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SUMMARY =

A study has béen made of some propertieS'of ferrocyanic

acid, H,Fe(CN) ,'and related compounds.
4Fe(CN)g | un

The: formatlon of a w1de range of addltlon compounds of
complex cyanlde aclds is rev1ewed, and thls -range extended '
' by an experlmental study of adduct formatlon of ferrocyanlc
acid with boron halldes. The addltlon of" boxon halldes to
some' molecules related to- ferrocyanlc acld is also reported.
The infra-red spectra 'of the ‘boron hallde adducts are'7
presented and 1nterpreted. In addition some work on the
'thermal decomp031tlon of ferrocyanlc a01d 1s descrlbed

together with.a study of its thermal decomp051tlon products..

The preparatlon of amldlnes and related compounds from

J

'nltrlle adducts has been attempted and the reactlon of an

amldlne with some Lew1s aclds is descrlbed..
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 CHAPTER 1

Introduction -

Ih the following pages, a surVey is made of the
literature re;ating to complex_cyaﬁide aci@s HxM(dN)y‘
where M is a transition metal, x may be 1,2,3 or 4,
and y_may'be.2,3;4,5,6 or 8, provided that y) x.

Key references to" these compounds, which provi&e a
lead 1nto the exten51ve llterature, are the books by
williams (4) and Ford-Smith (8) and. the. reVLews by _
Griffith (188) and by Chadwick and Sharpe (166). Much:
of the material described below has been selected from
.these sources, to which the reader is referred for

further details.,

The typicel compiex cyanide acids listed in Table 1

illustrate their varying stabilities.and stqichiometries.-
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1.1 Preparation and Properties of the Acids

There are four main methods by which these acids

'may be prepared.

l.1.1 The HCl-ether method

This is the most important of the preparative
methods in as much as it is applicable\ﬁo nearly
every acid. . An excess of concentrated HCl (sometimes
fuming HCL) is.added to a concentrated cyanide, and
thus forms the complex acid in aqueous solution.
The solution is cooled in ice, and the acid precipitated
by the addition of ether. This sqlid is filtered off
and washed with a mixture of HCl and ether. The solid
is subsequently dissolved in absolutelethanol, filtered
to remove any remaining potassium salt, and finally
're-precipitated by the addition of an excess of ether.
The acid is purified by repetition of the ethanol
solution - ether re-precipitation cycle, and finall}

the ether is removed from the solid.
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Table 1 - Known Complex Cyanide Acids

VI a VIII VIII VIII Ib II b
s -3 2 ! '3 ¢ s
H3Cr(CN)g HyMn(CN)g H3Fe(CN)g - H3Co(CN)g  HoNi(CN),  HjCu(CN)y  HpZn(CN)y
! ' : 2
Han(_CN)é' H,Fe(CN)g  D3Co(CN)g H Ca(CN),
| Dqu(CN)Z HuCo(CN)Z
2 2 | 3 A s
HaMo (CN) g HyRu(CN)g  H3Rh(CN)g HoPd(CN)y  HpAg(CN)3  HoCd(CN)y,
| 4
HyMo (CN) g H Ag(CN)2
2 6 2 { [} ] s
H3W(CN)g  HyRe(CN)g H\0s(CN)g H3Ir(CN)g HPt(CN)y  HAu(CN)y  HpHg(CN)y
2 3
HLW(CN) g DyOs(CN)g  D3Ir(CN)g HpPt(CN)y  HAu(CON)p
DAu(CN)2
. Stable

ooV FWw b=
°

Stable in dry air - decompose in moist air or sunlight
Unstable - decompose very slowly on standing
Extremely unstable
Exists only in solution
Doubtful existence



1.1.2 The ioh;exchgnge method
This is essentially the. same as method (a) with

the exception that the aqueous solution of_the'acid
is first formed by passing the potassium salt of the -
complék cyanideldown'an'ion-excnange column in which
the resin is in the hydrogen fdrm;_ .In the case of
KAu(Cﬁ)Z passing the aqueous soldtion down ai ion-
exchanger énd.subsequehtly evaporating the effluent
precipitates crystals of HAu(CN)2 ﬁl).
l.1.3 Precipiﬁgtion of hegvy-metal sg;tﬁ

Addition of the calculated amount of H,S0) to a
solution or suspension of the barium salt of the
complex acid, or treating the lead-salt with H,S,
results in an aqueoﬁs solution pf'the‘éomplex acid,
Subsequent treatment of this solution yields the
‘free acid. Thus'H3FekCN)6 has been prépared b&
treatment of the barium salt with Sulphuric.acid (2).;
1.1.% Addition of HCN I

The pure metal cyanide is allowed to stand in an
atmosphere of HON, or covered with liquid HCN.
Subsequent removal of the excesélHCN leaves thg complex
acid. The method has been applied to the preparation
of the unstabie acid HAg(CN)2 (3). |
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1l.1.5 The complex cyanide acids
Octacyanomolybdic (V) acid - H3Mo(CN)g.3H,0

Prepared by treating the silver salt with a little
dilute HC1L (4,5). The filtered ‘solution 1s saturated
with HCL at -20°C when an orange red precipitate
separates. This is filtered and dried in vacuo
over P,05 and KOH. - The acid is stable in dry air,
but is_decomposed by light or on warmiqg. | |

Octacyanotungstic (V) acid - H3W(CN)g.6H0"

Prepération as for octacyanomolybdic (V).acid &)
, fgrming orange-yellow crystals with similar properties
(6).

Octacyanomolybdic (IV) acid - HiMo (CN)g.8H50

In addition to the octahydrate (7, 8) a hexahydraté
is also reported (4, 9);” This acid 1is praduced_by the
HCl - ether method (%, 8, 9) or by the ion-exchange
method (10). The hydrated acid is-stab;e, and.is a
~ yellow orange in colour.

Octacyanotungstic (IV) acid - HyW(CN)g.6Ho0

Prepared by the HCl - ether method (%, 8) the
etheresate separates as an éil which.cfystallises_dn
cooling to 0°C. It may also be prepared from the
silver salt by adding a small:excess of hydrochloric

acid diluted with water, filtering and satursating
the filtrate with HCl below 00C (4),
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It is dried in an atmosphere of CO, and finally over

KOH (11).. The acid crystallises in yellow needles,
which are deliquescent and decompose in water at

60°cC.

Hexacyanomanganic (III) acid - H3Mn(CN) g

The acid exists only in solution (12, 13) where
it exhibits the properties of a strong tribasic acid
(8, 13).

Hexacyanbmanganic (II) acid - HMn(CN)g

Prepared by decomposing the lead or barium salt
with HoSOy or HoS (7, %, 14). It is only slightly
soluble in aicohol and decomposes in solution.

Octacyanorhenic (V) acid - HyRe(CN)g

Preparation by thé use of an ion-exchange resin
has been claimed for this acid (15), but its existence

is doubtful since the salt K3Re(CN)8 hydrolyses rapidly
in agueous solution (16).

Hexacyanochromic (III) acid - H3Cr(CN)g

Exists only in solution (8, 13). It is prepared by
bubbling HoS through a suspension of the lead or barium
salt (17), or by‘the addition of tartaric acid to a-
solution of the potassium salt (&),
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It is a strong tribasic acid (7, 13, 18, 19). - According
to Wiliiéms.evaporétiné the solution in vacuo yields
reddish—broﬁn crystals of the acid (&), whereas Jones

" suggests that this is the metal cyanide cf(cN)3.

The acid readily loses HCN on boiling its aqueous .
solution. (5).

Hexacyanoferric (III) acid - H3Fe(CN)g

Can be prepared by the HCl - ether method (20, 21)

Tt can also be formed by treating the lead or bérium
salt wiﬁh HoS0y, (2),.by ad&ihg hydrochloric acid to
the susﬁen;ioh of the silver salt in water (&), or

by the ion-exchange method,:(22).

EIHe.acid!.as prepared by the HCL - ether method is
pa;e;jeilow at first‘buf.bééomes chocolate-brown on
drying_(l2); Howéver if its solution is evaporated
gently in Vacuo,-it is-obtained as red-brown crystals
RN CONS It is a very strong acid with dissociation constants
equal to those of HC1 (23, 24), is decomposed in moist
' air,.and rapidly loses HCN on warming. By analysis

it is shown to be not exactly the composition required
- by H3Fe(CN)¢ (13), and probably contains some ferrous
“iron . (12).° |

'Hexacyanoferric (II) acid - HyFe(CN)g

This acld will be considered in detail in & later
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section,

Hexacyanoruthenic (II) acld - HqRu(CN)é

Prepared by the HCl - ether method (7, &, 25, 26).
It is slowly decomposed by heatlnﬁ at 1009C, and turns
blue in moist air (12). |
Hexacyano-osmlc (II) acid - Hqu(CN)é

Prepared by the HCL - ether method (4, 27) its
properties-are similar to those-of hexacyanoruthenic
acid (12). .
Hexacyanocobaltic'(III)_acid_-_H3Co(CN)6.5H20

Pfebared by the HCl - ether method 12, 18, 21,

28 - 31), or by using a catlon-exchange resin (10,
'21) It has been obtained as the pentahydrate and
as H Co(CN)6 0,5H,0 (28). It is a strong tribasic
acid (13, 18, 30, 32) and is very slowly decomposed by

boiling in wateil(30). This decompoéition was
studied by HOLZL who. obtained an insoluble red
: precipitate.on'prbionged boiling of .the solution, and
for which he postulated a cyclic polymérié-structure(PQ
based on the results of volumetric and graviﬁetric |

" analysis.
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On further heating a second'isamer_was obtained for

which the struqture'was suggested as:CB)'

(A)

/ / H,0
N(,-"' CO \°\€N
Nc' ' A
C.PJ th._ -
\‘Co’/
‘QO// \,\ H1.
Using dilute solutions of
Sute Blut

(B). Ho N |
NC ,/’ \ //'4 0
“‘ c —~ N
] \ diS
Cﬂv / NC
NI
”C / \H;O
the acid a thir product

wgs obtained for which he proposed the structure:

(N (H0), CEeny, G, (Ha0),

Hexacyanocobaltic (II) acid - HyCo(CN)g

Prepared by the action of HoS on the lead salt,

or dilute'H2804 on a solution of the barium salt (4).

The solution is filtered and the'écid-precipitated by

the addition of alcohol.

It is very unstab;e.-

Hexacyanorhodic (III) acid - H3Rh(CN)g

Prepared by the HClL - ether method (12), it is stable

in air and on heating.

Hexacyanoiridic (III) acid - H3Ir(CN)g

: Prepéred by the action of dilute HpS0, on the barium

salt, and precipitating the acid-by the addition of ether
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(12, 27). It is stable in dry air, but decomposes at
3000C with evolution of HCN.

Tetracyanonickel (II) acid - H,oNi(CN)y

Exists only in solution (12), and potentiometric
titration indicates that it behaves as a strong dibasic
acid (8, 13).

Tetracyanopalladic (II) acid - HoPd(CN)y

Prepared by the HCl - ether method (12), it is stabie
only in the presence of an excess of HCN according to
Feigl (33). |
Tetracyanoplatinic (III) acid - HPt(CN)y.2H50

Formed when a solution of HgPt(CN)q is oxidised with

o H202 (4, 8). Evaporation of the solution leaves é green
mass of composition HPt(CN)y.2H50. Thé-acid is decomposed
on heating to 120°C, forming yellow Pt(CN)3 (4, 7, 8).

Tetracyanoplatinic (II) acid - HoPt(CN)y

Preparéd by the HCl - ether method and evaporation
of the ethereai solution (8, 12). It is also obtained
by the action .of HZSOQ on the barium or HoS on the copper
or lead salt (4, 12, 34).

The colour of the acid depends on the amount of water
of crystallisation. In the anhydrous form it is yellow
(12). The pentahydrate produced by the slow evaporation
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of}the ethereal solution is red (8). - Other hydrates
varyihg“in coiour, are postulated by Levy (35). The
acid is noticably hygroscopic (12), loses HCN slowly

_at room temperature, and is decomposed on heating

. to 1ko°cC.

-Tetracyanocupric (I) acid = H3Cu(CN)y

Prepared by the ion-eXchangeimethod (10); it is
- extfemely unstable, decomposing to CuCN and HCN (8).
Poté}iométrig.titrafion of K3Cu(CN)y with acid
indicates that it is a strong tribasic'acid (10, 13,
36). )

Dicyandcupric (I) acid - HCu(CN)o

Produced in dilute aqueous sdlution by dissolving
CuCN in aqueous HCN- (8, 37), the acid exists only in
soiutiqn (12). _

Tricyanoargentic (I) acid - HpAg(CN)3

This acid has been reported (8).

Dicyanoargentic (I) acid - HAg(CN)g

Preiaréd bj the action of HCN ont[AgZSiOé]p or
.[AgSizoé]n (8, 38), or by‘the action of liquid HCN

on AgCN (3). It is very unstable (8), and in solution
.is a strong acid (13). According to Jones (12) its

exisfence'is doubtful.
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Tetrécyanoauric (II1I) acid - HAu(CN)4.3H20

Preﬁa:ed by the interaction of HCNfand HAuCly (4, 39),
it has glso been obtained by decomposing the silver salt
with ﬁCl, or the barium salt with H2804 "(4). The acid
is so;ublé in ether and melts at 50°C. It decomposes
on heating, evolving HCN and (CN)y, leaving a residue
of metallic gold. .. | '
Dicyanoauric (I) acid - HAu(CN)2

' Prepared by passing a solution of KAu(CN), in KCN
througﬁ the acid form of a cation-exchange resin, and

eVaporatidg_the effluent solution to dryness (1).
It can also be prepéréd by the HCl - ether method (12).

Reported to be -the only acid which exists in thgl
macro-crystalline state (1, 12) it is a strong acid in
solution (1,13; 40), but appears tb_be largely |
unionised in the solid (1). It has been:sgggested that
the acid is dimerised in solution (41, 42, ¥3). On
heatihg.it decomposes yielding AuCN (8).

Tetracyanozine (II) acid - HyZn(CN)y

This acid exists-only in solution (12):-and has not
been isolated (8, 13).. Potentiometric titration
studies'dh KoZn (CN)y, with acid gave no results, dué to
the insolubility of Zn(CN)2 (8, 13). | -
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Tetracyanocadmic (II) acid - H,Cd (CN)y

‘The acid exists cnly in solution (12), and islvery'
unstable (8). It is probably a strong dibasic acid
(13, 40). Acidification'causes precipitation of
Ca(CN), (8)s
Tetracyanomercuric (II) acid - H2Hg(CN)4

' Thé acid exists only in solution (12). The addition‘
'of-acids.tqjsolutions of K2Hg(CN)u.ceuses immediate -
formation of Hg(CN)i} Hg (CN),, HgCN*, and Hg2* (13, 40).
Deutero = ‘acids (12 | | '

Two principal metuods have beeu employed in the
preparatibn.cf_the isctopically substituted acids.
One is by the'interaction of DCL with the respective

anhydrcus potassium salt, and the second by repeated
exchange with D50. D3Co(CN)63 D3Ir(CN)g, DyFe(CN)g,

Duﬂu(CN)é,'ngs(CN)é, and DAu(CN)z-have been prepared

using thesefmethods.

l.2 Infrared Spectra and Structure
Until very recently very little had been presented

in the'literature on either the infrared-spectra or the
structure of the complex cyanide aclds. The infrared

spectrum of HAu(CN)2 was used to ' show that the acid is



13.

largeiy unionised-in the .solid state (1), and the same
author examined the X-ray powder photograph but no
attempt_was made to determine the structure. However,
recentiy Jones (12, 44) and Beck (45). published |
infrared studies on the acids'in general, and Ginsberg
and Koubek (46) on H,Fe(CN)g, HyRu(CN)g, and Hy0s(CN)g
in‘perticular. " The paper by Ginsperg'and Koubek
represents the most detailed study of ferrocyaniec
acid yet presented, and has been of great assistance
in interpreting the results of this work. The
Ginsberg_results together with those of Beck on
H,Fe(CN)g will be uiscussed in detail in a later section.
Jones investigated the 1nfrared spectra of most of
the stable acids, and used the 1nterpretatlon of the
spectra in suggesting structures for some of the acids.
He prepared several stablegacids and compared their
spectra;'the recorded frequencies being given in Table
2. As a result of thls study the aclds were divided
into two classes, one in Whlch the number of protons is
| equal. to half the number of cyanide groups, i.e. with
formula HxM(CN)éx, and the other class in which the
number of prctons does not equal half the number of
cyanide groups. In the first class the spectra of
H3Co (CN)g, H3Rh(CN)g, HyIr(CN)g, HpPd(CN)y, and



Table 2 - I.E. Speétra of various complex cyanide.gcids, according to Jones (12)

Acid

Y(C=N) cm~1 ¥ (M=C) cm‘l

Other recorded frequencies ( em=1)

2070

H,Pd(CN)), 2202 e 600-900 (br,s) max 820 Sh's at 1010 (w), 1134!(5), 1600 (w) - -
HyPt(CN)), 2203 485 oo ' ' 780 ' ' 1012 (w), 1136 (s), 1605 (w)
H3Co (CN)g 2202 550 ro ' » 720 ' v 1075 (w), 1149 (s),-lél@.(w)
H3Rh(CN) ¢ 2208 - 507 v ' 719 't 1101l (w), 1176 (s), 1613 (w)
HyIr(CN)g 2203 510 I 725 ' ' 1099 (w), 1174 (s), 1623 (w)
~H Au(CN), 2212 - 1120 (br), 1400 (br)’ '

Hy Fe(CN) ¢ 2106 583 Wl (m), 678 (s), 875 (s), 1626 (br,s) 2200-3500 (brys)

% 12086 | o | _

H&Ru(CN)é {Eégg 541 476 (br), §5§ (br), 877 (s), 1590%(br,s) 2200-3?90 (br,s)
HOs(CN)g  [2096 54k 485 (br,s) 602 (br,s) 885 (s), 1613 (br,s) 2300-3500 (br,s)

" Y(C2N) -~ cyanide stretch frequency:

-t
»
m

r - broad, s =~ .strong,

- medium, w - weak

Y{(M-C) - metal-carbon stretch frequency: max - maximum, sh - shQuléer
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H2Pt(CN)u'were'very similer, gnd suggested the presence
of strohg symmetrib hydrbgen bonds. Reasonable
structures for these acids_were_pﬁt.forward on the
-basis.of symmetric N-H-N bonds. The se strucfures,
éhown in Figure 1 give infinite chains for HAu(CN)Z,”
infinite sheets for H,PAd(CN), and H,Pt(CN),, and a
threé-dimensional lattiée-based on linked octahedra

for H,Co(CN)g, H

Rh(CN)g, and H, Ir(CN)g. In the

3 3 3
second class the spectra of HhFe(CN)é, HyRu (CN) .,

and H 0s(CN), were almost identical, but quite
different in detail from those of the first class.

The sﬁectra ihdicated the presence of strong ésymmetric
hydrogen bonds. However no attempt to formulate a
structure for thesé acids was made. Beck (45) recorded
the spectra of H3Fg(CN)6, H.

3
H,Ru(CN)¢, HHOS(CN)é, the recorded frequencies being

CO(CN)6, H#FG(CN)é,

| given in Table 3. He endorsed the'strﬁcture suggestéd
by Jones for H3Co(CN)6, and considered H3Fe(CN)6 to héﬁe
the same structure. Beck also suggested a structure
for H Fe(CN), and this will be discussed in a later

section.

1.3 Adducts of thé complex cyanide acids

The complex cyanide acids should be capable of
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I.R. Spectra of various complex cy
according to Beck (45)
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anide acids,

4116 (s)
448 (s)
585 (s)

68#_(mé)

880 (s)
1600 (s)’

12073 (s)

2101 (s)
2165 (sh)
2570 (s).
3050 (s)

Hy

426 (s)
580 (m’
1600 (s)
2163 (s)

2200-2850.(8)

Fe (CN)6 .

HhRu(CN)6

.360 (s)
422 (m)
538 (s)
675 (m)
890 (s)

1600 (s)

2076 (s)

2102 (s)

2586 (s)

3040 (s)

H Co(CN)6

3

420

535

2218 (s)

H,0s(CN)g Assignment
372 (s) - _Y(M+C).

- - 3 V(M-_'C)
543 - (s) §(e-cam)
663 (s) § (FH)?

885 (s) § (W-H)
1600 () . Sv)
2073 (s) - v(C=N)
2106 (s) Y(C=N)
2600 (s) Y(N-H-N)

" 3080 (s) y(N-H)
Y(M=C)

. §(wesN)
- §(N~H)
V(CEN)

. Y(N=H-N)
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forming two types of addition compound
(a) by addition of a Lowry-Bronsted base, e.g.
2 3
" (b) by addition of a Lewis acid, -

‘ -+ ’ -
RNH, + HM(CN), —e= RNH3.H,,M(CN)Z

ABX + HxM(CN)n—'——- HxM(CN)rTQBX3

3
The first type is well represented in the literature,

and the second is the subject of the present study.

1.3.1 'Beactlon with bases
The compounds formed by the interaction of H3Fe(CN)g
and organic bases‘are listed in Tables 4 and 5, and
those between HhFe(CN)é and basés iﬁ-Iables 6 andL?J
‘The compounds between H3Fe(CN)6 and organic bases,
described by Cumming (47), were precipitated either
frqm freshly prepared acid'éolutions of by adding
an alcoholic solutibn of the acid to an alcoholie soL4n°§.
of the base af -l8°C (Tables hland 5) Except in the |
‘case of benzylamine, phenylethylamine, and methylamine,
" no salts of7primarj amines were prodﬁced. Secondary
amine salts were formed Qn;y at.low tempefature, and

all tertlary amines used formed salts except for

trimethylamine3 methyldiphenylamine, dimethylamine-
azobénéene, and tetramethyldiaminodiphenylmethane.
The - salts were stable, highiy coloured, crystalline

products which were sparingiy soluble in water, and
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usually soluble in alcohol and ether. _
Using an acidified solution of KéFe(CN)65 Ray (48)
 formed a stable crystalline product with hexamethylene-

tetramine, and by mixing concentrated solutions of the.
hydrochloride of the base with a solution of K Fe(CN)6

. Roeder (49) produced salts with betalne, pyridine betaine
'and trlgonelllne. | _
HHFe(CN)é also reacts with many.organic'bases farming
salts. These are listed in Tables 6 and 7. . These may
be prepared either by adding acid to a salt of the base
and HhFe(CN)é, or by precipitation,on mixiﬁg alcoholic
solutlons ‘of the components. These salts wefe describéd
by many workers (h 52 - 57) and were relnvestlgated by
'Cummlns (47, 50). By treating the base with an.alcohol;c'
solution of H.Fe(CN),, Eisenberg (56) found that neutral
salts of general composition (Base)uHhFe(CN)é are forméd._
The salts with the alkaloids betaine, pyridine betaine,
and trigonelline are formed by mixing the.hydrbchloride

of the base with KFe(CN), (4, 49). Briggs (58)
prepared qulnine primary ferrocyanide, (C JO N )4.HuFe

(CN)6.2OH2 which in.vacuo over sulphuric acid loses 19
molecules of water leaving the yellow monohydrate, and
quinine secondary ferrocyanide (020H2#02N2)4 HyFe (CN) .

