride

discs, to record the infra-red absorption spectra of the ruthenium

complex and of the nitroprusside. Table 5.1 lists the data obtained

from the measurements. The infra-red spectrum of sodium nitroprusside

has been studied and reported. 1 1 ■ 13

It was later found that the use of silver chloride discs

enabled the spectra of concentrated aqueous solutions to be

recorded. l3"iB This was a particularly useful technique for recording

the spectra of reaction products, which could not be isolated from

aqueous solution. The absorption spectrum for aqueous sodium

pentacyanonitrosy1ruthenate was obtained using AgCl discs, and the

results shown in Table 5.1.

The important feature in all the spectra is the stretching

frequency of the NO ligand. The wavelength at which this occurs

reflects the nature of the bonding between the ligand and the metal
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nucleus1® (Chapter IV discusses this in detail). In brief, in

complexes in which the NO group is designated NO"1" (as in sodium

n i troprusside), the NO stretching frequency occurs in the range 1940

- 1575cm-1, anionic NO- bound groups have a stretching frequency of

1200 - 1040cm-1, and neutral NO bound groups in the region 1575 -

1200cm-1. Thus the stretching frequency of the NO ligand in

[RuCCNl^NQ]3- would indicate it to be bonded as NO"1", as it is in

n itroprusside. The chemistry would therefore be predicted to show

significant similarity.

5.4 Preliminary investigation of chemical reactions of pentacyano

nitrosylruthenate, and comparison to those of nitroprusside.

A preliminary study was made, looking at the reactions of

[RuCCNl^NOH3- with hydroxide, amine, thiol and carbanion. The

reactions were performed in test-tubes, and any changes in appearance

observed. A similar series of experiments using nitroprusside were

made, and the results from the two sets compared. The products from

reaction with thiol and amine were examined in both systems. Cysteine

and benzylamine were chosen, since the products were easily isolated

and identifiable. A study was also made concerning the stability of

pentacyanonitrosylruthenate in aqueous solution.



Tab 1e 5.2 Observation of chemical reactions of nitroprusside and

pentacyanonitrosylruthenate.

Added reagent Observation

Sodium hydroxide

NaOH

Na2CFe(CN)«NO]

Colour faded to

pale ye 11ou.

NazCRuCCN),NO:

Colour faded to

pale yellow.

Ethylamine

EtNH =

Colour faded rapidly

colourless gas evolved.

Gradual colour loss,

slight evolution of

colourless gas.

Cysteine/OH~

NHZ(COOH)CHCH=HS

Intense red/purple

colour formed rapidly,

Colour darkened to

deep orange/red.

Malononitrile

CH3(CN)2

Intense purple colour

rapidly formed.

Gradual darkening

of colour to deep

orange/red.
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5.4.1 Initial study of chemical reaction.

The reactions of Na= CEu (CN )^,N0 3 with hydroxide, thiol, amine

and carbanion were observed on mixing the appropriate compounds in

test-tubes and observing for 30 minutes.

An aqueous solution of Na=CRu(CN)^NQ] was prepared (5 X 1Q~'"1M)

in hot water, the solid had very limited solubility in cold water. To

each of four test-tubes, a portion (3ml) of this solution was

pipetted. Potassium hydroxide (lml; 0.5M), ethylamine (1ml), cysteine

(0.5g) and malononitrile (0.5g) were added separately to the, four

test-tubes. Potassium hydroxide (0.5ml; 0.5M) was also added to the

latter two. This was repeated exactly using a solution of sodium

n i troprusside (2.5 X 10-3M). The observations made from both sets of

experiments are shown in Table 5.2. From these, it was concluded that

the complexes reacted with the chosen reactants in a similar manner.

5.4.2 Reaction with benzylamine.

The reaction of nitroprusside with amine has been studied

previously,1T-=i and a detailed description can be found in Chapter

II. The reaction products from nitroprusside with benzylamine have

been identified as benzyl alcohol and benzonitrile17> 15 and this was

recently confirmed (Section 2.5). This piece of work was repeated

using pentacyanonitrosy1ruthenate instead of sodium nitroprusside.

Sodium pentacyanonitrosy1ruthenate (200mg) was dissolved in water

(10ml) and added gradually to a solution of benzylamine (150mg) in

water (10ml) containing sodium carbonate (80mg). The mixture was



Table 5.3 Results from the gas liquid chromatography of the products

from reaction between benzylamine and pentacyanonitrosy1-

ruthenate.

Sample mean retention time / s

Benzonitrile 169

Benzyl alcohol 349

Reaction products 170 and 350

Table 5.4 Comparison of the ratio of products from reaction between

benzylamine and nitroprusside, and with pentacyano-

nitrosylruthenate.

NazCFe(CN)SN01 NazCRuCCN)aN0]

Ratio of
2 : 1 3.6 : 1

benzyl alcohol : benzonitrile

1
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stirred for 24 hours, then potassium carbonate (2g) added. A solvent

extraction using ether was performed, using five aliquots of ether

C 10ml in each). The ether portions were combined and dried overnight

with anhydrous magnesium sulphate, which was then removed by

filtration. The solution was concentrated under reduced pressure

until just 2ml remained. Gas liquid chromatography was then used to

separate the individual components of the solution, the retention

times of each being noted. These were compared to values obtained

fron authentic samples of benzyl alcohol and benzonitri1e. The same

products were found from the reaction of benzylamine with both

nitroprusside and pentacyanonitrosylruthenate, although in slightly

different proportions.

5.4.3 Reaction with cysteine.

The reaction of cysteine with nitroprusside has previously

been studied, and cystine was found to be one of the reaction

products.==.=3 The following equation describes the reaction in

s imple terms:

nitroprusside + 2CySH } CyS-SCy + products

(where CySH is cysteine, and CyS-SCy is cystine)

During the course of the reaction, the cystine precipitates out of

solution since it is less soluble in water than cysteine. An

experiment was designed to compare the products of reaction of

cysteine with nitroprusside and with pentacyanonitrosylruthenate. An

almost saturated solution of cysteine was prepared (20ml) and nitrogen



Tab1e 5.5 Information from the infra-red

cystine and reaction product from

nitrosylruthenate.

spectra of

cysteine with

cysteine,

pentacyan-

Wavenumber of absorption band / cm-1

cysteine cystine reaction product

3200 3400 3400

2540 2720 2710

2080 1710 1710

1570

1280 1300 1300

1200 1 150 1140

1 135

1065 1075 1070

1040 1040 1040

980 970 970

940

870 850 850

815

735 725 725
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gas bubbled through to remove any air, since cysteine is oxidised by

oxygen to cystine. Sodium nitroprusside (200mg; 5ml) was added and

the mixture allowed to stand under nitrogen for 20 minutes. The white

precipitate was removed, dried, and its infra-red spectrum recorded.

This procedure was repeated using sodium pentacyanonitrosylruthenate

(150mg) instead of sodium nitroprusside. A control was also prepared,

adding distilled water (5ml) to the cysteine solution. In this case,

no white precipitate was formed. Infra-red spectra were recorded for

authentic samples of cysteine and cystine, and these were compared to

those obtained from the reaction products. Table 5.5 displays the

results. Obviously, the reaction product in both cases was cystine.

5.4.4 Stability of sodium pentacyanonitrosylruthenate in light.

5.4.4.1 Experimental

A solution of sodium pentacyanonitrosylruthenate (100ml; 5 X

10~-M) was prepared and poured into a soda glass bottle. This was

illuminated with four 100W electrical light bulbs for 18 hours, and

the solution analysed for cyanide using a cyanide ion selective

electrode in the following way. The solution was acidified to a pH of

less then 4.0 using sulphuric acid (6.OH) to convert any cyanide to

hydrogen cyanide. Nitrogen gas was then bubbled through and into

sodium hydroxide solution (100ml; 1.OH) for 20 minutes, to trap any

HON. A cyanide ion selective electrode was used to detect the

presence of any cyanide in the sodium hydroxide solution. The



log CCN-3

reading from NazCEu(CN)^N03 experimant

reacing from Na2 CFe (CN )-sNO] experiment

cyanide selective electrode.

A - final

B - final

Figure 5.1 Calibration of

1
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electrode had previously been calibrated using freshly prepared

standard solutions of sodium cyanide in hydroxide (1M), Figure 5.1

displays the results obtained. The procedure was repeated exactly,

substituting the solution of Na3CEu(CN)^NO3 for one of sodium

nitroprusside of the same concentration.

A second experiment was performed, placing a solution of

Na=[Eu(CN)„N01 (5 X 10~3M) in direct, strong sunlight. The ultra¬

violet/visible absorption spectrum of the solution was recorded every

half hour, to monitor any change.

5.4.4.2 Results

The final readings obtained from the mi 11i-voltmeter,

corresponding to the content of cyanide in the hydroxide solutions are

shown in Figure 5.1 as points A (from the Na=[ Eu ( CN ) ^NOl experiment),

and B (from the Na-CFe(CN)oN03 experiment). The values indicate that

a concentration of cyanide of greater than 10-=H was found after the

illumination of nitroprusside. The mi11i-voltmeter reading from the

Na=CEu(CN)^NOl experiment remained unchanged throughout the 20 minute

period that nitrogen gas was passed through, indicating that no

cyanide had been released during the 18 hours of illumination.

The second experiment, monitoring the absorption spectrum of a

solution of N a = C E u C C N)^N01 kept in direct sunlight, produced no c ha n g e

throughout the 6 hour period, indicating no observable reaction or

decomposition to have occurred.
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5.4.5 Discussion

Observation of the reactions of CEu ( CN ) -.NO 3 with hydroxide,

amine, thiol and carbanion compared to those for n itropruss ide suggest

that the two complexes behave similarly. The formation of

benzonitrile and benzyl alcohol from reaction with benzylamine, and

the formation of cystine from reaction with cysteine is in agreement

with this. One difference between the two compounds is the apparent

stability of the ruthenium analogue in the presence of light. A more

detailed study of the kinetics and mechanisms of each reaction and its

photochemistry would allow a better comparison to be made.

5.5 A study of the kinetics and reaction mechanism of sodium

pentacyanonitrosylruthenate.

5.5.1 Introduction

The reactions of pentacyanonitrosylruthenate with hydroxide,

sulphide, amine, thiol and carbanion were investigated, measuring rate

constants and proposing mechanisms of reaction where possible. In

each case, these were compared to those known for the reactions of

sodium nitroprusside . All reactions were studied using ultra-violet

absorption spectroscopy, following either the disappearance of the

brown Na=CEu(CN5^NQ], or formation of some product. The reactions

were monitored for 2-3 reaction half-lives, and a computer program

calculated first-order rate constants using the Kezdy-Swi nbourne3*J" ="=



k 1

CRu(CN),NO:=- + OH" CRu(CN) ^NOzH:3"-

C Ru (CN) rsNOzH]3- + OH" _ CRu(CN),NO=]+ HzO

C Ru(CN)^N02 3*— + HzO ; N CRU(CN),OH2]3- + NOz~

Scheme 5.1 Proposed mechanism for reaction between pentacyano-

nitrosylruthenate and hydroxide.
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method (Appendix I). Pseudo first-order rate conditions were achieved

by keeping the concentration of reactant in large excess over that of

the Na= CEu ( CN )-sNO 1. Where possible, reaction products were isolated

and identified.

All chemicals used were analytical reagent grade, unless

otherwise stated, and the Na= CRu (CN )->N0] prepared as described before,

and further purified using column chromatography. A Pye-Unicam SP8-

100 ultra-violet/visible spectrophotometer was used to monitor

absorption spectra, using 10mm length silica glass cells. If the

reactions were found to occur very rapidly, a High-Tech S4-F stopped-

flow apparatus connected to a Commodore PET microcomputer via a

transient recorder was used. A thermostat ted water bath maintained

constant temperature throughout.

5.5.2 Reaction with hydroxide.

5.5.2.1 Introduct ion

The mechanism by which sodium nitroprusside reacts has been

well documented3®-33. Scheme 5.1 displays the proposed mechanism for

the analogous reaction with sodium pentacyanonitrosylruthenate,

assuming a similar reaction route occurs. The first step, governed by

the rate constant ki, was expected to be slow and therefore rate-

determining. The subsequent loss of a water molecule, and exchange

between the N03 ligand and a water molecule, were expected to occur

rapidly, giving rise to larger values for k3 and k3. In each step,
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the reverse equilibrium processes were not expected to occur to any

significant extent.

The rate constant ki was determined for the reaction, and the

effect of varying ionic strength and nitrite concentration also

studied. Isolation of the reaction products was attempted, and the

infra-red absorption spectra obtained.

5.5.2.2 Experimenta1

It was decided to follow the reaction by observing the loss of

[ Ru ( CN ) -,N0 ]=_, monitoring the absorption of light at 450nm wavelength

using the SP8-100 spectrophotometer. The effect of varying ionic

strength and nitrite concentration on the reaction rate for a given

concentration of hydroxide and CEu ( CN J-sNOl3- was studied initially.

A solution of Na=CKu(CN),N01 (3 X 10_-H) was prepared, and

varying amounts of potassium chloride added to aliquots of this

solution to provide a series of solutions of differing ionic

strengths. The observed rate constant was measured for reaction

between the solutions of [Ru(CN)^NO3and sodium hydroxide C0.2H).

The effect of varying nitrite concentration was then observed.

Firstly it was demonstrated that no reaction occurred between sodium

nitrite and pentacyanonitrosylruthenate. This was achieved by mixing

equal volumes of sodium nitrite (1.0M) with Nalu(CN3^NO] (3 X 10~-M)

and monitoring the absorption at a wavelength of 450nm for 45 - 60

minutes. A series of solutions of Na =C Eu ( CN ) —.NQ3 were then prepared

(3 X 10~-M5 and varying quantities of sodium nitrite added to provide

a range of nitrite concentrations. Equal volumes (1.0M) of sodium
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hydroxide (0.2H) and the nitrite/ruthenate solutions were mixed, and

the observed rate constants measured.

