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Abstract: Homoleptic cyanide compounds exist of almost
all main group elements. While the alkali metals and
alkaline earth metals form cyanide salts, the cyanides of
the lighter main group elements occur mainly as covalent
compounds. This review gives an overview of the status
quo of main group element cyanides and cyanido com-
plexes. Information about syntheses are included as
well as applications, special substance properties, bond
lengths, spectroscopic characteristics and computations.
Cyanide chemistry is presented mainly from the field of
inorganic chemistry, but aspects of chemical biology and
astrophysics are also discussed in relation to cyano
compounds.

Keywords: analytics; computations; homoleptic cyanide
compounds; hydrogen cyanide; main group cyanides;
syntheses.

Units of measurement

In this review the units of measurement are used in
accordance to the International System of Units (SI). All
derived units and their expression in terms of the SI base
units are given below.
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Dimension Unit Notation Conversion to Sl-units
Energy H Hartree 1H=14.3597 x 1078

eV Electronvolt 1eV=1.602x10")
Frequency ~ MHz Megahertz 1MHz=1x10%s"!

Hz  Hertz 1Hz=1s"
Heat k) Kilojoule 1kl =1x10>kgm?s
quantity

kcal Large calorie 1 kcal = 4.1868 kJ
Length A Angstrom 1A=1x10""m=0.1890 B
Pressure Pa  Pascal 1Pa=1x10"bar
Temperature K Kelvin 9/°C=T/K-273.15
Time h Hour 1h=3.6x10%s

min  Minute 1min=60s
Wave cm™! Reciprocal 1ecm?=100m™
number centimetre
Introduction

Historical review

Centaurea cyanus is the Latin name for cornflower, which is
famous for its intense blue color (Figure 1), but the origin of
the color has nothing to do with cyanides. The name was
derived from the Greek word for deep blue kvavog (kyanos).
However, the accidental discovery of a new blue pigment at
the beginning of the eighteenth century can be regarded as
the beginning of the cyanide chemistry (Figure 2).

As early as 1706 J. Diesbach and J. Dippel accidentally
discovered Prussian blue (originally named in German
Berliner Blau) (Unknown, 1710; Roth, 2003), a blue dye in
the reaction of iron salts (e.g. Eisenvitrol = FeSO,) with
lime potash (Kalilauge German for KOH) containing hexa-
cyanoferrate(III) salts (Prussiate salts, in German Blutlau-
gensalze), which were formed in the repeated treatment of
Dippel’s Tierdl (oil isolated from a dry distillation of re-
mains of animals, mostly blood) with potash. With an
excess of FeSO, an insoluble intense blue pigment was
obtained (egs. 1, 2, Figure 1, Scheme 1). The first publication
appeared in 1710 anonymously in the journal Miscellanea
Berolinensia (Kraft, 2011; Unknown, 1710). Ever since
Prussian blue became a great economic success as dye
(Figure 1) (Andreas, 2017).

8 Open Access. © 2022 the author(s), published by De Gruyter. [ IS This work is licensed under the Creative Commons Attribution 4.0 International

License.


https://doi.org/10.1515/revic-2021-0044
mailto:axel.schulz@uni-rostock.de
https://orcid.org/0000-0001-9060-7065
https://orcid.org/0000-0001-8729-9807

50 —— A.Schulz and . Surkau: Main group cyanides

Figure 2: Filtered Prussian blue.

Only in 1973, A. Ludi et al. succeeded in elucidating
the structure of pure Prussian blue: “The results of the
chemical analyses clearly demonstrate that all of our
samples have a composition close to the ideal formula
Fe',[Fe''(CN)¢]; - 15 H,0” (Buser et al., 1977) displaying Fe?*
and Fe*" bridged by [CN]™ ions.

With the recipe for the generation of Prussian blue in
hand, many alchemists/chemists studied its properties and
chemistry. In 1782, the German-Swedish alchemist Karl
Wilhelm Scheele obtained the volatile Berlinerblausdure
(= Berlin blue acid, HCN, eq. (3)) during experiments with
Prussian blue and yellow Prussiate by treatment with
aqueous sulfuric acid. Ever since Scheele’s discovery of
HCN, the German name Berlinerblausdure was used, how-
ever, often shortened to Blausdure (= blue acid = prussic
— > 3K® =+

(1) Fe*® +  KyFe(CN)g]
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acid) which is still used for HCN in the German language to
date (von Ittner, 1809). It was Joseph Louis Gay-Lussac in
1815 who introduced the French term cyanogéne (derived
from the Greek word for blue - see above — and yevvdw, I
create) for the radical [CN], which he figured out to be
the central moiety in prussic acid in accordance with
C.-L. Berthollet’s work (Berthollet, 1787; Ladenburg, 1907;
von Ittner, 1809). Hence, he renamed prussic acid into
lacide hydrocyanique (HCN, hydrogen cyanide; other
common names for HCN: hydrocyanic acid, prussic acid).
Moreover, J. L. Gay-Lussac observed the formation of
gaseous dicyan, NC-CN, on thermal treatment of mercury
dicyanide (eq. (4), Scheme 1).

Both HCN and its salts have attracted increasing atten-
tion in the past centuries as an important product of the
primitive earth atmosphere as well as a reaction interme-
diate in the formation of important biological molecules
such as amino acids, and of course in industry as valuable
starting material for a plethora of pharmaceutical and
chemical products or for the mining of gold (Abelson, 1966;
Loew, 1971; Moffat and Tang, 1976; Park, 2014; Soto-Blanco,
2013).