22H20; which separates as a black solid and in vacuo over



Table 4

Salts of HgFe(CN)é (4) from acid solutioh (4, 47)

. Base (B)

Monomethyl aniline

Dimethylaniline
p~-nitrosodimethyl
- aniline
p-bromodlmethyl

aniline
Pyridine

Quinoline

Isoquinoline

Piperazine
Piperidine

. Hexamethylene

: tetramine
Benzidine

'Hexamethylene
tetramine

Betaine
Pyridinebetaine

Trigonelline

Adduct

B,,A.$Et0H

B,-A.3EtOH
B,+A.3EtOH
B,.A.3EtOH
B2.A .2Et0H
.A.2E£0
B3.A.2Et0H

B,.A.EtOH

3

"B .A.EtOH

B,.A.2Et0H

23A.2EtQH_

B,.A -

3

-BH.A .16H 0

3

_'B JAL2H. O

3 2

- Appearance
Lempn-yellow;ﬁrisms
prisﬁatic needlés '
gréén-brown.prisms
brown pfisms'

yellow rhombic crystals - -

yellow rhombohedral

crystals

yellow rhombohedral
-erystals

brown-yellow prisms

'yellow rhombid'érystals

yellow cubic crystals

blue plates

light yelLow crystals
(4, 48)

yellow 1eaflets (L, 49)
yellow pr;sms

yeilow pfisms



Table 5

Salts of H,Fe(CN), (A) from alecoholic solution (4, 47)

Base (B) Adduct
Aniline B3.A.EtOH
o=-Toluidine B3.A.LEtOH
m-Toluidine 3.A. 3Et0H
p-Toluidine 2.A.l%EtOH
o-Phenylenediamine 3.A .25Et0H
m-Phenylenediamine 2.A .13Et0H
Monomethylaniline B3.A
Dimethylaniline B2.A.EtOH
p~bromodimethylaniline BZ.A.EtOH
p-nitrosodimethyl B2;A.EtOH
Pyridine 24iline B,.A.$E0H
Quinoline B3.A.§EtOH
Isoquinoline 3.A +3EtO0H
B-naphthylamine B3.A.2EtOH
Piperazing B3.A.EtOH
Piperidine B3.A .Et0H
Benzylamine 3.A .14EtOH
e o Sne  B3-A.lEtoH
o-anisidine BH.A.ZEtOH
p-xylidine B3.A.3EtOH
Dimethylaminsso  p,.s.2mt0n
Hydroazobenzene B2.A.4Et0H
o-hydroazotoluene B.A,.EtOH

2

Appearance

-white plates

lemon-yellow square plates
light-green plates

green plates

brown plates -

lemon-green plates

light green plates

light green plates

green cubic crystals

. red amorphous

greenish-yellow needles
buff amorphous

yellow amorphods
greyish-white plates
green plates
lemon-yellow needles
silvery plates

green amorphous

_ green needles

green plates

red plates

white plates
white plates



Table 6

Salts of H;Fe(CN), (A) from acid solution (4%, 47, 50)

Base (B) ' Adduct Appearance
Aniline B2.A.2H20 white rhombohedral crystals
o=-toluidine B2.A.H20 : -
p-toluidine - no adduct formed -
m-toluidine By.A.H,0 dark olive-green needles
p-xylidine ,BZ.A.2H20 leﬁon-yellow rhombohedra
& -phenylethylamine - white rhombohedra
‘ot -naphthylamine By, «A.H,0 white plates
@ -naphthylamine By, «4.H,0 needles
Benzidine : - rhombic erystals
monomethylaniline BZ.A.xHZO white rectangular prisms
forms several hydrates
dimethylaniline - By.A white rhombohedral prisﬁs
trimethylamine - - octaﬁedra
pyridine ' - lemon-yellow rhombohedra
quinoline : B2.A.%H20 orange-yellow rhombohedra

. hexamethylentetramine BH.A3.13H20 white crystals (4,51)
betaine B;.A.ZHZO " colourless powder (4,49)
pyridinebetaine - needles (4,49)

trigonelline ' - " red prisms (%,49)



Salts of HyFe(CN),,

"Table 7

(A) from alcoholic solution (4%,47,50)

Base (B)
Isoquinoline
o-anisidine
Bénzylamine
Piperazine

Piperidine

Adduct _

B2.A

B,A.3Et0H
B'+.A
B,.A.2Et0H

B)+0A oEtOH

2:4—tolylenediamine'B3.A.EtOH

Tetramethyldiamino- BZ.A.ZEtOH
diphenylmethane

Dimethylaminoazo-
benzene

Hexamethylene-
tetramine

o-phenylenediamine
m-phenylenediamine.
p-phenylenediamine
Guanidine
Guanylurea

p~thiocyanoaniline

B.A.EtOH

B,.A.$EtOH

BH.A.5EtOH
By, +A.4EtOH

Appearance

lemon-yellow rhombohedra
white prisms

white plates

white plates

whife rhombic cryétals
white rhombohedra

white prisms
crimson plates
white plates

white plates

white plates

white plates

light yellow plates
light yellow crystals
crystalline
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sulphuric acid loses 21% molecules of wétér.

HhFe(CN)é has been ‘used to sebarate mixturés of
organic bases. The metho&s'taﬁé advantage of the
differing solubilities of the ferrocyanide sslfs and
include separation of mixtures of alkaloids (2),
separation of pyridine from its homologues (57), and
the séparation of diphenylamine from aniline (47, 50).

A few salts of other acids are known. |
Hexamethylenétetramine combines with H3Co(CN)6'to give
3H3Co(CN)6.L|-(CH2)6I\T,+.9H20 (59). HKW(CN)g in alcoholic
solution forms crystalline salts with pyridine and
quinoline (&). HLI_Ru(CN)6 forms salté with brucine and
strychnine (%, 26), and H 0s(CN), with strychnine (%, 60)
The base'i-phenyl-z:3-dimefhyl-hamino-5-pyra2010ne, and
its alkyl derivatives, form compounds with HAu(CN)h
(%, 61). | |
1.3.2 QOther Adducts

These can be separated into well-defined and
poorly~defined types but may still be considered.as'
Lowry-Bronsted bases in that they will accept protons
under certain conditions.

Well defined adducts of complex cyanide acids:

HnFe(CN)g forms a whole series of compounds with
H,80, (62, 63). Compounds containing 1,5,6, and 7

molecules of sulphuric acid to each molecule of
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ferrocyanic acid are known, all reverting to ferrocyanic
acid on stahding in moist air. If a small amount of water
(5% Y/,) is added to a cold saturated solution of
ferrocyanic acid in concentrated sulphuric acid,
rhombic plates of composition BhFe(CN>6°7HZSOH separate
on evaporating the solution (62). Using more water
(12-15% v/v),-the compound HhFe(CN)é.Sstoh separates
on cooling in vacuo as shiny needles (62). From a
2.5% solution of KLFé(CN)é in concentrated H,80,,
colourless toc pale-yellow crystals of composition
HuFe(CN)é.éHZSOM separate on heating to 60°C; and ¢ooling
slowly (63). | |

Other compounds are produced by warming solutions
of HuFe(CN)é in concentrated sulphuric acid, when gas
evolution occurs (4, 62). If H Fe(CN), is dissolved |
in concentrated H,S0, at 100-110°C, crystals of
composition 2H3Fe(CN)6.SO3H.7H2804 appear on cooling.
These readily lose sulphuric acid to the air, and if
the resulting product is recrystallised from alcohol,
the product is of composition HF e(CN)6.H SOy. On
repeating the treatment, but using fuming sulphufic-

acid, needles of composition 2 H Fe(CN)6.SO3.3H2 2 7

separate. These leave on evaporation from alcohol

solution, the compounds Ee(CN56,802 and H3Fe(CN)6.SO3H,
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Adding a tertlary phosphlne oxide to - a solution
of ferrocyanic a01d 1n alcohol or water deposits small
colourless needles of general comp051t;on HuFe(CN)é.z
R3PO (64). They'are mbstly soluble in watgr;'insoluble
in_cold alcohol, and soon turn green in the 1light or in
contact with moist air..~ A similar reaction with

H Co(CN)6 again deposits small crystalS‘klZ, 65).

Hiwever these qontain,alcphol or water of érystalliSation
in addition to.H3Co(CN)6 and tertiary phos?hine oxiaea :
| HyFe(CN)g forms a series of adducts with aldehydes
and ketones (66). The aldehydes used were acetaldehyde,
benzaldehyde, heptanal, citral, benzylaldehyde,'-
cinnamaldehyde, and fuffural, The ketones were acetone,
methylethy;ketone, carﬁone, camphor, fenchone, and |
menthone. These adducts decomposed when dried in vécuo
over sulphuric. acid andlso thelr exact compositiondcould
not bé detérmined.' |
Ferrocyéhic acid also forms a series of compolnds.
with aldéhydesﬁand_ketqnes (66). These are listed in
Table 8. They é:e however stable when confined in
vacub over sulphuric acid and the compounds have  a
deflnlte compositlon. | |
H3Co(CN)3 has been esterified with a var¢ety of
‘alcohols to yield crystalllne products-(67.- 72).
by dissolving H3Co(CN)6 in alcohol and evaporéting;to
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'dryness.inltne absence of moisture,]a,crystalline _
derivative is fofmed, On dissolving this in an
.Fethanol sulphuric acid mixture, and treating with
~ HC1, the compound H3Co(CN)6. (EtOH)3 is obtained.
Using methanol gives a similar ‘compound H3Co(CN)6.
(MeOH)3._. These adducts are crystalline, soluble
in weter, and titrate as free acids. On add:ng
‘pyridine to the ethanol compound, H3Co(CN)6
'(05 5N)3-1s formed, (70).  Passing HCL into the o
n:propanol.solution of-H3Co(CN)6_produces H3Co(CN)6.'
(PrOH)3,,as_well as indicating the presence of
'H3Co_(CN)6.(PrOH)2 and H3Co(CN)6. PrOH (+). .
Poorly deflned adducts of complex czgnide acids:
| Certain substances, mostly ethers or alcohols,
form addltlon compounds with ferrocyanlc a01d, usually
' of varlable composition. There appears to be only
‘a loose assoclation between the scid and the dowot
molecule'slnce'the ether or alcohol is-given off
continuously on standing.' In some-ceses a definite
compound'cen be isolated. )

The compound_witn diethyl ether can be formed
' in sevefal ways. The usual method is by the addition
of ether'fo a solution'of ferrocyanic acid in zlcohol
(73), although it can be formed byrbringing HhFe(CN)é
into contact with ether liquid or vapour (74, 75, 76).



Table 8

Adducts of HuFe(CN)é (4) wifh-aldehydes and ketones (66)

Aldehyde (B) - Adduct
Acetaldehyde | A.B
Paraldehyde A.B
Heptanal A.B
Benzaldehyde - A.B
Behzylaidehyde A.B
Cinnamaldehyde - A.B
Citral ' AB
Furfural | A.B

Ketone (B Adduct
-Acetone ) A2.B5
Acetone AH.B
Me thyl ethyl ketone 4,.B,
Diethyl ketone A.B2
Butyrone ' A’BZ

.Benzyl methyl kefone A.B2
Qomph,or - A.B2
Camphor AB
Fenchone -A.B
Carvone A.B,.2H,0
Carvone ' A.Bz.%HZO

Menthone ' A.32
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With the last method, the solid quickly swells up =
to 4 or 5 times its original volume (16), and there
is a small but noticable evolution of heat (74, 77).
. The presence of a small amount of vater seems to act

. as é catal&sf in this reaétion,'since'it accelerates
the formation of the etherate(78). The exact
composition of this compound is not clearly
. established, many workeré'givihg'different results.
Formulae recorded-are.HhFe(CN)é.2.7(CZH5)20 (31),
HuFé(cN)é.z(csz)zo (75, 76, 79), HFe(CN)g. (CoHg),0
(2), and containing between 1 and 2 molecules of ether
(74).' These claims were further sfudied by McIntosh
(77), who on the basis of detailed Vapbur preésure
measurements, showed that the éthér content varied

over wide limits but withouf the formation of
Idefinite cbmpéunds, and he regarded the systém as 

a solid solution. | |

| Several.compéunds of ferfocyanic.acid éontaining
alcohol have been ispiated. If H Fe(CN), is dissolved
in methanol and the resulting solution cooled to - 80°C,
crystélétof composition HhFe(CN)é.iOMeOH which melt
sharply at -33°C separate (77). A compound bf the
same composition,and-mélting at - hSOC is-obtained with .~

ethyl alcohol under Similar conditions (77).
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By evaporating a solution of ferrocyanic acid in
ethanol, over CaCl,, Baeyer obtained HuFe(CN)é.
3¢2H50H (31), while from vapour pressure measurements
Holzl (80) concluded that in addition to the compound
with three mélecules of ethanol compounds witﬁ one
and two molecules also existed. When H Fe(CN), is
exposed to the %apour of allyl alcohol it is claimed

that HuFe(CN)6.HCH2:CHoCH OH crystallises out (76).

2

On adding acetone to a solution of ferrocyanic
acid in methanol an oil is deposited, which when
treated with a further quantity of acetone deposits
a solid of composition HuFe(CN)é.(CHé)ZCO (31). Also
by treating the methanol solution with ether the
extremely unstable HuFe(CN)6CH3OH.(CZH5)20 is formed.
McIntosh (77) diségreed with these claiﬁs, and, by
using the results of vapour pressure studies, suggested
that the ferrocyanic acid-acetone system was ih fact
another case of solid solution formation. |

Chretien (76) found that ferrocyanic aéid also
absorbs the vapour of ethylene oxide and epichlorhydrin.
1.3.3 Reaction with Lewis Acids . |

No work has so far been reported on the formation
of Lewis acid adducts with complex cyanide acids, and
the present work is for the most part concerned with

this study, in particular the adducts formed by the
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addition of boron halides to the.irOn compleX cyanide
acids. Adduct formation of the salts of the complex
cyanides w1th Lewis ac1ds have hovever been reported.
(81). .In addition to. the iron complex cyanlde acids
we have also studied the related alkyl ferrocyanides
and their adducts with Lewis acids in order to throw
further light on the beﬁaviour of the iron conplex |
cyenide acids. - |

Shriver (81) perfofmed a series of experiments
on the-addifion cf BF3_to va?ious complex cyanides,
mdumg&mwMMKgﬁw%,%mwmwam
Fe(phen),(CN),. He found that the addition of
boron trifluoride to -the cyanide complexes was slow,
which he at firsf attributed to the high lattice
energy of the compleies, but later considered to
be due to the rate of diffusion of BF3 into the
 lattice. In a typical experiment anhydrous
K2N1(CN)4 absorbed BF3, ‘at 85°C and 300 mms pressure,
to form a 1:1 adduct after about 3 hours reaction time..
On allowing the reactants to stand in a_sealed tube for
two months at room temperéture the-product was -
K2Ni(CN)thF3,. When the pressure of'BF3 over the
solid was observed at intervals it was found to fall
continuously, indicating that the rate of adduct

formation was limited by the rate of diffusion of
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BF, into the __-_1a'ttice.
The' compounds formed with a range of, complex
o ) Fhe 'F‘."" uenc o‘g bamds i
cyanides are indicated in Table 9, andkthelgélnfr re
‘spectra in the C:N stretching frequency regibn are
given in Table 10 where they are compared ﬁith the
CEN frequenéies of the parent complexes.

- The adducts were all highly moisture sensitive,
~and, with the exception of Fg(phen)z(Csz.zBF3, were
insoluble in, or reacted with common solvents.

It was noted that in the cohpounds'formed the parent
cyanide was initially prepared as a hydrate, and was
dehydrated prior to reaction with BF3.' The |
dehydratioh process appeared to leave the cyasnide
complex in.a peacti?e form, since the addition of BF3
to those compounds crystallising without water of
crystallisatioh, i.e. such compounds .as K3Fe(CN)é,
K3Cr(CN)6,.and Pden(CN)z, was very slow and could not
be brought to complefion.

The system KCN - BF3 was_also investigated, the
materials being sealed in a tube and left at room
temperature for'sométime; The. product of this reaction
was a yellow brown solid in which a simple stoichiometric.'

ratio was not obtained. In two similar experiments

O.14% and 0.43 moles of BF3 per mole of KCN were absorbed.
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Table 9

Lewis Acid
(P)-Pressure
(T)-Temperature

(t)-Time

Mole Ratio

Acid:Complex

K2Ni(CN)4

KhFe(CN)6

KuFe(CN)é_

KhMo(CN)S

Fe (phen), (CN),,
Fe(phen)Z(CN)2

Fe(phen)z(CN)2

BF3
>1 atmos.

-Room temp.-

7 weeks

BF3

>1 atmos.

Room temp.
3 weeks
" BF
3
<1 atmos.
: 75°C
10 weeks
BF.,
3
->1 atmos.
Room' temp.
3 weeks
BF
3
>] agtmos.
l50C
1 week
BF3
<1l atmos.
- 400C
1 hour
BF
3
<< 1l agtmos.
Room temp.
1l day
BH3
<1 atmos.

Room temp.
5-9 days
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Table 10

Infrared spectra in the C=N stretch region (Shriver)

Compoun Absorption fregquency (cm '12'
K N1 (CN)y, 2130 (s)
K2Ni(CN)4.hBF3 | ;2#5 (s)
KLFFe(CN)é.sBF3 2155 (br,s)
Ky, Mo (CN) g. 3H,0 2135 (m), 2126 (s), 2123 (s),
- , 2100 (v.s)
Ky, Mo (CN) g. 8BF ' 2235 (br,s) |
Fe(phen), (CN), 2079 (s), 2067 (ms)

Fe(phen)Z(CN)z.ZBF3 2153 (s), 2173 (ms)

.Fe(phen)z(CN)Z.zBH3 2154 (s), 2165 (ms)
Fe(phen)2(CN)2.2BCl3 2130 (s), 2155 (ms)
Fe(phen),(CN),.2BBry 2127 (s), 2158 (ms)

- Fe(phen)z(CN)z.zBMie3 not recorded

* In the C=N stretching frequency region
K,_I_Fe(CN)é shown .a total of six absorption
maxima, and the choice of this particular

~frequency seems somewhat arbitrary.
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As can be seen from Table 10, the addition of BF3
' causes the CE=N stretching frequency to increase

in all cases, which was taken to indicate the

This

formation of the bond system M— C'=‘N—'-BF3._
bridge structure was consistent with an observed

1, which appéared_in.all

frequency at around 1100 cm”
-césés,land-was.assigned to the asSymetrichF3 stretch..
-_Magnetip measurements and electronic spectra (reflectange)
also indicated the retention of metal-carbon bbnding.

A comparison of d-d transitions in the complek éyanide
and its adduct suggested that the C=N group does not
transmit large inductive éffects; although this did not
appear to be true_for the addition of BF3-§0 Fe(phen)2
(CN)2. | '

Further investigatiogs have produced. adducts of

" complex cyanides with BX3 (X.= C1, Br, H,methyl) |
together with adducts of other Lewis acids, MF)

(M = 81, Ge, and Sn), (82, 83),

l.ﬁ, Ferfocyanic acid - Hqu(CN)é

1.%.1 Prepération
In the preparation of ferrocyanic acid the one
factor oa which most methods depend is the insolubility

of the addition compound with ether.
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All of the methods of the preparation of the complex
cyanide acids described earlier have been used for the
preparation of ferrocyanic acid. The most commonly
used method is that using alkali ferrocyanides, strong
acids and ether, and in the many published accounts
there are only minor variations in the method. Thus
as alternatives to the common method of using concentrated
HCL, fuming HCL. (73) or concentrated sulphuric acid (84)
have been used. Weak acids have also been used.

Thus when KjFe(CN), solution was mixed with an alcoholic
solution of tartaric acid evaporation of the filtrate
yielded small, cubic érystals of ferrocyanic acid (85).
BerZelius'ciaimed that this method gave an impure product
(86), but this was contradicated by Wehrlin (87) who '
claimed that a pure concentrated solution of

" ferrocyanic acid is produced. The actioniof sulphuric
~acid on the barium salt has also been used (86, 88 - 90),
as also. the action of sulphuric acid or HZS on suépensions
of the lead salt (21, 86, 90 - 93). The ion-exchange
method has also been used (10, 22), Hein (10) used the
synthetic resin Wolfatite A with solutions of K, Fe(CN),
the potassium bging readily replaced bj‘hydrogen at room
temperature and a contact period with the résin of 15
-minutes. - The usual temperature used in these preparations

is that of an ice bath, but Adie (94%) used a solution of
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KLFFe(CIV)é in concentrated sulphuric acid at 100°C
under an atmosphere of carbon’ dioxide, whilst Aschoff
(95) reacted the same materials at room temperature.

All of the' above variations howevgr'yield the
addition compaund'with ether, when the object is to
obtain a soiié sample of ferrocyanic acid, and one 6f
the main differences of opinion is on the method by whitch
the ether is removed. At rdom_temberature the addition
~compound has been de-etherated in vacuo, either alone
(77, 96) or over a chemical agent such as concentrated
. sulphuric acid (91) or Péo5 (94). However many workers
have claimed that the ether can only be effeétively'
removed at elevated temperatures,-e.g; in vacuo at 40°¢
(2), at 50°C (97), or in a stream of hydrogen at 50°C
(98). Even then Browning (74%) suégests that even more
vigorous conditions are required, and he used temperatures
of 80°C and 100°C, the latter temperature being more
recently adopted by anes (12).

1.4.2 Properties |

Anhydrous H#Fe(CN)6 is a white powder (96, 99),
which is stable in dry air (73, 86), but turnslblué in
moist air (8, 99, 100), the latter effect being claimed
- by some workers to be due to the gradual formation of
Berlin Blue (86, 91). ' In solution it is claimed that

ferrocyanic acid slowly evolves HCN with gradual
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deposiﬁion_of ferrous ferrocyanide, which rapidly

turns blue. (&) On boiling the aqueous solution the
acid is rapidly decomposed, evolving HCN, and leaving
an insoluble residue of ferrous feyrocyéhide. The blue
colour pfoduced in moist air is also produced by the
action of light,_which causes partial oxidation of the
ferrpus'ion (101). Irradiation of solutions of
ferrocianic acid with sunlight,.or with the light from
a Meréury discharge lamp, also produces the blue colour,
and has been attributed tb the reaction (102):

8 H,Fe(CN) + 0, —= 4 H Fe'TTreTI(cm) + 24 HON + 2 H,0

2
‘The acid is soluble in water (150 gms/litre @ 14 C)

or ethanol, and insoluble in ether’(h? 8, 103). The molar

volume is 14l (97), and the heat of fbfmation from its

elements is -122.0 Kcals (104%), and its density at 25°C,

referred to water at 400, is 1.536. Of the four ionisation

constants of H&Fe(CN)é, the first two are those of a very

strong acid, whilst the third and fourth are those of much

weaker acids. The dissociation constants are given as:

as strong as HCL>0.1 (2k)
- omn w01 (24)
1073 (23) and 6 x 10™3(2Y4)

5 x 1077 (23) 5.6 x 1072 (105) 5.8 x 1072 (106)
| 6.7 x 1077 (2k)

_F?#w:?#.m?:‘il_lw-
1
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The hydrogen atoms in HhFe(CN)é can be replaced by
‘alkyl groups to-form organic derivatives of the acid.
When HC1 is passed through a solution of ferrocyanic acid
in efhanol until saturation, érystals separate on cooling
which héve the general composition HhFe(CN)é.GEtOH.ZHCl
(107,'108)._ These crystals were formulated by Buff
(107) as (CZHS)hﬁe(CN)é.2C2H5Cl.6H20 ahd by F;eund (108).
who regarded the'compound as an imino-ether,

S
Fe C

| Cl2

OCZHEJ6
The crysféls lose water on drying over calcium oxide,
forming the white-compound'[(02H5)6Fe(CN)é]012.
Similar compounds are reported to be formed by solutions .
of ferrocyanic acid in methanol (iO?, 108), propanol
'(3i, 108), and amyl alcohol (31, 108). The results of the
above reaction have bgen disputed by Holzl  who considers
that the product from ethanol solution is the alkoxonium
salt E“e(CN)6C12 (EtOH, ), which, on addition of ether,
forms_[fe(CN)é] .H.(EtZOH)3 and on heating reverts to
ferrocyanic acid (109). On heating ferrocyanic acid
in absolute ethanol for 15 hours at 100°C, Holzl

postulated that the following compound. was formed:
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F OH2 OH2 OH2 OH2

(NC)Z:Fe:(CN)Z:Fe:(CN)Z:Fe:(CN)Z:Fe:(CN)2

OH OH

OH CNEt J

2 2 2

The isocyano-iron derivatives, Rqu(CN)é, are formed
by other methods, and will be‘discussed in detail later.