At this point it was decided to check for the liberation of

nitrite which was thought to occur on reaction of CEu(CM)^NQ3with

hydroxide. Two tests for nitrite were used, the first was a

modification of the Griess-1 1osvay method30. This test involved the

mixing of fresh solutions of sulphanilic acid with N- 1-napthy1ethy1ene

diamino dihydroch1 oride. A deep red/maroon colouration was given if a

nitrite containing sample was then introduced. The second test made

use of the oxidative properties of nitrite, namely the oxidation of

iodide to iodine. The purple colour of iodine was easily visible if

solutions of potassium iodide came into contact with nitrite. Both

tests were performed on the following solutions; sodium nitrite,

Na = [ Ku ( CN )-sNO 3 , and a mixture of Na =C Eu ( CN ) =N0 3 with hydroxide.

The reaction between the ruthenate complex and hydroxide was

then studied. A series of hydroxide solutions was prepared over a

range of concentrations. The ionic strength of each was adjusted to a

constant value ( 1 .OM) using KC1 and the observed rate constants for

the reaction measured.

An attempt was made to isolate the expected product from

reaction, C Bu ( CN ) ^,0H= 33_. A concentrated solution of Na Su ( CN ) =NQ 3

was prepared, and hydroxide added. This was left for several hours

until no further colour change could be detected. The resulting

amber/yellow solution was then passed down a Sephadex chromatography

column, in an effort to isolate the product. As the yellow band

progressed down the column, it gradually changed colour becoming rusty

brown. Infra-red spectroscopy of this indicated that the starting



200 300 400

wavelength / nm

The ultra-violet absorption spectrum of the product from

reaction between pentacyanonitrosylruthenate and

hydroxide.



Table 5.6 Effect of varying ionic strength on reaction

pentacyanonitrosylruthenate and sodium hydroxide.

between

Ionic strength / M mean k0u« / s~1

0. 50 0.0055

0. 75 0.0111

1.00 0.0125

1. 25 0.0141

1. 50 0.0165

2. 00 0.0192

CNaaCEuCCNlsNO:: = 1.5 X 103~M ; COH~] = O. 1H ;

Temperature = 35°C ; Wavelength monitored = 450nm.



10= ko*. / s-1

2.0

1.0

1 1 i r
0 0.5 1.0 1.5 2.0

cno=-: / M

CNazCRu(CN)-,N0: D = 1.5 X 10~® H, COH"] = 0. 1M,

Ionic strength = 1.5M, temperature = 35°C,

Wavelength monitored = 450nm.

Figure 5.3 Effect of varying nitrite concentration on observed rate

constant for reaction betwen hydroxide and pentacyano-

nitrosylruthenate.



0.0 0. 1 0.2 0.3 0.4 0.5
COH-: / M

CNa2CRu(CN)oN0D3 = 1.5 X 10—3M ; Ionic strength = 0.5M;

Temperature = ; Wavelength monitored = 450nm.

Figure 5.4 Effect of varying hydroxide

rate constant for reaction

pentacyanonitrosylruthenate.

concentration on observed

between hydroxide and
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material, [Ru(CN)^NQH2~, had reformed. Since the separation technique

was obviously bringing about the reversal of the reaction, the infra¬

red spectrum of the aqueous solution of the product was recorded,

unpurified, using silver chloride discs.

5.5.2.3 Results

The change in absorption spectrum of ultra-violet/visible

radiation for reaction of [Ru(CN) ^sNO 1=_ w i t h hydrox ide is displayed in

Figure 5.2. A large increase in absorption at a wavelength of 222nm

was apparent, together with a decrease at 450nm. The observed rate

constants measured from monitoring the rate of loss of reactant,

recorded when varying the initial ionic strength of solution are shown

in Table 5.6. The value of k0t.» clearly increased with ionic

strength.

When solutions of sodium nitrite and Na=CRuCCN)SN01 were mixed

together, no change in absorption of light at 450nm occurred, which

demonstrated that no visible reaction had taken place.

The effect of varying nitrite concentration on observed rate

constant is displayed in Figure 5.3. These results indicate that as

concentration of nitrite was increased, there was a corresponding drop

in observed rate constant. This decrease in va 1 ue of k 0 was however

much smaller than expected, and much smaller than for the analogous

nitroprusside reaction.21 Table 5,7 displays the results from the

colour tests for nitrite after mixing CRu (CN ).sN0]2~ with hydroxide.

No nitrite release was observed, even after allowing the mixture to

stand for over an hour.



le 5.8 Data frome the infra-red spectra of aqueous sodium

pentacyanonitrosylruthenate and the product from reaction

with hydroxide.

sample

NazCEu(CN),N01

Reaction product

absorption band / cm-1 assignment

1925 NO stretching

2105 CN stretching

2150 CN stretching

2220 CN stretching

2060 RuNOz stretching

2135 CN stretching

2190 CN stretching

Spectra recorded as aqueous solutions, using AgCl discs.



CRu(cn)=NO:2~ oh- CRu(CN) rsNOzH]3-

kz
V

:ru(cn),nozh:i:=- + oh- - n cru(cn)+ h=o

Scheme 5.2 Amended mechanism proposed

pentacyanonitrosy1ruthenate and

for reaction

hydroxide.

between



CRu(CN)sNO:z- + SH~ ^
k i

k- i

- CEU(CN),NOSH:=-

k3
[Ru(CN)-,NQSH]3— + SH~ v N C Ru (CN) -.NQS 3 + H3S

k-3

slow
k 3

[ Ru ( CN ) ^, NOS 3*1- + H30 ~ - C Ru (CN) tsOH3] + product s
k-^

Scheme 5.3 Reaction mechanism proposed for sulphide with pentacyano-

nitrosylruthenate.

1
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The effect on observed rate constant when hydroxide

concentration was varied is displayed in Figure 5.4. A linear plot of

against hydroxide concentration was obtained, with a positive

intercept of 1.5 X 10-zs_1.

Table 5.8 displays data from the infra-red spectra recorded

for aqueous solutions of CRu(CN)-sNQ3=~ and the react ion product, using

silver chloride discs.

5.5.2.4 Discuss ion

The observation of increasing rate constant with ionic

strength was not unexpected, since as the reaction progressed, a more

highly charged species formed. Higher ionic strengths would tend to

favour production of a species with a higher charge, thus an increase

in observed rate constant was seen.

The failure to detect the presence of nitrite after incubation

of Na2tRu(CN)^NO1 with hydroxide was unexpected, since nitrite was

positively detected in the corresponding reaction of nitroprusside27.

This observation can be explained by proposing that the third step of

the mechanism shown in Scheme 5.1 either did not occur, or was so slow

(i.e. k-f, was very small) that the amount of nitrite formed was

undetectable. A further suggestion was made, that the nitrito

comp 1 ex , C Ru ( CN ) ^N0Z3 formed from the second step of the reaction

scheme, was resistant to ligand exchange by water. This would lead to

an amendment to the previously proposed mechanism believed to occur

during the timescale of the experiment which is displayed in Scheme

5.2. The observation of only a slight effect of increasing nitrite
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concentration on the observed rate constant would not contradict this

new proposal. The infra-red spectrum obtained for the aqueous

solution of reaction product could now be explained in view of the

fact that the compound was the nitrito complex instead of the aqua

complex. The absorption band at 2060cm-1 (Table 5.8) could be

assigned to the nitro group, M-O-N-O, and the other bands assigned to

CM groups.

An expression describing the rate of reaction outlined in

Scheme 5.2 could be written:

rate of reaction = ki COH-3 CCEu(CM)^NO]3~3

where kx is the rate constant governing the rate-determining step,

and rate of reaction = kob!. C C Eu ( CM NO ]=~ ]

where kob,= , the observed rate constant, = k i C0H-13.

Therefore a plot of kot.= against hydroxide concentration should be

linear if the reaction was first-order in hydroxide, with a gradient

of ki, the actual rate constant. Such a graph is shown in Figure 5.4,

which is indeed linear. The gradient of this graph was found to be

equal to 0.0689M-xs-1. A positive intercept of 1.6 X 10-=s-1 was

obtained, the explanation for this was that the back reaction for the

equilibria shown in Scheme 5.2 actually occurred to a greater extent

than previously thought. A similar situation was also thought to

occur in the reaction between nitroprusside and amines as described in

Chapter II, where the rate of reaction with low hydroxide

concentrations was greater than previously calculated, due to the

second term in the rate equation, involving a function of 1/COH-].

On comparing the value obtained for kx with that for the corresponding

nitroprusside reaction, an immediate difference became apparent. The

value for k x was 0.282M-1s-1 for the reaction of nitroprusside with



wavelength / nm

A - Naz[Ru(CN)^N03 solution only

B - after addition of Na=S

Figure 5.5 Ultra-violet absorption spectrum of intermediate from

reaction between pentacyanonitrosylruthenate and sulphide.
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hydroxide under the same conditions of ionic strength but at the lower

temperature of 25=0. The reaction was rapid and the stopped-f 1 ow

technique was employed to measure observed reaction rate constants.

The reaction between [Ru(CN)^N03and hydroxide was slower by a

factor of approximately four. This result was not surprising, since

second row transition metal compounds are often less reactive than

their analogous first row counterparts. Both the iron and the

ruthenium complexes did appear to react similarly with hydroxide,

except that the ruthenium apparently ceased with the format ion of the

nitrito complex. The equilibria leading to the production of this

complex could be reversed by increasing the acidity of the solution or

by removing hydroxide, which presumably is what occurred when an

attempt to isolate the nitrito complex was made, using column

chromatography.

5.5.3 Reaction with sulphide.

5.5.3.1 Introduction

The reaction between nitroprusside and hydrogen sulphide has

been studied, and a mechanism proposed."--31< 32 By analogy, a

mechanism has been suggested for the reaction between pentacyano-

nitrosy1ruthenate and sulphide (Scheme 5.3). In this case, formation

of the first complex was assumed to be first-order in sulphide and

ruthenium complex. The back reaction governed by the rate constant

k-i was assumed to occur only to a small extent. Abstraction of a
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proton from this intermediate speciesby either further sulphide, or

hydroxide, (present at the pH of the solution) would be rapid, leading

to the formation of a second intermediate, dissociation of which would

be expected to be first-order in intermediate concentration and

independent of sulphide.

The value of ki was determined for the reaction, and an

assessment made of whether the kinetic data was consistent with the

proposed mechanism or not.

5.5.3.2 Experimental

Initial experiments mixing Na3 CKu (CN )-sNO 3 with sodium sulphide

solutions produced a rapid darkening of the mixture to deep amber,

followed approximately 5 minutes later by an orange/pink colour. The

reaction was followed by monitoring the absorption of light at 460nm,

at which wavelength the intermediate had a strong absorption.

Stopped-flow apparatus was used, because of the rapidity of the

reaction.

Reagent grade sodium sulphide was dried under vacuum to remove

excess water, and a series of solutions varying in concentration

prepared. The total ionic strength was kept constant (1.0M) by

addition of appropriate quantities of potassium chloride. A solution

of Na2C Eu (CN) rsNO 1 (5 X 10 —JlH) was prepared, and the reaction allowed

to proceed at a constant temperature (35aC). The values of the

observed rate constant for appearance and disappearance of

intermediate complex were calculated using a computer program.

An attempt was made to isolate the reaction product using a
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method similar to that employed by Rock and Swinehart working with the

n i troprusside system.31 Sodium sulphide was added to a concentrated

solution of sodium pentacyannitrosylruthenate, and left to stand for 1

- 2 hours to allow complete reaction. The addition of either methanol

or ethanol was hoped to achieve precipitation of the product.

Unfortunately, no solid product was formed, therefore a second

approach was tried. This method involved the placing of the product

mixture on to a chromatography column packed with Sephadex. The

products were washed through with distilled water, and silver nitrate

used to detect the presence of sulphide (formation of black silver

sulphide). However, when the product solution was placed on AgCl

discs prior to infra-red absorption spectroscopy, a black film formed

over the disc, presumably of silver sulphide, preventing spectra from

being recorded.

5.5.3.3 Sesu1ts

The ultra-violet/visible absorption spectra of the

intermediate product revealed an absorption maximum at 460nm (Figure

5.5). Table 5.9 displays the values of observed rate constant

obtained for the formation of the intermediate and its subsequent

decomposition. Correlation coefficients of greater then 0.99 were

required be f or e the val ues of k^-H® were accepted. The results are

displayed graphically in Figure 5.6, and reveal a linear plot of

intercept 3.0s_1, and a gradient of 1S.34M-Is-1 for formation of the

intermediate.
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5.5.4 Reaction with amines.

5.5.4.1 Introduction

Pentacyanonitrosylruthenate might be expected to react with

amines in a similar manner to nitroprusside. The latter reaction has

been studied in detail and kinetic evidence with mechanistic proposals

publ ished1"7'-31. Scheme 5.4 displays the postulated mechanism for the

reaction with pentacyanonitrosylruthenate, assuming it to be as for

the nitroprusside case.

The work described earlier in this chapter concerning the

ident i f ict ion of products from reaction between Na= E Ru ( CN j-iNOl and

benzylamine (see Section 5.4.2) produced evidence suggesting some

similarity to the reaction with nitroprusside. It was hoped that

kinetic studies would provide further evidence for the proposed

reaction mechanism. The amines chosen for this work were ethylamine,

benzylamine, n-propylamine, i-propy1 amine, t-butyiamine and

diethylamine. Since amines form alkaline aqueous solutions, there

would also be some presence of hydroxide ions, which would compete for

reaction. The rate of this reaction could be deduced if the

concentration of hydroxide ions was known, since the rate constant had

been calculated (Section 5.5.2), and taken into consideration.
1

5.5.4.2 Experimental

A Hi-Tech SF-4 stopped-flow spectrophotometer connected to a



Tab 1e 5.9 Observed rate constants for reaction between sulphide and

pentacyanonitrosylruthenate.

CHS"~3/M mean observed rate constant / s-1

formation of intermediate loss of intermediate

0. 50 11.179 0.0825

0. 45 10.530 0.0851

0. 40 9. 612 0.0745

0. 35 8. 165 0.0827

0. 30 7. 615 0.0807

0.25 7. 008 0.0856

0. 20 6. 281 0.0831

0. 15 5.724 0.0816

0. 10 4. 345 0.0956

0. 05 3. 764 0.0821

CNazCRu(CN)-,N03 3 = 2.5 X lO-^M ; Temperature = 35°C;

Ionic strength = 0.5M ; Wavelength monitored = 460nm.



koto* / S 1

0.0 0.1 0.2 0.3

a) formation of intermediate complex.

lO^ob./s"1

10

0.4 0.5
CHS-D / M

5

0.1 0.2 0.3 0.4 0.5
CHS~ U / H

b) disappearance of intermediate complex.