Cyanide, a classic pseudohalide

With the preparation of HCN by K. W. Scheele in 1782, the
first pseudohalogen compounds were isolated, although
this term was introduced more than 100 years later (von
Ittner, 1809). The pseudohalogen concept was introduced
by Lothar Birckenbach and Karl Kellermann in 1925 and
further established and justified in a series of experimental
reports (Birckenbach and Huttner, 1929; Birckenbach and
Kellermann, 1925a; Birckenbach and Linhard, 1929, 1930;
Birckenbach et al., 1929a) as well as applied and further
developed by others (Brand et al., 2005a, 2007; Hering
et al., 2014; Schulz and Klapotke, 1992; Stopenko et al.,
1986). Interestingly, the term was introduced by L. Birck-
enbach and K. Kellermann “to avoid the controversial term
radical” (Birckenbach and Kellermann, 1925a), therefore
proposed the term pseudoelement in the free state. Since

K[Fe"'Fe(CN)e]

n H,O
(2) exc. Fe¥® + 3 K[Fe''Fe!(CN)g] —25> 3 K(C;)q,) + 3 Fell,[Fe''(CN)gl; - n H,0

(@) 6HD,, + KyFe(CN)J —— BHCNg, +

4) Hg(CN), —> Hg +

4KD + Fe2®

NC-CN(g Scheme 1: Historic reactions that led to the

development of CN chemistry.
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the [CN] radical behaves chemically like a halogen, they
therefore called it a pseudohalogen. As all pseudohalides,
the cyanide ion represents a monovalent resonance stabi-
lized mono-anion. The diatomic [CN] ™ ion is the simplest of
all pseudohalides (such as [N3]~, [OCN]", [SCN]", [CNO],
etc.). Due to the larger number of atoms forming the
pseudohalide, usually larger ionic radii and different steric
properties are observed compared to the halides. More-
over, unlike the halides, the cyanide with its ambidentate
character with respect to bonding can form dative bonds
either via the nitrogen or the carbon atom or even via both
in a 1,2-bridging coordination mode. The bridging mode is
also known from halides (Corain, 1982; Stopenko et al.,
1986). Nevertheless, there are a number of chemical
properties that are very similar to those of the halogens
(Scheme 2). For example, the cyanide fulfills the following
criteria with respect to a halogen-like chemical behavior: It
forms (i) a strongly bound univalent [CN]" radical (eq. 5), (ii)
a singly charged anion ([CN]", eq. 6), (iii) a hydrogen acid
(HCN, hydrocyanic acid, eq. 7), (iv) salts of the type M(CN),,
with silver, lead and mercuric salts, which exhibit a low
solubility (eq. 8), (v) a neutral dipseudohalogen compound
(NC-CN, eq. 9), which disproportionates in water (into
[CN]” and [OCN], eq. 10) and can be added to double bonds
(which is not the case for NC-CN but for HCN), and (vi)
interpseudohalogen species (Arulsamy et al., 1999; Brand
et al., 2005b; Brupbacher et al., 1997; Chow and Britton,
1974; Grundmann and Fulton, 1964; Guo et al., 1996;
Hvastijova et al., 1999; Kohler and Lux, 1968; Maier and
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Teles, 1987a, 1987b; Maier et al., 1996a, 1996b, 1997a,
1997b; McGibbon et al., 1992; Middleton et al., 1958;
Pasinszki, 2008; Robles et al., 2011; Schulz and Klapétke,
1996; Voros et al., 2012, 2015) (e.g. NC-CNO, eq. 11) (Maier
and Teles, 1987a) as well as halogen-pseudohalogen
compounds (X-CN (Berlinerblau, 1884; Coleman et al.,
2007; Corain, 1982; Gail et al., 2004; Geier and Willner,
2008; Hartman and Dreger, 1931; Ho et al., 2006; Kichigina
et al., 1998; Mayer, 1969a; Rubo et al., 2006; Slotta, 1934;
Wu et al., 1998), X = halogen, eq. 12) (Brand et al., 2005a,
2007; Stopenko et al., 1986). Recently, it was shown that
this concept can be extended by the criterion that a pseu-
dohalogen should also form a pseudohalonium ion, e.g. in
case of CN of the type [TMS—-CN-TMS]" (eq. 13) (Schulz and
Villinger, 2010). Furthermore, the cyano radical is — like the
halogen radicals — a strongly electronegative molecule, its
electron affinity being measured to be (3.862 + 0.004) eV
(Bradforth et al., 1993).

Characteristic of cyanides

The term cyanide refers to any compound containing the
cyanide ion ([CN]") with one carbon atom triple bonded to a
nitrogen atom. Experimentally, it has been shown that
gaseous HCN is partially polymerized at pressures beyond
1.3 GPa (Sinosaki and Hara, 1929). Hydrogen cyanide (HCN)
is a colorless gas (T = 298.8 K) with a faint bitter almond
odor, while sodium cyanide (NaCN) and potassium cyanide

hv .
(%) HCN(g —_— H + [CN]
ng)
(7) KCN@aq) —=— K(Ge?q.) + HC{F(Q)
HCN(aq)
® ACN) == Ag((?q) * [CN]%-)
(9) NC—CN(Q) + ZCUCN(S) B —— 2CU2(Ga)q.) + 4[CN]%;)Q)
~H,0
(10) NC-CNqy + 2[OH2,) =—== [CNI2,, + [OCNIZ,,
+H2O
/,N_OH A ® -0
(1) N=C-C ——> N=C-C=N-0: +  HCI
(¢]] "
(12)  KCNeg) + Clag) — KCliaq) + CI=CN,
(13) TMS-CN + [TMSI®,, ——> [TMS-CN-TMS]co3

presence of WCA necessary

Scheme 2: Overview of cyano-
pseudohalogen-chemistry.
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(KCN) are white crystalline powders. HCN is a weak acid
with a pK, of 9.2 (Ambient Water Quality, 1980); therefore,
HCN and [CN]™ can be transformed into each other
depending on pH and temperature. In water at pH = 7, most
of the HCN is in the undissociated form. The simple cyanide
salts KCN and NaCN are very soluble in water. Besides
hydrogen cyanide, cyanides and cyanogen are the most
prominent representatives of cyano-compounds. Table 1
summarizes some computed spectroscopic and physical
data of these species, while Figure 3 displays the occupied