'Ferrocyanic acid forms a series of thio=-salts with
alkyl sulphides (110). They are formed from acidified
ferrocyanide solution on treatment with RZS’ R'X, and
FeX3, and are of general formula R2R'8H3.Fe(CN)6.- They
are usually insoluble in water, alcohol, and ether. The

compounds produced by this method are:

Product Reactants gferroczanide excluded)
(C2H5)38H3Fe(CN)6 (CZHS) S, C HSBr, FeBr3
(CoHg), (O HgISH Fe (CN) g (CoHg),S, (CHg)yCOL, FeCly
(C2H5)2(C6H5CH2)SH3Fe(CN)6 (CéHSCH2)23, 2 5 r, FeBr3
(C H5)(C6H5CH2)ZSH Fe(CN)6 n n n n

(C#H9)(06H50H2)2$H3FG(CN)6 (CéHSCH (CH ),CCl, FeCl
(06H5CH

(C6H5CH

2725 3~ 3
2)3 3Fe(CN)6 Passing NH3 thro! (Q6H5 2) SFeCl,

232(06H500)SH3Fe(CN)6 (CgHgCH,),S, CgHyCO, PeCl3
l.4.3 Decomgosition

This has been studied by many workers. Although it is
clear that HCN is evolved on heating, the final product
and the temperature at which decomposition begins is

uncertain. The decomposition products obtained depend upon



41,

whether the material is heated in air, an inert atmosphere
or in vacuo. According to early studies the decomposition
was reported to yield MH, in addition to HCN (99), although
this has not Eeen confirmed by later work. It does appear
that NH3 is évolved when the decomposition is performed
in a reducing atmosphere, e.g. a H2/N2 mixture (111).
On heating in air Rudge (100) found that the acid was
partially decomposed at lOO°C, and fully decomposed at
200°C, the gaseous decomposition product being HCN,

The overall reaction was expressed by .the équation:

II

3 HuFe(CN)6-——4-12 HCN + Fe;

FeII(CN)é

Browning (74) found that by heating at 100°C in the
air, HCN was evolved at first forming a blue compound,
but that after one day the acid was fully oxidised to
Fe, 03, although Bodensiek (97, 98) claimed that on
heating to 190°C the acid loses HCN completely, the
residue being ferrous ferrocyanide, a blue-black substance.
By heating in a stream of hydrogen or in vacuo different
" results are obtained. By gradually heating ferrocyanic
acid to 230°C in a hydrogen stream, Bodensiek (98). formed
brown-yellow ferrous cyanide, whilst according to’
Browning (7%, 112) HCN evolution begins at 120°C, being
still incomplete at 220°C after three hours, but that

on heating for one hour at 300°C the acid is completely

decomposed leaving pale yellow ferrous cyanide. On
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heating at 100°C in a stream of carbon dioxide it is
claimed that HCN is completely removed.from ferrocyanic
acid, leaving a residue of white ferrous cyanide (91).
These results were disputed by Deniges (113), who
claimed that on heating ferrocyanic acid the first
product is HZFeIIFeII(CN)é, and subsequently

FeII

H FeII(CN)5. Also by heating under vacuum to 110° -

IIFeII(CN)6

120°C it is claimed that the acid salt H,Fe
is obtained, and this is then oxidised to HFeIIIFeII(CN)6
(%, 114 - 16).

Heating above 400°C causes compléte gas evolution
leaving a black residue. Rammelsberg (117) considered
this to be a mixture containing the elements of
Fe, C, and N, which Deniges (113) considered to be iron
carbide and nitride, |

It is evident from the work reviewed that there is
~ considerable confusion regarding the behaviour of
ferroéyanic acid. On the thermal decomposition the
results ffom vacuum treatment or in a stream of hydrogen

suggest that at least up to 300°C the decomposition proceeds

by loss of HCN gas, the residue being a yellow compound

which contains Fe, C, and N, and shows reactions for
cyanide. The nature of the residue is in dispute.

X~-ray powder photography (118) has been used to examine
the residue and the results suggested to the author that
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the compound was a complex ferrous ferrocyanide rather
than the simple ferrous cyahide.
l.4.4 Infrared spectrum and structure

Until recently little attempt had been made to
determine the structure of ferrocyanic acid. Since
preparative methods do not give a macrocrystalline
structure, X-ray study has been limited to the study of
powder patterns, and a preliminary report (119) gives the
space group as PZI/a(Cgh), with two molecules per unit cell,
the iron atoms having site symmetry Ci. The proposed unit
cell is shown in Figure 2. No published details of the
analyéis of the powder pattern have followed the preliminary
note at the time of writing. |
| The infrared spectrum of ferrocyanic acid has been
recorded by Jones (12, 44), Beck (45), and Ginsberg (46)
- the latter paper being particularly detailed. The recorded
frequencies of Jones are given in Table 2, and those of
Beck in Table 3. The results for the strong absorption
frequencies recorded by Ginsberg are shown in Table 1l.
- A1l the authors are in agreement that the structure consists
of H#Fe(CN)é units, with a trans arrangement of hydrogen
atoms, the units being linked by asymmetric hydrogen bonds,
but of the authors only Béck is prepared to postulate a
structure on the basis of the infrared evidence. The
infrared spectrum results will be discussed in some detail

later.
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Table 11

Strong Infrared absorption frequencies according to Ginsberg (46)

HL!_Fe(CN)é Frequencies (cm™1) Assignment
406 (i) v (M=)
419 (m) Y(M—C)
448 (m) £ (M=C--N)
588 (ms) y/(M=C)+ { (M=C=N)
668 (m) w(N-=H)
692 (m) " ar (N—H)
887 (m) § (N—H)

1650 (ms) § (N—H)
2072 (s) Y (C=N)
2096 (s) Y(C=N)
2106 (sh) y(c=N)
2370 (ms) - y(N=H)
2770 (ms) V(N—H)

3040 (vs) ¥ (N— H)
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CHAPTER 2

Some studies on Ferrocyanic acid

Ferrocyanic acid was chosen as the complex cyanide
acid for study because more work had been previously
published on this acid than any other, and yet as will
be apparent from the opening chapter there is still
some considerable confusion. In particular the
‘thermal decomposition has been‘extensively reported,
but with considerable variation in the results obtained,
this being especially so in the role of the ether used
in precipitation of the acid, in the temperature at

which the decomposition begins'and ends, and-in the
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nature of the final decomposition product. It is well
known that the decomposition of the alkyl ferrocyanides,
RhFe(CN)é, occurs by loss of the isonitrile RNC. If one
can regafd the alkyl ferrocyanides as members of a
homologous series of which ferrocyanic acid is the parent,
then it would seem reasonable to look for the tautomeric
form of HCN at least as an lnitial product of the thermal
decomposition of ferrocyanic acid. The thermal de-
composition_of ferrocyanic acid was therefore studied with

particular attention to the following pointst

1) The conditions for removal ofether from

the initial precipitation product.

2) The temperature at which decomposition begins.
3) The temperature at which decomposition ceases.
4) The nature of the gases evolved.

5) The nature of the final solid decomposition

product,

2.1 Preparation and purification of ferroevanic acid

| The acid was prepared by two methods, both osing the
action of concentrated mineral acid on potassium
ferrocyanide, the particular acids used being sulphuric
and hydrochloric acids.

The preparation using concentrated sulphuric acid
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was similar to that used by Heldt (8%). 18.5 gms. of
finely powdered KhFe(CN)6.3H20 was added slowly with
constant stirring to a mixture of 7.0 mls. of concentrated
stoh’ and 13.0 gms. of powdered ice. This mixture was
stirred slowly for a few minutes with 92 mls. of ethanol,
after which the solid residue, consisting mainly of
Kzsou and KHSOH, was removed by filtration. The gfeen
filtrate was then treated with 100 mls. of diethyl ether,
which precipitated the ferrocyanic acid etherate_as a
white solid, which was then separated by filttation.

The preparation using concentrated hydrochldric
acid was similar to that described by King (120, 121).
20 gms. of KhFe(CN)6.3H20 was dissolved in 170 mls. of
water and the solution cooled in an ice bath. 60 mls.
of concentrated hydrochloric acid was then added slowlyy
with constant stirring, the temperature being maintained
at about 0°C. The addition of 25 mls. of diethyl ether
resulted in the precipitatipn of ferrocyanic acid etheréte.
After filtration the éolid was washed with a 1:1 mixture
of concentrated HCi and ether. o

The material produced by both methods wés further
purified in the same way. The white solid was dissolved
in the minimum volume of ethanol at ice temperature, and

then re-precipitated by the_addition of an excess of
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diethyl ether, the solid being collected by filtration.
The procedure was finally repeated using absolute ethanol
as solvent, and sodium-dried ether for the precipitation.
The diethyl ether was removed by leaving the ferrocyanic
acid etherate over silica gel in a vacuum for several
days. This left the ferrocyanic acid as a very fine

white powder, for which analysis gave the following

results:
~ Method Fe (%) Cc(%) N(%) H(%) |
| H,S0, 26,02 33.55 38.82  2.19
HCL 27.46  31.46 39.30  1.79
THEORY 25.86 33.36 38.92  1.87

After a few days in moist air, or on exposure to

sunlight, the white solid rapidly turned blue. It was

found that the acid could be left over silica gel in a
vacuum desiccator stored in a refrigerated cabinet, and
in this way the material remained as a white solid for
long peri-odsf

2.2

Action of ligzht on Ferrocyanic Acid:

In Chapter I it was noted that ferrocyanic acid bécomes
blue on exposure to moist air or sunlight. In the present

work it was also noted that alcoholic solutions of



50

ferrocyanic écid_rapidly deposit a blue solid on exposure
to light, and in an attempt to determine whether the
nature of the blue solid was influenced by the hature
of-the solveht, saturated solutions of ferrocyanic acid
in a range of alcohols were prepared, and exposed to
sunlight. After a few days a large amount of dark blue
solid was precipitated in all solutions, and the solid
was filtered off and dried in vacuo. The infrared
- spectrum of each sample of the solids was examined and .
found to be idenfical, showing absorption méxima at

-1 1

1610 em "%, 2090 cm™t, and 2600 - 3400 cm™* (broad),

together with a weak, very broad absorption at 760 -
1

1000 em™.,

Al cohol Solubility
Ethanol Readily soluble
Methanol Readily soluble
n-propanol Fairly soluble
iso-propanol Practically insoluble
n-butanol Slightly soluble
sec-butanol Insoluble

In addition solid ferrocyanic acid was exposed to
“sunlight, the acid being in a vacuum desiccator over
silica gel. The light blue product which resulted from

this exposure was treated with alcohol, which dissolved
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the unchanged ferrocyanic acid (the white solid etherate
- could be obtained from the solution by precipitation with
ether), leaving a small amount of dark blue solid. The
solid was removed by filtration, and after drying in vacuo,
the infrared spectrum was recorded. The spectrum was
identical to that obtained for the solids deposited from
alcohol solutions exposed to suhlight.

These observations are in general agreement with
those of Mitra (102) who irradiated aqueous solutions of
ferrocyanic acid with sunlight, obtaining a dark blue
solid for which hé considered the overall reaction to be;

II11

8 H Fe(CN), + 0,—> ! HFe :FeII(CN)é + ol HCN + 2 H.O

2 2
It was also noted that the action of light is much more

rapid with free ferrocyanic acid than for ferroeyanic acid

etherate which turns blue only very slowlye. Here one may

also nofe that the adduct of ferrocyanic acid with boron

trifluoride, which will be discussed later, is still white

after several months exposure to light. These results

combined with those of Mitra suggest that the interaction

with ether in some way inhibits the evolution of HCN,

2.3 Ferrocyanic acid etherate:

The removal of ether from ferrocyanic acid etherate in

order to produce pure ferrocyanic acid has been performed
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in a variety of ways by several authors (Chapter 1),
usihg a wide range of temperature conditions. It was
considered desirable to study this decomposition
to f£ind the most favourable condition for the removal
of the ether. For this purpose the etherate was
prepared by precipitation from absolute ethanol solution
using sodium-dried ethér. The solid was filtered and
- washed several times with aliquots of sodium-dried ether.
Excess ether was removed by leaving the solid over silica
gel under vacuum for a short time.

The study of the removal was performed in an
evacuated system, a section of the vacuum line being
shown in Figure 3. A sample of the etherate was placed
in the vessel &, which was fitted with a sintered disc
to prevent fhe mechanical carry-over of solid into the
remainder of the apparatus, and after freezing the solid
with liquid air the line was evacuated. The scample of
the etherate was then allowed to warm up to room
temperature, the trap B belng cooled in liquid air to
trap out evolved gases. After leaving the system for a
sufficient period such that no further evolution of
Volatile material occurred the evolved éases were examined
by infrared absorption and gas chromatography.

For the examination by gas chromatography a sample

of the gas was transferred to a gas-chromatographic column
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by means of g'saﬁplihg.dévice not shoyn in.Figure 3.
The sampling device (122) allowed small samples of the
gas mixture to be trgnsfe;fed quantitatively from the
trap under vaéugm.conditions, to the chromatographic
célumn operating at above atmospheric pressure.
Examination in this way showed that the gas evolved under
roam temperatufe conditions consisted of two components.
One compohent wés shown, by comparison with the sample
of sodium-dried ether used in the precipitation of the
etherate, to consist of diethyl ether.

A sample of the volatiles from trap B was allowed
to expand into an infrared gas cell which could be attached
to the wacuum system. The infrared spectrum proved to be
identical to a similar sample of the sodium-drieﬁ ether
except for one peak at 720 cm '1; which corresponds to
the strongest peak in the spectrﬁm-Of pure HCN; Other
peaks due to HCN could not be picked out being masked by
overlying peaks of diethyl ether. The results of these
experiments show that under vacuum conditions at room
temperature the main product from the decomposition of
the etherate is diethyl ether with admixture of a small
quéntity of HCN. |

The residue in vessel A was then raised in temperature
to 50°C, and volatile material again trapped out in B,

which had of course beén. evacuated to remove the products
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from the previous observations. The amount of volatile
material yielded from this procedure was quite small,
even after several hours at 50°C. The product was
identified as before to be a mixture of HCN and ether,
the only difference being that the HCN : diethyl ether
ratio was nigher. At 80°C insufficient material was
produced to allow examination by infrared absorption,
but gas chromatographic observation showed the product
to be again a mixture of HCN and diethyl ether with the
HCN being the major constituent.

| As a result of these observations we have adopted
the practice of de-etheration of ferrocyanic acid by
storage over silica gel under vacuum at room temperature.f
Whilst this practice does leéve'a small residue of die-
thyl ether it minimises the loss of HCN,

2.4 Thermal Decomposition of Ferrocvanic Aeid (50 - 320°C)
The apparatus used for the decomposition is shown in

Figure 4. The sample of ferrocyanic acid was contained in
the vessel A, which was fitted with a sintered disc to
prevent mechanical carry-over of ferrocyanic acld or its
decomposition products, these all being in the form of
very fine powders. Attached to the vessel A was a mercury
manometer which allowed the rate of gas evolution to be

followed, as well as indicating when gas evolution ceased.
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A

A series of traps were also attached to. the vessel. The
first of these (B) was used to condense out all the
gaseqﬁs products evolQed; and the remalning two were used
for the distillative separation of the volﬁtile products.
Two B 10 cones were placed between the traps to allow for
the attachment of an infrared gas éell ih order to determine
the nature of the separated decomposition products. The
vessel A was heated dp to 100°C using a water bath, from
100 - 180°C a liquid paraffin bath, and from 180 - 320°C
the bath consisted of Wood's metal.

The products obtained on heating to 80°C have already
been described, and the sample of ferrocyanic acid was
first of all maintained at 80°C until gas evolution had
sensibly ceased. On raising the temperature to 100°C the
rate of gas évolution increased, although the rate was still
falrly slow. After two days at this temperature the solid,
which had acquired a pale blue colour duriné its being
heated at 80°C, changed colour to Bottle Green and gas
evolution still gecurred but the rate of evolution was
extremely slowe. The spectrum of the gas collected showed
it to consist of HCN and diethyl ether together with a third
component.

After removal of the volatile material from the
collection traps, the temperature of the bath was raised to

160°C, and maintained at this temperature for several hours
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until gas evolution had ceased. The solid had acquired
an emerald green colour. Examination of the volatile
material showed that evolution of diethyl ether had
ceased, and the gas consisted largely of HCN together
with a quantity of the unknown component observed at
100°c. Traces of yet another component could also

be seen in the infrared spectrum.

Separation of the gases evolved at 160°C was
effected. The trap B was allowed to rise to room
temperature, whilst trap C was maintained at - 78°C by
means of an acetone-solid CO, bath, and the trap D was
kept at the temperature of liquid air. After a short
period the spectrum of gas in each trap was observed.
Only HCN was found in trap B, and the unknown component,
together with some HCN was found in traps C and D.

This unknown gas was thus more volatile than HCN, and its
spectrum showed the following strong peaks ( em™t ):
1190, 1350, 1360, 1380, 1730, 1740, 2900, 2950

On raising the temperature above 160°C no gas was
evolved until the temperature reached 210°C, when a slow
evolution of gas began., The temperature was slowly raised
with continuing gas evolution, the temperature being
finally maintained for a short time at 320°C when gas
evolution finally ceased. Raising the temperature still
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further produced no more gas evolution. The infrared
spectrum of the volatile material collected.showed
three components, two of which were readily identified
as HCN and diethyl ether. Thg trap B was allowed to
rise to room température, trap C being maintained at
95°C (toluene slush bath), and trap D maintained at
liquid air temperature, Since HCN has zero vapour
pressure at - 95°C (123) the trap C retained all the
HCN. Complete separation of the unknown component
was effected in this way. The unknown component was
identified as ethylene from its infrared spectrunm.

The presence of ethylene was unexpected. The
samples of ferrocyanic acid used in the thermal
decomposition study had been prepared by use of con-
centrated sulphuric acid. As already noted in Chapter
1 sulphuric acid forms a series of stable adducts with
ferrocyanic acid, and it was considered possible that
some of the sulphuric acid used in the preparation could
have remained éssociated.with the ferrocyanic acid.

Thus when the temperature was raised the sulphuric acid
could bring about dehydration of ether remaining in the
compound, and thus account for the presence of ethylene,

i.es (124, 125).
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8t,0 + HZSOLI-_>Et

2 2

(o]

ot + HS0,~—=EtOH + EtHSO,

EtOH + H, CoHy, + 1,0 + 1,80,

In order to test this possibility further samples of
ferrocyanic acid were prepared-using concentrated HCl
instead of hZSQh’ and the decomposition repeated. The
Decomposition was found to be the ssme as that already
observed. ' The method of-preparatién of ferrocyanic
acld does not therefore influence the nature of the
decomposition products. The results of the study of
the volatile products arising from the thermal. de-
composit;on'are summarised in Table 12.

From the dbservation that the evolution of HCN
appears to cease at 160°C and then restart at + 210°C
with continuous gas evolution up to 320°C when all
evolution of gas ceases, we are led to the conclusion
that two distinct compounds at least exist. Starting
from the white ferrocyanic acid continuous colour
variation occurs up to 160°C when the residue has an
emerald gfeen colour, and on the recurrence of gas
evolution at 210°C again continuous colour variation is
observed the final prqduct'being golden-yellow. Both

compounds were prepared by heating ferrocyanic acid at

the appropriate temperature under vacuum conditions.
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When exposed to air both compounds darken rapidly,
with a small but noticeable rise in temperature,

and the final dark blue colour attained is the same.
for both compounds. Analyses were performed on the

samples exposed to air, and the following results

obtained:
Product  Fe(®)  C(%)  H(%)  N(%)
A 33.7 22,2 0.93 -
B 46,0  21.32 -  23.55

A = HhFe(CN)6 heated to 160°C and finally exposed to air
B - n n n 320°C n n n n o n

From this data the following atom ratios were derived:

Product __Fe c H N
A 1 3,08  1.55 -
B 1

2.15 - 2,01

The atom ratios thus correspond to the empirical formulae:

A - h3F62(CN)6

B - Fe(CN),
If we disregard the hydrogen analysis result, and recall
that HCN is the only major volatile thermal decomposition
ﬁroduct, it is possibie to formulate compound A as

Dihydrogen iron (11) hexacyanoferrate (11),
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- Igble 12 -
Summary of the decomposition of Hy Fe(CN),

- Temperature Colour of residue Ggses evolved

22°¢  White ©_ Ether, HCN
50°C White Ether, HCN
80°¢c Pale Blue Ether, HCN
100°¢ . Bottle Green Ether, HCN,

+ unknown gas

160°C - Emerald Green HCN, unknown gas,
trace of C,H)

320°¢ Golden-yellow  HCN, Ether, C,Hy,

i.e. H2Fe(II)-Fe(CN)6. Dr. Gibb of the University of
Newcastle produced a Mossbauér spectrum of this compound
which certainly showed the iron atoms to have different
environments, but the spectrum was complicated and further
work is necessary before any definite statement can be
made. At the time of writing no further work has been
done on this compound.

The atom ratios for compound B admit of formulation

as iron (II) hexacyanoferrate (II),
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i.e. Fe2Fe(CN)6. The Mossbauer spectrum was again
produced by Dr. Gibb who considered the spectrum to be
consistent with formulation as a ferrocyanide. However
the immediate product of the thermal decomposition,

the golden-yellow compound, was not examined, and our
examination of the chemical properties of this compound
would still appear to leave open the formulation of
Bodensiek (97, 98) who regarded the compound as ferrous

cyanide.

2.5: Infrared Spectra of Various Ferrocyanides

This work was undertaken in the hope that.it might
-provide'further evidence on the nature of the thermal
decomposition product obtained at 320°C, i.e. the golden
yellow product.

Several compounds of the form MéIFe(CN)é were prepared
by mixing aqueous solutions of ferrocyanic acid, and aqueous
solutions of the appropriate metal chloride in stoichiometric
ratio. The metal chlorides used were those of the divalent
transition metals Mn, Co, Niy Cu, and Z2n. The precipitated
ferrocyanides were filtered off, Washed several times with
distilled watef, and dried first in a vacuum desiccator and

finally in a vacuum oven at 100°C for several days. The

infrared spebtra of the products was observed and compared
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with the spectrum obtained for the préduct of thermal
decomposition of ferrocyanic acid (320°C).

The results of the infrared observations are shown
in Table 13, and apart from the characteristic C=N

frequency at approximately 2100 et

no attempt has
' been made to assign the frequencies of particular
modes. All of the ferrocyanides examined showed common
absorption frequencies at approximately 490 ca™t (m),
600 cm'l'(m), 1120 em™t (w), 1410 em™t (m), 1615 em™t (m),
2100 ca™l (s), and 3400 cu™ (br,s). We shall have
occasion later to remark.on the frequency 1615 em~L,
The.only major differénce noted between the spectra'and
that of the decomposition product is the existencé,of
two C=N stretching frequencies for the decomposition
product-as against one for the transition metal ferro-
cyanides., We are not in a podition to offer any
explanation for this., The correspondence with the
remaihing frequencies would appear to offer support for
this formulation of the decomposition product as a
feriﬁcyanide. | _

Howéver, although infrared and MO ssbauer studies
appear té-support,thé ferrocyanide formuglation, we
Shoulh:also consider the chemical behaviour of the

compound.
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Infrared Spectra of Transition Metal Ferrocvanides

Mnlre (ON)4 .CoXTFe (M) . N1LTFe (CN)4 . CullFe (CN) . ZnyTFe (CH) g Foz TP (aN)g 7

457 (m) - - - - 460 (m)
485 (¢) 480 Gw) 48O (@) 497 (@) 497 (@) 485 (m)
- 505 (s) - - - -

- 522 (m) - - - -

598 (m) 602 (m) 600 (m) 597 (m) 610 (m) 617 (m)
880 (m) - - - 835 (w) -
990 (w) 990 (W) - - 990 (w) -

- 1040 (w) - - 1040 (w) 1025 (w)
1125 () 1120 (0 1120 () - 1120 (w) 1120 (w).
1420 (@) 1%00 (@) 1405 (m) 1400 (m) 1%00 (@) 1410 (w)
1620 (m) 1615 (m) 1615 (m) 1610 (m) 1615 (m) 1615 (m)

- - - - - 2030 (s)
2065 (s) 2100 (s) 2110 (s) 2120 (s) 2110 (s) 2075 (s)

3300 (br,s) 3400 (br,s) 3400 (br,s) 3450 (br,s) 3600 (br,s) 34l0 (br,s)

All absorption frequencies are expressed in wavenumbers (cm -1)
W - weak
m - Medium
s = Strong
br - Broad
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2.6 Reactions of the Final Thermal Decomposition Product of

The cyanide ion shows in its cdmpounds many similarities
to the halogens. On this basis one would expect anhydrous
ferrous cyanide, if it exists, to exhibit some similarity to
the anhydrous ferrous halides in its behaviour. Thas a
comparison of the known properties of the anhydrous ferrous
halides with the final product of the thermal decomposition
of ferrocyanic acid could be of assistance in determining
the nature of the compound. The properties of anhydrous
ferrous chloride have been studied in some detail,
particularly its addition produéts wvith a variety of
nitrogen compounds (126).