CNazCRutCN) -,N031 = 2.5 X 10—*M; Ionic strength = 0.5M;

Temperature = 35°C ; Wavelength monitored = 4S0nm.

Figure 5.6 First-order plot for reaction between sulphide and

pentacyanonitrosylruthenate.



ki
CRuCCNJ-sNOD2- + RNHz v — CRuCCN)aNONHzR]="

k- i

cru(cn),nonh=!r:3- > cru(cn),:3- + rhzn---no
slow

RH3N"*"-NO > ROH t N2 + H-
fast

CRu(CN)„:3'- + H30 —— > CRu(CN)3OH2]a-
fast

CRu ( CN )<s ]3S_ + RNH* > CRu(CN) ^HzRH3-
fast

Scheme 5.4 Mechanism of reaction

nitrosylruthenate.

proposed for amine uith pentacyano-
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5.5.4 Reaction with amines.

5.5.4.1 Introduction

Pentacyanonitrosy1ruthenate might be expected to react with

amines in a similar manner to nitroprusside. The latter reaction has

been studied in detail and kinetic evidence with mechanistic proposals

pub 1 ished 1"T_= 1. Scheme 5.4 displays the postulated mechanism for the

reaction with pentacyanonitrosylruthenate, assuming it to be as for

the n i troprusside case.

The work described earlier in this chapter concerning the

ident i f ict ion of products from reaction between Na= CKu ( CN 3-iNO] and

benzylamine (see Section 5.4.2) produced evidence suggesting some

similarity to the reaction with nitroprusside. It was hoped that

kinetic studies would provide further evidence for the proposed

reaction mechanism. The amines chosen for this work were ethylamine,

benzylamine, n-propylamine, i-propylamine, t-butyiamine and

diethy1 amine. Since amines form alkaline aqueous solutions, there

would also be some presence of hydroxide ions, which would compete for

reaction. The rate of this reaction could be deduced if the

concentration of hydroxide ions was known, since the rate constant had

been calculated (Section 5.5.2), and taken into consideration.
J

5.5.4.2 Experimental

A Hi-Tech SF-4 stopped-flow spectrophotometer connected to a
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Commodore PET microcomputer via a transient recorder was used to

record first-order rate constants. The reaction was followed by

observing the loss of pentacyanonitrosylruthenate, monitoring the rate

of decrease in absorption of light at 450nm, for a period of 2 - 3

reaction half-lives.

A series of amine solutions were prepared, varying in

concentration, and were internally buffered by adding the appropriate

amount of hydrochloric or sulphuric acid so that the pH remained

constant throughout the course of the reaction. This was measured

using a Beckman pH electrode. Potassium chloride was added to each

amine concentration, so that the ionic strength of each solution was

equal (2.0M), but would be halved on mixing with an equal volume of

the sodium pentacyanonitrosy1ruthenate solution (2.5 X 10~3M3. A

thermostatted water bath maintained constant temperature throughout

each series of reactions studied.

Kinetic data was obtained for reactions with ethylamine and n-

propylamine, but not for the other four amines used. On mixing a

solution of any of these with the ruthenium complex, a precipitate

formed, so that the solution became very cloudy and increased the

optical density to such an extent that no absorption spectral change

could be measured. It was found that if a little of the undiluted

amine was added to the pentacyanonitrosylruthenate solution, no

precipitate formed, and the change in absorption spectrum could be

measured. Therefore, although kinetic data could not be obtained, it

was possible to demonstrate whether a reaction occurred or not, by

simply observing the absorption of light at 450nm, using the Pye-

Unicam SP8-100 spectometer.



Absorbance

2.0

1.0

350 400 450 500 550 600

wavelength / nm

CNaz CRu(CN)=N011 = 1.5 X 10-3M ; CEthy1amine1 = 0.1M ;

Temperature = 25°C.

Spectra were recorded over a 6 hour period.

. ime

Figure 5.7 The change in ultra-violet absorption

of sodium pentacyanonitrosylruthenate

spectra on reaction

with ethylamine.



Table 5.10 Observed first-order rate constants for reaction of

pentacyanonitrosylruthenate with ethylamine.

[EtNH=] / M mean 1c ^ i

0.5

0.4

0.3

0.2

0. 1

0. 256

0. 220

0. 203

0. 172

0. 152

[ Na= [ Ru ( CM J-sNO 3 3 = 1.25 X 10_3M ; Ionic strength = 1. OH ;

Temperature = 35°C ; pH of amine solution = 11.16 ;

Wavelength monitored = 450nm.

knb, / S ~ 1
0.3

0.2

0. 1

0.0

0. 1 0.2 0. 3 0.4 0.5
C EtNH= 3 / M

Figure 5.8 Plot of observed rate constant and amine concentration

for reaction between ethylamine and pentacyanonitrosyl-

ruthenate
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5.5.4.3 Results and discussion

From the mechanism of reaction outlined in Scheme 5.4, it can

be seen that initial formation of the adduct was an equilibrium

process, governed by the constant K. Formation of the adduct was slow

and therefore rate-determining. This was followed by the

dissociation of the adduct and the rate constant for this step was k = .

An expression for the process followed, i.e. the loss of

[ Ru ( CN ) -sNQ 3 could be described:

rate = kx C[Ru(CN),N0:=~3 CRNH=3 - k_xCCRuICN),N0NH=E3 = ~3

and rate = kot,_ C E Ru C CN ), NO 3=~ 3 - k- x C CRu C CM ),N0NH=R3=-

where k,ba -= kxCRNH=3

If this reaction was indeed first-order in [Ru(CN^NO3-1 and amine

concentrations, then a plot of kat. against amine concentration should

be linear, with a gradient of kx.

a) Ethylamine

Figure 5.7 displays the observed change in ultra¬

violet/visible absorption spectrum for reaction between pentacyano-

nitrosy1ruthenate and ethylamine. The final spectrum obtained
1

remained unchanged for the several hours of observation, indicating

that no further reaction had occurred. The first-order rate constants

calculated are shown in Table 5.10, and the corresponding plot against

ethylamine concentration is displayed in Figure 5.8. This graph is

linear, indicating the reaction to be first-order in ethylamine, which



Tab 1e 5.11 Observed first-order rate constants for reaction between

pentacyanonitrosylruthenate and n-propy1 amine.

[PrNH33 / M mean k,b» / s~1

0.5 0. 142

0. 4 0. 127

0.3 0.118

0.2' 0.106

0. 1 0.095

CNa= CEu(CN)-jN0] ] = 5.0 X lO-"lM ; Ionic strength = 1. OH ;

Temperature = 40°C ; Wavelength monitored = 450nm ;

pH = 11. 17

Cn-PrMH=3 / M

Figure 5.9 Plot of observed rate constants for reaction between

pentacyanonitrosy1ruthenate and n-propvlamine.
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is consistant with the proposed mechanism. The gradient corresponding

to k i was calculated to be 0.262M~1s~1, and an intercept of 0. 125s-1

was obtained. The value of the intercept was quite large, and so the

contribution from the hydroxide reaction was determined as follows.

k'o*. = koM-COH-]

where k'ob2i = observed hydroxide reaction rate,

[OH-] = concentration of hydroxide, determined from pH measurement,

kon~ = actual reaction rate measured in Section 5.5.2 for ionic

strength = 1.OM.

Thus k',b3 = 0.01248 X 1.4454 X 10-3

= 1.804 X 10-3s-1.

This value was obviously insignificant compared to the observed value

of the intercept, and again, it was thought that the actual rate of

reaction with hydroxide was much larger than calculated at low

hydroxide concentrations, due to the increasing contribution from the

second term involving 1/COH-].

kob. - kDH~C OH-] + k-oH- / 1 + KCOH-]

A further suggestion which may also have some relevance is that the

medium effect for ethylamine at high concentrations depressed the rate

constant, and on forcing a linear plot, resulted in the positive

intercept. A similar observation was made for analogous reaction with

sodium nitroprusside (Section 2.4.1).

b ) n-Propy 1 am me

Table 5.11 and Figure 5.9 display the results obtained for

observed rate constant for each propylamine concentration. The plot



Absorbance

300 350 400 450 500 550
wavelength / nm

CCRu(CN) = N03z-: = 2.5 X 10-=M ; CBenzylamine1 = 0. 1M ;

Temperature = 30°C.

Spectra were recorded over a period of 90 minutes.

Figure 5. 10 The change

reaction of

in ultra-violet absorption

pentacyanonitrosylruthenate with

spectra on

benzylamine.
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of observed rate constant against amine concentration was linear,

indicating that the reaction was first-order in n-propy1 am i ne, which

was consistant with the proposed mechanism. The value of k x obtained

was 0. 1 155M-1s~1, and an intercept of 0.33s-1 was found. The extent

of hydroxide reaction calculated was much smaller than the value of

the intercept, and was explained as before, by rate of hydroxide

reaction at low hydroxide concentrations being increased due to the

greater contribution from the second term in the rate equation

involving 1/HOH-3, and the medium effect for n-propy1 amine at high

amine concentration causing a reduction in the observed rate constant.

c) Benzy1 amine

When benzylamine was added to a solution of CEu(CM)3-, the

colour was observed to fade, leaving a pale pink solution. The

corresponding in ultra-violet absorption spectrum displayed in Figure

5.10. Unfortunately, since no kinetic measurements could be made, no

deductions could be drawn concerning the reaction mechanism. A

reaction between the two .species did however occur, with the formation

of the products benzyl alcohol and benzonitrile.

d) t-Butylamine and i-propylamine

If a solution of either of these amines was mixed with aqueous

pentacyanonitrosy1ruthenate, a precipitate formed as with the

benzylamine experiment. Again, no kinetic measurements were possible
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using spectroscopy, but the overall change in ultra-violet spectrum

was recorded. The resulting spectra were identical to those obtained

previously illustrated in Figure 5.10, but the corresponding time

taken for the same change in absorption was much longer. Even after

several hours, the reaction was far from complete. It was therefore

concluded that the reaction being observed was not between

[ Ru (CN) -,N0 32_ and the respective amine, but was in fact the hydroxide

reaction. This conclusion was also drawn after studying the reaction

of n i troprusside with t-butylamine (Section 2.4.4). The explanation

for the apparent unreactivity of either of these two amines towards

the complex pentacyanonitrosylruthenate was, as for the nitroprusside

case, that formation of the adduct was a sterically demanding, process

and amines with bulky side groups could not meet these requirements.

e ) Diethyl amine

On mixing solutions of diethylamine and the complex pentacyano-

n i trosy1ruthenate, a pink-brown colour formed, with absorption maximum

at 480nm. This colour then gradually faded away completely. On

following the change in absorption spectrum during reaction, no

isosbestic point was observed for formation of the intermediate.

Obviously, the reaction did not occur via a simple first-order

process, or possibly one or more side-reactions occurred at the same

time. Thus meaningful kinetic data could not be obtained for this

reaction. On comparing the reaction to the analogous nitroprusside

reaction, at first appearances the two were quite similar. A highly

coloured intermediate was formed in both reactions, which in the case
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of the nitroprusside system was the result of a side-reaction. Such a

statement could not be made about the intermediate formed in the

pentacyanonitrosy1ruthenate case without evidence.

In conclusion, the reaction between pentacyanonitrosyi-

ruthenate and amines can be summarized as follows. The kinetic data

obtained for reactions with ethylamine and n-propylamine was

consistant with the proposed mechanisms which were the same as for the

analogous nitroprusside reactions.

The products from reaction with benzylamine with either

nitroprusside or the ruthenium complex were identical, namely benzyl

alcohol and benzonitri1e.

No reaction between [Ru(CN)-,MO1and t-butylamine or i-

propylamine was observed. and this was thought to be due to the

sterically demanding nature of the reaction. Such a finding was also

made when the reaction between nitroprusside and t-buty1 amine was

studied. The visible changes were concluded to be due to reaction

with hydroxide.

A highly coloured intermediate formed on reaction of

CRu(CN)=NQwith diethylamine, as was observed with the analogous

reaction of nitroprusside, thought to be from some side-reaction.

5.5.5 Reaction with carban ions.

5.5.5.1 Introduction.

The reaction of nitroprusside with carbanions has been well
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s t ud i ed. 33_3'7' It was decided to investigate the analogous reactions

with pentacyanonitrosylruthenate to obtain kinetic information so that

reaction mechanisms could be proposed, and comparison made with the

n itroprusside system. The compounds chosen for this investigation

contained at least one acidic hydrogen atom, which could be removed by

base to form the corresponding carbanion. Suitable materials included

ketones, nitriles and esters. Gas liquid chromatography and infra-red

spectroscopy were used to try to identify the reaction products.

5.5.5.2 Experimental.

Formation of the carbanion is an equilibrium process;

RH + OH" ~ H 30 + E~

thus the concentration of carbanion, CR~], could be controlled by

varying either initial hydroxide concentration or carbanion precursor

(RH). The carbanions were formed in situ, rather than by mixing RH

with hydroxide before adding to the CRu(CN)^MOj=~ solution, since the

carbanions could continue to react further after initial formation.

Therefore, solutions containing both ERu(CN)SNQjand RH were

prepared and added to hydroxide solutions. The reactions were

followed by monitoring the change in absorption of light at a suitable

wave length, using the stopped-flow technique, at constant temperature.

Carbanions were formed from the following compounds for reaction with

pentacyanonitrosylruthenate; propanone, pentan-3-one, malononitrile,

ethy1 ma 1 ononitri1e and diethylmalonate. The two ketones used were of
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analytical reagent grade, all others were standard reagent grade. The

ma 1ononitri1e was purified by vacuum distillation to remove polymeric

material, and the ethylmalononitr i le prepared as described below.