Table 1: Computed spectroscopic data of some basic CN species
(PBEO/aug-cc-pVDZ; dipole moment in Debye, lengths in A, charges
in e, zpe in kcal mol™?, unscaled wave numbers in cm™) (Schulz,
2021).

parameter [CNT [CN]™ HCN NC-CN
Ground state ’z A pA 7,

Dipole 1.48 0.62 3.05 0.00

ren 1.171 1.182 1.156 1.161

q(C) 0.43 -0.21 0.09 0.19

q(N) -0.43 -0.79 -0.33 -0.19

Al 0.80 1.01 0.82 0.78

zpe 3.11 3.06 10.25 10.35

Ven 2173 2173 2211 2467/22820!

Elsp* hybride for the nitrogen lone pair. ®lin-phase (2¢) and out-of-
phase (Z,) vibration.
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Figure 3: Qualitative MO description of [CN], [CN]™, HCN, and NC-CN.
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molecular orbitals. The smallest species, the formal mono-
pseudohalogen [CN], is a radical that is formed when
hydrogen cyanide or cyanogen is irradiated (Scheme 2, eq.
5). The [CN] radical is probably one of the most extensively
studied spectroscopic species since it was one of the first
detected molecules in the interstellar space (Adams, 1941;
Black and van Dishoeck, 1991; Cerny et al., 1978; Cook and
Levy, 1973; Forthomme et al., 2014; Lee, 1992; Li et al.,
1984; Liszt and Lucas, 2001; Paul and Dalby, 1962; Penzias
et al., 1974; Poletto and Rigutti, 1965; Radford and Broida,
1962; Skatrud et al., 1983; Shi et al., 2011; Weinberg et al.,
1967; Wootten et al., 1982; Yang et al., 1992). Commonly,
[CN] radicals are detected in mixtures with HCN or NC-CN
as it is easily formed by irradiation of these species. The
spin density is located mainly at the carbon atom (0.92e vs.
0.08e at the nitrogen atom) (Cochran et al., 1962; Easley and
Weltner, 1970; Milligan and Jacox, 1967a, 1967b; Sorensen
and England, 2002). So it is not surprising that recombina-
tion of two [CN] radicals form C—C bound cyanogen, NC—CN.
Cyanogen (Brotherton and Lynn, 1959) is a linear molecule
(D.., symmetry) that has no dipole moment but a quadru-
pole moment (Dagg et al., 1986). Due to the delocalization of
the CN triple bond also across the C-C bond (hyper-
conjugation, see Figure 3), the experimental C—C distance of
1.3768(3) A is very short and thus has partial double bond
character (Torrie and Powell, 1989). This also results in a

E H—C—N

R e s
E 03 Q ©=c #
2 000 4
Lo 00 K

b33 LA

A}
A}

58 PP A
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large dissociation energy of 135.14 kcal mol ! (Feller et al.,
2008). Cyanogen polymerizes at temperatures above 573 K
to form polycyanogen.

Like HCN, cyanogen is a colorless, flammable, and
toxic gas. It is formed not only during the thermal
decomposition of transition metal cyanides, but also dur-
ing the blast furnace process according to 2C + N, — NC-
CN + 309 kJ mol™ (Chase et al., 1974). Formally, cyanogen
is the anhydride of ammonium oxalate, [NH,],[C,0,] = NC—
CN - 4H,0, i.e. it can also be generated by dehydration of
ammonium oxalate (Stopenko et al., 1986).

Selected cyanide reactions

In the field of organic as well as inorganic chemistry there
are a number of different reactions with HCN or CN sources
(mostly metal cyanides or cyanides of weakly coordinating
cations (WCC)). Although in the following chapters on the

salt metathesis

(14) with metal salts:

MX + [cN® _— MCN
(15) with redox reaction:
Me,C(OH)(CN) + MH e —

(16) with cyanido complex formation:
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main group cyanides the specific synthetic pathways are
discussed for each cyanide class, the most important
general cyanide reactions are listed in equations (14)—(24)
(Scheme 3). Especially in the field of organic cyanide
chemistry, many articles, books and reviews about nitriles
(R—CN, organic cyanides) have already been published
(Beyer and Walter, 1991; Livinghouse, 1981; Glocklhofer
et al., 2015; Gréger and Asano, 2020; Kriiss, 1884; Letts,
1872; Mowry, 1948; Nauth and Opatz, 2019; Plumet and
Roscales, 2019; van Epps and Reid, 1916; Yan et al., 2017),
so that we have focused here mainly on cyanide reactions
in the field of inorganic chemistry (Arlt et al., 2021; Harloff
et al., 2019a, 2020a; Stopenko et al., 1986).

HCN sources, toxicology, treatment, and
mode of action (Newhouse and Chiu, 2010)

When K. W. Scheele discovered HCN in 1782, he was un-
aware of its toxicity. The fact that he died of hydrogen

+ xe

MCN + Me,CO + H,

n [WCC]CN + E(CN),, ——» [WCC],[E(CN)pem]
(17) without solvent, in the melt:
MCN + RCOOH;) — RCOOM + HCN(g)
neutralisation
(18) with metal hydroxide:
MOH + HCN — MCN + H,O
(19) with metal amides:
MNH, + HCN — MCN + NH3
(20) with a decomposable cation:
[RzNHICN + MOH — MCN + NR; + H,0
(21) with adduct-cation formation:
B + HCN — [HB][CN] (B = NR3, etc.)
substitution
(22) with alkyl halide:
RX + MCN —_— RCN + MX
(23) with a decomposable anion:
[WCC]J[RCO3] + TMS-CN ——> [WCCICN + CO, + TMS-OR
(24) with cyano-silane:
MF + TMS-CN ———> TMS-F + MCN

(25) with cyanido complex formation (often under Lewis acid catalysis):
[WCCIA[E(CN)y]

[WCC][EF,] + mTMS-CN —

Scheme 3: Overview of several types of
reaction (additional reference to 25: Bldsing

+ mTMS-F  etal., 2016a).
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cyanide poisoning is probably only a rumor, even if he died
relatively early at the age of 44, however after a long illness
(Walden, 1943). Nevertheless, the fact that cyanides are
highly toxic has been known for a long time and was used
as a poison to murder people. Hence, it is not surprising
that cyanides are very often even the subject of detective
novels such as Agatha Christie’s “Sparkling Cyanide” from
1944 (Christie, 1945).