Ferrous chloride is said to form a séries of addition

compounds with ammonia:

FeClZ.LQ NH3 - is obtained, as an almost pure white powder,
when NH; is distilled on to FeCl, at - 78°C (126, 127), and
the excess of liquid ammonia is allowed to evaporate slowly.

At -55°C 9.3 molecules of NH3 per mole of FeGLéwas observed.

229;24§E§3 - on allowing the temperature of the 10 - ammoniate
to rise to 0°C, and leaving for some time, the 6-ammoniate

is obtained, (126, 127). It is also said to form when NH3
is passed through a mixture of FeCl2 and NH Cl, at room
temperature (126, 128-130). It is a white powder, for

which the dissociation pressure at various temperatures
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(128, 131), and heat of formation (132) have been

measured.,

FeCl,.2NH, - is readily obtained by decomposition of the
hexammine, as a grey powder.(126, 128, 129 132). 1Its’
dissociation,pressure at various témperatures and its heat

of formation have been measured (132),

Egglzaﬂﬁ3 - is obtained as a grey powder when the diammine
is heated (132),. and its dissociation pressures and heat
of ‘formation pavg been measured.

The 6é-ammoniates of FeBr, (131), and Fel, (131, 133)
have also been reported. '

F9012 also forms addition compounds with other.
nitrogeh-containing comﬁdunds;l If am alcoholic solutions
of FeCl and hydrazine.hydrate are mixed a pale yellow
powder[fe(N Hh) ] Cl, is obtained (126, 143). According
to Ephraim (126, 134) the action of gaseous methylamine on
FeCl, produces a solid gf formula [%e(CH3NH2)5 Cl,, and
also products with FeBr2 and FeIz, although compound
formation is disputed by Biltz (126 132)% Green crystals
of [%e(N HHCS)H] Cl, are sald to result from the reaction
of thiourea and ferrous chloride in alcoholic solution
(126, 135). The following compounds are reported to result _
with pyridine and FeClz, either dry, in alcohol solution,

or from aqueous solution:
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[Fe(CsﬂsN)z] Cl, =- Bright yellow crystals (126, 136)
[?e(CSHSN)il Cl2 - Canary yellow crystals (126, 137-=9)
[-FS(CFH5N)4] Cl, - VYellow needles (126, 136, 140)
With aniline the compound [fe(C6H5NH2)é} Cl, as yellow
needles has been reported (126, 1ll-2)
.A search for comparable behaviour in the product of
the thermal decomposition of ferrocyanic acid was made.
2.6.1 Action of Ammonig
For the study of the action of ammonia the apparatus shown
in Figure 5 was used. A known weight of pure ferrocyanic
acid was placed in the ﬁessel A, which was fitted with a
glass sintered disc to prevent loss of solid during the
decomposition and subsequent study, and the compound was
decomposed at 320°C as before, the products of decomposition
being collected in the trap Th‘ Ammonia was immediately
admitted from the calibrated bulb B, andlcondensed on the
solid using liquid air. The ammonia had been previously
admitted to the apparatus through the ventil E, and purified
by trap to trap distillation using the train of traps, Tl’
I,, and T3. The pure ammonia was then collected in the
calibrated bulb B, and its pressure observed on the manometer
F. The two way tap attached to B thus allowed a definite
known quantity of ammonia to be isolated in B for subsequent

quantitative transfer to the reaction vessel A, The amount
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of ammonia &dded was determined by assuming that a
.lo-amméniate would be formed, i.e. Fe(CN)2.10 NH3, and

then adding a slight excess above the calculated quantity.
After condensing the ammonia on to the decomposition product
using liquid air refrigerant to reduce the vapour pressure
to zero, the two way tap attached to A was used to connect
the reaption vessel A to the remalnder of the system. .The
vessel A was then surrounded by a bath at - 73°c.

At the temperature of - 78°C the vessel A was exposed
to the bulb system C and D. These bulbs were of exactly
calibrated volume, and in conjﬁnction with the manometer G
allowed the removal of exactly known amcunts df ammonia from
the bulb A, The ammonia was subsequently trapped out in
trap T,. After each removal of a known amount of ammonia
the pressure of the bulb A was observed until constant
readings were obtained, when a further quantity of ammonia
would be removed. From such data the composition of the
contents of bulb A, its temperature, and the vapour pressure
of ammonia over the system were known. The process was
continued until the pressure fell to a small value, when
a new equilibrium.temperéture was selected giving a
suitably large vapour pressure of ammonia.

The results obtained are summarised in Figure 6 which

gives the equilibrium pressure of ammonia over the system
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as a function of the total pressure of ammonia used, over
various temperature ranges. The total pressure of
ammonia removed from the system gives a measure of the
number of moles of ammonia remaining in contact with the
decomposition product. This latter is also recorded on
the graph.

At the original temperature the pressure remained
constant throughout. The pressure was consistent with
the value of the vapour pressure of ammonia at - 78.5°C
(123), the temperature of the experiment, and thus
represented the pressure of excess ammonia over the
system. The results shoﬁed no formation of a
l0-ammoniate, and so the temperature was raised to
-37.5°C in order to increase the ammonia pressure.

At first the pressure remained constant, the value being
again consistent with the presence 6f free ammonia,

but at a composition corresponding to that af a
6-ammoniate the pressure decreased rapidly. From this
point on the pressure of ammonia continued to decrease,
eventually reaching such a low value that it was
necessary to increase the temperature in order not to
prolong the experiment, and eventually a temperature

of 335°C was being used. Even at this final temperature
it was necessary to heat for some copsiderable time before

all the ammonia was finally removed.
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The results obtained indicate that a hexammoniate is
definitely formed by the decomposition product, i.e.
six moles of ammonia per formula weight of Fe(CN),.
The results did not show the presence of other ammoniates,
although a preliminary trial experiment with somewhat
simpler_apparatus had indicated the possibility of a
2-gmmoniate. The results also show that the ammonia is
strongly held at compositions corresponding to the lower
ammoniates. The 6-ammoniate is clearly ﬁnstable in the
absence of an excess of ammonia, and in such ezse a
study of the temperature dependence of its vapour
pressure could not be used to estimate the heat of
formation.
2.6.,2 Action of Ethylene-Diamine

Ethylene diamine contains impurities, such as NH3,
002, H20, together with higher boiling liquids such as
diethylene triamine, and so had to be purified before use.
The purification was performed by refluxing the ethylene
diamine over a émall amount of sodium, followed by
fractional distillation in vacuo, The distilled product
was transferred immediately tb a vacuun line for use, as
it readily absorbs carbon dioxide and water from the
atmosphere.

The apparatus used is shown in Figure 7. A known

amount of pure ferrocyanic acid was sealed into the
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reaction vessel A, which was fitted with a glass sintered
disc and a break-seal. A known volume of the freshly
purified ethylene diamine was placed in the trap Tl’ and
the whole system thoroughly evacuated. The tap Tl was
closed to isolate the ethylene diamine, and the ferrocyanic
ac1§ decomposed as before by heating at 320°C until no
further gaséous products were evolved. Thus a known
welght of the golden-yellow decomposition product remained
in the apparatus. Lhe ethylene diamine was then distilled
on to the product. The reaction vessel A was theh sealed
at point B, and removed from the vacuum line.

No visible reaction was observed on leaving the
reaction vessel at room temperature for several hours,
so the tube was heated at 160°C for five hours by which
~time the so0lid had acquired a grey-green colour,

The reaction vessel was agaln attached to the vacuum
system, and the excess of ethylene diamine condensed back
into the original trap Tl. The amount of efhylene diamine
recovered was noted. The grey-green solid remaining in
the reaction vessel appeared to be fair;y stable in air,
losing ethylene diamine only very slowly on standing,

From the known amount of ethylene diamine recovered, and .
the weight of ferrocyanic acid used, an empirical formula
of Fe(CN)Z.(en) was obtained. An immediate ana}ysis of

the iron content of the compound gave 33.45%, that required
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for Fe(CN)zg(en) being 33.33%

On warming the grey-green product in vacuo, ethylene
‘diamine was rapidly evolved, the solid acquiring a yellow-
brown colour, which turned rapidly black on exposure to
oxygeh._ The spectrum of the grey-green additon compound

showed the following frequencies (em™T)

480 (w), 505 (w), 590 (m), 630 (m), 985 (m), 1020 (m),
1110 (w).

1155 (w), 1285 (w), 1335 (w), 1400 (w), 1460 (w), 1595 (m),
1635 (w).

2050 (s), 2090 (s), 2890 (w), 316) (m), 3280 - 3360 (br,m).
centred at 3300, and showing shoulders at approximately
3160, 3250, 3370 and 3480.

2.6.3. Action of Pyridine

The previous experiment was repeated usiqg pyridine,
the procedure being duplicated. No reaction occurred, even
after heating the vessel at temperatures up to 200° for
prolonged periods.

2.6.4. Exposure to Adr

The apparatus shown in Figure 3 was used. A sample
of pure ferrocyanic acid was placed in the vessel A, and
the system evacuated. The sample was decomposed by heating
to 320°C until gas evolution had ceased, when it was allowed
to cool to room temperature. Air was then admitted to the

apparatus through the tap D, with the trap B cooled in liquid
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air to brevent access of:carbon dioxide and water.
The golden-yellow solid darke&h rapidly, the colour
change being.accompanied by a noticeable rise in
temperature. The resulting dark blue, almost biack,_
solid was left in contact with the air for some hours
to ensure completion of the reaction.

Analy51s. Fe: 45.05% C: 19.58% N: 22 hﬁ 0: 12.97%
The figure for oxygen is quoted as that.requiréd to give
100%, .and we have assumed that it was the cause of
reaction. These results give the following values for
the atom ratios:

Fe: 1 C: 2,02 N: 1.97 0: 1.01
and these correspond to an empirical formula FeCzNZO

One further feature is worthy of mentidn here, If

after the decomposition of ferrocyanic acid the golden-
yellow decomposition product is allowed to stand in vacuum
for some hours, a perceptible change in colour is observed,
the solid acquiring a greenish hue. Under this cohdition
exposure to air does not produce the immediate darkening
observed earlier, but requires several hours for visible
completion. The sample exposed to air almost immediately
after preﬁaration_shows visibiy complete reaction in less

than a minute.
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2.7 Ihermal Decomposition in Carbon Monoxide

The molecules HNC and CO are isoeleétrbpic. If.on
decomposing ferrocyanic acid the HNC group leaves the
molecule as a unit,uas appears to be the case with the
isonitrile complexes which yield isonitrile, then it is
‘possible that CO could replace the HNC in the -co-
ordinafion sphere of-fhe iron atom. This would lead fo
the production of a mixed carbonyl cyanide. No'compound
éontaining qarbonyl and cyanide groups énly in the co-
ordination-sPhere'are known, with the eﬁééption of the
carbonyl prusside ion Fe(CN)5003;, whereas the cafbonyl
halides are known. The fact that CN” is classed as a
psuedo-halogen suggests that these mixed carbonyl cyanides
should exi_st.= Some preliminary'experiments'were made td
test this. |

The three-limbed vessel -shown iﬁ Figure 8 was used
first. The central 1limb contained.a sample of férrocyanic
acid, a second limb was filled with active charcoal, and.
the third limb was empty. The vessel was evaéuated, the
‘charcoal cooled in liquid air, and a large volume of carbon
monoxide passed into the vessel. The charcoal under théée
conditions absorbeq the whole of ﬁhe_carbon.monoxidé.' The
vessel was then sealed. The empty limb wes then immersed

in liquid air, the charcoal being allowed to attain room
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temperature with consequent desorption of the carbon
monoxide. In-this way the vessel was filled with an
excess pressure of carbon monoxide.

The sample of ferrocyanic acid was then heated in
a bath of Woods metal, only the tip of the tube being
immersed so as not to provide heat to the rest of the
vessel. On decomposition the ferrocyanic acid black-
end, the evolved HCN being condensed ih the limb cooled
in liquid air to absorb the carbon monoxide, and the
reaction vessel could then be opened.

The infrared spectrum of the product was found to
show: similar absorptions to those of the product of
thermal décomposition in vacuo with subsequent exposure
to aif, and the spectra are compared over a limited range
in Figure 9. It was not found possible to draw any
definite conclusion from these observations, and the
experiment was abandoned, except for one further
experiment performed for us by the Billingham Laboratories
‘of I.C.I. In this a sample of ferrocyanic acid was heated
to 120°C under a pressure of 500 atmospheres of CO. The
dark coloured product developed a considerable pressure
of gas when sealed in a tube. However the product was
not homogeneous, and the infrared spectrum showed similar

features to those of ferrocyanic acid, and it was concluded
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that decomposition was incomplete under the conditions

usede.

2.8 Discussion

If an organic nitrile and an alcohol are mixed in
equimolar proportions in dry ether, and the solution
treated with gaseous HCl, an imino-ether hydrochloride
is slowly deposited (1uik):

R—C=N + R'—O0—H + HCl—s= R—C=NH). C1~

_ . \\‘
OR!
This reaction is considered to be the acid-catalysed
addition of an alcohol to a nitrile (145), proceéding
as followss
H

R—C =N :—_—L—-[R—"CEN":-HQ—»R- +-—--N—H] .

R'—0 R=C =N—H=R—C=NH2
=TT
7\ -~
R! H . R!

Noting that the main requirement for the fopmation of an
organic imino-ether is the presence of a strong'acid to
provide hydrogen ions, a similar situation iight be
considered to occur in the case of ferrocyanic acid.

The ferrocyanic acid is a strong protonic acid and the

parallel reaction would then be represented by:
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I, v 1, *
—Fe—CEN + R—O0—H—>-Fe— C=NH,
/, 7

l ’ “
OR
In the presence of strong acids an ether readily splits
in the following way:
+
R—0—R! —iem R—0—R!'—sR—0—H + R'¥
.
H
h

e.g. in the presence of strong sulpuric acid diethyl

ether undergoes the following reactioh:

Et—0—Et + H,S0,—=Et—0—~H + EtHSO, (a2W)

Since ferrocyanic acid is a strong acid it might cause

similar cleavage of ether:
H,+Fe(CN)6 + R-O-—R'——»H3Fe(CN)6 + R—O0—R!

H+

— R'H3Fe(CN)6 + R—0—H
The reaction can then proceed as represented zbove for

alcohol addition:

—;Fe— CEN-—R!? G —— ~;Fe—C=‘N—R'

!, + _R!
B=0=H _ pe—C=N—R'es-Fo— c=ng
| | /) | CH
AN 0
Vd
R H R

If these reactions are possible with the co-ordinated

cyanide group, and there is as mich reason to expect it
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as to doubt it, then under.the cqnditidns of preparafion'
of ferrocyanic acid_products-of the type repreSéntéd'
above could well occur. Ferrocyanic acid can alsolbe
precipitafed from alcoholié solﬁtiqnzby ring ethers, .
such as tetrahydrofuran, which can élso undergo cleavage
in the presence of strong acids, and in thé partiéular
example quoted a seven mémbered ring with the cyanide

group would be completed on formation of the imino-ether:

\y N P
— Fe—=C=N + 00 ——>-Fe—C=N—H
/I | . /l |
: . : , 'O—(.CHZ)LI-

The extent of imino-ether formation with fé:rocyanic
acid would be dependent on the ‘acid strength required
for imino-ether formation; The: first two dissociafion
‘constants of ferrocyaniclacid are .those of strong acids;
and 1f these are sufficient to bring-about-imino-efher
formatién one would expeét two molecules of ether to
be attached for complete reaction., However the reaction
is clearly one involving equilibria and therefore an -
overall stoichiometric'compOSition is not to be
expected,'and as such could be uséd.to account for the
reported compositions of ferrocyanic aéid etherate.
Against this we have the observation, reported'in
Chaper 1, that. the etherate can be formed by exbosihg

pure solid.ferrdcyanic acid to ether vapour. In this
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case it is difficult to see how the ionisation fequiredj

for imino-ether formation can occur. Again the fact

that ether can be recovered'unchanged at foom temperétu:e
- does suggest that covalent bond formation is unllkely.

. A further p0551b111ty to account for formatloh of
the etherate is that of oxonium salt formation. Ethers .
form a series of salts with strong acids which can be
isolated as crystalline derivatives at low températﬁres,

e.g. diethyl oxonium hydrogen sulphate,

H+ _ . .
C2H5—O<C - HSO;,, and also diethyl oxonium chloride,
275 ' |
H+
CoHig= o(c . T, M.Pt. - 92°C.
2Ms

The strong acid.character of ferrocyanic acid could then
"lead to the formation of an oxonium salt, such as =

oHg ﬁ —C HS H Fe(CN)6, or even furthgr to

[ 5 El C Hﬁ'] Fe(CN)6 . Since _such salts are known
to be stable at low temperatures, the ready loss of ether
from ferrocyanic acid would not be unexpected. Against

this one has our-observation that the loss of ether from

the fefrocyanic'acid'can persist up to high temperatures.

A view that would take into account most of the

observations is that of thQ;formation of a'cléthfaté:
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compound wheh ferrocjanic acid is_precipitatea from

its solutions bylmeahs of* ether. A form of ciathrete

is reported to be formed by cis-dicyanotetrakis (methyl
isocyano) iroh (1I) when it is.crystallised (146)._

‘Thus' 1:1 compounds are formed with'such.molecules as
methyl cyanide and methyl alcohol. The clathrate has
an open structure which favours the escape of the enclosed ho,tCnL;
into the surrognding atmosphere,,but the escape is not
isotropic, the escaping molecules leaving by those.

planes which are most widely spaced. Such behavious is
readily observed with the large crystals of the host
lattice which can be prepared, but the micro crystalline
nature of ferrocyanic acid does not permit a. comparisone.
If such an enclosed structure:mr'ferrocyanic acid were
accepted, then the presence of the ether, and the
rever81ble loss of ether to the atmosphere at ordinary
femperatures cah'be eccounted for. However, it 1is
difficult to account for the absence of alcohol when the
ferrocyanic acid is,precipitated'from alcohoi soihtion,
or even of water when it is precihited from aqueous acid
solution. The thermal decomposition products do not
suggest the presence of significant quantities of alcohol
or water. An explanation of the rise in temperature which
is observed when the pure ferrocyanic acid is exposed to

ether vapour would still'be'requifed. For this to derive
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from a purely cléthnating process would seem to involve
a lattice contréction,'and:yet exﬁéfimehtél-observation.
suggests that an increase in volume occurs.

- It is possibie torintroduce many‘épeculatipns as to
the nature of{t%heraté,of ferrocyanic acid, but the
available experiméntai evidence does not éllow a decision
in favour of one or.dther of thé.suggestiqnsm Some
further exploration of the systém_is clearly required
before the néture of the ferrécyanic-etherate is
understood. The most surprisirg observation recorded
during the thermal deédmpositigh of_férrocyanic acid was
the retention of ether'uﬁ to temperéturés.of_ﬁhe orde}_
of 200°C.  Although the amounts involved were small
by comparison with the ether lost below 8090, it does
suggest that ferrocyanic acid. can never_be obtained
~pure under the normal methods pf preparation{

It may be noted here that one of the original objects .
of the investigation, that of looking for the tautomeric
form of HCN, proved fruitiess since only HCN was evalved.
This of course does not.imply that, ferrocyanic acid
contains Fe—N bonds, but mereiy tﬁat HNC if forméd is
- extremely unstable, and rapidly-reVerts to HCHN,

The study of the gases evolved in the thermal
decomposition shows thaﬁ decomposifion bf’férfocyanic-

acid begins at quite low temperatures. "Even on.removal'
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of ether at room temperature, about 22°C, it is found
that HCN is given off in trace amounts.- However, the
amount of HCN evolved even at 80°C is still very small,
and this temperature must be maintained for several"
hours before any noticeable change in the solld cccurs-
The 1nfrared and gas chromatographlc study of the gases.'
evolved at these low temperatures clearly show a mlxture'.
of ether and HCN only, witn a. great preponderance of -
ether. . At 80 c the amount of ether. is small., It was
found that keeping the acid under vaéuuufor'several

. hours caused almost'complete removal of ether, so that
tne amount ef ether obtained on subseduent heating to
80°C is negiiéibly.suall . These results show that the
best method for preducing the ferrocyanic-aeid frdm. |
the etherate is by keeping under vacuum for several
hours at room'temperature, preferably in darkness.
Heating to higher'temperatures'as described by other

- 'workers is.clearly unnecessary,.and would aprear to

bring about slight decomposition of the acid.’
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Chapter 3

The Isonitrile_Comgiexes of Ii-onII (RNC)), .Fe (CN),

Isonitrile complexes have been generally reviewed
by Mélatesta (147). The isonitrile complexes of iron |
were originally written as Rh.Fe(CN)é. Howevef,
on the add;tion of potassium cyanide or-on.heatihg
they give éff an isoﬁitrile. They show::no electrical
conductance in solution and therefore must be conside:ed
as the neutrél complex dicyanotetrakis alkyl isocyanide ;

iron™ - (RNC),.Fe(cN),.
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The cbmplexes are prepared by three main methods:-

(a) Dby the action of an alkyl 1od1de on silver
ferrocyanlde ,

(b) by the action -of an alkyl sulphate on pota551um
ferrocyanide

(¢) by the action of a diazo- alkane on ferrocyanic
acid

The reaction between silver ferrocyanide and methyl
iodide was studied by Hartley(th)ﬂ By refluxing a
mixture of silver ferrocyanide and méthyl iodide for
'sometimeOan addition compound between silver iodide and
II jodide is obtained.

NC)6FeI JABT

hexakis methylisocyanide-iron

Ag Fe(CN)g + 6CH,I —=(CH

3 3
This addition compound is readily decomposed by a
mixture of silver nltrate and dilute nitric acid.
HNOy /- ™
(QH3N0)6Fe12.hAgI + 2AgNo3 ____q.(cNBNc)ére(No3)2
+6AgI '
Treating the nitrate with sulphuric acid forms the
hydrogen sulphate which is converted to the sﬁlphate bj
neutralising with barium hydroxide. (CH3NC)6Fe(NO3)2 |
3.
In order to prepare thetetrakis methylisocyano

ironII this sulphate isjtreated with a slight excess

+2H28Qh-—ﬁ’(CH3NC)6Fe(HSOh)Z + 2HNO

of barium chloride, filtered and evaporated to dfyness

under vacuo. The solid produced is dissolved in alcohol,



9

filtered again and the chloride precipitated by the
‘addition of ether as a colourless solid. .Drying under
yacuum leaves a colourless powder. |

(CHyNC)4FeS0, + BaCl -—4-(CH3NC)6FeClZ +Baso,,

2
When the chloride is heated at 130 - 150°C, under

vacuum, for sometime it loses two molecules of methyl

chloride'and forms the isonitrile.

H IC), Fe(CN), + 2CH.CL

(C_3 3NC)4 e(C_)2 .2 3Cl

The reaction between silver ferrocyanide and ethyl

NC) gFecL, L2%L  (au

iodide (149) is exactly simiiar to that described above
except that the initial reaction forms (C2H5NC)6FeI 4Ag1
at room temperature.

The reaction between silver ferrocyanide and n-propyl
iodide was described by Holzl (150) who obtained (03 7NC)4
Fe(CN)2 as a white crystalline product.

The second method of prep?ration is by fefluxing fér :
several hours a mixturé of finely divided potassium B
ferrocyanide énd freshly distilleéd dimethyl sulphété (151).
The mixture is filtered whilst hot and on coollng crystals .
of composition (CH NC)6Fe(HSOH)2, (A) appear. ' These are
filtered and the filtrate evaporated under vacuum to-
dryness when a solid mass.is left. This cohtains a mixture
of compounds including:.