Gas liquid chromatography was used to attempt identification

of the reaction product from CRu(CN) = NOwith ma 1onon i tr i 1 e

carbanion. A concentrated solution of the ruthenium complex was

prepared, and ma 1ononitri 1 e, CHZ(CH)2, and hydroxide added. The

mixture was left for 12 hours, then the organic products isolated by

an ether extract ion. The solution was concentrated and gas liquid

chromatography was used to record the presence of the various

components over a range of temperatures. It had been the intention to

use preparative GLC to obtain samples of each component for

identification, but the yield of these was found to be too low, less

than 10%. Therefore, the procedure was repeated exactly. using

nitroprusside in place of pentacyanonitrosylruthenate, and the results

compared. Infra-red spectra of the aqueous solutions of mixtures of

the reactants after being left to react for several hours were taken,

using AgC1 discs, to try to identify the product.
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Preparation of ethy1 ma 1ononitri1e.

Excess concentrated ammonia was added to diethylethy1malonate,

CsHeCH ( C03C=Hp5 ) = , and the mixture left for 48 hours. A white

precipitate of ethylmalonic acid diamide formed, and was collected by

filtration, then dried under vacuum over P-0-,. A solution of this

powder (22g) in 1,2-dich1 oroethane (100ml) with NaCl (30g) was stirred

for 15 minutes, then POC 1 ^ (42g) added. This was re fluxed for 8 hours

using a mechanical stirrer for the first 30 minutes, before too much

solid material had formed. The solid was removed by filtration and

kept until later. The filtrate was concentrated until an orange oil

remained. Further quantities of this could be obtained from the solid

previously kept, by dissolution into water. followed by extraction

with 1,2-dichloroethane. The portions of oil were combined, and

purified by vacuum distillation, until the clear, colourless liquid

ethy1 ma 1ononitri1e was obtained.

5.5.5.3 Results and discussion.



K«.
RH + OH" N R~ + HzO

k i

CRu (CN ) = N03Z- + T?~ " S CRu(CN) wNOR]=-
k- i

CRu(CN)»NOR]3- -> CRu(CN),OH33'- NOR
H,0

Scheme 5.5 A proposed mechanism for reaction

nitrosylruthenate and carbanion.

between pentacyano-



1) [Ru(CN),N0R33- } :Ru(CN),33~ + NOR

fast

CRu(CN),33~ + H=0 > HRu(CN),OH333~

2) CRu(CN),NOR33- + H30 > C Ru ( CN ) ,OH33 3~ + NOR

f ast

3) [Ru(CN),N0R33- + OH" > C Ru ( CN ) ,NOR 3 + H30

[Ru ( CN )-sNOR 3J*- + H=0 > C Ru ( CN ) *OH33 3" + NOR'

4) C Ru ( CN ) = NOR 33- + OH- ) C Ru ( CN ) ,QH 3 -1" + NOR

/H30
C Ru ( CN ) = QH 3"1- > CRu(CN) ,0H=33-

f ast

Scheme 5.6 Proposed mechanism for dissociation of adduct formed

between carbanion and pentacyanonitrosylruthenate.
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The concentrations of carbanion and hydroxide were firstly

calculated as follows. In the equilibrium system

Ka.

RH + OH-
v ^ E~ + H=0

where Ka is the dissociation constant for EH,

CR-] = Ka/K„ C CEH] — C E~1) X C L OH-] — EE-]).

[R-] was solved by a simple quadratic equation with the aid of a

microcomputer.

[OH~],qt, ( i.e. at equilibrium) = [OH-]-* o-s «i ~ EE-].

An initial proposal for the general reaction mechanism is

shown in Scheme 5.5, and the final product of reaction was thought to

be the aauapentacyano complex, by analogy to the nitroprusside

reaction. It was initially assumed that the carbanion equilibrium

would be achieved before further reaction occurred. The second step

shown is the formation of adduct between carbanion and ruthenium

complex, followed by the dissociation of this adduct into end

products. The data provided by the kinetic studies should show which

of these steps was the slower and therefore rate determining.

Reaction of the adduct could occur via several routes, as shown in

Scheme 5.6.

If formation of the adduct were rate determining, then a rate

equation of the following form could be written, containing a term

involving the concentration of carbanion;

rate = k x [ CEu ( CN ) -,N0 3=" D C E~ 1 - k- i E l Eu C CM ) ^NOE ]-~ 3

If the reverse equilibrium process is assumed to be negligible, the

" rate equation can be approximated to;

rate = kiEEEutCN),M0IF"1EE~].
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If, however, subsequent reaction of the adduct was the rate

determining step, then assuming formation of the adduct was complete

before the reaction commenced, the reaction rate should be independent

of carbanion concentration, with a rate equation of the following

f orm:

rate = k 3C C Eu C CN ) =N0R 1 =»-]

However, should the assumption be invalid and the adduct actually

existed under stationary state conditions, the rate equation is

complicated. Scheme 5.6 displays possible routes for the adduct

reaction, of which the first describes a uni-mo 1 ecu 1ar process, whilst

the rest propose bi-molecular reactions, involving the adduct and

species X. A rate equation for this can be written;

rate = k31CEu(CN),N0R]3~3CX1

Using the stationary state principles, a term for the concentration of

adduct can be written and substituted into the rate equation in the

fol lowing way;

ki CCEuCCN),NO]=-]CR-3 = k-i C C Eu ( CN )„N0R :=>- ] +

k3 C C Eu ( C N ) -> NOR1] C X ]

C C Ru ( CN )«,NQR ]3~ ] = k i C f Eu ( CN )SN0]Z_ 3 C E" ] / (k-i + k3[Xl)

and rate = kxk3CEBuCCN),N0:=~]C]CX1 / (k-x + k3CXl)

1

If formation of the adduct is rate determining then k3>>k-1 and

rate = k!CEEu(CN),N0:=~].

If dissociation of the adduct is rate determining then k-i>>k3CXj and

rate = ktk3CCEu(CN),N0]2"LR~1CX] / k-i

i.e. there is still a dependence on [R-]. Therefore, a dependency of



C CRu(CN) = N03z-: = 3.0 X 10~3M; Cpropanone] = 1. 0M;

C0H~3 = 0.1M; Temperature = room temperature.

Spectra were taken after a) lmin, b) lOmin

Fisure 5.11 The change in ultra-violet absorption spectrum on

reaction of pentacyanonitrosylruthenate with propanone.



Table 5.12 First-order rate constants

pentacyannitrosylruthenate

obtained for reaction between

and propanone carbanion.

COH-3 / M

0. 05

0. 10

0. 15

0. 20

0. 25

0. 30

0. 35

0. 40

0. 45

0. 50

0.2857

0.2961

0.3634

0.3962

0.4641

0.5279

0.5890

0.6693

0.7276

0.7710

C C Ru ( CN )-»NO lz~ ]

Ionic strength

Temperature =

= 1.0 X 10 aHi [propanone] =

= 1.0M; Wavelength monitored =

25°C.

l.OM;

270nm:
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reaction rate on carbanion concentration does not distinguish between

which of the two steps is rate determining, but carbanion independence

would suggest that adduct dissociation is rate determining, and the

adduct formation is complete before the dissociation process begins.

The results for each carbanion studied are discussed in turn below.

1) Propanone.

When solutions of Na3CEu (CN) rsND ] (1Q-3M) and propanone CI.OH)

were mixed with hydroxide (0.5M), little visible change occurred. The

colour of the solution faded slightly to become a dark yellow. The

corresponding change in absorption spectrum is illustrated in Figure

5.11, and demonstrated that a large increase at wavelengths of 300nm

and below occurred. Kinetic studies were accordingly carried out at

270nm and the values obtained for the first-order rate constants shown

in Table 5. 12. The reported value of pKa for propanone is 20.0, 413 and

this was used in the equation below.

[carban ion] = K«/K„ (CEH3 - HE-]) X (C OH -] - EE-])

and Ka/K„ - io-=°/10-^ = 10"=.

This meant that the equilibrium concentration of carbanion was very

small, but since it was a very reactive species, reacting immediately

with E Eu ( C N ) ^,N0 js_ , the equilibrium was pulled to the right. The

amounts of carbanion present were so small that the term COH-]_, (i.e.

the equilibrium concentration of hydroxide), was approximated to

C0H~]lnltial. The formation of adduct occurred very rapidly,

suggesting the rate determining step to be the reaction of adduct.

Observation of the increase in absorption at 270nm therefore monitored

the formation of the final product, thought to be the aquapentacyano-



k o to m / S *

0.7

0.6

0.5

0. 4

0.3

0. 2

0. 1 0.2 0.3 0.4 0.5
C0H~: / M

C Naz.[ Eu (CN) ®N0 ] ] = 3.0 X 10~3M; [propanona] = 1. OH;

Ionic strength = 1.0M; Wavelength monitored = 270nm;

Temperature = 25°C.

Figure 5.12 Relationship between k0t,» and hydroxide concentration

for formation of product in reaction between propanone

and pentacyanonitrosy1ruthenate.



CH3-CO-CH, + OH- v ? (CH3COCH2) - + H-0

K
fast

CRu(CN),NO]=- + (CHrsCQCHj) ~ v - C Ru (C N) g(C3H-sNQz) 3 3~

then either
k 3

1) CKu(CN), CC3H,N03 ) D3" + OH" > CRuCCN) *( C ^H^NO-O ] + H=0

and
k rs

CRu(CN), CC,H«N03 ) ]*- + H=0 > [Eu ( CN ) -sOH = : 3~ + CH3-CO-CH=NO-
f ast

or

k -i

2) CRuCCNU (C3H,N03 ) :3- + OH" ^ [ Eu ( CN ) ,C OH ) H + CH3-CO-CH=NOH

Scheme 5.7 Mechanism for reaction between propanone carbanion and

pentacyanonitrosylruthenate.
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ruthenate. The relationship between koba and hvdroxide concentration,

illustrated in Figure 5.12, demonstrated that the rate determining

step could not have been the uni-mo 1 ecu 1ar dissociation of the adduct,

clearly hydroxide was involved. Two possible mechanisms were

therefore proposed, shown in Scheme 5.7. The first of these describes

the base-catalysed aquation of the adduct, which would involve the

abstraction of a proton from the precursor to the isonitroso complex,

prior to its rapid substitution by water. The second mechanism shows

the simple displacement of the precursor to the isonitroso complex by

hydroxide. Both mechanisms would have the same form of rate equation

and so the kinetic data collected could not distinguish between the

two .

i.e. rate = k a*,mZ CEu ( CN ) ,( C 3HoN03) 1 3~]

where kobs = kCQH~] and k = k3 or k4 in Scheme 5.7.

A plot of k^b» against COH~] should be linear, with gradient equal to

the value of the rate constant k. The plot shown in Figure 5.12

demonstrates that such a linear relationship was indeed observed, and

the value of k calculated to be 1. 18M~1s~ 1 .

The analogous reaction between nitroprusside and propanone

carbanion has been studied by Loach and Turney,33 and Swinehart and

Schmidt3*i. A different mechanism was proposed by the former group,

who observed a first-order dependence on hydroxide for the fading of

the red adduct, working at high hydroxide concentrations. The latter

group observed no hydroxide dependence, however, and proposed a

mechanism for the dissociation of the adduct involving the simple

displacement of the precursor to the isonitroso complex by water.

Reactions between nitroprusside and butanone or pentan-3-one were

found to be dependent on hydroxide.



Table 5.13 Information from infra-red spectroscopy on products from

reaction of pentacyanonitrosy1ruthenate•with propanone

carban ion.

Absorption band / cm"1 Assignment

Propanone

3410

1710

1425

1300

1220

1090

Products

1680

1425

1360

1230

1090

730

C-H stretch

C=0 stretch

C=N stretch

C-H deformation

N-0 stretch

C-H deformation

Spectra were obtained from aqueous solutions using AgCl discs



Table 5.14 Observed first-order rate constant for reaction between

pentacyanonitrosylruthenate and pentan-3-one carbanion.

COH 3 initially present / M mean k0-b» / s-1

0.05 0.749

0. 10 0.771

0.15 0.826

0.20 0.864

0.25 0.879

0.30 0.891

0.35 0.928

0.40 0.965

0.45 0.976

0.50 1.086

c :Ru(CN)-,N032-3 = 5.0 X 10-*M; cpentan-3-one 3 =

Ionic strength = 1.0M; Temperature = 25°C♦

Wavelength monitored = 270nm.

0. 5M;



Table 5. 15 Data from the infra-red spectra of pentan-3-one and the

products from reaction with pentacyanonitrosy1ruthenate.

Absorption band / cm-1 Assignment

Pentan-3-one

3540

3410

2990

1710

1460

1410

1355

1170

1120

1090

950

reaction products

3580

2995

2025

1675

1590

1365

1240

1125

1070

900

enolic 0-H stretch

C=0 stretch

C=N Stretch

N-0 stretch

C-H deformation

Spectra were recorded as aqueous solutions using AgCl discs.
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The final products from reaction of n1troprusside with the

ketone, acetophenone, in basic solution have been identified as an

oxime and the aquapentapentacyanoferrate coiplex.-3'3-'-33-33 The same

reaction with benzyl cyanide, PhCH^CN, in base is also reported to

produce an oxime."10'"11 It is suggested that similar products are

obtained from the analogous reactions with pentacyanonitrosy1-

ruthenate, and the infra-red spectra of product mixtures can be

interpreted on this basis. Table 5.13 displays the information

obtained from such studies with the propanone reaction. The evidence

suggested the presence of an oxime, but was not conclusive.

2 ) Pentan-3-one.

Pentan-3-one, (C=H^)=CO, was found to be insoluble in water

and so a 40:60 ethano1/water mixture was used to prepare a solution

( 1.OH), together with pentacyanonitrosy 1 ruthenate (10~3M). Aqueous

solutions of hydroxide were prepared (0.1 - 1.0H), the ionic strength

of each was adjusted using KC1 to 1.OH. The stopped-flow apparatus

was used to observe the change in absorption at 270nm, and hence

calculate the observed first-order rate constants (Table 5.14). The

data from the infra-red spectroscopy of the aqueous solutions of the

product is shown in Table 5.15.