HCN sources

Cyanides are found both in nature and in everyday life. In
nature, HCN - bound in non-toxic cyanogenic glycosides —
occurs in some plants. Mostly their fruit kernels contain
cyanide. The best-known example are bitter almonds, but
small amounts of cyanides are also found in plums, black-
thorn, apricots, peaches, etc., in legumes, spurges such
as manioc, sweet grasses, flax and columbine. Therefore,
the columbine, for example, is avoided by grazing cattle.
Cyanogenic glycosides [R'R’C(O-sugar)CN] themselves
have no toxic effect, only enzymatic cleavage of the
cyanogenic glycoside molecule leads to the release of HCN,
which is the actual toxic substance. Cyanides are also
released in industry, e.g. agriculture (herbicide), metal in-
dustry (metal extraction, leaching of precious metal),
chemical industry (waste water). Furthermore, cyanides are
also formed during pyrolysis of coal and during fires (of
plastics e.g. polyurethanes), so that flue gas mostly contains
HCN (up to 1/3) (Newhouse and Chiu, 2010). HCN is also
released from biomass burning and volcanoes.

Cyanides are also used in the food industry. For
example, cyano-complexes such as alkali ferrocyanide
(E 535/E 536, Na,[Fe(CN)¢]/K,[Fe(CN)¢]) and calcium
ferrocyanide (E 538, Ca,[Fe'(CN)g]) are used as a food addi-
tive. These salts are permitted in small quantities as artificial
anti-caking agents, release agents and stabilizers for table
salt and table salt substitutes. They are considered harmless,
as the HCN cannot be released by the stomach acid.

HCN is also present in cigarette smoke. A smoker in-
gests 10-400 pg HCN per cigarette through smoke. Even
passive smokers still absorb 0.06-108 pg HCN. Compared
with a nonsmoker, serum and urine levels of thiocyanate
([SCN]"), the primary metabolite of HCN, are two to five
times greater in smokers, clearly demonstrating the
markedly increased intake of HCN from cigarette smoke
(Newhouse and Chiu, 2010).

Toxicology

Cyanide salts and HCN are very toxic. Inhalation of
hydrogen cyanide is more toxic than ingestion of the
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cyanide salts because they can be detoxified by the first-
pass effect in the liver and absorption is slower. Orally
ingested alkali cyanide reacts immediately with gastric
acid in the stomach to form HCN
([CN] (aq) + H' aq) = HCN(aq). It should be noted that cya-
nide is also readily absorbed through the skin. In the
course of poisoning, headache, dizziness, nausea, feeling
of suffocation, metabolic acidosis, hyperventilation, satu-
ration of venous blood (pink skin color), convulsions, un-
consciousness, respiratory arrest, and dilated pupils occur.
The cause of death is usually central respiratory paralysis
due to inhibition of cytochrome c oxidase. The lethal oral
dose of KCN and NaCN for humans ranges from 0.5 to
3.5 mg kg™ body weight (bw) (Newhouse and Chiu, 2010).
After inhalation, the distribution of HCN in the body is
almost complete after about 5 min. For example, in the
bodies of people who died from HCN poisoning, cyanides
were found in the blood as well as in the lungs, kidneys,
brain, and heart (Gettler and Baine, 1938). The organism
has a natural enzymatic detoxification capacity (enzyme
rhodanase) of about 0.1 mg kg™ bw h™": The enzyme is
present in the mitochondria of the liver and kidney and
detoxifies cyanide ions by transformation into non-toxic
rhodanide ([CN]™ + S — [SCN]"). This is the reason why a
large part of the cyanide is excreted in the urine as thio-
cyanates. Only a small part is exhaled as HCN gas. Cyanide
binds to Fe** ions of the cytochrome c oxidase, whereas
binding to Fe*" ions of hemoglobin is comparatively low.
Cyanide binding primarily impairs O, utilization in the
mitochondria. The time course of cyanide poisoning is as
follows: unconsciousness sets in after 30 s, respiratory
arrest after 3—-5 min, and ultimately death after 5-8 min.
Even if cardiac arrest does not occur immediately (5-8 min)
after inhalation, death can still occur after hours if the
clinical picture progresses. A complete cure is only
possible with early therapy immediately after poisoning.
Depending on the duration of exposure, the level of cya-
nide concentration ingested, and the type of exposure by
inhalation, absorption, or ingestion, the severity of the
effect varies. A distinction is made between different de-
grees of severity of cyanide poisoning: (i) mild form:
dizziness, confused state, mild respiratory problems; (ii)
acute form: headache with severe dizziness, loss of con-
sciousness, breathing difficulties and convulsions; coma —
often with cardiovascular complications such as collapse,
pulmonary edema or cardiac arrest; (iii) fulminant form: all
of the above symptoms occur very rapidly and can lead to
death within minutes. Interestingly, in 75% of all fire
deaths (smoke inhalation), pure cyanide poisoning or
mixed intoxication with CO is the cause. Even if someone
survives cyanide poising, it can lead to long-term
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neurological damage (Berger, 1997; Gettler and Baine,
1938; Hartwig, 1972; Newhouse and Chiu, 2010).