(CH3NC)6Fe(CH SOH)2.2CH

3

3H80y, (B) and (CH

3Né)65e(CHBSou)2,'FC);'
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Under vaéuum compound B is converted slowly into compound A.
(CH3NC)6Fe(CH sou) «2CH
+ 2(CH

3HsoLF ,_EE__;. (CH3NC)6re(H$O&)2

37250,

Compound B and C aré readily conve:ted into.cqmpoqnd
A by tréating'their.alcoholic splutioné with sulphuric acid;
and compound A is converted into ﬁhe Sulphéte'b& neutralis-
ation with.barium hydroxide; Thelpreparation of the _ _
isonitrile from the sulphate is performed as described in
the f;rsﬁ preparative method. . According to Holzl (150)
howéver,.compodnds A, B and C may all be Convérted,
immédiéteiy info the chloride By,boiling theix aqueous
solutions with hydrochléric acid or barium chloride.

(CZHSNC) I‘e(CN)2 is produced 31m11arly from potassium
ferrocyanide and dimethyl sulphate. . _

The third methqd of preparation is the action of -
diazomethane on ferrocyanic acid (152). An -ethereal
solution of diazomethane ié added to a suSpensionlpf
ferrocyanic acid in ether,"causing an éxtfemelv vigorous
reaction. The product analysed as (CH )hFe(CN)6.H 0 and
was formulated as [1CH NC)hFe(CN) H, O] .CN a cyanlde of"-
cyanoaquotetrakis-methyl 1socyan1de 1ronII

A variation of Hartley's preparation of the isonitrile

complexes again uses the KuFe(CN)é 32804 method (153).

The mlxture is refluxed for several hours and the sulphate
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~ produced exactly as before. This is-dissolved in water
and lithium perchlorate added to form (RNC)6Ie(Cth)2,
the aqueous solutlon of which is passed down an ion-exchange'
column (Amberlite I.R hS) in the chloride form. The
isonitrile is now formed as before by heating the cplopide |
to about 150°C.
The isohitrile formed'is a mixture of two'isomers,the_
o - and (3- forms. These were or:'lL-gl.ine.lly sepaia'ted by their
differing solubilities in chloroform (L54). The ok~ form
crystallises slowly f'rom chloroform solution and . the (5'-
form appears on evaporating the chloroform solution. The
modern method of separation is to.chromatogreph the
chloroform solution on an alumina column (153) -The @)'-
form is eluted with chloroform and the A - form with a
.1:1 chloroform - methanol mixture. It was suggested (155)_
thet the two forms were cls- and trans- isomers and Powell |
(156) showed by X-ray studies that the @-.form 1s the .
trans isomer. ' |
Both isomers are steble pale ye%low producﬁs whieh'
decompose at high temperatqres without melting.to RNC,
(CN), and Fe,05 (152). | | o
The isomers can be dlfferentlated by their phy31cal
and chemical properties listed in Table lh._ .The most

striking difference is their reaction with methyl iodide
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Table 14
Properties of the isomers of dicyanotetrakis methylisocyano ironII
Cis (%) form Trans (®) form
CHCI 5 Soluble (Crystals +L+CHC13) Soluble
Water Slowly soluble Very soluble
Needles +2H,0 Needles +6H20
FeCl3 Clear blood-red colour Red colour
HgCl2 Crystalline precipitate Small needles
H2PtCl6 Yellow crystalline precipitate Yellow crystalline
precipitate
CH3I (CH3NC)6Fe.I2 No reaction
AgNO3 in
HNO Standing for a long time From dilute solutions
3 in concentrated solution gives an immediate
- gives an addition compound crystalline precipitat
CH,N JAgNO : .
of ( Hy C)¢Fe.Ag 3 of (CH3NC)6Fe AgNO4
Conductivity None None
Aqueous Isonitrile smell Isonitrile smell
NaOH
HNO3 Freshly prepared Slowmrecipitation of
(concentrated)™® precipitate standing short needles

for a long time in a
desiccator gives a slow
precipitation of short

needles and microscopic prisms
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This will add to the o( form giving (CH NC)(FeIZ, but

shows no reactlon with the (3)- form.

3.1 Preparation of the Starting Materials
3.1.1 Purification of Potassium Ferrocyanide
In the preparation of (RNC),_I_Fe(CN)2 pure pota551um

ferrocyanide was required in a very flnely dlvided state

- and free of any-water of crystallisation.

The rembval of the water of crystallisation from
K,Fe (CN) 4. 30,0 was studied on a Thermobalance which
records loss in weight from a samp;e against témperatﬁre.
This showed that on heating at just a% 100°¢ for .sometime,
all water was lost from the KhFe(CN)6.3HéO sample.-

Khbe(CN)é 3H,0 crystals were dlssolved in the minimum
of distilled water. Ethanol was now added until the. thick,
. light-yellow solid had all precipitated. This solid was
filtered on a Buchner f&ﬁnel and Wwashed several times with
alcohol. The solid was dried by leaving under vacuum
_at 60°C for 2 days.and thsn'increasing the ‘temperature to
_about 105°C for a further 2 days. This treatment left
pure, water and alcohol free potassium ferrocyanide as
_ an extremely finely d1v1ded, llght-yellow_pqwder.

3.1.2 Purification of Dimethyl Sg;phgte-ﬂ
| Commercial dimethyl sulphate coqtains{a small quantity
of sulphuric acid. | o .
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A sample of water-free barium chloride waS'obtalned
by leaving it in an oven at about lOSéC'for séveral.hours.
This was added to'théfdimethyl sulphate and thé mixture
refluxed for a short time when any sulphuric acid was
precipitated as barium sulphate; The dimethyl sulphate
was now freed from the added'bérium chlorlde-agd barium
sulphate by distilling under vacuum. It-ﬁas used

immediately.

3.2 Pre pg;gtlon of the Cbmgléxe
3.2.1 Pre pgrgtion of chzagotetrgkl§_ﬂgtgxl_soczgglde
ron SCH3__lh_gLQ_)2
The potassium ferrocyanide--.dimethyl sulphatelhethod_
was used here. 45 gm of the finely divided, pufified
potassium ferrdcyanide was added to 200 ml of'freéhly
distilled dimethyl sulphate in a thick walledfrégétion,tube.
The reaction tube was complétely evacuated and sealed
at the neck. The tube was heated to 160°C and left at’
this temperaturé for séveral hours before it was opened
and. the contenté filtered hot'thfough a Buchner funnel,
This produced a dark-brown filtrate and a llght brown
solid which was nearly white on washlng several - tlmes w1th
fresh dimethyl sulphate, and probably consisted mostly of
potassium methyl sulphate. T
The filtrate and waShinés'were'stripped-of aimethyl.'
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sulphate by distilling under vacuum, the lgsf portion
being removed very carefully to prevent charring of the
residue. - The solid brown residue corsisting of

(GHSNC)éFesoh and (CH3HC) gFe (HS0,), was dissolved in

3

'watep, filtéfed to remdve any insoluble'méterial,and a

- solution of barium chloride added. This precipitated

barium sulphate and left the required chloride in solution.
| 'Since.the bafiamsgulphate could not be'rémoved ﬁy
filtration, the mixture was left standing overnight and
then as much liquid as possible was carefully decanted off.
The :emainiﬂg solid was now washed several times with
distilled water, the liquid again decanted and the washings -
added to the main bulk of the liquid. Tﬁe water was.
parefully distilled off under vacuum when a light-brown
solid remained. .This was dissolved in fhg minimum of

alcohol andthe chloride preéipitated by the addition of

‘ ether as a white solid. This solid was filtered on a

- Buchkner funnel and dried under vacuum.

The (CH3NC)6FeC12 was now decomposed NG a high

vacuum line in the apparatus shown in Figure 1. The

chloride was sealed into vessel A and heaﬁed to about -
150°C for about 6 hours and the methyl chloride evolved
was condensed in trap B.- . The remaining solid, which wasz

now a much darker brown,”was dissolved in chlorqform'
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and filtered. The solution in chloroform'wéé passed'=
down én alumina columniahd the required ﬁroducﬁ was
eluted with chloroform. The addition of ether to

the elutant.precipitated.the trans isomef as a white
solid which was filtered ahd dried unﬁér vacuuﬁ.

This white solid analysed as_follows:-

c H N Fe
Found | 43.87 4.33 - 204
Calculated fQ? ClOleFeNé- &4;1 &.41'_39.9 20,6

3.2.2 Preparation of Dicyanotetrakisethylisocvanide
Ironll (CoHNC)),Fe (CN), | |

Silver ferrocyanide, prepared by the addition_of
- silver nitrate to potassium ferroéyaqide, Was“heatéa in
a sedled tube at about 60°C for 4 hours with en excess . -
of ethyl iodide. The tube was opened and the excess
of ethyl -iodide filtered off. This left a very dark-
brown solid which whén warmed with a strong solution of
silver nitrate precipitated yellow silver iodide. The
-solid'was,filtefediieavingf(CZHSﬁC)éFe(NO3)2 in solution.
The filtrate was treated with a sLight excess,of'sulphgriq
acid, and then an excess of bgfium Ehloride'solution to
precipitate barium sulphate.. The chloride (CZHSNC)é
FeCl2 remained in solution. _

This solution was now treated as described in the

preparation of the methyl compound, to form the trans



99

isomer as a white powder.

This powder analysed as follows:-

_ C H
Found - 5L.3 6.0
Caleulated for Cp\H, Felg -~ 5L.2 6.1

The original dark solid removed from the reaction
tube consists mostly of (CZHSNG)éFelz.hAgI. An attempt
to produce the chloride directly by shaking the solid for
" several hours with a chloride exchange resin did not give
(¢2H5NC)6FeCIé. The product, although not identified,
still contained iodine. .

3.2.3 Preparation of Hexacyanoferric 11T acid HiFe(CN)g (2) (157)
| The acid - ether method was used. 40 ml of saturated

" potassium ferrocyanide solution was cooled in ice and hO.ml

of fuming hydrochloric acia added slowly with constant stirring.
The miktdre was stirred in an ice-bath for about an hour..

The precipitated potassiﬁm chloride was,filtered, and the.

filtrate shaken ¥igorously with 70 ml of ether. This

resulted in the formation of three layers, a bottom aqueous

layer, a middle o0ily layerland a top ethereal layer.

The thick, dark-brown oil was separated from the other
two layers and dried under vacuum to a brqwn solid. After
dryihg_under vacuum for several hours the acid remained as
a dark-brown solid..

. rhis
Attempts to recrystallise [from absolute alcohol failed.
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3.2.k4 -Prepa;gtion of HexgczggocobglticIII agid (157)

This was also prepared by the acid - ether method.
9 gm of pofassium cobalticyanide was dissolved in 27 ml
of water, and 27 gm of concentrated hydrochloric acid was
added to the solution cooled in ice. The .precipitated
potassium chloride was filtered off and the acid
precipitated from the filtrate b& the additibn of ether.
The acid was recrystallised several times from
absolute alcohol and finally dried under vacuum to a whité
solid. | | .
3.2.5 Preparation of Hexacvanoruthenic™’ aeid HyRu(CN)g
Ruthenium metal waS'fused”with a mixture of potassium
hydroxide and potassium hitrate, and the pfoddct dissolved
in water and boiled with potaséium cyanide. The orange
solution was decolourised with charcoal, filtered and
the filtrate crystallised by evaporating the éolution to
small bulk. Crystals of compositioﬁ KhRu(CN)6.3H20_were
obtained. o
Thé potassium ruthedocyanide was_converfed into the

acid exactly as described for heXacyanofefricII acid.

3.2.6 Preparation of Degterio-hexgczanoferricII'ggid
DuFe(CN)é'

In this prepafation the operations were carried out
as far as possible in a dry box.

|-9gm of anhydrous potassium ferrocyanide was mixed with
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_ lml of a 50:50 mixture of 99.8% deuterio;water and
dewterio-sulphuric acid. [Oml of déutério—ethyl' |
alcohol (CszoD) was added and the resulting mixture '
filtered. The acid was precipitafed by the addition
of2ml of anhydrous ether to the filtrate, filtered
and de-etherated in vacuum at room-temperéture.

The spectrum of the product was'idéntical to that

described for D Fe(CN), by Ginsberg (46).

3.3 Preparation of the boron halide adducts

All adducts were prepared by direct addition 6f the
appropriate boron halide to the complex cyanide. The
peactions were performed under vacuum in the appafatus
éhown in Figure 10. | |

The boron halide was transferred from its storage
cylinder intb the apparatus through a mercury bleed;in-
tube fitted to the BLO socket shown, and was distilled
from. trap to trap into bulb A, Bulb A was an exactly
calibrated volume_fitted with a manometer so that a known_
amount of boron halide could be measuréd‘and then
condensed info the reactioﬁ.vessel éttachéd at the Bl9
socket., On completion of'the reaction the amount of.
unreacted boron halide was.mea;uréd in bulb A.

Except where otherwise stated the cyanide and boron -
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complete reaction.

In some cases, for example with the alkyl fefrocyanides,
the reaction with boron trifluoride was so vigorous at room
tenperature that the reaction product was charred. The
teaction was therefore modified by holding the reactants
at - 78°C for sometime before allowing room temperature
to be attained, and in this way charring of the product |
was prevented.
3¢3.1 The regction vessel - design and method of use

The reaction vessel is shown in Figure lla. The
vessel was always used in conjunction with a special
piece of apparatus fitted to the vacuum line. This is
shown in Figure 1llb and allows the reaction vessel to
be opened under vacuum.

The sinter was included to prevent any solid escaping
into the vacuum line during evacuation. The side
capillary tube was used to remove the vessel from the
vacuum line while retaining its vacuum by sealing with
a flame, and the break-seal was to allow the vessel to
be reopened under vacuum.

- The reaction vessel was fitted with the required
amount of sample through the side arm which was then
sealed. The'vessel'was attached to the vacuum line by
connecting A to C in Figure 11 and completely evacuated.

-The measured amount of boron halide was condensed into
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the vessel, which was then removed from the line by
sealing the side capillary tube. |

After reaction the vessel was attached to the vacuum
line, B.to C in Figure 11, and evacuated. The material
in the reaction bulb was cooled in liquid alr and the
vessel 6pened by.dropping the steel ball onto the bregk-
seal using a magnet. The initial cooling in liquid air
~was to prevent damage to the apparatus with the sudden
pressure release on breaking the seal. Any unreaéted
-matériai was.removed by condensing it into a trap in the
base of bulb A,

This method allows an accurate measure of the amount
of matérial added tos and removed froﬁ the sample in the
reaction bulb, | _ |
3e3.2 The'gddition of boron halides to ferrocyanic acid .

| In a typical reaction 1.025 gms of boron triflﬁoride
was condensed into the reaction vessel containing 0.89 gms.
of'ferrocyanic acid. After sealing the reaction vessel,
and removing it from the vacuum line, the vessel was
.ailowed to-warm up to room temperature. An observable
increase in volume occurred during this period corresponding
to about twice the original volume on a visual estimate.
Shaking the powdered product showed it to consist of

individual white flakes which settled slowly, whereas the



106

original ferrocyanic acid remained as a coagulated mass
on shaking. The vessel was reopened on the vacuum line,
and 0.457 gms of boron trifluoride were recovered.

The boron trifluoride remaining combined with ferrocyanic
acid corresponded to the stoichiometry HhFe(CN)é.ZBF3.
The white product was stable in dry air, and showed no
observable vapour pressure of boron trifluoride.

In other preparations samples of ferrocyanic acid
were sometimes used which had become pale blus as the
result of standing in the light, and it was noted that
the blue colour was discharged immediately on contact with
boron trifluoride, the colour of the product being white.
The product remained white on standing in the light over
periods during which ferrocyanic acid itself would have
changed colour. On more prolonged exposure to light the
compound took on a reddish colour rather than the blue
colour of the parent ferrocyanic acid.

No reaction was obtained with mixtures of boron
trichloride and ferrocyanide acid, even over varied
temperature ranges and contact times. Some typical
experiments are noted: '

(a) 0.832 gms of boron trichloride was condensed on
to 0.64% gms of ferrocyanic acid, and after 24 hours

contact 0.832 gms of boron trichloride were recovered.
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11.93 gms of boron trichloride was condensed on

to 1.857 gms of ferrocyanic écid, and left. in

contact for five days at SO?C. . 11.85 gms of

- boron trichloride were recovered, and the

spectrum of the solid residue was'identiéa;

with that of ferrocyanic acid.

13.59 gms of bérbn trichloride was condensed oh

to 1.961 gms of ferrdéyéniclacid, and Stored

for ten wéeks at'-¥0005 after whicn:time.l3.56 gms
or bqron‘tridhloride'were recovered. The*only.
difference hoted dpring this particular feéction

was that the colour of the mixture became pale

" yellow, but the colour was'digchérged on"wérming-

to room temperature. The spectrum.of the

residue was again that of unchanged ferrocyanic.
acid. Dedterib-ferrdéyahic acid showed similar
behaviour to ferrocyanic acid, the only;pronEt
obtained Béing thaf corfesponding-to the_éomposition
DuFe(CN)6?2BF3, Similar remgrks-apply_to the

reactions with:ruthenocyanic acid, the dnly

. product pbtéined beihg that corresponding fo

the formula HhRu(CN)6.2BF3. :
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3.3.3 ZIhe addition of boron halides to HexaczggoferricIII

: acid and HexaczanocobalticIII acid .

Neither boron trifluoride nor boron trichloridé,showgd
.any'reaction with these acids. | '

After keeping the“reactants together for one wéek at
room temperaturé exactly thq'same amount of'bqrbn halide
was removed as had been added. -
3.3.+ The addition of boron halides to potassium ferrocyanide

This system has been studied by Shriver (8l) and was |
‘discussed in detail in Chapter 1, sectiom 1.3.3. -

As shown in Table 9 £helreaction between potassiuﬁ
'ferrdcyanide and'boron trifluoride was extremely slow and
was attributed by Shriver to either: | |
(a) the high lattice energy of the complex
| _  or | _

(b) the rate of diffusion of BF3 into the crystal

lattice. )

In this experiment the reaction was cérriéd out with
anhydrous,_finely divided potaséium ferroc&éniae.

| 1.203 gm of boron trifliboride was_condensed'onto
0.92 gm'of.finely divided potaséium ferrocyanide aﬁd after
reaction 0.162-gm of boron trifluoride remained. The
rémaining biue?powder was Of éqmposition,K;Fe(CN)é.éBF3{

This reaction was immediate showing that'the second'



suggestion of Shriver was correct.

The infre-red absorption frequencies of the complex

and the adduct are shown below, all frequencies given

in wave numbers (cm l)

1981 (w)
2003.5 (m)
2022-2028.5 (br.s)
2037-2048 (br.s)
2061 (s)
2071 (s)
2091.5 (s)

KhFe(CN)é.éBF3

773 (w)
920-940 (br.s)
1030-1170 (v.brss)
1304 (w)
2160-2210 (v.br.s)

The reaction between potassium ferrocyanlde and boron

trlchlorlae was not very conclusive,

l.44 gm of boron trichloride was condensed onto

0.70 gm of finely divided potassium ferrocyanide and after

reaction 1.20 gm of boron trichloride remained. The

product was a grey powder of composition KhFe(CN)é.BClg

The infrq-red spectrum of this product was identical

to that of potassium ferrocyanide except for a peak at

2153-217% (br.w).

On repeating the reaction and leaving the reactants

together for ten days, the product was of composition

KyFe (CN)g.0.7BCL 5.
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- 3¢3+5 .The addition of beron halides to_trans
IT

dicyanotetrakismethylisocyanide iron
The reaction with boron trifluoride was extremely B
. vigorous and.reSUlted in sqme'charring of the product.
.The reaction was theréfore modified to some exfent by
holding the réaqtants at -78°c for sometime.beforé
allowing room-temperature to be reached. .

0.468 gm of boron trifluoride wés.condénsed onto
0.36 gm of (CH,NC),Fe(CN), and. after reaction 0.286 gm of
boron trifluoride remained. ' The white powder which
remained corresponded therefore to a composition
(CH,NC)),Fe (CN),,.2BF . | | |
The infrae-red absorption frequencies of the complex

and the adduct are shown below, all frequencies given

in wave numbers (em™1):
(GH3NC), Fe (CN) ;-(CﬂéNd)kFe(CN)2f23F3
725 (w) | 70 ()
1420 (m) - 724 ()
1429 (m) "~ 900 (s) -sh at 930
2090 (s) / 1125 (s) |
2190 (br.s) 1138 (s)
| | 1175 (@)
1419 (w)
2180 (br.s)

2228 (br.s)



111

The reaction with boropitrichloride was similar to
that with boron trifluoride, although less vigorous.
_0.46 gm of boron trichloride was condensed onto

0.18 gm of (CH,NC) Fe(CN), and after reaction 0.305 gm

, 3
of boron trichloride remained. The white powder which
remained corresponded'therefore to a éomposition

" The infra-red absorption  frequencies of the complex

.and the adduct are shown below:

_ (CH3Nq+Fe(CN)2 (CH4NC),,Fe (CN) 5 42BCL 5
725 () 725 (s)
1420 (m) : -869 (m)
1429 () 899 (w)
2090 (s) 2180 (br.s)
2190 (br.s) | 2231 (br.s)

.3e3¢6 The addition of boron halides to tr
' giczagotetrg&isethxliSoczggide iron
Trans (02H5NC)hFe(CN)é reacted with boron trifluoride

II-

and boron trichloride in an exéctly similar manner to trans

(CH,NNC )LI_Fe (CN),.

The products were.white powders cofresponding to the

compositioné, (CzHSNC),_l_Fe(CN)ZQZBF3 and (qgsNC}hFe(CN)2.2BCl3.

The infrq-red absorption frequencies of the complex
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and its boron trifluoride adduct are shown below:

(C,HNC)),Fe (CN), (C,HZNC)) Fe (CN), .2BF4
70 (w) 715 (w)
810 (w) 806 (w)
854 (w) 901 (s)

'1020-40 (br.w) 932 (m)
1102 (m) 1016 (w)
1143 (w) 1125 (s)
1357 (m) 1172 (m)
1372 (m) . 1351 (m)
2098 (s) 1370 (w)
2165 (v.br.s) 2186 (s)

2218 (s)

The boron trichloride adduct has the — €=N stretch
frequencies at 2187 (s) and 2220 (s){em').

3.4.1 The gddition of boron trichloride - acetyl chloride
L 11

mixture to hexacyanoferric™— acid

9.216 gm of boron trichloride and 6.02 gm of acetyl
chloride were condensed onto 1.92 gm of HhFe(GN)é in a
reaction vessel and the mixture allowed to warm slowly
to room temperature. During the warming up period, the
whole mass turned to a yellow viscous liquid, and the
reaction vessel became warm to the touch. : The liquid
slowly solidified to a yellow mass with separation of'a

clear colourless liquid.
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After standing for 24 hours the excess liquid was
removed leaving 4.67 gm of dried solid, an increase
of 2.75 gm on the original amount of HhFe(CN)é.

In a second experiment there was an increase of
2.62 gm on 1.92 gm of HhFe(CN)é.

A simultaneous analysis for iron and acetyl radical
showed that thé final product contained two acetyl groups
per iron atom, and a boron determination showed two boron
atoms per iron atom.

The spectrum of the final product, recorded on the
Unicam S.P. 200 infre-red spectrometer, showed a single
- CEN stretch frequency at 2180 em™L (s), and the
following absorption frequencies. 760 (m), 870 (m)

930 (m), 1060 (w), 1195 (m) sh at 1220, 1460 (br.s),
1630 (w), 1700 (m), and 3200 (br.s).

3.#.2 The addition of acetyl chloride to hex.czanoferriclI acid

_ 9.36 gm of acetyl chloride was condensed onto 1l.43 gm
of HhFe(CN)é and the mixture was left for 7 weeks, when _
9.34% gm of acetyl chloride was removed. The spectrum of the.
residue showed it to be H)Fe(CN).
3.4¢3 The addition of acetyl chloride to borcn trichloride
3 gm of boron trichloride and 2 gm of acetyl
chloride were mixed and left together for 7 weeks at room
temperature. No reaction occurred, even on varying the

temperature between - 40 and 50°C.
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3.4.4 The gddition of boron trichloride-thionyl chloride
- mixture to hexacyanoferric’® acid
An excess of béron trichloride and thionyl chloride
were cpndensed onto a sémple of HuFe(CN)é in a reaction
vessei. There was a fairly vigorous reaction.
Sulphur dioxide and nitrosyl chloride reacted

similarly, but carbonyl chloride failed to react.