The pK* of pentan—3—one is smaller than that of propanone,

since the methyl hydrogens adjacent to the carbonyl group are less

acidic. Therefore, the value of K„./K„ was even less than for

propanone. A similar approximation could be made, concerning the

concentration of carbanion, (I.e. that it was extremely small), and so

the equilibrium concentration of hydroxide could be taken as equal to



[OH-: / M

CNazCRu(CN)^NO33 = 5.0 X 10-,*M; Cpentan-3-one3 = 0.5M;

Ionic strength = l.OM; Temperature = 25°C;

Wavelength monitored = 270nm.

Intercept = 0.72s-1, Gradient = O.SQM-^-s-1

Figure 5.13 Relationship between and hydroxide concentration

for formation of product from reaction of pentan-3-one

with pentacyanonitrosylruthenate.



K
Me-CHz-CO-CHz-Me + OH- " f (He-CH-CQ-CHZ-He)~ + HzO

k i

CRu(CN)-,NO:z- + (Me-CH-CO-CHa-Me ) ~ J CRu (CN ) *NO-CHMe-CO-Et 1 =»~
fast

k z

C Ru(CN)=NO-CHMe-CO-Et 3 3_ + OH" > CRu(CN)=OH1+ Et-CO-CHe=NOH

Scheme 5.8 Proposed mechanism for reaction between pentan-3-one

carbanion and pentacyanonitrosy1ruthenate.
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the initial value. The carbanions of pentan-3-one were even more

reactive than those from propanone. and reacted immediately with the

[Ru C CN ) -sNO ]=_. The linear relationship between observed rate

constant, and hydroxide concentration is illustrated in Figure

5.13, and therefore it was concluded that the mechanism for reaction

was as out lined in Scheme 5.8, the rate determining step being the

reaction of the adduct.

The dependence of kota, on the hydroxide concentration

indicates that it is the reaction of the adduct, involving hydroxide,

that is rate determining. As in the propanone case, this step can

occur via a straightforward substitution by hydroxide, or via proton

abstraction by hydroxide followed by water substitution. The kinetic

data cannot however distinguish between the two processes. The rate

expression can be written;

rate = k=ZCRu(CN),NOCHMe-CO-Et33-1 [OH"3

and rate = ko*. Z ZEu (CN ),NQCHMe-CO-Et 33- 3

where k,b« = k3C0H~3.

The plot of koba against hydroxide concentration shown in Figure 5. 13

gives the value of k3 of 0.98M-1s~1, and an intercept of 0,72s-1. The

large value of the intercept can be explained by suggesting the

occurrance of side-reactions, (such as the reaction of the ruthenium

complex with hydroxide to yield a product also with a high absorption

at 270nm). Swinehart and Schmidt-'3, found a similar dependence on
1

hydroxide concentration for the disappearance of adduct, formed by the

reaction of nitroprusside with the pentan-3-one carbanion, and the

proposed mechanism of reaction was the same as for the ruthenium

analogue.
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3) Malononitrile.

The initial studies mixing C Ru ( CN ) -,Nu ] with malononitrile,

CH2iCN)3, and hydroxide demonstrated that a rapid increase in

absorption of light at a wavelength of 450nm occurred. This was

followed by a more gradual increase at <350nm with corresponding loss

at 450nm. These findings were interpreted as the formation of an

intermediate during the reaction. The appearance of this species was

followed, monitoring the change in absorption of light at 450nm, when

solutions of C Ru ( CN ) rsNO ] (10-3M) containing various concentrations

of malononitrile were mixed with hydroxide (1.0M). The stopped-flow

apparatus was used to record the observed first-order rate constants.

A second series of experiments was carried out, using the SP8-100

spectrometer, to record the observed rate constants for formation of

the species with an absorption maximum at 390nm. In this case, both

initial concentration of malononitrile and hydroxide were varied, at a

constant temperature.

The method used to calculate equilibrium concentrations of

carbanion and hydroxide was repeated, using a value of 6.46 X 10~1=

M dm-3 for the dissociation constant, K», of malononitrile.43

Formation of intermediate was followed by monitoring the increase in

absorption at 450nm. The relationship between these values of k^t,.

and equilibrium concentration of carbanion was found to be non-linear.

This was unexpected since the proposed reaction mechanism (Scheme

5.9a) assumed the rate determining step to be the attack of the

carbanion on the complex ion, which would lead to a rate expression

first-order in carbanion concentration. However, dependency on the

equilibrium concentration of hydroxide was observed, and in fact a



K m.

CCHaCCNJa;] + OH- N CCH(CN)+ HzO

ki
a) CRutCNJ^NO:3" + CCH(CN)a!" » CRu C CN) ,( NOCH C CN ) z) 3 ="

K
b) CRu(CN)uNO33- + rnHtrwui- - ^ rPntPwi-ninrHfrnuna-

(I)

kz
CRu(CN), (NOCH(CN)z ) ]=- + OH" » CRu ( CN ) -»( NOC ( CN ) U +~ + HZQ

( II )

Scheme 5.9 Proposed mechanism of formation of adduct from

malononitrile carbanion with pentacyanonitrosylruthenate.



10z CHal- 3. COH-3. / M

CCRuCCNJ^NOl3-! = 5.0 X lO—"-M; Ionic strength = 1.0H

Wavelength monitored = 450nm.

A) Varying initial malononitrile concentration at temperature = 35

B) Varying initial hydroxide concentration at temperature = 25°C

Figure 5. 14 Plot for reaction between malononitrile carbanion and

pentacyanonitrosylruthenate.
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linear correlation between kQblI and the product CHAL-] «,COH~] „ was

found (Figure 5.14). A mechanisn consistant with these results is

shown in Scheme 5.9b. The dependency of rate on equilibrium

concentration of hydroxide can be explained by proposing the removal

of a second proton to form the species (II), and in fact it was the

appearance of this that was being monitored. The rate equation for

the mechanism can be written;

rate = k3 [CKu(CN),NOCH(CN)=]3-] [0H-]„

= Kk= [CKu(CN),N03=-] [CH(CN)3-]„ COH-].

and rate = Z CEu (CN ),N0]2- ]

where kDb. = Kk= CCH(CN)=-]_ [QH-],

Thus a plot of kobi, against [CH(CN)-:-] [OH-],, would be linear with

gradient Kk=, and this is displayed in Figure 5.14. At 250C, the

value of Kk- was found to be 27.3H-2s-1, with an intercept of 4.8s-1.

At 35aC, Kk= was equal to 90.0M-2s-1, and the intercept was 2.5s-1.

The intercept obtained at both temperatures was thought to be due to

the occurrance of the back reaction of the equilibrium involving the

formation of adduct (I).

Formation of product was followed by observing absorption at a

wavelength of 390nm. The yellow coloured product was thought to be

the aquapentacyanoruthenate complex, formed on the decomposition of

adduct (II). The appearance of this was found to be first-order in

adduct(II), with an inverse dependency on hydroxide concentration.
1

The nature of this relationship was not discovered, even though

several graphs were plotted including kofcs against [OH-]; [OH-]2;

logioCOH-]; 1n[OH- ] ; and 1/[QH-], none was linear.

The data obtained from infra-red spectroscopy of the reaction

product mixture and the results from the GLC measurements are shown in



Table 5. 16 Data from the infra-red spectroscopy

from pentacyanonitrosy1ruthenate with

carbanion.

of reaction products

malononitr i le

Absorption band / cm-1 assienment

CH3 CCN) =

2950

2280

2050

1625

1395

850

reaction product;

3680 - 3200

2190

2060

1625

1525

1040

NO-H stretch

C-H stretch

C=N stretch

C=N stretch

C=N stretch

C=N stretch

N-0 stretch

C-H deformation

NO-H deformation

C-H deformation



Table 5. 17 Comparison of retention times of reaction products of

ma 1ononitri1e carbanion with nitropruss ide and with

pentacyanonitrosylruthenate.

Component 1 Component 2 Component

So In A 40 154 174

So 1 n B 39 152 170.5

So In C 41.5

b) 60-C

So 1 n A 26 91.5 101.5

So 1 n B 26.5 93 103

So In C 26.5

c) 70-C

So 1 n A

So 1 n B

So 1 n C

20. 5

19.5

19

60. 5

59. 5

66. 5

65

d) 80-C

So 1 n A 16 41.5 44.5

So In B 15.5 41 44.5

So 1n C 16

So 1 n A

So 1 n B

So In C

products from reaction with

products from reaction with

authentic malononitrile

n itroprusside

pentacyanonitrosylruthenate



Table 5.18 Observed first-order rate constant for reaction between

pentacyanonitrosy1ruthenate and ethylmalononitr i le

carbanion.

[OH-ltmti.! / M CEtC(CN) / M / 3"1

A B

0. 10 0.072 0.622

0. 15 0. 102 10.5

0.20 0. 128 13.5 0.620

0.25 0. 148 14.1 0. 643

0. 30 0. 165 14.5 0. 725

0.35 0.179 17.3 0.671

0.40 0.188 18.1 0.744

0. 45 0. 196 19. 3 0. 680

0.50 0.202 21.8 0.717

Experiment A) following formation of intermediate at 450nm.

Experiment B) following loss of intermediate at 450nm.

C CRu(CN)-sNOl =-] initi-Li = 5.0 X 10-*H; [EtCH(CN)=1 i n i * i«. i = 0.25M;

Temperature = 25°C; Ionic strength = 0.5M;

Wavelength monitored = 450nm.



0 0.05 0. 10 0. 15 0. 20 0. 25
[EtC(CN ) = -],, / M

[:ru(cn),no:z-i = 5.0 x io-*m; CEtCHtCNizii = 0.25H;

Temperatur.e = 25°C ; Ionic strength = 0.5M; Wavelength = 450nm.

Figure 5.15 Plot of observed rate constant against equilibrium

concentration of carbanion for reaction of pentacyan-

nitrosy1ruthenate with ethy1 malononitrile following

formation of intermediate.



EtCH(CN)= + OH" - - CEtC(CN)=3- + H=0

k i

CRuCCNJ^NO:3- + CEtC(CN)3:~ > CRu(CN),NOEtC-(CN)=:3"

k=
CRu(CN),NOEtC (CN)= H3" *CRu(CN),:3~ + EtC(CN)

URuCCN)-,]3- + H30 — > CEu(CN) ,OH3:=-

Scheme 5. 10 Proposed mechanism for reaction between pentacyano-

nitrosylruthenate and ethylmalononitrile carbanion.
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Tables 5.16 and 5.17 respectively. The former provided information

consistent with the production of an oxime, HO-N=C(CN). The results

from the GLC measurements indicate that similar reaction products were

formed in the two reactions of the malononitrile carbanion, with

n itroprusside, and with pentacyanonitrosy1ruthenate.

4 ) Ethylmalononitrile.

Initial studies of the reaction between ethy1 ma 1ononitri1e

(0.25M) and CSu(CN(5 X 10 1H) indicated as in the previous

case with malononitrile, that an intermediate formed. This had an

absorption maximum at 450nm, and was gradually replaced by a yellow

product with absorption maximum at 360nm. The results from the

kinetic experiments are displayed in Table 5.18, and the relationship

between the observed first-order rate constant and the carbanion

concentration is illustrated in Figure 5. 15. In the first set of

experiments, following the formation of intermediate, a linear graph

was obtained. The first-order dependence on carbanion concentration,

and the zero intercept indicated that the rate determining step was

the irreversible attack of the carbanion on the pentacyanonitrosyl-

ruthenate complex. Details of the proposed mechanism are shown in

Scheme 5. 10. The rate constant ki for this step was calculated to be

100M-1s_1 from the gradient of the graph. Disappearance of the adduct

was found to be essentially independent of carbanion and hydroxide

concentrations, but first-order in intermediate, suggesting a uni-

molecular dissociation. The adduct formation was independent of

hydroxide concentration, and it was concluded that this was so because



Table 5. 19 Observed rate constant for reaction between pentacyano-

nitrosy1ruthenate and dimethylmalonate carbanion.

concentrations / M mean observed rate constant / s-1

C OH-3i

0. 05

0. 10

0. 15

0. 20

0. 25

0. 30

0. 35

0. 40

0. 45

0. 50

:OH- 3.

0. 024

0. 050

0. 079

0.111

0. 145

0. 181

0. 220

0. 259

0. 300

0. 343

CDHM-],

0. 026

0. 050

0. 071

0. 089

0. 105

0. 1 19

0. 130

0. 141

0. 150

0. 157

appearance

of adduct

9. 8

10.0

10. 6

10.9

11.2

11.8

11.9

12. 3

12. 4

12.6

disappearance

of adduct

0. 250

0. 245

0. 284

0. 352

0. 385

0. 395

0. 427

0. 512

0. 583

0. 668

[Dimethyl ma Ionatelim-bi.,.1 C DMM ) = 0. 5M; Ionic strength = 1.0M;

[[Ru(CN)=N0:=-] = 1.0 X 10~3M; Temperature = 35°C;

Wavelength = 270nm.



[DMM-:. / M

Initial CDHHD (Dimethy1 ma 1onate) = 0.5M;

CCRu(CN)sNO:=-] = 1.0 X 10_3H; Ionic strength = 1.OM;

Temperature = 35°C; Wavelength monitored = 270nm.

Figure 5.16 Second-order rate plot for reaction between pentacyan-

nitrosylruthenate and dimethylmalonate carbanion,

following formation of intermediate.



K«
MeCOzCH=CQ3Me + OH- . . :MeCO^CHCO=He ] ~ + H=0

kx yO
[Ru(CN),NOIl=- + C HeCQjCHCQaHe ] ~ w N CRu(CN3BN 1*

k-x ^CHCCO^Me)

CRu(CN),N
/
X

0

CH(CO=Me J3
+ OH-—^:EU(CN),OH3:3- +

H=0
(CO=He)3C=N-0-

eme 5.11 Proposed mechanism for reaction between dimethylmalonate

carbanion and pentacyanonitrosylruthenate.



COH-]. / H

Initial CDMM1 (Dimethy1ma1onate) = 0.5M;

CHRu(CN),N0]2"] = 3.0 X 10"3M; Ionic strength = 1. OH;

Temperature = 35°C; Wavelength monitored = 270nm.