Treatment of cyanide poisoning

As an antidote in cyanide poisoning after smoke inhalation
itisrecommended to use hydroxocobalamin (1st choice), in
cases of proven and suspected cyanide poisoning, espe-
cially in the case of mixed intoxication with CO (e.g. flue
gas). Hydroxocobalamin exchanges the [OH]™ group for
[CN], forming the non-toxic cyanocobalamin, or vitamin
B, for short. It is not suitable for oral cyanide poisoning, as
the cyanide dose is usually too high. As a 2nd alternative,
4-DMAP (dimethylaminophenol, acts as met-hemoglobin
former, Met-Hb) can be utilized when complexing agents
such as hydroxocobalamin are not available. This antidote
(like NaNO,) oxidizes the divalent iron Fe* in hemoglobin
to trivalent Fe>* iron. This then forms a bond with the cy-
anides. Both agents have similar side effects. First, the
hemoglobin in the Met-Hb is no longer available for oxy-
gen transport. On the other hand, both agents cause
vasodilation and hypotonias. Finally, sodium thiosulfate,
Na,S,05, which acts as a sulfur donor (sulfur donor:
[S,05] — “S§” + [SO5]%), is administered for sequential use
with other cyanide antidotes (Anseeuw et al., 2013; Baskin
et al., 1992; Bebarta et al., 2012, 2017; Beelitz et al., 2017;
Borron et al., 2007; Gracia and Shepherd, 2004; Hall et al.,
2007; Henretig et al., 2019; Thompson and Marrs, 2012).
For oral ingestion 4-DMAP should be given, which
oxidizes hemoglobin to Met-Hb. Met-Hb in turn binds cy-
anide. Therapeutic dosage is 3-4 mg 4-DMAP kg bw
(about 250 mg). This can bind about 16 mmol cyanide
(corresponding to 1000 mg potassium cyanide). Since cy-
anide is only bound to Met-Hb, but is not eliminated, and
there is a risk that it will be released again from the Met-Hb
complex, then administration of sodium thiosulfate is
useful. If 4-DMAP is not available then immediately infuse
sodium nitrite intravenously as countermeasure. Subse-
quently, Na,[S,05] solution should be infused. The nitrite
like 4-DMAP forms met-hemoglobin, Met-Hb, which reacts
with the cyanide in the tissues and renders it harmless. The
sodium thiosulfate provides sulfur, which is needed for the
natural breakdown of cyanide in the body by enzymes
(rhodinase, vide supra). The metabolic inactivation of the
cyanide occurs mainly (approx. 80%) via the production of
thiocyanate, which is catalyzed by the rhodanese of the
liver. Lactacidosis (pH > 7.2) caused by cyanide poisoning
requires the administration of NaHCO; (Anseeuw et al.,
2013; Baskin et al., 1992; Bebarta et al., 2012, 2017; Beelitz
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etal., 2017; Borron et al., 2007; Gracia and Shepherd, 2004;
Hall et al., 2007; Henretig et al., 2019; Thompson and
Marrs, 2012).

Cyanide poisoning — mechanism of action

Simply put: cyanide blocks cellular respiration in the cells.
In the case of poisoning, the cells can no longer utilize the
vital oxygen. Therefore, cyanide is considered chemically
asphyxiant because it interferes with aerobic metabolism
without affecting tissue oxygenation. Since cyanide has a
high affinity for iron (III), it results in the formation of a
strong bond to tissue cytochrome c oxidase (see above).
This in turn leads to inactivation of tissue cytochrome ¢
oxidase. Because cytochrome c oxidase normally takes up
oxygen from the blood and functions as an electron
acceptor in cellular energy production, this inactivation
inhibits cellular respiration (Newhouse and Chiu, 2010).
That is, the strong Fe™—CN bond inhibits the enzyme and
blocks the last step in oxidative phosphorylation. The
result is a deficiency of mitochondrial ATP and cell death
(Berger, 1997). This leads to an increased anaerobic meta-
bolism. Therefore, blood levels of pyruvic acid, lactic acid,
and NADPH increase, while the ATP/ADP ratio consistently
decreases. Thus, the first symptoms of acute cyanide
poisoning occur in organs with high aerobic energy de-
mands, especially the brain and heart. Inhibition of
cellular oxygen consumption results in the presence of
oxyhemoglobin in venous blood, which is why the skin
turns bright red. All acute effects of cyanide poisoning are
closely related to the disruption of aerobic metabolism and
the release of secondary neurotransmitters and catechol-
amines. Acute cyanide poisoning effects include altered
respiration, nausea, vomiting, and weakness. Eventually,
severe convulsions, coma and death occur. In addition to
cytochrome c oxidase, cyanide also binds to other metal-
loproteins and other cellular molecules, and also contrib-
utes to the symptoms of acute cyanide toxicity (Berger,
1997; Gettler and Baine, 1938; Hartwig, 1972; Newhouse
and Chiu, 2010).

The deadly HCN probably wrote its worst chapter in the
National Socialist concentration camps (extermination
camps) during the Second World War. In the Holocaust,
millions of Jews were poisoned by the gas “Zyklon B”.
“Zyklon B” consisted of liquid HCN, which was dripped
onto absorbent carrier materials, e.g. diatomaceous earth,
during production. “Zyklon B” was developed to make
HCN (boiling point 298.8 K) safe to handle by lowering its
vapor pressure.
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Safety precautions while working with HCN

Appropriate safety precautions (HCN detector, gas mask,
low temperatures, basic solutions, small amounts, pres-
sure and temperatures control, use of powerful fume
hoods) should be taken. Note: Some people cannot detect
the typical odor (bitter almond oil) of hydrogen cyanide.
Therefore, the use of an HCN detector is strongly recom-
mended. Caution! HCN is not only highly toxic but can
also decompose explosively under various conditions!
Without stabilizer, pure HCN polymerizes very rapidly and
exothermically, e.g. under basic conditions (or by autoca-
talysis) and the resultant HCN polymer subsequently de-
composes violently (>373 K).