.3,4.5 The addition of thionyl chloride to hexacyanoferric
acid

II

When an excess of thionyl chloride was condensed onto
a sample of HhFe(CN)6 no reaction occurred.
' The same result was-qbtained with sulphur dioxide,

nitrosyl chloride and carbonyl chloride.

3.4.6 A comparison of the svectra obtained in these reactions

In all cases the reaction was between hexacyanaferricII

acid, boron trichloride and a third reactant. The spectra

are recorded in Table 15.
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. Table 15

Third reactant - CH,COCL  SOCL, SO NOC1

3 2
- C=N Stretch frequency 2180 2180 2180 2160

3 2 %%
- 760 (m) 760 (m) - 760 (m)
870 (m) 860 (m) - 700-960 (v.br)
930 (m) 940 (m) =~ '
1060 (W) _
1195 (m) 1195 (m) 1195 (m)
‘1220 (sh) 1220 (sh) 1220 (sh)
1460 (br.s) 1460 (br.s) 14%0-1500 (br.s)
1630 (w). 1610-1700 (br.w) 1620-1680 (br.w)
1700 (m) o S
3200 (br.s) “3200 (s)  3250.(br.s)

Other frequencies CH,COCL | SOCL S0
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Chapter 4.

Infra-red Spectra and Discussion.

| Although the cbmpound HhFe(CN)é has been known for
many yearé'it is only recently that attempts to comment
on its structure have been made. The results of
observation of the_infra-red spectrum have been presented
and discussed by Ginsbérg-and Koubek (46) in America,
and by Beck and Smedal in Germany (45); The work of
these groups shows good agréement for the obsefved
frequencies, and the data from these two sources provide
confirmation of the observations made for the same compound
in this work. Both of the above-mentioned gfoups give

detailed assignments for the onserved_freQuencies, the
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assignménts being particularly extensive in the work of
. Ginsherg and Koubek. The general conclusion is that
HhFe(CN)6 units have the trans arrangement of hydrogen
atoms ( Dy, symmetry ), and are linked by asymmetric
intermolecular hydrogen bonds N—H--'N,

The conclusions of the two sets of authors differ
over the final structure to be assigned, Ginsberg and
Koubek proposing that all hydrogen atoms are involved
in asymmetric intermolecular hydrogen ponding whereas
Beck and Smedal consider that only half of the hydrogen
atoms‘are hydrogen bonded. The main point of difference
is over the value to be assigned to the characteristic
N—H stretching frequency. Ginsberg argues that this
frequency should occur at a value similar to that observed
for the molecule H—~N=C in a solid argon matrix ( i.e.
at 3583 em™1) or that for the molecule H—N=+C==0 in the

gas phase (i.e. at 3531 cm'l),

a?d hence argue that since

no absorption is observed in this region all N—H stretching
freqﬁencies are lowered by hydrégen bonding. In the absence
of free N—H stretching frequencies the intense brocad

1 is then considered

absorption observed from 2200 to 3500 cm”
to result from overlapping bands due to N~—H--‘N, which leads
to the suggestion that all hydrogen atoms in the molecule
are involved in intermolecular hydrogen bonding. These

authors conclude that there is insufficient evidence available
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to decide on a definite structure for the system. Beck and
Smedal on the other hand claim that the absorption maximum

at 3050 en™t

is due to the free N—H stretching frequency,
the remginder of the band at lower frequencies being

. attributed to asymmetric intermoleculér hydrogen bonding.
These authors base their argument on a coﬁparison with

the infra-red spectrum of H3FE(GN)6 for which a structure
involving complete intermolecular hydrogen bonding for

all the hydrogen atoms in the molegcule seems to be
accepﬁable (158). A structure which involves both free
N—H bonds and asymmetric intermolecu}ar hydrogen bonds
N—H:-N, and preserves the 4:6 ratin;~of H:N atoms required
by the stoichiometry is suggested (Figure 12).

This study of the boron trifluoride adduct of
ferrocyanic acid, and of the toron halide adducts of some
related moleculeé, allows .some ;omment to be made on these
interpretations of the spectrum of ferrocyanic acid. |

The present study established that ferrocyanic acid

forms a bis~trifluoroboron adduct when exposed to an

excess of boron trifluoride.

HFe(CN)g + 2BF; — H,Fe(CN)¢.2BFy

The formation of the adduct is rapid, occurring with
evolution of heat, and the resultant compound shows no
measureable vapour pressure of boron trifluoride. On

the other hand no adduct is formed when ferrocyanic acid
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is subjecﬁed to prolonged exposure to poron trichloride at
a variety of temperatures in the range - 80°C to + 56°C.
Parallel behaviour is observed for deuterio-ferrocyanic acid.
This behaviour is in marked contrast to the observations made
on the related alkyl ferrocyanide molecules RhFe(CN)é*,
(B = CHy or C,H), which readily form pis-trihalobormn
adducts with boron trifluoride and boron trichloride,
and also in contrast to ferricyanic acid{ H3Fe(GN)6, and
cobalticyanic acid, HBFe(CN)é, which give no adducts
even on prolonged exposure to boron trihalides. On the
basis of the work of Shriver (8l1), and other evidence to
be cited, it is concludgd that where adduct formation
occurs the bond system M-—CEN—BX3 is involved (X = F or
Cl). The compounds will continue to be referred to as
boron halide.adducts of the appropriate molecule.

The infra-red spectra of the bis-trifluoroborpnadducts

of ferrocyanic &cid, deuterio-ferrocyanic acid, and ruthenocyanic

acid are recorded in Table 16 over the range 350 cm-l to
4000 cm™t. This range is divided for
ok Throughout this discussion it is convenient sometimes

to refer to the dicyano tetrakis-alkylisocyano iron (II)
molecules in terms of their alternative formulation as

carponium ion ferrocyénides <h+)h (?e(CN)é)h'.
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Table 16

Infra~-red Absorption Freguencies of big-trifluoroboron Adducts

HuFe(CN)é.ZBF HhRu(CN)6.2BF D#Fe(CN)é.zBF

3 3 3

423 w. 387 w. 420 w.

535 sh.vw. 540 sh.vw. 545 sh.vw.

592 m. 561 m. 593 m.

0725 W 720 we. 723 w.

920 s. 922 s : 938 s.
1040 sh, 1040. sh. 1040 sh.
1080 s. 1078 s. 1068 s.
1160 sh, 1150 sh. 1166 s.
1270 vw. 1270 vw. 1260 sh.vw.
1310 vw. 1310 wvw. 1310 vw.
1350 vw. - 1350 vw. 1350 vwe.

Intermediate region masked by Nujol bands

1685 v, 1680 vw. 1680 w.
.1725 m. 1730 m. -
1’1930 sh. 1890 sh. 1990 vw.
2105 ms. | 2106 ms. 2110 ms.
2193 s. 2195 s. 2200 s.
2230 sh.we. 2220 sh.w. 2220 sh.w
3280 ms.(br) 3290 ms.(br) 2350 V.W.

- - . 2580 ms. (Br)
- - 2740 sh,vw.
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cohvenience in discussion into the following regions:
As 350 cm'1_to 650 e (Nujol Mull - polythene disc)
650 em™! to 2000'cm'1( ! ' - KBr disc)l

tw
[ 1]

2000 em~! to 2300 em™'( ' ' - KBr disc)

O Q
[ 1] (1]

2300 em™! to 4000 em~ 1 (hexachlorobutadiene mull)
It is apparent that over much of the range studied the
spectra of these adduct molecules show a close similarity.
In Table 16 no assignments have been marked for the recorded
frequencies, but these will pe suggested during the
subsequent discussion.
4.1 Region As 0 m'1. o650 em~1)

In this region of.the infra-red spectrum metal
cyanide comlexes display'frequencies due to M—C
stretching viorations and M?—C:-‘_N bending vibrations (159).
fTablé'l? records the results of our observations in this
region on ferrocyanic acid, deuterio-ferrocyanic acid, |
and ruthenocyanic acid for the peaks assigned by Ginsbperg
to the M—C stretch aﬁﬁ“M-—-EEN bending vibrations.
The peaks were interpreted as those requiréd under th
' symmetry as U(M—C) [a,, + -%} and §(M—C=N) [Aéﬁ + 2 Eu]
Trans-dicyano tetrakis-methylisocyano iron (II), and
trans-dicyano tetrakis-ethylisocyano iron (II) should
also exhipit Dy, symmetry, and the similarity of their
spectra over this region to those of the complex cyanide

acids have led to the additional sssignments for these
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" molecules in Table 17.

Taple 17.
M—C=N pending and M—C stretching vibrationse.

D _ .
4th 8§ (MCN). A, *2E, yMC )A2u+ Eu

Hh_Fe(CN)6 595 sh 5§;ms L7 o mﬁ
DFe(CN)g 605 sh 585 ms 443 w 418 406
HRu(CN)6 = 550 sh 541 ms 459 w 370 362
.t-'Iell_Fe(CN)é 583 ms 566 ms 498 w 403 380
Eth_Fe(CN)é 588 ms 570 ms l+.7O w * *

1

* broad weak peak in range 400 cm~' but not resolved.

Ginsberg and Koubek consider that the site symmetry
does not affect the Dll-h symmetry for M—C=N bending
and M—C stretching nodes, and they assign the peaks
observed at @8, 588, and approximately 600 cm™"
M—=C=N bend, and those at 406 and 419 cm™?

to the
to M—C
stretching modes. Dy, symmetry requires §(MCN) to have
three modes active in the infra-red ( Ay, + 2 Eu.) and
- Y(MC) to have two modes active ( A, + E ). Thus for
ferrocyanic acid we assign our observed peaks as:

447, 583, 595 em™!  §(MCN)

407, 416 cm=1 Yic)

These are recorded as such in Table 17. Here we can
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compare assignments by Jones (160) for potassium
ferrocyanide, K Fe(CN)., in solutions

-1
583 em §MeN) Py,

-1
416 cm V(MC)_ Fig

.the modes being those required under Oh symmetry.
Similar assignments to those of fgrrocyanic acid are
given by Ginsbperg énd Koubek for the molecules deuterio-
ferrocyanic acid, and ruthenocyanic acid. The assignments
in Table 17 for our observations_on these molecules follow
frém those of Ginsberg and Koubek, as well as those of
Beck and Smedal; The close similarity of the alkyl
ferrocyanide spectra in this region to those of the complex
cyanide acids has led to the ssigmments for these molearles
in Table 17. |

The similarity between the spectra of the alkyl
ferrocyanides and those of the complex cyanide acids in
this region is illusﬁrated by Figures 13, lH, end 15. It
should be noted that these figures have been reproduced
from low resolution spectra in order to illustrate this
similarity, and that actual measurement of frequencies
recorded in Table 17 were obtained at much higher rewsolution.
As a result these spectra at low resolution do not bring
out clearly such features as the shoulder on the high

frequency side of the main peak of ferrocyanic acid and
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ruthenocyanic acid (Figures 13, and 14), although this is
clear in the high resolution spectra. The two frequencies
are not so closely associated for trans-tetramethyl
ferrocyanide and are more clearly separate in Figure 15.
The figure given for ruthenocyanic acid is incomplete
since the M—C stretching modes for this compound lie
below the lower limit of the Unicam SP100 spectrometer

on which the spectrum was recorded, and in order to
obtain measurements of these frequencies a Grubb-Parsons
instrument was used. That the M—C stretching modes.of
ruthenocyanic acid lie lower than those for ferrocyanic
acid is generally accepted in the literature (159). The
figures serve to illustraﬁe the proad similarity between
the spectra. The spectrum of deuterio-ferrocyanic acid
is more complicated in this region (Figure 16,) and the

complexity can be attributed to admixture with low-lying
deuterium bonded modes, a feature which will emerge in
the subsequent discussion. In Figure 17 a detall of the
deuterio-ferrocyanic acid spectrum recorded at somewhat
higher resolution brings out the douplet structure at
406 and 418 ch'1 which is masked in the lower resolution
spectrum of Figure 16.

The spectra obéerved in the region 350 em~1 to
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650 — :of the bis-trifluoroborpnadducts are given:in.
Table l8ftogether with those of hexakis-methylisocyano
iron (II) perchlorate, hexakis-ethylisocyano iron (II)
perchlorate, potaSsiﬁm hexacyanoferrate (II), and it?

hexakis-trifluoroboron adduct. In each case the spectra

1 1

show well-defined peaks in the range 590 cm™' and 400 cm™ .

together with sﬁbsidiary peaks in the region around 520 cm"1,

Iable 18.

Infra-red Spectra of Trifluoroboron Adducts.

BFe(CN)ge2BF, g5 g 240 v 423 m
Dth(CN)6;2BF3 - 585 ms 527 vw 475 w %20 m
HuRﬁ(CN)6.ZBF3 - 561 ms 540 shevw 387 m
Me#Fe(CN)6.23F3 - - 586 ms 524 vw 480 ww 380 m
EthFe(CN)é.ZBF3 - 590 ms * 385 m
Me6Fe(CN)Z+(Cloh')2 625 ms 575 ms. 520 shevw 380 m
EtéFe(CN)g+(01ohf)2_625 ms 578 ms 523 sh.vw 380 m
| K Fe (ON) 4+ 6BF - 607 ms 53 m 524 m 422 m
K, Fe (ON) g - 588ms 417 -

1

* main peak shows very weak shoulders above 520 em~ ' but not
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The spectra for the bis-trifluoroboron adducts of
ferrocyanic acid, ruthenocyanic acid, deui}io-ferrocyanic
.acid, and trans tetramethyl ferrocyanide are shown in low
fesolution in Figures 18, 19, 20, and 21. Actual peak
frequency values have in all cases been determined from
high resolution spectra, and the figures are presented to
illustrate the broad features. It will be'apﬁérent, from
a comparison of these figures with those presented for the
parent compounds, that the spectrum has been much simplified
by adduct formation. The spectra can be generally sﬁmmarised
as'comprising two principal peaks together with weaker sub-
sidiary peaks which 6ccur sometimes as shoulders on the main
.. peak. The weaker subsidiary peaks in general fall in definite .
regions of the spectfum at-around 520 em™ 1,

The assignments for the subsidiary peaks in the region
Qf.520 cm'1are readily made from a consideration of the
infrafred spectrum of potassium ferrocyanide, and its

'hexakis-trifluoroboron'adduct, KhFe(CN)G.éBF The hexakis-

( 3
trifuoroboron adduct of potassium ferrocyanide was first
described by Shriver (81), and we have prepared this material
by a similar method. The spectrum of potassium ferrocyanide.

in this region is shown in Figure 22 and comprises two peaks,

1 being assigned as §(MCN), and

the peak recorded at 588 cm”
 that at 417 em™! as V(MC)- (160). 0, symmetry requireé £ (MCN)

to have one mode active in the infra-red (Flu), and similarly
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one mode active for Y(MC) (Flu)' The spectrum of the
hekakis-trifluoroboron adduct (Figure 23) is somewhat
more complicated, the two principal peaks being readily
assigned to §(MCN) and V(MC) although shifted from their
corresponding positidns in the parent_cqmpound.- Between
these peaks there appear two sharp peaks of egual

1 1 which are superimposed

intensity at 536 cm . and 524 cm’
on an underlying broad band of lower intensity. The
two peaks correspond in range with £hat expected for the
\kin) vibration of BF;, and could be intérpreted as

such the splitting being regarded as due to the change
of symmetry from T4 (BF;) to C3v (N-—BF3) (161).
However, a further possibility is that the splitting

is due to the isotopic species NLL;LOBF3 and Niéﬁi'-'xaF3
rather than to the symmetry effect. ‘Such splitting

has been reported by Greenwood (162) who commented on
the equal intensity of the doublets despite the large
difference in the isotopic abundances of 1Og and llB.
Which of these interpretations is correct is immaterial
for the purpose of our assignment, it being sufficient
to note that the-BF3 asymmetric deformation vibration
occurs in just this region, The underlying band of
low intensity, which is also observed in potassium

ferrocyanide, is not accounted for, but may be due. to

modes not active under the full O, symmetry becoming
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infra-red active under the site symmetry. The subsidiary

l.in the bis-trifluoroboron

peaks in the region above 500 cm”~
adducts can thus be accounted for as arising from B—F
asymmetric deformation wibrations.

Figure 24 shows the spectrum of hexakis-methylisocyano

avchlorale
iron (II), and Figure 25 that of hexakis-ethylisocyano
iron (II)N;;;}IEEQ‘;égién 375 em™t to 650 cm_l. In both
cases a peak océurs at 625 em™l which is readily assigned
to the ClO; asyﬁmetric bending vibration (163), and in
addition a very weak broad absorption centred on 520 cm'l
which may arise as a result of site symmetry. The two
remaining peaks are assigned as § (MCN) and V(MC) required
under Oh symmetry.

The two prominent peaks for the four molecules
hexakis-methylisocyano iron (II) perchlorate, hexakis-
ethylisocyano iron (II) perchlorate, potassium ferrocyanide
and its hexakis-trifluoroboron adduct can thus be interpreted -
as those required under sibe symmetry Oh for the.bending
mode §(MCN) and the stretching mode V(MC). Comparison
of these spectra with those of the bis-trifludroboron adducts
leads us to conclude that these adducts exhibit 0, local
symmetry around the central metal atom. The observations
.of Ginsberg and Koubek, and of Beck and Smedal led tﬁem to
assign Dy, symmetry for the complex cyanide acids HhM(CN)é,

and the molecules trans-dicyano tetrakismethylisocyano iron(II)



_Fl_cq;uRE 24— |

— b2
y —|S75

IAooL
500 |-
Goo

- _RC'HQNCM F@] [CRD%L |



" oo |-

Tan] [Nz

500 |-

Co |-

Y
{~

— 623

7%

$23

._{.Vw.o

T _%Uh-tgy'-__.,-. .




143

and trans<dicyano tetrakis-ethylisocyano iron (II) also

exhibit the features of th

symmetry in their spectra.

The formation of the bis-trifluoroboron adducts

apparently leads to a change of local symmetry about

the central metal atom from
in the' adduct, although the
molecule must be th. For

may be summarised as:-

D, in the parent.to O
overall symmetry of the

ferrocyanic acid the change

Dypy
595
€ (MCN) [k2u+ 2 Eq] 583
7
416
(MC) [|A, .+ E
14 [ 2u UJ )_'_07

Similarly for the other bis=

> *“h
cm'l
em™t _q_[fiu] 592 em™t
cm_l -
en™ F ] 423 em™L
—— .o 3 em
cm'l [ lu

trifluoroboron adducts.

Support for this interpretation of the spectrum

of the bis-trifluoroboron adducts in the renge 350 cm™

to 650 cm'l

spectré on the compounds.

1

is provided by the results of Mossbauer

The results of Mossbauer

observations are obtained in terms of the isomer shift

(§) which is a measure of the electron demsity in the

immediate environment of the atom under observation,

and in terms of the quadrupole splitting (AE) which

reflects the symmetry of the electron density distribufion.
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For our present purpose the magnitude of the quadrupole
splitting is of interest, since th symmetry of the atom
environment gives rise to quadrupole splitting whereas
for the Oh envifonﬁent no splitting is to be expected.
The magnitude of the gquadrupole splitting has been
discussed by Berrett and Fitzsimmons (153).

In Tablef%alues of the Mossbauer isomer shift and
quadrupole splitting are recorded for compounds of iﬁterest
in the present work. The results for the compounds
HhFe(CN)é, trans-MehFe(CN)é, and trans-Ethe(CN)é show
a quadrupole splitting appropriate to th symmetry,
which disaiapears on formation of theix; bis-é@%ﬁ:‘l&%&a
adducts. No quadrupole splitting ié observed for
potassium ferrocyanide, and the hexakis-alkylisocyano
iron (II) perchlorates where Oh symmetry ‘is expected
for the local environment of the iron atom, and the
absence of the splitting in the hexakis-trifluoroboron
adduct of potassium ferrocyanide .indicates that the Oh'
local symmetry of the parent is retained on formation
of its boron trifluoride adduct. Thesé results are
consistent with the results of the infra-red spectra
~ observations, and indeed the infra-red spectra results
would appear to be the more reliable in this case in
reflecting the local symmetry of the iron atom when

one has regard to the errors quoted on the Mossbauer
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Table 19
Mossbauer Spectra

Compound  Smm.sec”t AE mn, sec™t
K, Fe (CN) ¢ + 0.11 0.00
K, Fe (CN) ¢ . 6BF 5 + 0.03 0.00
H.Fe(CN), + 0.0k 0,10 -
'HhFe(CN)6.23F3 + 0,02 0.00
trans-MehFe(CN)é 0.00 Ol *
tfans-MehFe(CN56.2BF3 + 0.07 0,00
trans-Me,Fe(CN)4.2BCL,  + 0.05 0.00
trans-EthFe(CN)é + 0.05 . 0.59 *
trans-Et,Fe(CN)g.2BF,  + 0.0% 0.00
(RNC) gFe' " (C107), - 0.10 0.00
Errors for SIandAE =2* 0.05 mm.sec™l, *
+ 1

0.03 mm.sec™ .

“ § values are relative to Stainless Steel

* Data from Berrett and Fitzsimmons, J.Chem. Soc;, 525,(1967)
and the remainder from the same authors by private

communication.
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measurements, Such errors could well mask a residual
quadrupole splitting.

One further point emerging frqm-the infra-red
spectra results is that adduct formation brings about
a small increase in the frequency for the M—C stretch,

and for the M—CZ=N bend.

4.2 Region B: (650 em™* to 2000 em™)

- This region is the most difficult for the purpose
of frequency assignments since it is expected to be
composed of bending modes and combination modes in
addition to the possible characteristic frequencies.

No détailed-discussion of this region is attempted,

and remarks will. be confimed to features for which there
are comparisons available in published work. For
convenience the region is divided idto two overlapping

sub-regions, 650 em™t 1 1

2000 cm™.

~to 1300 em™, and 1200 cm — to

Fi ure 26 showéhthe spectra of H, Fe(CN) Fe (CN
| gure 26 pectra of Hy, 6> DyFe(CN)g
H,Ri(CN)g, and Me,Fe(CN)y over the range 700 em™ to

1300 em™t

, and Figure 27 their corresponding bis-
trifluoroboron adducts, the spectfa'being presented
together in order to facilitafe comparisons. The four
succeeding figures (28 - 31) show the spectra of the

individual'compounds and their adducts over the same
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range. The spectra of HhFe(CN)6 and HhRu(CN)é show
marked similarity, the peak at just below 900 cm =
" assigned by bbth Ginsberg and Beck to S(N—-H), is
lnotably absent in D Fe(CN), and Me, Fe(CN) . For the

bis-trifluoroboron adducts the dominant feature is the

1 1

set of strong bands lying between 920 cm — and 1700 cm™ .
The marked overlapping of bands makes individual assignment
difficult, anq the following remarks are simply based on
published observations; The strong absorption at around

1 is attributed to overlapping of the B—N stretching’

920 cm™
vibration (164) and the symmetric--BF3 stretching mode (165).
This band is also a feature of the bis=trifluoroboron adducts
of trans-dicyané tetrakis-alkylisocyano iron (II) in which

the asymmetry of the band is more clearly seen. In the

region 0f1100 em™t

the absorptions have also been reported
by Shriver (8L) in related adducts, and are attributed to
the asymmetric-—BF3 étretching vibration.,

The remainder of the range, from 1200 em™L to
2150 cm™, is shown for H,Fe(CN)g, D Fe(CN)y, and HRu(CN)g
together with their bis-trifluoroboron adducts is
iFtustrated in Figures 32, 33 and 3. The lower frequency
range of the spectrum is obscured in fhese figures by the
bands due to Nujol, and no attempt has been made to examine

this part of the spectrum by elimination of the Nujol bands.
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This neglect is in part due to some suspicion of adduct
spectra obtained from KBr discs, but much more to the
difficulty of making assignments'in this range. Although
the range has been discussed in much detail for the parent
compounds by Ginsberg and Koubeck (46) the difficulty of
assignment with any certainty is illustrated by the many
reservations made in their paper over this region.
Attention can be drawn to the absence in the spectra of
H,_I_Fe(CN)é.ZBF3 and HkRu(CN)é.ZBF3 of the strong absorption
at ].650-cm'l which is present in the parent compounds,

and attributed by Ginsberg to a hydrogen bonded N—H mode.
A band of medium intensity appears around l?25,cm'l which
is absent in DhFe(CN)6.ZBF3.
%.3. Begion C: (2000 em™t to 2300 em™)

In this region absorptions due to C=N stretching
frequencies are observed (159). A difficulty arises in
the accurate recording of peak frequencies because of
the need to examine the boron halide adducts and their
parent compounds as solids dispersed in a mulling agent.
In solids the effect of site symmetry in increasing the
number of observed CEN frequencies is well known (166),
and a good example of this is shown by the infra-red

spectrum of potassium ferrocyanide. This cémpound gives
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in the C=N region a set of nine peaks which have been
interpreted as due to the site symmetry Ci (167). The
hexakis-triflgoroboron adduct, KhFe(CN)é.éBF3, gives

only one peak which is very broad (8l1), and it is not
possible to tell whether this broadness is due to over-
lapping of several peaks due to site symmetry splitting

or whether it arises from other solid state effects.