Figure 5.17 Plot of rate constant against equilibrium concentration

of hydroxide for disappearance of intermediate during

reaction of dimethylmalonate carbanion with pentacyano-

n i trosy1ruthenate.
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ethylmalononitrile has only one acidic hydrogen atom, which is removed

on formation of the carbanion, unlike malononitrile which contains a

second removeable proton. Similar kinetic behaviour was found for the

analogous nitroprusside reaction37, and the mechanism of reaction

proposed similar to that described in Scheme 5.10.

5) Dimethylmalonate.

The reaction between CKu(CN)^NO](10-3H) and

dimethylmalonate, DMM, (MeO^CCHsCOsMe), (0.5H) was found to produce an

intermediate, which then disappeared. The reaction was followed at

270nm, at a temperature of 35°C, combining a solution containing both

the above compounds with sodium hydroxide of various concentrations,

using the stopped-flow apparatus. The results for observed first-

order rate constant for formation and disappearance of adduct are

shown in Table 5.19. The equilibrium concentration of carbanion was

calculated using a value of 5 X 10-1"lHdm-3 for K», the dissociation

constant. A linear relationship between observed first-order rate

constant kat,» and carbanion concentration was obtained for formation

of intermediate (Figure 5.16). This is consistant with the formation

of the adduct occurring via attack of carbanion on the CEu(CN)^NO]=-

complex (Scheme 5.11). The value of klt taken from the gradient of

the graph in Figure 5.16, was calculated to be 23.4 M~1s~1, with an

intercept of 8.9s-1, presumably due to the equilibrium process. The

studies concerning loss of intermediate revealed a linear relationship

between observed first-order rate constant and equilibrium

concentration of hydroxide (Figure 5.17). The dissociation process



Table 5.20 Data from infra-red spectroscopy of

between pentacyanonitrosylruthenate

carban ion.

product from reaction

and dimethy1 ma 1onate

absorption band wavenumber / cm-1 assignment

Dimethylmalonate

3000

2950

2850

1740

1440

1415

1350 - 1150

1025

850

670

product

3620 - 3100

2960

2880

2060

1920

1730

1630

1440

1410

1340 - 1150

1080

1043

1020

875

0-H stretch

C-H stretch

C=0 stretch

C=N stretch

C-H deformation

C-0 stretch

C-H deformation
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was therefore concluded to involve hydroxide, either in a

straightforward substitution or with the absraction of a proton from

the carbanion ligands prior to its ejection. As in previous cases,

the kinetic data could not distinguish between these two

possibilities. The second-order rate constant for this process was

calculated from the plot in Figure 5.17 to be 1.3M-1s-1 and the

intercept was 0. 19s-1. The mechanism proposed for formation of adduct

is the same as that for the nitroprusside system3"'', but different

kinetics were found for the subsequent dissociation. In this study,

hydroxide played a crucial role, whereas there was no hydroxide

involvement in the dissociation of the nitroprusside/carbanion adduct.

Table 5.20 displays the data from the infra-red spectroscopy of

products. The interpretation is consistant with the assumption that

an oxime is formed during the reaction.

5.5.5.4 Conclusions

In all the reactions studied between Na z[ Ru (CN) -5NO ] and

carbanions, kinetic data gathered led to the proposal of mechanisms

which were similar to those proposed for the analogous nitroprusside

reactions. Some differences were observed, and have been discussed in

the relevant sections. The infra-red spectroscopy of aqueous

solutions of reactant mixtures provided data consistant with the view

that an oxime was formed in each reaction. The presence of some

unassigned absorption bands was thought to be due to inorganic species

such as C Ru ( CN ) ^QH3]or unreacted C F,u £ CM ) -5NO J 2-, which would exhibit-

strong absorption from the cyanide and nitrosyl ligands. The
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information provided by the gas liquid chromatography of reaction,

products although unable to identify the species, showed that the same

product was formed in both nitroprusside and pentacyanonitrosyl-

ruthenate systems.

5.5.6 Reaction with thiols.

5.5.6.1 Introduction

The reaction of nitroprusside with thiols has been

stud ied,but the mechanism of reaction has been found to be

more complex than previously thought. The initial step to form an

adduct was found to be too fast to be measureable using the stopped-

flow technique, and recent work at St Andrew's University discovered

several side-reactions which would complicate any kinetic studies even

further. As yet, no further progress has been made resolving this

problem, and so it was decided not to attempt the investigation of

mechanism for reaction between thiols and pentacyanonitrosylruthenate.

Instead, simple observations were recorded, monitoring any spectral

changes which occurred during the reaction.

5.5.6.2 Experimental

Solutions of Na-CEu£CN)^NO], hydroxide and thiol were mixed
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Figure 5. 18 Change in ultra-violet / visible absorption spectrum on

reaction of pentacyanonitrosylruthenate with cysteine.
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and the subsequent changes in the absorption spectra recorded, using

the SP8-100 spectrometer. The thiols chosen for this were cysteine,

cysteine ethyl ester, penicillamine, N-acetyl penicillamine, imidazole

thiol and methimazole. Initial observations showed that a dark amber

colour formed on mixing the reactants, which then more slowly faded to

leave a pale yellow solution.

5.5.6.3 Results and discussion

Figure 5.18 and 5.19 display the observed spectral changes for

cysteine and penicillamine respectively, which were typical for all

the thiols studied. No isosbestic point was observed, indicating that

the reaction was not a straightforward first-order process, thus

kinetic investigations could not have been performed with the current

equipment, using the procedure described in all the previous

experiments. The apparent similarity of the reaction of thiols with

n i troprusside and pentacyanonitrosylruthenate, demonstrated by similar

spectral changes, and the formation of cystine from the cysteine

reaction suggest that the mechanism for the two systems is likely to

be similar also.

5.6 Carbon-13 nuclear magnetic resonance srectroscopy.

5.6. 1 Introduction
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The carbon-13 NMR spectrum of sodium nitroprusside has been

published3"'', and so it was decided to measure that of sodium

pentacyanonitrosy1ruthenate. Preliminary efforts were made using

unlabelled samples, containing natural abundance levels of carbon-13

and using a Varian CFT-20 spectometer, (carbon resonance at 20MHz in a

field of 1.9T). A sample of carbon-13 labelled Na 3[ Eu ( CM ) -sNQ 3 was

then prepared and its spectrum recorded. A more powerful spectrometer

was available at Edinburgh University, the SERC Bruker WH-360 machine

(carbon resonance at 90MHz in a 7.5T field) and this used to obtain

more detailed spectra.

5.6.2 Experimental

An aqueous solution of Na3 [ Ru ( CN )-s.NO 3 was prepared, as

concentrated as possible (~0.3M), made up with 10% D-0 to act as a

signal lock for the NMR spectrometer. An external standard was used,

hexamethyl disiloxane (HMDS) to calibrate the spectra, which were

obtained after 1000 accumulations of the signal.

A second sample was prepared, containing the relaxation agent

Cracac (chromium acetyl acetate) which would reduce the relaxation

time for the ruthenium complex, thus reducing the time taken to

accumulate the signals.

A sample of carbon-13 labelled Na Ru ( CN ) -.NO ] was prepared,

using the method described before from RuCl-, (l,07g), carbon-13

labelled sodium cyanide (2.0g) and nitric acid. After extensive

purification using column chromatography, a 60% yield of product was

obtained (734mg). A solution of this was prepared (lOmM) in 20% D=0,
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Figure 5.20 Carbon-13 NMR spectrum of [Ru(CN)=NO]2_ (carbon-13
labe1 led).
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Figure 5.21 Expanded carbon-13 NMR spectrum of labelled
CRu(CN) rsNOl3- of peak at 130 ppm.
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and the spectrum recorded using the 90MHz spectometer.

The Edinburgh spectometer was used to record the spectral

changed of several reaction mixtures of labelled Na=[Ru(CN)=N01.

These included reaction with excess of hydroxide, benzylamine and the

cysteine and nalononitrile carbanions.

5.6.3 Results and discussion

No spectra were obtained from the unlabelled samples of

CRu(CN)^NQ]=-, even when the re 1axation agent was used. It was

concluded that the signal was so weak that even after 10000

accumulations, no spectrum could be seen.

Figure 5.20 displays the spectrum of the labelled sample, and

Figure 5.21 shows an expansion with line narrowing of the signals at

and close to 130ppm. The presence of two large peaks at 163.0 and

130.0ppm was unexpected, since a spectrum similar to that of

n itroprusside, (two peaks close together in the ratio of 4:1) was

expected. The expansion of the peak at 130.0ppm revealed that in fact

three peaks were present, and were concluded to be caused from

interactions arising from incomplete carbon-13 substitution of the

compounds. The peak at 163ppm was thought not to have been caused by

the pentacyanonitrosylruthenate complex, but was due to some other

species. It was found from literature tables that the carbon-13 NMR

spectrum of hexacyanoruthenate exhibits a singlet at 162.3ppm*i-, and

therefore it was concluded that this compound was responsible for the

signal obtained at 163.0ppm. Clearly the column chromatography had

not completely separated the [ Ru ( CN I*1- from the [ Ru ( CM ) ^NO ] =_. The
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Figure 5.22 Carbon-13 NMR spectrum of products from reaction of

labelled [Ru(CNJ^NOl3- with hydroxide.



J*.JU_ ••••••«

UO ISO l}o

pm

—I—

5 ©
—1—

<#-o

Figure 5.23 Carbon-13 NMR spectrum of products from reaction of

labelled CRu(CN)^N012- with benzylamine.
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Figure 5.24 Carbon-13 NMR spectrum of products from reaction of

labelled CRu(CN)oN0]z_ uith cysteine.

172 170 168 peri) 166 164

Figure 5.25 Expanded carbon-13 NHR spectrum of reaction products

from labelled C Ru ( CN ) „N01 =" uith cysteine of peaks at

160-170 ppm.
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Figure 5.26 Carbon-13 NMK spectrum of reaction products from

labelled CRu(CN)^NO1z_ uith malononitrile carbanion.
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presence of only one type of carbon atom in the latter species

indicated that all five cyanide ligands were equivalent, unlike the

nitroprusside complex, in which the equatorial and axial ligands of

the octahedral complex did not interchange, thus giving rise to two

NMR signals.

Figure 5.22 displays the spectra obtained after allowing

reaction to occur between [Ru (CN )-,NO]=~ (carbon-13! and hydroxide.

The absence of any signal at 130ppm showed that all the pentacyano-

nitrosyl complex had disappeared to form a species which produced two

signals; at 165.5 and 163.4ppm (the third signal visible at 162.7ppm

was assigned to the hexacyano complex). The product from this

reaction was thought to be the nitrito complex, [ Ru ( CN ).,NQ3 l*1- and the

presence of two signals, from two types of carbon atom, would not be

inconsistent with this. The equatorial and axial cyanide ligands in

the nitrito complex were thought to be separate and not

interchangeable. The presence of the rather broad hump in the same

region was indicative of some paramagnetic species, as yet

un identified.

Figure 5.23 illustrates the spectrum obtained after reaction

between CRu ( CN )^,M0]=~ (carbon-13) and benzy 1 am i ne . The absence of

signal at 130ppm showed that all of the pentacyanonitrosylruthenate

had disappeared. Peaks at 138.3, 128.9, 127.9 and 44.3ppm were

obtained and assigned to the carbons from unreacted cysteine by
1

comparison to the spectrum displayed in Figure 3. 12. The expected

reaction products were [Ru ( CN )^QH= j3- and C Eu ( CN ) -CH 3NH =3

Figures 5.24 and 5.26 display the spectra recorded after reaction- of

cysteine and malononitrile carbanions with pentacyanonitrosy1ruthenate

respectively. The peaks at 30, 60 and 180 ppm were thought to be from
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unreacted cysteine, due to the similarity of the spectrum of this

shown in Figure 3. 12. The signal at 166.5 ppm could perhaps be

assigned to the reaction product. The absence of any signals at

130ppm indicated that all the [Su(CN)oNO3had reacted and formed

products.

5.7 Conelusions

To summarize, all the experimental work with pentacyano-

nitrosy1ruthenate demonstrated its similarity to nitroprusside. Its

infra-red spectrum indicated the nitrosyl ligand to be bound as NO"1",

which would predict similar chemical behaviour. This was indeed found

to be the case on studying its reactions with hydroxide, amines,

thiols and carbanions. From kinetic data obtained, a similar reaction

mechanism could be proposed in most cases, and the products were also

found to be the same as with the nitroprusside reaction.

One significant difference between the two compounds was the

apparent stability of the aqueous solution of the ruthenium analogue

to light. If this compound was found to exhibit hypotensive activity,

and indeed be a suitable candidate for clinical use. its stability in

light would be a great improvement on using nitroprusside which

decomposes on exposure to light.

The carbon-13 NMR spectroscopy was difficult to interpret, but

did reveal that the chromatography technique used to purify the

compound was unsuccessful, since it failed to separate the hexacyano

complex from the pentacyano one. Further work would be required to

find an effective method of purification if clinical tests proved the
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compound to have any potential.
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CHAPTER VI.

INVESTIGATION OF PENTACHLORQNITPOSYLEUTHENATE.

6. 1 I ntroduction.

In chapter five, a detailed investigation of pentacyano-

n itrosylruthenate was discussed, demonstrating its similarity to

n itroprusside, thus suggesting that it too could exhibit hypotensive

activity. Preliminary studies revealed that the ruthenium complex was

apparently stable to light, whereas the nitroprusside decomposed.

Thus, if in future the ruthenium complex showed some potential for

clinical use, the possibility of its photodecomposition would be very

small. However, it was felt that a compound containing no toxic

groups such as cyanide would be even more desireable, since any in

vivo decomposition which might occur would only release harmless

products. Many prospective nitrosy1-containing compounds met this

requirement and it was decided to commence with the pentachloro-

n i trosy 1 ruthenate complex, C RuC 1-sNQ ] since it was the best-

documented.

A sample of the material was prepared and the physical

properties examined. A preliminary study of its chemical reaction

with hydroxide, amine, thiol and carbanion was then undertaken to

determine whether any similarity between it and nitroprusside existed,

before commencing a more detailed investigation. Where possible,

kinetic studies of each reaction were made and the reaction products

examined. The stability of an aqueous solution to light was also
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monitored.