Scope of this review

Homoleptic cyanide compounds exist of almost all main
group elements. While the alkali and alkaline earth metals
form cyanide salts, the cyanides of the lighter main group
elements occur mainly as covalent compounds. There are
already a large number of review articles in the field of
organic synthetic chemistry (nitriles) (Beyer and Walter,
1991; Glocklhofer et al., 2015; Groger and Asano, 2020;
Kriiss, 1884; Letts, 1872; Livinghouse, 1981; Mowry, 1948;
Nauth and Opatz, 2019; van Epps and Reid, 1916; Yan et al.,
2017; Plumet and Roscales, 2019), on E-CN bond formation
(Yu et al., 2017), CN-coordination chemistry (Stopenko
et al., 1986; Corain, 1982), as well as cyanide salts and
compounds (Gail et al., 2004; Rubo et al., 2006). This re-
view presents an overall view of the status quo of main
group element cyanides and cyanido complexes. Mainly,
only ternary compounds of the formal type E,(CN), with
E = main group element are considered. They can be
neutral as well as positively or negatively charged. In some
cases, we have also included corresponding CN adducts in
the discussion if they show certain properties or stabilize
interesting CN fragments. With regard to the alkaline and
alkaline earth metals, this review is limited to the pure
metal cyanide compounds. Due to the fact that the cyanide
anion belongs to the group of pseudohalides, the proper-
ties of the cyanide compounds considered are quite similar
to those of alkali and earth alkaline halides. Especially at
higher temperatures, the cyanide anion starts to rotate and
forms a spherical rotor increasing the geometrical simi-
larity to the spherical halides. A significant difference of
metal cyanides and metal halides is the existence of
various solid-state modifications of the metal cyanides
mainly caused by different orientations of the cyanide
group at low temperatures and a steric hindrance of its
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rotation. Due to many similarities of these cyanide com-
pounds, the syntheses and crystal structures of 1st and 2nd
main group compounds will be discussed in general. This
review also compiles reports on compounds consisting
exclusively of one element of the main groups 3-8 paired
with at least one cyanide group to provide a summary.

In general, this review focuses on information about
syntheses, bond lengths, spectroscopic characteristics,
applications, special substance properties and computa-
tions. Accordingly, all fields of chemistry, but also biology
and astrophysics are engaged. On this way, the report in-
cludes experimental findings from the nineteenth century
as well as modern quantum mechanistic calculations and
sophisticated gas phase experiments.

Hydrogen cyanide

Since HCN occupies a central role in the cyanide chem-
istry of the main group elements and, moreover, its
chemical physical properties are markedly different from
those of the alkali cyanides, HCN will be discussed here
separately from them. Some important points concerning
its history, bonding, and toxicity have been deliberately
written into the introduction to emphasize the aspect of its
central role.

Similar to hydrogen halides this compound consists of
a polar covalent bond between H-CN (see pseudohalide
concept in chapter 1.2), which is able to dissociate in
aqueous solution to form the rather week acid, hydrocy-
anic acid (prussic acid), pK, = 9.2 (Ambient Water Quality,
1980; Cotton et al., 1967). Pure hydrogen cyanide is a
colorless volatile liquid (Tg = 298.75 K) with a characteristic
smell of bitter almonds (Cotton et al., 1967). The compound
is very poisonous, because it prevents the oxygen uptake in
the respiratory chain of the human body (see chapter 1.5.2)
(Meredith et al., 1993).

On pure HCN, there are a large number of theoretical
(Johansson et al., 1972; Jucks and Miller, 1988; Karpfen,
1996; King and Weinhold, 1995; Kurnig et al., 1990; Moffat
and Tang, 1976; Pacansky, 1977; Ramos et al., 1988) and
experimental (Al-Azmi et al., 2003; Anex et al., 1988; Bei-
chert et al.,, 1995; Brown et al., 1981; Earnshawb and
Ireland, 1995; Fowler et al., 1994; Giauque and Ruehrwein,
1939; Gutowsky et al., 1992; Jucks and Miller, 1988; Kno-
zinger, 1986; Kurnig et al., 1990; Legon et al., 1977; Meot-
Ner and Speller, 1989; Nauta et al., 1999; Wofford et al.,
1986; Volker, 1960; Schrems et al., 1987; Sun et al., 2000)
studies on its clusters (HCN), in the gas phase (microwave
rotational spectroscopy, IR or matrix IR). These studies
show that HCN forms linear H-bonded chains in all its
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phases. The crystal structure of HCN in the solid phase
showed “infinite” parallel linear H-bridged chains (see 2.2
Crystal structure) (Dulmage and Lipscomb, 1951), while a
linear structure consisting of three formula units was
experimentally derived for the liquid phase (Tyuzyo, 1957).
Density and heat capacity measurements of HCN in the gas
phase proved the presence of (HCN),, oligomers, especially
di- and trimers at 298 K and 1 atm (Felsing and Drake, 1936;
Giauque and Ruehrwein, 1939; Sinosaki and Hara, 1929).
Using rotational spectroscopy, the HCN dimer and trimer
could be characterized without doubt as H-bonded linear
species in the gas phase (Brown et al., 1981; Buxton et al.,
1981; Ruoff et al., 1988).

It was shown that the formation of very strong
hydrogen bonds is mainly responsible for the formation of
aggregates in the condensed phase. The energy of the
hydrogen bond in gas phase increases from 3.28 to
8.72 kcal mol ™! by addition of a third hydrogen cyanide
molecule. Comparing the gaseous and liquid state the en-
ergy of the hydrogen bond increases to 4.6 kcal mol ' due to
dimer formation (Pauling, 1968).