In order to eliminate the effects of site symmetry compounds
can be examined in solution, but in the compounds we have
examined this can only be done with the trans-dicyano
tetrakis-alkylisocyano iron (II) compounds. Figures 35,
and 36 present a comparison of the alkyl compounds in
solution and mull form.: In chloroform solution trans-
dicyano tetrakis-methylisocyano iron (II) exhibits the
two absorption bands expected under th symmetry at

2106 cm™t (ms) and 2200 cm™t (s), the peaks being
generally sharp and symmetric, although the kigh
frequency peak shows weak shoulders at both sides.

The same compound in the form of a solid diépersed in
Nujol gives peaks centred on 2090 em™l (ms) and 2190 em™t
(s), these being appreciably broader and no longer
symmetric. It is not uncommon to observe frequency
shifts for CEN in solution and solid phase spectra, and

indeed for solution spectra involving the same compound
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in different solvents (168), but here in addition to
frequency shifts a considerable broadening of the peaks
is noted. In the spectrum of trans-dicyano tetrakis-
ethylisocyano iron (II) distortion of the peaks is
observed in chloroform solution, and this we can
attribute to the non-linear atom arrangement in the
ethyl isocyano group as compared to linear* arrangement

of the methylisocyano group i.e.

— C=N-— CH - C=N —
C\ %H CH 3
3 _
ethylisocyano methylisocyano

The non-linear arrangement would be expected to reduce

the symmetry from Dnn with splitting of the C=N peaks.
The mull spectrum is broader, but would seem merely to
reproduce the splitting displayed in chloroform solution.
This leaves open the question as to whether the broadening
is due to site symmetry effects or some other effect of

the so0lid phase.

* methylisocyano liquid is not strictly linear the

bend angle CEN—C being given as 167° (169)
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The complex cyanide acids, HhFe(CN)é, are insoluble
in solvents with which they do not interact strongly,
and as a result their spectra must be measured in the
form of solids dispersed in a mulling agent. This is
also true of their trifluoroboron adducts. In order
to attempt comparisons between the systems studied it
is desirable thét all the compounds be examined in the
same state, and hence all spectra are measured in mull
form. Soime uncertainty is thus introduced in the values
assigned to the C=N frequehcies as a resulf of broadening
and frequency shift. |

In Figure 37 we present the spectra of HhFe(CN)é

1 1

and HuRu(CN)é in the range 2000 cm — to 2150 cm —, and

in Figure 38 the spectrum of D, Fe(CN), in the range
L 6

1 2150 em™L, The frequency values are listed

1900 cm”
in Table 20 in which they are compared with the results

of other observers. Comparison of these results shows
reasonable agreenment on the values to be assigned to the
two strong absorptions, but on other peaks the disagreement
is more pronounced. A number of weak and very weak
absorptions are recorded on either side of the main peaks
by Ginsberg (46) which are not recorded by Beck (45) or

. Jones (158), We have recorded a very weak shoulder at

1

2038 cm=* in H,Fe(CN)y and at 203% cu™ in Hy,Ru(CN).
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Table 20
Compound Ginsberg - Beck Jones This work
HhFe(CN)é 213% w - - -
2125 sh.w - - -
2106 sh 2165 sh - 2118 sh
2096 s 2101 s 2110 s 2093 s
2072 s 2073 s 2086 s 2070 s
2060 sh.vw - - -
2040 sh.vw - - 2038 sh.vw
H,Ru(CN) ¢ 2145 w - - -
2135 w - - 2131 sh
2110 s 2102 s 2105 2097 s
2104 sh - - -
2078 s 2076 s 2080 s 2071 s
2062 sh.vw - - -
2045 sh,vw - - 203% sh.vw
.DuFe(CN)6 1905 wm 1918 m 1908 w 1913 wm
2100 s 2103 s _ 2095 s 2093 s
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More serious is the lack of agreement on the value
assigned to the prominent shoulder on the higher of
the two strong absorptions. For HhFe(CN)é our
recorded value (2118 cm™ ) is closer to that of
Ginsberg (2106 em™ ) than to that of Beck (2165 cm™)
whilst the shoulder is not recorded at all by Jones.
The lack of agreement is more marked in the case of
HhRu(CN)6 where no shoulder is observed by sedde Beck
and Jones, but is observed on the low frequency side
of the main peak by Ginsberg, and on the hizh frequency
side in our work. Despite repeated attempts we
.have been unable to bring about agreement on this point.
These differences cannot be dismissed as trivial since
they represent a point of disagreement between the
views of Ginsberg and Beck.

In their interpretation of the spectrum of HhFe(CN)é
Beck and Smedal ignore the shoulder they record at 2165 em™L
and regard the two strong absorptions as those requiréd
under th symmetry (species A2u’ Eu). They must there-"
fore take the view that the hydrogen-bonding interaction
is not strong enough to lower the th symmetry of the
C=N groups. The observation that in D4Fe(CN)6 only one
of the strong absorptions is shifted appreciably is
considered by these authors to lend support to their

views.on the structure.
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Using the site symmetry C. appropriate to the

i
recently reported space group and unit cell of

HhFe(CN)6 (119), Ginsberg and Koubek argue that the two
peaks (2073, 2096 em™l) and shoulder (2106 em™t) represent

the three C=N frequencies required of Dy, under the site

1
symmetry (AéabAu,

is assigned asy’(C-'—_:N)[Eu] split by the site symmetry.

EquZAu). The shoulder at 2106 cm™

On deuteration the shoulder at 2106 cm™ in HyFe(CN),
is identified with the peak at 2100 em™ in DyFe(CN),
the slight shift to lower frequency being considered as
due to decreased interaction with the hydrogen-bond
stretching frequency. Here compare the results of Beck
and Smedal where the peak considered to be unaffected by
deuteration shows a slight upward shift (2101—=-2103 en™l),
The deuteration shift of the doublet is not accounted
for by the peak at 1905 cm"l (i.e. that recorded nearest
to Beck and Smedal at 1918 cm'l), but is explained as
follows:

"In the deuterio-acidslV (ND) should occur close
toY (CN). Since four C=N groups per DhFe(CN)é are
directly bound to deuterium, and sincel) (C=N) and
l/(ND) belong to the same symmetry species, we may
expect that the two V(ND) fundamentals will interact
strongly with two ‘of theV (C=N) frequencies, while

the third C=N stretching frequency should be relatively
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unaffected. The spectra are consistent with this

1 which

expectation. A band is observed at 2100 cm”
even under high resolution remains single, although
it is asymmetric. This must be V(C=N) fundamental
due to stretching of the undeuterated cyanide group.
The bands at 1720 and approximately 1610 cm™ may
l%hen be identified as resulting from a very strong
interaction between the two remaining Y (CZ W)
frequencies and the two N=D stretching vibrations.
The strong absorptions at 2460 and 2280 em™! are
the other two bands which result from this interaction".
The_interpretation of Beck and Smedal has the
virtue of simplieity, but has been made at the expense
of ignoring a band which they have observed, and no
reason is given for its exclusion. That of Ginsberg
and Koubek is more attractive in that the attempt is
made to include other observed bands, although by no
means all-of them. However both groups, in their
different ways, invoke strong coupling of N-~D and
C=N modes in order to account for the effects of
deuteration, and this in turn must imply the existence
of strong coupling between N—H and C=N. Hadzi (170)
has shown that hyergenic stretching vibratioﬁs will,

in general, be independent of other vibrations in the

same molecule, and Cotton (171) has pointed out that
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where the bond force constant is large, as in C=N, it
is questionable whether strong coupling is to be
expected, even when permitted by the symmetry.

A further feature of the argument of Ginsberg and
Koubek is that the two peaks at 2072 and 2096 em™t are
~ the result of splitting of the V(C=EN) [Eu] modeé by the

site symmetry Ci' In principle it is possible to
eliminate the effects of site symmetry by examination
of the spectrum of a solution of the compound, but this
is not possible with HuM(CN)é. The spectra of the.
related trans-élkyl compounds have been examined in
solution (Figures®Sand36). Firm conclusions as to
.the results of this study are not possible on the -
‘information available, but it would seem that peak
distortions observed in solution persist in the solid
phase spectra, being accentuated in the process, and
the peak splitting does not occur to the extent
suggested by Ginsberg and Koubek for H%Fe(CN)é.

In Table 20 we note discrepancies in the number
of peaks reported by different authors. It is conceivable
that the species HuM(CN)é can act as a host lattice for
the clathration of solvent molecules used in the course
of its preparation. The presence of guest molecules

can igtroduée complications in te spectrum of the host,

both by virtue of the characteristic'frequencies of the
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guest molecules, and by variation of the site symmetry.
_-Thﬂs.the infra-red spectrq. of H,Pt(CK),.2EtO0H, and
H2Pt(CN)6.EtOH are almost identical with that of
H2Pt(CN)6. with the addition of frequencies characteristic
of ethyl al cohol (158). The etherate of H Fe(CN), is
reported to show only one C=N band, (hS). Variations
in the degree of retention of guest molecules in the

host would be éxpected'to produce variations in the form
of the observéd spectrun. It might then be possible to
explain the discrepancies in the observations (Table 20)
as arising from varying degrees of retention of solvent
molecules in the individual preparation teéhniques.'. |
The spectrum detail of Jones would bé obtained on
material prepared according to the method describéa (12).
After preparation of the etherate of HuFe(CN)6 Jones
adopted the practice of heating at 110°C in vacuo to
remove the ether. Our study of the thermal decompbsition
of ferrocyanic acid suggests that the ether is more
safely removed at lower temperatures since at 110°C

there is a risk of loss of H—=C=ZN from the parent
compound. It will be noted that in Table 20 no
subsidiary peaks or shoulders are reported by Jones, and
this leads to the suspicion that subsidiary peaks may
well depend upon the history of ferrocyanic acid

subsequent to the precipitation of the etherate in its
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preparation.

Further discussion of the HuM(CN)é species will
be made after presentation of the spectra of their
trifluoroboron adducts.

The frequencies observed for the boron halide
adducts and-their parent molecules are presented in
Table 21, together with rough estimates of their relative
intensities which are expressed as strong (s) amd medium
strong (ms). The meaning to be attached to these
relative intensity descriptions should be clear from the
illustrations provided. The spectra of HHFE(CN)G.ZBF3
and HLI_Ru(CI\I)é.ZBF3 -are presented over the C=N range in
Figures 39 and 40, while in Figure 4l the spectrum of
DyFe(CN)g.2BF; is presented and -compa;«ed with those of
H4Fe(CN)6.2BF3 and DhFe(CN)é. The results presented in
Table 21 left out such detail as shoulders on the peaks,
and these are now given in Table 22.

The shoulder observed on the strong upper peak of
these adducts is in the same position in each case, at
least as far as a simple Gaussian resolution will allow.
A suggestion as to how this shoulder might arise can be |
given, but in order to do so at this stage it is necessary
to anticipate some of the latér discussion. For reasons
-fo be giveﬁ later we assign the strong peak in the

adducts as being due to the C=N stetch in the system
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Table 21

C=N Stretchinzs Freguencies

Compound
. HhFe(CN)6

HhFe(CN)6.2BF3

DhFe(CN)é

D#FG(CN)6.2BF3

HhRu(CN)6

HhRu(CN)6.2BF3

trans-(CH3NC)L‘_Fe(CN)2

trans-(CH,NC)) Fe (CND,, . 2BF

trans-(CHiNC)uFe(CN)2.2BGf3
trans—(CZH5NC)Li_Fe(CN)2
trans-(Csz.I\IC),_*Fe(CN)2.2BF3
trans-(CszNC)uFe(CN)2.ZBC1
KhFe(CN)é
KhFe(CN)é.éBF

(CH

3
S P
3NC)6Fe (Cth)Z

(c2H5Nc)6Fe++(01o;)2

3

V(CEN) emt
2070 ms; 2093
2105 ms; 2193

- 2093
2108 ms; 2198
2071 ms; 2097
2106 ms; 2195
2090 ms; 2190
2180 ms; . 2228
2180ms; 2231
2098 ms; 2165
2186 ms; 2218
2187 ms; 2220
2048 *
2180s,v.br
2235s
2220s

S.

Se

Se

Se

¥ The inffa-red spectrum of KLFFe(CN)s in the =N

stretching region is complex (167).

the strongest band centred on 2048 cm™

with Shriver (81).

1

We have chosen

y in common
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Table 22
HuFe(CN)6.25F3 HuRu(CN)é.ZBF3 DhFe(CN)6.2BF3
2105 ms 2106 ms 2108 ms
2193 s - 2195 s | 2198 s

2230 shyvw 2230 sh.vw 2230 sh,w

—CSN—BF3, the two C=N groups involved being in
the trans arrangement. If the bond system—C= N—B
were linear only the asymmetric C=N stretching
frequency would be infra-red active, i.e}
e o] —

B— N=C— M—C=N—B
However, if this bond system departs from linearity,
by reason of the bond angle C=N—B being less than
180°%, then the symmetric C=N stretch could become
infra-red active, i.e.

- — —
=C—M—C=N

B ~p

That such a departure of bond angle from 180° is possible
is shown by comparison with the analogous bond system.
--CE:-:‘N--—CH3 in trans-dicyano tetrakis-ﬁethyl;socyano

iron (II) in which the C=N—C bond angle is'reported

as 167° (169). Argument on the same lines could
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presumably be used to account for the shoulder on the
‘upper peak of the parent molecules H)Fe(CN), and
H,Ru(CN), -(see earlier discussion) - as arising from
non-linearity of the hydrogen bonded hydrogen atoms
attached to CEN.

" The results in Table 21 show in both parent compounds
and their boron halide adducts a doublet strucfure in
theTCEEN region of the spectrum, the lower frequency
member.of the doublet being the weaker. This_structure
is in accord with Dy, symmetry, i.e. &y + Eu.- In the
parent compounds we have assigned the lower frequency
member of the doublet_to\/(CEiN), i.e. free C=N,
since all the values are comparable in magnitude. _The
higher frequency we have assigned to the isonmitrile
groupV (C=ZN—R), (R=H, CH3, 02H5), in the parent
compounds_since this frequency varies with the nature
of the attached group R, and in the methyl and ethyl
compounds.the frequency is comparable with fhat of Fhe
singleiKCEN) observed in the hexakis-alkylisocyano
iron(II) perchlorates. When cyanide groups form adducts
with boron halides the value of V(CE=N) is increased (81),
and this is also observed in the compoundé we have
examined. The value assigned to the frequency shift
Ay (C=N) which occurs on adduct formation will depend

on the assighments made for the C=N absorption frequencies
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of the adducts, and the¥e are two possibilities for
making such assignments.,
The two possibilities for the C=ZN frequencies of

- the adducts can be made as follows:

A, The lower frequency member of the C=N doublet
in the adducts can be assigned to the group
CEN=- BX3, and the higher frequency member to
the group C= N—R (R= H,CHy, or CoHg).

B. The lower frequency member of the C=N doublet
is assigned to C=N—R, and the higher frequency

member to the group C'=‘N—-BX3.

Each case would give rise to two different sets
of values fordV(C=N), and the two sets are presented

for cdmparison in Table 23.

Table 23

Compound Interpretation (A) Interoretation ng'
Av (C=N) Av (C=N—R)AV (C=N) AV (C=N—R)
}14Fe(cr-.1)6.2BF3 + 35 +100 + 123 + 12
HLFRu(CI-I)é.zBF:,) + 35 + 98 + 124 + 9
MeL*Fe(CN)6.2BF3 £ 90 .+ 38 + 138 = 10
Me,+Fe(CN)6.2BCl3 -+ 90 + 41 + 141 - 10
Et),Fe (CN) . 287, + 84 + 43 + 120 + 20

EtyFe(CN)6.2BCl3  + 85 + 45 + 122 + 21
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In making the assignment for the CEN frequencies
in the adduct molecules we have chosen the second of
these interpretations (B) since under this interpretation
the values of AV(CEN) show better internal consistency
than those for ihterpretation (A). The shift values
under this intérpretation are of the same order of
magnitude for the individual bond types involved in
each case, i.e. C=EN and C=N—R, whéreas the first
interpreﬁation gives a wide spregd of values. The
changeA y/(C=N) for the group C=EN—R is small, whilst
that for the group CEEN--BX3 is comparable in sigze
with the shift observed for KuFe(CN)6.6BF3 (1.e.

135 em™).

It seems to be generally accepted that C:=
frequency changes inisonitrile and cyanide complexes
afe related to changes in the g -donor andwr-acceptor
characteristics of the ligands, and that changes in |
these characteristics would produce corresponding changes
in the electronic charge density around the central atom
of the complex (168, 160). The existence of an electric
field gradient has been demonstrated for trans-dicyano
_fetrakis-meﬁhylisocyano iron (II) and trans-dicyano
tetrakis-ethylisocyano iron (II) as arising from ligand
inequivalences and imbalance of the electron occupation

numbers of the d-orbitals (153). In trans complexes
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the field gradient will lie along the octahedral axis
containing the free CEN groups, the contribution from
the isonitrile groups being symmetrical in the plane
normal to the axis. A change from D#h to Oh local |
symmetry of the electronic charge distribution cquld

be brought about by a substantial change in the axial
direction, together with a relatively small change in.
the planar distribution. Such a change seems to be
consistent with the set of frequency shifts given by
interpretation (B). The alternative set of fréquency
shift; under interpretation (A) would correspond to
significant changes in the electronic charge distribution
in both the axial and planar directions, and would seem
less likely to give rise to a uniform change of
symmetry in thé compounds. _

The most certain method of distinguishing between
the two possible interpretations for the frequenéy shift
would be to have an unambiguous measure of the shift in
changing from C=N to CEEN-BX3. An opportunity for
such a measurement seemed to be afforded byldeuterio-
ferrocyanié acid iﬁ which both Ginsberg and Beck report
that the un-deuterated C=N group remains essentially
unshifted on deuteration, whilst that of the gfoup
CE2N—D was moved to another region of the spectrum,

- In such a case the formation of the bis-triflucroboron
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adduct should result in a measureable shift which could
be compared with the values for HhFe(CN)é, it being
reasonably assumed that the deuterium and hydrogen
compounds would be essentially the same in this case.
The result.of such an experiment is represented in
Figure 41 which shows the spectrum of DuFe(CN)é.ZBF3
in the C=N region of the infra-red spectrum, the
spectra of D Fe(CN), and Hqu(CN)6.23F3 being also
giveﬁ for comparison, It is seen that the spectrum
of DuFe(CN)s.ZBF3 is essentially similar to that of
HhFe(CN)6.2BF3, and accordingly similar to that of
HhRu(CN)6.2BF3; The experiment does not allow us to
obtain the result for which it was performed, i.e. an
unambiguous measure of the shiftAV(C=N), but the
result is of some significance. The simplest
interpretation of these results is that not only are
the bis-trifluoroboron adducts of H,Fe(CN)g, DyFe(CN),,
and H) Ru(CN)¢ identical in their infra-red spectra in
the C=N region, but that the spectra of the parent
compounds a¥e al so ident}cal{ "The band observed at
2100 cm'l which even uﬂder high resolution remains
single, aithough it is asymmetric" (46) must then be

a doublet in which the structure is masked by some
underlying band, possibly a low=-lying N—D or combination

‘mode.
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Beck and Smedal claim that the absorption peak at
1905 cm"l (1913‘cm'll in our spectrum) is W(C=:N) shifted
by deuteration of H Fe(CN),. The peak is seen to
disappear on formation of the adduct DhFe(CN)é'ZBE3’
‘whilst the doublet structure of the strong C=N ablsorption
reappears. If the reappearance of the sfrong doublet
were due to a shift upwards of the peak at 1913 em™t
then the magnitude of the shift would have to be at
least of the order of 200 em™L (1913 to 2108 cm'l).
This would represent a very large shift indeed even for
direct addition of boron halide to C=N, and aﬁ
interpretation of the peak as being due td C=N—D
would involve the transmission of this large effect
through the remainder of the molecule. It woculd seem
therefore unlikely that the interpretation of Beck and
Smedal is correct in this instance.

Ginsberg and Koubek argue that strong coupling of
N=—D and C=N belonging to thesame symmetry species in
the system CEN_—D results in frequency displacements
in tﬁe spectrum of D Fe(CN),, and leaving the undeuterated
- C=N mode essentially undisplaced. The evidence of the
reappearance of the doublet structure on formation of |
the bis-trifluorobdron adduct is not of itself sufficient
to argue against this interpretation, since in the adduct

spectrum thé 'free! N—D frequency appears to suffer an
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upward displacement which could lead to decoupling of
the Fermi resonance. Their argument does depénd of:
course on the interpretation of the C=N frequéncies ip
ferrocyanic acid. If, as we have suggested,lthe
shoulder on the high frequency side of the C=2N doublet
in the spectrum of ferrocyanic acid is due to non-
linearity of the C=N—H group (see pagel??), and the
priﬁcipal peaks of the doublet are simply those required
under Dy, syﬁmétry of the C=N system, then the
alternative hypothesis, that the asymmetric C=N peak
in D Fe(CN), is a doublet overlaid with é low-lying
N—D mode, is élso'a possibilitye. |

Ly Region D: (2300 gmfl to 4000 cm™r)

The bis-trifluoroboron adducts of the ferrocyanic
and ruthenocyanic acids each give a single broad band
centred at approximately 3300 em™L (Table 16), and-their
spectré are reproduced in Figures 42 and 43. Also shown
in the figures is the spectrum of the parent acid over
the same spectral region. The figures illustfate
further the close correspondence between the compounds

H, Fe(CN)¢.2BF, and H,Ru(CN)(.2BF 3, as well as the

3
correspondence betwéen the parent acids HhFe(CN)6 and
HhRu(CN)6. This close correspondence between the two

sets of compounds allows the remaining discussion to be



TY 79051

. . . ) .. s . . ‘ .
AN - r).l.l\( Y J/ :_\. 2 \m e

.zf_m?zr. SR H, Fen)e 2B8F

= —

— = — HexALHLOROBVTADieNE



..wa.ﬂﬂc...nmoxo...:acxwz -

CYITN)YH—— WYY ——
- » e - v
o m : &
( Q
- T PEaiaiN L o

I T e e

vV

pi

FlGr urf 43,




187

confined to one member of each set, a practice also
followed by Ginsberg (46) and Beck (45). Some comment
on the interpretation of the spectra of the parent acids
by these authors will be useful.

Beck éﬁd Smedal (45) divide the broéd absorption

observed over this region into two main bands i.e.

3050 s. 3040 s.
2570 s.bb. 2580 s.bb.

The upper band is interpreted as due to V(N—H), and
the very broad band at lower frequency as that due to
V(N—H:-"N). The spectrum of D,Fe (CN), in which two

-1

distinct bands are clearly visible at 2490 em™— and

2306 em™t

are interpreted similarly as V(N—D) and

V(M—D-N) respectively. These authors take an

essentiglly simple vieﬁ of the spectrum as consisting

of bands due to 'free' N—H stretching énd asymmetric

hydrogen-bonded N—H:*N stretching frequencies in_accord

with their suggested structure of the acids (see Figure 12).
Ginsberg and Koubek (46) examined the spectrum at

réom temperature and at 80°K. - At the lower temperature

they claim that the bands are more clearly resolved, and

give the component peaks as follows: |

Hqu(CN)é HhRu(CN)é

3200 sh.w 3200 sh.w



183

3040 v.s 3050 v.s

2770 ms. 2790 ms.