After establishing that the pentach1 oronitrosy1 ruthenate, did

show similar chemical behaviour to that of nitroprusside and the

pentacyanonitrosy1ruthenate complex, the two ruthenium compounds were

tested clinically for hypotensive activity by the Pharmacology

Department at NinewellS Hospital, Dundee.

6.2. Preparation of pentach1oronitrosy1ruthenate.

Potassium pentachloronitrosy1ruthenate, K3 CEuC l^NO] , was

prepared from nitrosy1rutheniurn hydroxide, CRuNO(OH)„!1•s prepared

from n i trosy 1 ruthen i um chloride. [RuNOClr,]3 which in turn was made

from ruthenium trichloride3, as described be low.

6.2.1 Experimental.

A mixture of NO and N03 gas was passed through a solution of

RuCl-s (lOg) in water ( 100ml), boiling to remove Eu03, This was

evaporated with excess HC1 almost to dryness. The resulting material

was dissolved in water (50ml) adding further HC1 if necessary to

complete dissolution. This solution of plum-coloured nitrosyl-

ruthenium chloride was centrifuged to remove any remaining Ru03.

The solution was then heated to boiling and NaOH added to

obtain a pH > 11.0. Nitrosy 1 ruthenium hydroxide was formed, but

remained in colloidal solution. In order to form a precipitate, it

was necessary to adjust the pH to 6.4 with HClCu (2M). The mixture
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was kept for several days and the solid then separated by centrifuging

and repeatedly stirring with 200 ml portions of an acetone-water (9:1)

mixture. The solid was washed until just a trace of chloride was

present in the washings, and dried in an air current at room

temperature.

The nitrosy1rutheniurn hydroxide was dissolved in HC1 (5.0M)

until a purple colour formed. Excess KC1 was added, and the solution

concentrated, cooled and allowed to crystallise. The solid collected

by filtration was recrysta11ised from hot water to yield 12.5g of

shiney purple crystals of K = CRuC 1 -?N0] .

6.3 The absorption spectroscopy of pentach1oronitrosy1ruthenate.

6.3.1 Infra-red spectroscopy.

A sample of the pentach1oronitrosy1ruthenate was

recrystal1ised from hot water a second time, and the infra-red spectra

of a Mujol mull using NaC 1 discs, and a concentrated aqueous solution

using AgCl discs recorded. Both spectra contained only one

significant absorption band at 1890cm-1 which was assigned to the NO

group. The deductions that can be made from such measurements has

been discussed previously (chapter two). Thus this value of

stretching frequency was typical of coordinated N0+, as was found in

the n i tropruss i de and CRu(CN)-»N0:=- complexes , wh ich suggested some

probable similarity in chemical behaviour.



wavelength / nm

CKzCRuCl^NO]1 = 10-ZM Temperature = room temperature

cell pathlength = 1cm

Figure 6.1 The u1tra-violet/vigible absorption spectrum of an aqueous

solution of potassium pentach 1 oronitrosy1ruthenate.
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6.3.2 Ultra-violet / visible spectroscopy.

The intense purple colour of aqueous CRuCl^N03=_ indicated

that light was absorbed in the visible region of the spectrum. Figure

6.1 displays the absorption spectrum of a solution (10-:=M), recorded

on a Pye-Unicam SP8-100 spectrophotometer at room temperature. The

wavelength at which maximum absorption occurred was found to be 517nm,

and the absorption measured 0.524. From the Beer-Lambert equation;

A = Eel, where A

E

c

= absorption

= molar absorptivity

= concentration / moles dm-3

= cell path length / cm

E was calculated to be 53.5 moles-1dm"3cm~1. This value was rather

smaller than that for the pentacyanoruthenium complex (1136 moles-1

dl"3cm"x), but more similar to that of sodium nitroprusside (<100

moles-1dffl-3cm-1).

6.4 Preliminary observation of reactions of pentach1oron i tosy1

ruthenate.

The reactions of CRuCl -sN 0 3 3 — with h ydroxide, amine, thiol and

carbanions were studied on a test-tube scale, and changes in

appearance recorded. The products from reaction with the thiol



Table 6. 1 Observation of

pentachloron it

Added reagent

Sodium .hydroxide

NaOH

Amine

ethylamine (EtNH=)

Thiol

cysteine / 0H~

Carbanion

malononitrile / OH-

chemical reactions of

osylruthenate.

Qbservation

rapid darkening of colour

to become pink/brown

fading of colour to golden

ye 11 ou

colour became amber/yellow

immediate colour change to

orange/pink, slowly

deepening to dark red,

gradually became deep orange

brown
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cysteine, and the amine benzylamine were obtained, and examined for

identification.

6.4.1 Observations of chemical reactions.

The reactions of CRuC1-,NOwith hydroxide, amine

(ethylamine), thiol (cysteine) and carbanion (from malononitr i le) were

studied by mixing an aqueous solution of K3CEuC1^N0] (3ml ; 1Q-=M)

with the appropriate reactant in 10ml test-tubes and observing for 30

minutes. The observations recorded are displayed in Table 6.1, and

indicate similar behaviour to both pentacyanonitrosy1ruthenate and

nitroprusside.

6.4.2 Reaction with cysteine.

The reaction of cysteine with nitroprusside produces

cystine4-which precipitates out of solution. This was also found

to occur with the ruthenium analogue C Ru (CN )rsNG as described in the

previous chapter. In order to determine whether cystine was formed on

reaction of [ RuC 1-^NO ]with cysteine, an almost saturated aqueous

solution of the latter was prepared and a little of the solid

K=[RuCl^N03 added with hydroxide. Nitrogen gas had previously been

passed through the solution to remove air, since cysteine is slowly

oxidised to cystine by the oxygen in air. A white precipitate formed

which was collected by filtration and dried under vacuum, before

recording its infra-red spectrum as a Nujol mull. The results were



0
1) CRuCUN^ ]=-

*NH=-CHZ-Ph

( I )

or

2) CRuCUN'
\

NHz-CHz-Ph

4 [RuCl,N'
-0

■NH,
33~ + C^H

C EuC 1 r»3 3~ + PhCHzN "l"H3-NO

ON-N-^Hz-CH^-Ph > PhCH2+ + Hz0 + N3

( II )

3) PhCHz-NH; C +H2Ph -> PhCHzNH-CH^Ph + H

(III)

Scheme 6. 1 Mechanism proposed for reaction of benzylamine

with pentachloronitrosylruthenate.
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compared to spectra obtained from authentic samples of cystine, and

were found to be identical, indicating that cystine was indeed formed

on reaction of cysteine with CRuC 1->N0]=~.

6.4.3 Reaction with benzylamine.

An aqueous mixture of K=[RuCl^NO3 C > 10~3Ii ) and benzylamine

(0.2M) was allowed to stand for 2-3 hours. This was extracted with

portions of ether, using a little added acetone to achieve complete

dissolution of the products. The ethereal solution was dried over

anhydrous HgSO^, filtered and concentrated on a rotary evaporator

under reduced pressure. The oily residue was dissolved in sodium-

dried ether, and used for gas liquid chromatography. The results were

compared to those obtained from ether solutions of authentic benzyl

alcohol, benzonitrile and benzylamine under the same operating

conditions. Evidence of the presence of unreached benzylamine in the

product sample was found, but no trace of benzyl alcohol or

benzonitrile was seen. When the temperature of the column was

increased from 125°C to over 150aC, a further component in the product

mixture was discovered. To help identify this compound, a sample of

the oily product mixture was submitted for mass spectroscopy, and this

revealed the presence of two main species; one of mass 106 (the

benzylamine ion), and the second of mass 196. A structure was

suggested for this fragment, Bz3Ni", from FhCH^-NH-CH^Fh, No further

evidence for confirming this assignment was collected, but a mechanism

describing its formation was proposed, described in Scheme 6. 1. This

shows the formation of the carbonium ion C+H=Fh via two routes. The



146

first is from displacement from the adduct (I); the second from

dissociation of the species (II). The carbonium ion would then

undergo nucleophilic attack by a benzylarnine molecule, to produce

species (III). This reaction scheme assumes the initial reaction

between [RuCl^NOl3- and benzyl amine to form an adduct, as occurs with

n i troprusside and the pentacyanonitrosylruthenate complexes.

6.5 Reactions of tentach1oronitrosy1ruthenate.

6.5.1 I ntroduction.

The reactions of KsCEuClJMOl with hydroxide, amine, thiol and

carbanion were studied, where possible obtaining kinetic data. These

reactions were observed using ultra-violet/visible absorption

spectroscopy, following the disappearance of purple coloured starting

material or the appearance of product. The reactions were monitored

for 2-3 reaction half-lives, and first-order reaction rate constants

calculated using the Kezdy-Sw i nbo ur ne method®'"7. Pseudo-first order

conditions were achieved by maintaining the concentration of reactant

in large excess of that of the ruthenium complex. Where possible,

reaction products were examined.

All chemicals used were reagent grade, the K-CEuCI^N01

prepared as described before. A Pye-Unicam SP8-100 spectrometer was

used to measure absorption spectra, using 10mm length ultra-violet

silica cells. For any very fast reactions, the Hi-Tech SF-4 stopped-

flow apparatus was available.
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Figure 6.2 Plot of observed first-order rate constant against

hydroxide concentration for reaction with pentachloro-

nitrosylruthenate.



6.5.2 Hydroxide.

6.5.2.1 Experimental.

An aqueous solution of K=CRuCl-sNQH C 5 X 10-=M 5 was prepared,

and a series of hydroxide solutions made up, adding appropriate

amounts of KC1 to each to achieve constant ionic strength (1.0M).

Equal volumes (1.0cm3) of hydroxide and ruthenium solution were

pipetted into a silica cell, which was shaken and then placed in the

ultra-violet spectometer thermostatted at 40°C. The change in

absorption at 450nm was monitored, this having already been

established as the optimum wavelength for observation.

6.5.2.2 Results and discussion.

Figure 6.2 displays the plots of two independent sets of

results for observed first-order rate constants against hydroxide

concentration. These results demonstrate that no relationship between

rate constant and hydroxide concentration existed, although good

correlation coefficients were obtained for all calculated values of

kob3. It was concluded that hydroxide was not involved in the rate

determining step. The mechanisms proposed previously for the

analogous reaction with nitroprusside and pentacyanonitrosy1ruthenate

describe two equilibria with hydroxide making an attack on the complex
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ion in each case. This gave rise to rate equations in which hydroxide

was first-order, and kinetic calculations agreed with this. In this

present case however, formation of the product, observed at 450nm, did

not occur via a process first-order in hydroxide, and no mechanism

consistent with these findings could be proposed.

6.5.3 Amine.

6.5.3.1 Experimental

Ethylamine and benzylamine were selected for kinetic studies

of their reactions with pentachloronitrosylruthenate. However, it was

found that when benzylamine solution ( 1.OM) was mixed with the

ruthenium complex (5 X 10~-M), a heavy precipitate formed, causing the

solution to become completely opaque to light. This occurred even on

diluting either or both solutions, up to a point when any colour

changes were not visible. Studies were made on the reaction with

ethylamine though, monitoring the loss of reactant at a wavelength of

525nm. Solutions of varying amine concentrations were prepared, and

NaCl added to each to achieve a constant ionic strength (0.5M).

Aliquots of each (1ml) were added in turn to an equal volume of

pent ach 1 oron i trosy 1 rut henate solution (5 X 10-3M) in an ultra-violet-

silica glass cell (pathlength 1cm), and placed in the spectrometer

maintained at constant temperature (313K).



Time/minutes

C [RuCUNQ]3-] = 5 X 10-=H, I = 0.5H,

wavelength = 525nm, T = 313K, CEtNHzl = 0.5H

Figure 6.3 Plot of change in absorption during reaction of

ethylamine with pentachloronitrosylruthenate.
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6.5.3.2 Results and discussion.

A typical plot for absorption against time is displayed in

Figure 6.3. This shape of curve was obtained for all amine

concentrations, indicating that the loss of reactant was not first-

order in amine concentration. The occurrence of side-reactions was

suggested to account for the plot, but the hydroxide reaction was not

thought to be significant at the pH value of the solution.

6.5.4 Carbanions.

6.5.4.1 Exterimental.

The carbanion from malononitri1e has been shown to react with

CRuCl^NO]=~, with colour changes from purple to an orange—pink,

followed by a deepening through bright red to a deep orange-brown.

The change in absorption at 450nm was followed after mixing a solution

containing both [RuCl^,N01=~ (2 X iO-*4M) and ma 1 on on i tr i 1 e C0.5M) with

an equal volume of sodium hydroxide solution. The latter was prepared

with ionic strength adjusted to 1.0M using NaCl. The concentration of

carbanion was varied by altering the concentration of hydroxide. An

ultra-violet spectrometer was used to monitor the change in absorption

at a constant temperature (313K).

6.5.4.2 Results and discussion.



10-= Time / s

A = 0. 1H NaOH, B = 0.5M NaOH, C = l.OM NaOH

CCRuCl,N03z~: = 2 X 10—'M, CMalononitrile] = 0.5M,

I = l.OM, T = 313K, wavelength = 450nm

Figure 6.4 Plot of change in absorption observed during reaction

of hydroxide with pentachloronitrosylruthenate.
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Figure 6.4 displays the change in absorption at 450nm during

the reaction with three different hydroxide concentrations. The shape

of the curve obtained in each case was not that expected if the

reaction were a simple first-order process, and so no rate constants

could be calculated. The simultaneous occurrence of competing side-

reactions was suggested to explain the results. Alternatively, the

reaction mechanism could be very complex, and make kinetic data

difficult to analyse. Therefore, no further studies were made using

carban ions.

6.5.5 Thiols.

6.5.5.1 Exuerimental.

Cysteine had already been shown to react with pentachloro-

nitrosylruthenate to form an amber-coloured solution and a precipitate

of cystine (Section 6.4.2). Since no kinetic studies had been made on

reactions of thiols with either nitroprusside or pentacyanonitrosy1-

ruthenate, due to the recent discovery of the complexity of such

reactions'5'3, none were undertaken this time. The change in

absorption at 450nm was observed during reaction of [RuC l-,N03-~ £6.5 X

10~3H) with cysteine solution (1.OM).