Monomeric HCN adducts can be formed with Lewis
acids, e.g. HCN-BF5;, HCN-NbCls, or HCN-AsFs) (Burns and
Leopold, 1993; Chavant et al., 1975; Davydova et al., 2010;
Haiges et al., 2004; Reeve et al., 1993; Saal et al., 2019; Tor-
nieporth-Oetting et al., 1992). The only experimental study of
an HCN---HCN adduct in the gas phase was described by K.
R. Leopold et al. who investigated HCN---HCN-SO3 in the gas
phase using rotational spectroscopy (Fiacco et al., 2000).

solvent = HCN, CH,Cl,

H-CN + B(CgFs) -
O fom 273 K to 233 K
+2 HQO
CyoH7NOyy ————— = 2 CgH06 +

B-glycosidase

H-CN---H-CN-B(C¢Fs)3

C/HsO +
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A. Schulz and co-workers succeeded in stabilizing an HCN
dimer in the solid state by a strong Lewis acid, such as
B(C4Fs)3, and investigating the influence of different sol-
vents (HCN, CH,Cl, and aromatic hydrocarbons, such as
benzene, toluene) on the crystallization process. Dimer
formation was observed (Figure 4, Scheme 4) when HCN
or CH,Cl, were used as solvents, whereas the use of aro-
matic hydrocarbons led to the formation of monomeric
aryl---HCN-B(C¢F5); adducts (Figure 4), which are stabi-
lized via n°-coordination of the aromatic ring system and
thus resemble the well-known half-sandwich complexes
(Blasing et al., 2018).

Hydrogen cyanide is widely used in industrial pro-
cesses as an intermediate to mainly produce plastics, for
example polymethacrylate or polyamides, drugs, in-
secticides, iron cyanide pigments, organic pigments and
also pesticides (Henderson and Cullinan, 2007). A signifi-
cant amount is also converted into cyanides, which are
used in the cyanide process, the surface hardening of
metals, in ore dressing and electroplating. Hydrogen cya-
nide, which is marked by the radioactive carbon isotope
HYCN, is used in biochemical research to synthesize traced
amino acids (Koschel et al., 1971).

A natural source of hydrocyanic acid is the glycoside
amygdaline (C,oH,;NOy;), which is contained in the kernel
of apricots, apples and almonds. It is obtained by hydro-
lysis of the amygdaline and other glycosides in presence of
the enzyme B-glycosidase leading to glucose and benzal-
dehyde (Scheme 5) (Williams, 1915).

Figure 4: Molecular structure of a Lewis acid
stabilized dimer (left) and n°-coordination of
the benzene adduct (right) (Bldsing et al.,
2018).

Scheme 4: Synthesis of an HCN dimer
stabilized as B(C4Fs); adduct (Bldsing et al.,
2018).

Scheme 5: Hydrolysis of the glycoside
amygdaline leading to hydrocyanic acid
(Williams, 1915).

HCNaq,)
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Synthesis

In 1782 Karl Wilhelm Scheele obtained HCN by treating a
solution of dried blood and potash (containing the potas-
sium ferrocyanide, Prussian blue) with dilute acid (B6h-
land et al.,, 1978). He also described a synthesis by
distillation of ferro cyanide in acid. The observed products
of decomposition are merely CO, and N,. But 30 years later,
Joseph Louis Gay-Lussac could provide proof by isolation
in a pure state (Williams, 1915).

Today many synthetic routes of hydrogen cyanide are
known using different sources of nitrogen (NHs, N, organic
nitrogen compounds) and carbon (coal, CO, CH,;). An
important industrial process is the catalytical combustion
of a gas mixture containing NH; and CH,, which is an
extremely exothermic reaction AgH = —949.6 kJ (Scheme 6)
(Andrussow, 1926, 1955; Bohland et al., 1978).

The two most famous industrial processes including
this reaction are called Andrussow and Degussa process
involving a platinum catalyst. The Andrussow process is
carried out at temperatures of about 1273 K. The Degussa
process requires higher temperatures of about 1473 K and
oxygen free conditions (Andrussow, 1926; Andrussow,
1935; Krause, 1965). Yields of 90% can be achieved by fast
reaction process and separation of the product (Greenwood
et al., 1988).

2HCN +

cat.
2 CH4 + 2 NH3 + 3 02 EEEE——
1073 K
neat, A
NaCN + CH3(CH2)16COOH >
- Na[OOC(CH2)16CH3]

/‘ in vacuo
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Another simple approach to isolate hydrogen cyanide
is the reaction of cyanide containing salts, for example
NaCN, KCN or K,[Fe(CN)¢], with acids (Slotta, 1934; Thau-
low, 1844; Williams, 1948; Ziegler, 1921). This kind of
synthesis is often used in laboratories because of the high
stability of the salts and the nearly quantitative conversion.
It is also reported a complete reaction of moist CO, and KCN
to hydrogen cyanide (Henninger, 1876).

In the laboratory, if one wishes to produce anhydrous,
pure HCN, HCN can be elegantly produced by the solvent-
free reaction of NaCN and stearic acid (Ty = 342 K) at
353-373 K in vacuo as a gas, which can be immediately
condensed into the appropriate reaction vessel (Scheme 7,
Figure 5) (Giinther et al., 1935; Labbow et al., 2016).