2630 sh. 2650 sh.

2570 s. - 2580 s.

2370 ms. 2370 ms.
1

The banas at 3040 em™~ and 2570 em™t are assigned as

N—H fundamentals, and it is interesting to note that

both groups are in agreement as to the position of these
two main band centres. In figures 42 and 43 the position
of the band centres is marked for the values given by
Ginsberg; The resolution of the broad structure was

made by fitting Gaussian curves into the band envelope,
and it is presumed that the fitting was first made to the
two main peaks, but even so there must be some considerable'
degree of arbitrariness in the fitting of the Gaussian
components to such a broad envelope. _One must therefore
view witn some uncertainty both the number and position
of the resolved components of Ginsberg and Koubek. The
'extra' bands arising from this resolution are éssigned '
as combination tones of N—H bending modes in Fermi
resonance with the fundamentals. The authors conclude
that all of the hydrogen bonds are of the asymmetrical
N—H--'N type, and state: "An important observation is

1

that no absorption maxima are found between 3200 cm™

and 3600 cm‘l, where nonhydrogen-bonded N—H would be -
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expected to absorb. 'This indicates that all of the
protons in the'HuFe(CN)é acids are engaged in
hydrogen-bonding". Whilst several plausible three-
dimensional networks of HuM(CN)é linked together by
hydrogen bonds could be imagined by the authors, no
specific structure being mentioned, they did not
consider it possible to decide upon a definite structure
for the acids on the information available.

Whilst there is some uncertainty as to the actual
structure of the broad band envelope it is interesting
'm_tb note its similarity to other N-¥H~-N spectra, notably
-those of imidazole and purine which have been presented
and discussed by Novak and Lautie (172). Figure 4k

is a reproduction from this paper of the spectrum

1 1

of purine in the region from 2,200 cm ™~ to 3400 em™.

O? this the authors state: "The y(N—H) absorption

band of purine has its centre of gravity near 2,700 cm"l

and a half-width of 600 em™.  There are ten relatively
well defined and strong sub-bands which disappear in the
spectfum of ND'substituted purine (purine—?-dl) and are
thus caused by hydrogeh-bonded NH groupsi. Ths C—H
stretching fundamentals, between 3,00 -and 3,000 cm'l,

' are mach narrower and can easily be disfinguished from

the sub=-bands by deutération". In Figure 45 we reproduce

our own recorded spectra of imidazole and purine, togethér '
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with those of H,Fe(CN), and HyRu(CN)¢, and the similarity .
of the band envelopes is apﬁarent, at least in the regipn
below that assigned to the C—H fundementals. Novak
and Lautie conclude their stqdy of the spectrum over
this region with the statement: "The chief sub-maxima
belong to an isolated N—H-:-*N system. The assumption that
the sub-bands are caused by the ofertones and combinations
of internal vibratiohs in Fermi resonance.wiﬁh the N=—H
stéetching mode, as found for imidazole (173), seems to
be the most satisfactory". The hydrogen-bond fréquencies
do not seem to be the decisive factor in deterﬁining the
sub-band structure which contributes to the broadening
of the band in this case. Such a factor as this will
certainly complicate attempts to assign N—H frequencies
in this region to representations of the site group,
as is doﬁe by Ginsberg and Koubek. The paréllel drawn
between the spectra of ferrocyanic acid and purine is
extended by the observation that deuteration simplifies
the purine spectrum over this region, the sub-band
structure disappearing, a feature which is also observed
in tﬁe case of ferfocyanic acid.

The centre of gravity of the broad band in. purine

is located at approximately 2700 em™t

, and this differs
from the position of the central band of ferrocyanic acid

at 2570 em~l, If Fermi resonance is used to account
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for the band structure such a difference is not
surﬁrising,,since the position of the band centre
would depend upon the degree of coupling between the
-frequencies,involved. One can also note that the
frequency value assigned to a hydrogen-bonding band
is sensitive to the value of the bond lengths in the
system N—H---N, (17%), and it is certainly probable
that thése will differ between purine and ferrocyanic
acid. _

Ginsberg and Koubek reject the possibility of the
existence of 'free! N—H frequencies on the grounds that
no absorptioh maxima are found between 3260 cm'l and”
3600 cm'l. They cifé the N—H stretching frequencies
for HNC in an argon matrix (3582 em™l) and for HNCO in
the gas phase (3531 cm'l) in support of this interpretation.
The only recorded example for the free N—H stretching
frequency in 1igand'HNC-* is located at 3300 cm'l,-being
that recorded for the series of compounds HNC.M(CO)s
(M = Cr, Mo, or W) prepared by King (175), and this value
seems a more valid basis for coﬁparison than those quoted
by Ginsberg and Koubek. The resulfs repbrted by King

are:

y(N—H).. Y (C=N)
ENC.Cr(C0) g 3360 em-l 2115 em™
HNC. 40 (C0) 3350 d

HNC.W(CO) g 3300 " 2130
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The N=—H stretching frequency is dependeht on the nature
of the metal atom in the complex. Beck and Smedal
consider the free N—H frequency in ferrocyanic acid

to be the absorption at 3050 em™t., In view of the
values repbrted by King this assignment seems unlikely,
although this argument does not necessarily invalidate
the existence of free N—H frequencles since the band
envelope in ferroéyanic acid extends beyond 3200 cm'l.
It is conceivable that the adoption of a different set
of Gaussian components for this envelope could present

-1

the absorption at 3200 em —, as a more intense band

with the absorption at 3050 cm™t

appearing as a strong
band because it 1s superimposed. The frequency shift
from the values of King would -be much smaller, and in a
range more readily accounted for. Already we have seen

a variation of 60 cm"l

in the compounds of King for
different central atoms, and N—H frequencies are known

to be sensitive to both electronic and steric effects (170).
Chatt has reported on changes in N—H frequencies for
ammine complexes with different attached ligends as

the result of transmission of electrogic effects through
-the central atom (176), and we have noted earlier that

the electron distribution for the central atom is sensitive
to changes in the ligand. Carbonyl groups are known to

have strong éffects_on isonitrile ligands in the same
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co-ordination sphere (168), and the value of the N—H
frequency in King's compounds must be considered subject
to such effects transmitted through the C=N group.
We draw the conclusion that the value to be assigned to
a possible . free N—H frequency in such compounds as the-
HhM(CN)6 aéids is very uncertain, and the question as
to whether these exist are still very much opene.

In Figure 46 we present the spectra observed for
D,Fe(CN) and DhFe(CN)é.ZBF3. For D Fe(CN), there
are two prominent sbsorptions, and the frequency values

for these compare favourably with those of other observers:

Jones (44) ‘Ginsberg (46) Beck (45) This work
2460 em™L 2460 emT 2490 ch'; 2430 em™L

1 1 1 1

2270 cm 2280 cm~ | 2306 cm™— 2270 cm”

The bis-trifluoroboron adduct shows a single peak centred
on 2580 cm'l, accompénied by a very weak abéorption at
2350 em™. All measurements were obtained at higher
resplution'than that indicated in the illustration.

In the proton acids HhFe(CN)é the broad sbsorption
is replaced in the bis-trifluoroboron adducts by a single
band of medium intensity centred on 3300 cm'l. It will -
be recalled that this is the value assigned by King (175)
to the free N—H stretching frequency of ligand HNC-e
in the compounds HNC.M(CO);. Accordingly we assign the

band at 3300 em ! to the N—H stretching frequency for
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the compounds HhM(CN)é.ZBF3, and the single band at

2580 em™t

in Dth(CN)6.2BF3 to the free N—D frequency
The deuteration shift for ferrocyanic acid expressed
as the ratio vh/Vb has the value 1.28 as'égainst

the theoretical harmonic oscillator value in the

range 1.37 to l.41l. It is interesting to note that
when this value of the deuteration shift is applied to
the upper band of DhFe(CN)é (i.e. 2480 em™L) one
predicts the corresponding absorption for the proton
acid to be approximately 3200 em™T (see discussion

on page 194), and this would fit one of the bands
resolved by Ginsberg.

It is apparent that the broad asborption band in
HHM(CN)é attributed to N—H---N modes disappear on
formation of the bis-trifluoroboron adduct, and is
replaced by a single absorption band centred on 3300 em™L,
The result is interpreted as a break-up of the hydrogen
bondipg resulting in the appearance of free N—H bonds.
It will be recalled (Chapter 3) that an observable
increase in volume odccurs on exposing the HhM&CN)é
acids to gaseous boron trifluoride, and this observation
is also consistent with the removal of hydrogen bonding.

For DHFe(CN)é_the interpretation is the same with adduct

formation resulting in free N—D vibrations.
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The spectra of ferrdcyanic acid and cobalticyanic
acid have been studied by Evans (158) and by Beck (45).
Both groups are agreed that the structures are the same
involving all hydrogen atoms in symmetriqal hydrogen-
‘bonding of linked octahedra. We have prepared these
compounds and recorded their infra-red spectra (Chapter 3).
The observations compare with those recorded by Evans and

Beck, eege

ﬂ3Fe§CN)6 Evans Beck This work Agsignment

- 2163 2176 V(C=N)
- 580 585 §(Fe—C=N)
3 529 525 ?
- 426 130 V(Fe—C)
HyCo(CN)g
2202 2218 - 2198 V(C=N)
550 420 - V(Co—C)

The assignments are those due to Beck (45). We found

the absorptions broad and weak in the region 375 to 650

cm'l, and the centres recorded above are only approximate.
The suggested structure of linked octahedra gives an

open lattice (Figure 47). Evans, Jones and Wilkinson

(158) suggest that the large open structure explains
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the ready ﬁormation and decomposition of the solid
solutions with ether, and addition compounds with
alcohol, acetone, étc,, the organic molecules being
lopated in the wide channels formed.. The atom sequence

in the proposed structure is: _ L

|/ | /
—Fe=—=C=N-+Hr--N=(C—Fe—
/ 4 |
’ and can be compared with

the structure proposed for Berlin Green (Ferric ferricyanide)
and the related compound Prussian Blue (potassium ferric

ferrocyanide) in which the atom sequence is;

l/- | / I,

—Fo— C= N—Fe— N=C—Fe —
/I 7 “|

the distance between

successive iron atoms being 5.1 K az7). The proposed
structufe of ferricyanic acid differs in that the sequence
N—=Fe—N is replaced by N--H--N, We would thus expect
the distance between successive iron atoms in ferrpeyanic
acid to be greater than that in Berlin Green by a factor
.0f approximately two. |

The compounds H3Fe(CN)6 and Prussian Blue were
examinéd by the X-ray powder method. The d;spacings

obtained from the X-ray powder patterns were as follows:
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Plene HgFe(CN)é H%Co(CN)é Prussian Blue

0 _ o 0
200 5.6 A 5.6 A 5.1 A
] (o] lo] fo}
220" 4.05 A 4.0 4 3.6 %
4500  .2.82 4 2.8 % 2.55 &

-The X-ray powder patterns for H3Fe(CN)6 and H3Co(CN)6
were similar to Prussian Blue in that they showed the
same sequencé of lines with a small displacement,
suggesting similar structures.. A much larger interplanar
spacing for the acids would be expected on the structure
proposed by Evans, Jones and Wilkinson.

The small difference observed in the interplanar
spacings might be reconciled by considering the structure
of H3Fe(CN)6 to be formed from interpenefrating structures
of the type proposed by Evans, Jones and Wilkinson, such
as that illustrated in Figure u48. Such a system would
satisfy the interplanar spacing re@uirements, and retain
the symmetrical N---H---N bonds suggested by the infra-red
examination (158, 45). The interpenetrating system
would still have a relatively large cage structure to
admit organic molecules, as suggested by Evans et al.

‘When attempts were made to prepare Boron trifluoride
adducts of H3Fe(CN)6 and H3Co(CN)6 no reaction was

observed even after standing under an excess pressure

of boron trifluoride for_periods up to 48_hours.
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In all of the‘examples we have studied reaction of

C=N and boron halides has occurred immediately or not
at all. In the preparation of boron halide adducts of
complex cyanides reported by Shriver (81), long exposures
of tﬁe reactants has been the general rule, but in the
one example where we have repeated his work, i.g.
potassium ferrocyanide, we have found that if the material
is in finely divided form reaction is immediate. That
no reactiqﬁ ocecurs when H3Fe(CN)6 and HSCo(CN)é are
exposed to boron trifluoride cannot be attributed to
restricted access to the cage structure, for what ever
the structure mgy be the cage can admit larger organic
molecules. Nor can it be attributed to the higher
oxidation state of the central metal atom reducing

the electron availability on C=N, for adducts have

been reported by Shriver and Posner (82) with the
compounds [.Fe(phen)z(CN)Z] [PFé] , and I\IazFe(CI\I)SNO in
which the iron atom is in the +3 oxidation state.

T.he restriction musp be that the C=N groups are not
available for attack b& boron trifluoride.

Recalling that H,Fe(CN)s forms a BF, adduct, but
no adduct with BCl3, and that hydrogen bonding in the
parent compound is unsymmetrical N—H-N as against
symmetrical N--H--N in H3Fe(CN)6, suggests that

reaction has to do with break-up of hydrogen bonds.
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A possible interpretation is that when H) Fe(CN), is
exposed to eXxcess boron trifluoride, the interaction

with the fluorine atoms is such as to weaken the

hydrogen bond to nitrogen allowing a boron trifluoride
molecule to compete for the nitrbgen electrons. Greenwood
has suggested that formation of adducts may break up
hydrogen bonds to'oxygen by reducing the availability
.of electron pairs for hydrogeq-bond fofmation with
consequent change_in the physical properties of materials
(L78). Since chlorine atoms form only very weak

hydrogen bonds this mechanism would not be available

in thé case of boron trichloride, and no adduct formation
can occur, The difference in behaviour of boron tri-
fluoride and boron trichloride cannot be attributed

to the reorganisation energy required to transform the

BX3 molecule from its normal ground state into a condition
where it can accept a pair of electrons from the nitrogen
atom. For this to occur there must be at léast 18 Kcals
more energy available to BFy than to BCl, (179) which
could only be expected to arise mainly from the interaction
Fe-H—N. From the data of Coulson the energy available
from such an interaction is only of the order of 5 Kecals
(180). On this basis the lack of reaction of boron
trifluoride with ferricyanic acid can be attributed to

thg greater stability of the symmetrical hydrogen banding
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in this compound as against the unsymmetriczl hydrogen
bonding in HMM(CN)é.

In Chapter 3 we reported on reactions of ferrocyanic
acid with mixtures of boron trichloride and acetyl
chloride, thibnyl chloride and sulphur dioxide. When
the single compounds are left with ferrocyanic acid no
reaction is observed, but when mixed with boron trichloride
immediate reaction occurs. Qualitative analysis shows
that in all cases boron trichloride is contained in the
product, and that the second component is also present.
In the case of the mixture with acetyl chloride a
preliminéry analysis showed the presence of two acetyl
groups and two boron atoms per iron atom in the compound,
but no éonfirmatory studies have yét been made. Figures
49 and 50 illustrate the infra-red spectra of these
compounds, and their general similarity is apparent.
Adduct formation with BCl3 seems to be indicated by the

1 1

and 1000 em™l, and by

1

absorption pattern between 700 cm”
the CEN peak which lies at 2180 em™ in each case. We
explain the adduct formation by the solution of ferrocyanic
acld in the acetyl chloride, thionyl chloride, or sulphur
dioxide resulting in break up of weakening of the

hydrogen bonding, which then makes available the electron

pairs of the nitrogen for donation to boron trichloride.
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4,6 Summary

The formation of a bis-trifluoroboron adduct as
the limit of reaction of boron trifluoride with the
acids H M(CN), indicates that two of the C=N groups
are different from the remaining four in these molecules.
We may compare the formation of KnFe(CN)6.6BF3 which
demonstrates the equivalence of the C=N groups in
potassium ferrocyanide, and the formation of bis-boron
trifluoride adducts with trans-dicyano tetrakis-alkyl
isocyano ifon (II) in which the non-equivalence of the

=N groups is an accepted feature of their structure.

However both of the trans-dieyano tetrakis-alkylisocyano
iron (II) molecules give bis-trichloroboron adducts
réadily by tne direct action of boron triéhloride,-whereas
the corresponding reaction with HhM(CN)6 does not yield
a bis-trichloroboron adduct even under more rigorous
conditions. ,These results clearly indicate that the
C=N groups in. the H,+M(CN)6 acids are in some way
restricted, and we have suggested that this restriction
is due to the hydrogen bonding. Where the hydrogen
bonding can be weakened by solution in non-aqueous
solvents, even if the solution may only be pesrtial,
adduct formation with BCl3 can occur. The lack of
reaction of boron trifluoride with both ferricyanic

and cobalticyanic acids, where symmetrical hydrogen
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bonding is an accepted feature of the structure, provides
support for the view based on infra-red absorption
studies that_thé hydrogen-bonding in HHM(CN)é is of
the asymmetric type N—H—-'N, We further suggest that
the.ability of boron trifluoride to react with H M(CN),
is due to competition between N—H-:-N gnd N=~H:-F
resulting in the nitrogen being free to donate electrons
to boron trifluoride.

We believe that this study of the adducts of
HHM(CN)é is consistent with the only firm structure

proposed for the acids (45), this structure being:

H
)
H... i P
\ /
c/ | \c
_nN? Sy,
H C “H
- Il ™~
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Chapter 5

AMIDINE AND RELATED COMPLEXES

This section is concerned with the attempted preparation of
amidines and imino-ethers from the boron halide adducts of nitriles,
and the formation of some Lewis acid adducts of amidines and imino-
ethers.

" Nitrile adducts of the type R-Czﬁ-ﬁ-A, where R is an organic
group, either alkyl or aryl,and A is a Lewis acid, usually a metal
halide MRn, have been described in some detail in a review by
Walton (181).

With nitrile adducts two types of addition reaction seem to be
possible:

(a) The charge distribution within the adduct may be represented as
follows:
R-g;N ———-> Isﬁ-(n
This leaves the nitrile carbon open to attack by an electro-

negative group

ot o= o+ o-
R-C=N—> MXn + H—Y —> R-C=N—->MXn

YH

where Y is the electronegative group.
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(b) The formation of a nitrilium salt with an organic halide is an

alternative possibility (182)
R-CEN-—)-MXn + R'X! —— [R-CEN-R']+[MXnX']_

In reaction (a) the addition of a primary or secondary amine to
the adduct would result in the formation of a complex between the

Lewis acid and an amidine.

R—CsN—x-Mxn + R'R"NH —~——» R-C== N->» Mxn

R'NR" H

Amidine adduct

where R' and R" are organic groups (alkyl or aryl) or hydrogen.
Several secondary reactions are awe now possible

(i) cleavage of HX

R-C=—= N-—->MX “HX R-C== N—MX

I "
RINR" H RIN'R"

-1

(ii) ligand displacement

R-CEN—»MXn + R'R"NH —> R'R"NH—)MXn + RCN

The adduct B, H.,°*2CH,CN has been shown to undergo both addition

lo12 3

and ligand displacement. It forms an amidine with primary or
secondary amines (183) or hydrazine (184) and the CH,CN is displaced

.
by both Et,NCN and (C.H,),PP (185).

2



-211-

The addition reaction was studied in some detail by Oxley (186)
who prepared many amidines by refluxing 1:1:1 molar ratios of nitrile,
base and Lewis acid. No amidines were prepared in this manner from
boron halide adducts, however.

In a similar reaction to amidine formation, the addition of an
alcohol to a nitrile adduct results in the formation of an imino-

ether adduct

R-CEN—>MXn + R'-OH —— R-C=N—>MXn

OR' H

As with amine addition, cleavage of HX and ligand displacement can
occur although a further reaction is possible in this case

e.g. 3ROH + BCL, —> B(OR)3 + 3HCL

5.1 Reactions between amines and boron trichloride - nitrile adducts

The nitrile and boron trichloride were.mixed in equi-molar
quantities in methylene dichloride in a Schlenk tube (187) and then
1 mole of amine was added.

The results are summarised in Table 24 and show that ligand

displacement is the predominant reaction.

5.2 Reactions between alcohols and MeCNiBCI3

The reaction was carried out as described in 5.1 except that the

amine was replaced by an alcohol.
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TABLE 24

The addition of various amines to nitrile adducts

Nitrile adduct Amine Product
PhCN,BCl3 NH3 benzamidine, BCl3 (trace)
mostly NH4CI
PhCN,BCl3 EtzNH | EtZNH,3013
MeCN,ﬁCl3 Et,NH Et,NH,BCl,
" Ph,NH Ph,NH,BC1,
" PhEtNH PhEENH, BC1,
n PrizNH PrizNH,3013
" BunzNH BunzNH ,BCL,
" BuiZNH BuizNH ,BCL,
" ( PhCH, ), NH (PhCH2 )ZNH,BCI3
" piperidine CSH10NH,BCI3
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The reaction was studied with methanol, ethanol, propanol,
butanol, tertiary butanol and amyl alcohol. 1In all cases there was a
violent reaction with evolution of hydrogen chloride and deposition

of the appropriate boron alkoxide.

5.3 The addition of Lewis acids to an amidine.

An available amidine 1,1,3,3-tetramethylguanidine, (MezN)ZC:NH,
(referred to below as "HG"), was studied. The reactions were
carried out in a Schlenk tube and melting points measured in a
sealed tube.

The results are summarised in Table 25. The nature of the

various products is as follows.

HG,BCl3 - a viscous grey liquid at room temperature and a white

solid at -80°C.

GBCl2 - an extremely hygroscopic pale-yellow solid.
HG,HC1 - a white powder
HG,HC1,BCl, - a white powder.

3
On passing dry hydrogen chloride througha solution of 1,1,3,3-

tetramethylguanidine in acetone, the hydrochloride was deposited.

This reacted with BCl, forming an adduct of melting point 208-212°¢.

3
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TABLE 25

Reaction of 1,1,3,3-tetramethylguanidine (HG) with boron trichloride

Mole Ratio Temperature Product Melting
biG:BCl3 and solvent Point
1:1 25% HG,BC1, -
CH,CL,

1:1 -80% HG,BCL, -
CH,C1,

1:1 -20% GBCL, 118-129°¢

No solvent
1:1 25°% GBCL, 120°%
petroleum spirit + HG,HC1 204-6°C

1:2 25° HG,HC1,BCL, 215-20°
CH,CL, + HG,BCl, -

1:3 25% HG,HC1,BCl, 210-15°¢
CH,C1, + HG,BCl, -

3:1 25°%¢ GBC1, 130°¢

petroleum spirit + HG,HC1 205°¢C
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5.4 The addition of Lewis acids to an imino-ether

N-ethylbenzimino-ether hydrochloride was prepared by refluxing a
mixture of C6H5CN and ethanol in dry ether, while passing dry
hydrogen chloride through the solution.

C.H.CN + C.H.of —BCLy ¢ 1__c=nm..cl”
65 2H5 615 2°

OCZHS

N-ethylbenzimino-ether was deposited as a colourless oil on
treating the hydrochloride with a slight excess of aqueous potassium
carbonate.

The result of treating the imino-ether, and its hydrochloride,

with some Lewis acids is shown in Table 26.
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TABLE 26

Reaction of N-ethylbenzimino-ether (B) and its

hydrochloride (B,HCl1)

with some Lewls acids

Reactant Lewis acid Product

B BCl3 B—oBCl3

B BF3 B—bBF3

B A1C13 B,HC1
B,HC1 BCl3 B,HCl—nBCl3
B,HC1 BF3 B-—#BF3

B,HC1 Alcl, B—»ALCL,

Melting Point

80-94°¢
126-7°%
117-18%
102-4°¢
120-2°

> 200°




(1)

(2)

(3)
(4)

(5)
(6)
(7)

(8)

(9
(10)
(11)
(12)
(13)
(14)
(15)
(16)

(17)
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