6.5.5.2 Results and discussion.



Absorption
1.0

A; T - 313K, B; T = 303K

C C RuC 1 -sNO ] = 6.5 X [Cysteine! = 1.0M,

wavelength = 450nm

Figure 6.5 Observed change in absorption during reaction of

cysteine with pentachloronitrosylruthenate.
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The observed changes in absorption shown in

consistent with a complex reaction mechanism occurring,

of several stages. No further deductions could be

plot.

6.5.6 Discussion.

At first appearances, the reactions of pentach1oronitrosy1-

ruthenate resembled those of nitroprusside and pentacyanonitrosy1-

ruthenate. The colour changes that occurred when mixed with various

reagents did suggest some similarity in reactivity with the two

compounds studied previously. The identification of reaction products

from cysteine and benzylamine reactions provided conflicting evidence.

The former showed that the same product was obtained, that is cystine.

Wheras mass spectroscopy of the product from the latter indicated it

not to be as expected, had a similar mechanism taken place to that

with nitroprusside. A mechanism consistent with the data was however

proposed.

The experiments performed to investigate the kinetics of

reaction with ethylamine, hydroxide, malononitr i le carbanion and

cysteine thiol provided data, from which the conclusion was drawn that

none of these reactions was first-order in the reactant being studied.

The suggestion of competing reactions, or completely different

reactions to those expected was made, and it was clear that

pentachloronitrosylruthenate did not behave identically to

nitroprusside. It might therefore be expected not to exhibit

Figure b.5 are

bemg composed

made from this
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hypotensive activity, but because of the similarity of its reaction

with cysteine, it was decided to pursue this area. This was

particularly desirable, since a thiol reaction has been cited as

occurring initially in the muscle cells of a patient to whom

nitroprusside is being administered.

6.6 A clinical comparison of pentacvanonitrosy1 ruthenate, and

pentach1 oronitrosy1ruthenate with sodium nitroprusside.

6.6.1 Introduct ion

The previous studies of the chemical reactions of pentacyano-

nitrosy1ruthenate and pentach1oronitrosy1ruthenate demonstrated

significant similarity to the compound sodium nitroprusside,

particularly in the former case. It was therefore decided to

investigate the hypotensive activity of these two ruthenium complexes,

to assess their potential as vasodilators. Samples were prepared, and

taken to the Department of Pharmacology and Clinical Pharmacology,

University of Dundee, where the experiments were performed. The

effect on blood pressure of injecting either of these preparations

into anaesthetised rats was compared to that when sodium nitroprusside

was used. The time taken for an effect to occur was recorded, as was

the recovery time after administration had ceased. A series of

experiments was initially performed, comparing effects from

nitroprusside and the pentacyanonitrosy1ruthenate only.
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Figure 6.6 Effect of sodium nitroprusside and pentacyanonitrosy1-

ruthenate on blood pressure in anaesthetised rats.

1
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6.8.2 Experiment A

6.6.2.1 Exnerimental

All the rats used were male, (260-320g) and were anaesthetised

with urethane (1.3gkg-1 i.p,) The carotid artery was cannulated for

blood pressure recorded, and the femoral or jugular vein cannulated

for injection of drugs. Both solutions were prepared freshly each day

.in 5% glucose and protected from light. The pentacyanonitrosyl-

ruthenate (ImM) was not completely soluble in the cold glucose

solution, and so was filtered before use. therefore all doses were

approximate.

The rats received a bolus injection (0.1ml) of nitroprusside

or ruthenium compound, and the fall in blood pressure recorded.

6.6.2.2 Results

Figure 6.6 displays a graph of fall in blood pressure

expressed as % maximum fall in pressure against log dose, for

nitroprusside and four series of pentacyanonitrosylruthenate

measurements. The E0-,o for each was calculated (i.e. the value of the

dose of drug corresponding to 50% of the total change in blood

pressure).
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ECso for sodium nitroprusside was L86niol.

EC50 for C Eu ( CN ) -sNO 3 ranged from 3, 13 to 15,7nmol .

6.6.2.3 Discusssion

The values of concentration of [ Eu ( CM ) -,N01 used were only

approximate, and so the compound was probably more potent than the

figures suggest. It is likely to be equipotent, or more potent than

the sodium nitroprusside itself.

At the higher doses of the ruthenium compound, there was a

reduction in pulse pressure, i.e. the difference between systolic and

diasystolic pressures. This could have been due to a change in

cardiac output, but there was some evidence that the blood was

clotting in the arterial cannula, although there was heparin present

to prevent this happening. One animal received heparin via the

carotid artery, and no reduction in pulse pressure or clotting was

observed. Thus it could not be stated positvely that the pentacyano-

n i trosy1ruthenate definitely caused blood clotting, rather the

possibility existed which would require further investigation.

The experiments would need to be repeated with accurate doses,

perhaps using a more soluble form of the CEu (CN )-*N03 = _ made up in

physiological saline or glucose.

6.6.3 Experiment B
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gure 6.7 The response of an injection of standard sodium

n itroprusside of blood pressure of an anaesthetised rat.



155

6.6.3.1 Experimental

Fresh solutions of nitroprusside (ImM) were made up in

physiological saline daily, and protected from light. The rats, male

Wistars, (260 - 320g) were anaesthetised with urethane (1.3gkg-1,

i.p.) and rectal temperature maintained at 37=0 throughout using a

heat-lamp regulator device. In each rat the right carotid artery and

left jugular vein were cannulated for measurement of blood pressure

and injection of drugs respectively. The carotid cannula was

connected to a blood pressure transducer, and blood pressure was

monitored on a chart recorder. The venous cannula was connected to a

lml syringe. The drug solutions were injected through the left

jugular vein in volumes of 0. 1 - 0.3ml, and washed in with 0. lml

saline. The response was measured as the difference between the mean

systolic pressure before drug addition and the lowest systolic

pressure after drug addition (Figure 6.7).

Firstly, comparisons were made between nitroprusside and

pentacyanonitrosylruthenate, and secondly between nitroprusside and

pentachloronitrosylruthenate. In each comparison, a high dose (A) and

low dose (B) of standard nitroprusside was used, with a high dose (C)

and low dose (D) of either ruthenium compound, the lower dose in each

case being 30 - 60% of the high dose. In order to eliminate the
1

effect of any change in sensitivity towards the drugs during the time

of the experiment, the doses were given in a randomised order, (ABCD,

BACD, CDAB, DCBA).

After each comparison, the means of the four responses to each

of the four doses A, B, C, and D were calculated and plotted against



lowering of
blood 50

pressure
/mm Hg

40

10

^ t—i—i—i—i—i—i—i—i—i—i—r
1.0 2.0

log dose

A = high dose for sodium nitroprusside = 6 nmole

B = low dose for sodium nitroprusside = 2 nmole

C = high dose for pentacyanonitrosylruthenate = 200 nmole

D = low dose for pentacyanonitrosylruthenate = 125 nmole
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louering of
blood 16

pressure
/ mm Hg

12

8

B Potency Ra ■ >;T c

D

1 1 1 1 1 1 1 r
0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

log dose

A = high dose for sodium nitropruside = 6 niole

B = lou dose for sodium nitroprusside = 4 nmole

C = high dose for pentachloronitrosylruthenate = 600 nmole

D = lou dose for pentachloronitrosylruthenate = 400 nmole

Figure 6.9 Log dose-response relationship for sodium nitroprusside

and pentacloronitrosy1ruthenate.



blood 150

pressure
/ mm Hg

50 CFe(CN)^N0:z-

t ime

(chart speed = lcm/min)

a) sodium nitroprusside = 6.0 nmole

blood 150

pressure
/ mm Hg

50 CEu(CN),N0]

t ime

(chart speed = lcm/min)

b) pentacyanonitrosylruthenate = 80 nmole

blood 150

pressure
/ mm Hg

50 CEuCl^NO:3-

t ime

(chart speed = lcm/min)

c) pentachloronitrosylruthenate = 600 nmole

Figure 6.10 Typical depressor responses to intravenous

injections of drugs.
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the corresponding log doses. Lines were drawn between the points A

and E, and between C and D for both sets of comparisons, (Figures 6.3

and 6.9). The log dose interval between the lines AB and CD was

determined, and the antilog of this gave the potency ratio of

n itroprusside to the corresponding ruthenium compound.

6.6.3.2 Results

The doses of nitroprusside, pentacvano- and pentachloro-

ruthenate complexes found to give suitable depressor responses for

this experiment were 2-8 nmole, 20 - 200 nmole and 200 - 1000 nmole

respectively. Figure 6.10 displays typical initial responses to each

of the three compounds. The time taken for onset of action with

pentacyanonitrosylruthenate was longer, compared to nitroprusside, as

was the time for recovery. With pentachloronitrosylruthenate, the

onset time was even more prolonged. and again, so was the

corresponding recovery time.

Figure 6.8 displays a typical 'AB' versus 'CD' comparison in

which high and low doses of CEu(CN)^N0]=- have been compared to high

and low doses of C Fe (CN )^,N0 ]=~. The lines AB and CD are approximately

parallel, which indicate that the two drugs have parallel dose

response curves. The potency ratio Cnitroprusside:pentacyanonitrosy1-

ruthenatel measured from this comparison was 60.

The results obtained from comparisons between nitroprusside

and CSuClmNQ]E_ were not consistent. For example, in some cases, the

low dose (D) of ruthenium drug produced a greater effect than the high

dose (C). Since the lines AB and CD were not generally parallel, it



Table 6.2 The depressor potency of sodium nitroprusside compared

with that of pentacyanonitrosylruthenate and pentachloro-

nitrosylruthenate.

NazCFe(CNJ^NOD : CRu(CN),N01

45

35

50

60

mean 48

Na2CFe(CN),N03 CRuCl^NO:2

100

200

140

180

155
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was concluded that a normal dose ratio response relationship did not

exist, and approximate potency ratios were calculated by comparison of

the doses of the two compounds necessary to produce similar responses.

The example.i1lustrated in Figure 6.9 indicates nitroprusside to be

about 100 times more potent than the ruthenium compound.

Table 6.2 summarizes the potency ratios obtained for both

pentacyano- and pentachloronitrosy1 ruthenate with n itroprusside. The

latter is seen to be between 50 and 100 times more potent at lowering

blood pressure than [ Ru ( CN ) ,N0 ]3- and CKuC 1-^NO ]=~ respectively.

6.6.3.3 Discussion

Both ruthenium complexes tested exhibited a degree of

hypotensive activity, but their relative potencies were much lower

than initial measurements indicated. C Ru ( CN )-.NO j 3- and lEuC1-.N0]3-

had about 2 and 0.7% of the depressor potency of nitroprusside

respectively. There were also differences in the response times of

the three compounds. Compared to nitroprusside, the onset of response

and recovery times for both ruthenium compounds were slower, this

effect being more marked for the pentachloro complex. The results

from comparisons between [RuCl-.N0]3- and nitroprusside were not

entirely consistent, one problem being that in some cases lower doses

of ruthenium drug apparently caused a greater depressor effect than

the higher dose.

The slower response times of the two ruthenium compounds can

be explained in terms of a slower access of the active species to the

site of action within the vascular smooth muscle. This would not be
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unexpected on consideration of the relative measured rates of

reaction, as discussed in the two previous chapters. Both ruthenium

complexes behave similarly to nitroprusside, but in all cases at a

slower rate.

The difference in recovery times for the three compounds was

somewhat surprising, since it was thought that the same active species

was involved at the receptor in each case. One suggestion is that

with a slower acting compound, further active species were still being

produced from the complex ion during the recovery period, apparently

slowing the recovery process. Another explanation was that for the

pentachloro complex in particular, damage to the muscle was sustained

in some way, to inhibit rapid recovery. Such tissue damage by the

compound could account for the lack of consistency in response to the

CRuCl^NO]3-. This could also be due to a 'flat-1 dose response curve

(i.e. little or no change in effect with increasing dose), so that

with the relatively small differences in dose used, there would be

very little change in the response. The inconsistent results could

also be due to the pentachloro complex producing a mixed response

comprising 'relaxation' and 'contraction' components, with the former

component predominating at lower doses. With this situation, it was

possible that as the dose was increased, the contraction component

could become more marked, so that the depressor response became less

at higher doses.

6.7 Summary

The initial experiments to observe the chemical reactions of
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CRuCl^NQ]3- suggested some similarity with those of nitroprusside and

[ Ru (CN ) -sNO ]=_, However, on investigation of the reaction kinetics, it-

became apparent that the pentachloro complex behaved slightly

differently to either of the other two compounds. The clinical tests

performed on the ruthenium compounds demonstrated that both did indeed

have a depressor effect on the blood pressure of anaesthetised rats,

but this effect was much less that that for nitroprusside, i.e. much

larger doses were required to bring about the same response. There

was some suggestion that the ruthenium complexes were causing damage

to the muscle tissue, resulting in a much slower recovery. This

possibility would have to be investigated further if either compound

were to be a potential alternative to the clinical use of sodium

n i troprusside.
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APPENDIX I

KEZDY - SWINBOURNE METHOD FOR DETERMINATION OF

FIRST-ORDER RATE CONSTANT
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Kezdy - Swinbourne method for the determination of a first-order rate constant (k)

Consider a first-order reaction of which observations (x , x, , x_, . . . x . . . x )
o 1 2 n co

are made at times o t., t„ . . . . t .... oo.12 n

For a reading (x ) taken at t
n n

(x - x ) = (x - x ) exp(-kt ) (1)x
oo n' x oo o n'

For a reading (x'n) taken At seconds later
(x - x' ) = (x - x ) exp[-k(t + At)] (2)

oO n oo o n

Divide (1) by (2)

(x " x ) exp(kt ) = (x - x* ) exp[k(t + At)]
co n n oo n n

x = x [1 - exp(k At)] + x' exp(k A t)
n oo r n

Plot x against x' with At constant (x along y axis and x' along the x axis)
n n n n

slope = exp (k At)

In (slope) = k A t

k = ln( slope) / At

When x = x' , then the value of x is x
n n oo

Make At = 0. 5 to 1. 0 of the reaction half-life.
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