Hydrogen cyanide undergoes fast decomposition,
which can be retarded by addition of mineral acids or up to
20% of glycerine (Williams, 1948). Also an adsorption of
hydrogen cyanide on appropriate surfaces is possible. A
reaction of HCN with NaOH returns to the sodium salt
NaCN, which can be stored and converted to hydrogen
cyanide easily (Koschel et al., 1971). The decomposition of
hydrogen cyanide is mainly a kind of a polymerization
reaction. Higher temperatures increase the polymerization
and finally lead to the formation of ammonia and ammo-
nium cyanide (V6lker, 1960). Polymeric hydrogen cyanide,
usually referred to as polymeric hydrocyanic acid or

Scheme 6: Industrial synthesis of HCN by
catalytical combustion of CH, and NHs
(Andrussow, 1926; Andrussow, 1955;
Béhland et al., 1978).

6 H,0

H—CN  Scheme 7: Lab-synthesis of pure dry HCN (Figure 5)
(Labbow et al., 2016).

Figure5: Apparatus for the synthesis of pure HCN with stearic acid and important spectroscopic data: HCN (27.03 g mol™): Tjy =260 K. '"H NMR
(298 K, CD,Cl,, 250.1 MHz): & = 4.00 (s, 1H, HCN, Y(*H-2C) = 266 Hz). C{*H} NMR (298 K, CD,Cl,, 62.9 MHz): 6 = 110.1 (s, HCN). “N{*"H} NMR
(298 K, CD,Cl,, 36.1 MHz): 6 = -125.0 (s, HCN, Avy, =50 Hz). Raman (632 nm, 6 mW, 20 s, 20 acc., 233K, cm’l): 819 (1), 1611 (1), 2163 (1), 2197
(10), 3151 (1) (Labbow et al., 2016).
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azulminic acid, is formed by anionic polymerization of HCN
in aqueous solution. The reaction proceeds via dimeric
hydrocyanic acid (iminoacetonitrile). At the same time,
ring closure takes place between y-positioned nitrile
groups, which stabilizes the polymer (Marin-Yaseli et al.,
2017; Ruiz-Bermejo et al., 2013; Vélker, 1960).

As already mentioned, HCN also plays/played a major
role in the formation of H/C/N compounds on earth as well
as on other celestial bodies, e.g. Titan (Carrasco et al.,
2009; Coll et al., 1998; Horst et al., 2012; Israé€l et al., 2005;
Kaiser and Mebel, 2012; Maillard et al., 2021; Thompson
et al., 1994; Riiger et al., 2019; Selliez et al., 2020; Somogyi
et al., 2016; Szopa et al., 2006; Vuitton et al., 2010). Titan,
the second largest moon in our Solar System, has a dense
atmosphere consisting mainly of nitrogen and a few
percent methane. Nitrogen radicals are formed in this
gaseous environment, for example by the UV radiation of
the sun (Kaiser and Mebel, 2012). Their reaction with
methane leads to the formation of a dense haze. Because of
this formation, the study of this nebula represents a major
interest for prebiotic chemistry and planetary sciences
(Horst et al., 2012; Kaiser and Mebel, 2012; Maillard et al.,
2021; Sagan and Khare, 1979; Selliez et al., 2020; Somogyi
et al., 2016; Riiger et al., 2019). Mainly NH; and HCN serve
as precursors for the formation of more complex nitrogen-
containing matter systems. In connection with the atmo-
sphere of Titan, which is often tried to be reproduced in
laboratory experiments, the production of so-called tholins
(derived from Greek for muddy) plays a major role (Sagan
and Khare, 1979). The term coined by C. Sagan describes a
mixture of organic substances observed after irradiation of
gas mixtures analogous to the atmosphere of Titan. Tholins
are thought to be a very complex mixture of different
compounds (Sagan and Khare, 1979).

Crystal structure

The calculated molar heat capacities indicate a reversible
phase transition of hydrogen cyanide at 170.35 K (Giauque
and Ruehrwein, 1939). The experimental determination of
two different crystal structures by W. J. Dulmage and W. N.
Lipscomb confirmed this result in 1951. Besides an ortho-
rhombic modification, they reported a tetragonal form of
hydrogen cyanide for temperatures higher than the tem-
perature of phase transition (Table 2) (Dulmage and Lips-
comb, 1951).

Both lattices consist of linear molecule chains parallel
to the c-axis of the lattice (Figure 6) and are surrounded by
four more chains, which are displaced by half of a lattice
parameter to the main chain (Dulmage and Lipscomb, 1951;
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Table 2: Crystallographic data of the tetragonal high temperature
modification and orthorhombic low temperature modification of
hydrogen cyanide (temperatures in K; lengths in A; angles in °;
volumes in A%) (Dulmage and Lipscomb, 1951).

Parameter HCN tetragonal HCN orthorhombic
T >170 <170
Space group l4amm Imm?2
a 4.63 4.13
b 4.63 4.85
c 4.34 4.34
o 90.00 90.00
B 90.00 90.00
14 90.00 90.00
4 92.9 86.8
V4 2 2

Langel et al., 1989). Each chain is composed of HCN mol-
ecules that are linked by NC-H---N hydrogen bonds. The
reported structural parameters are identical (rc_y = 1.19 A;
ric = 1.07 A). The hydrogen bond with a computed
distance of ryc_g..n = 2.08 A can be considered very
strong. For comparison, the gas phase data of HCN are
reen = 115525 A and ryc = 1.06666 A as well as
Tioc1 = 1.06728 A, rcy_ni1 = 1.15361 A, ryy..pmo = 2.21186 A, rypo-
c2=1.07300 Aand rco-n2 =1.15588 A for the linear hydrogen
bonded dimer H'C'N®-H2C?N? (at the CCSD(T)-F12b/aug-cc-
pVQZ level of theory, optimized geometries with C..,
symmetry) (Mihrin et al., 2018).

In contrast, the low-temperature modification is
characterized by an orthorhombic form, which is quite
similar to the tetragonal form (Figure 6) (Dulmage and
Lipscomb, 1951). Because of parallel molecular and crystal
axes a dielectric anisotropy weakens the hydrogen bonds,
which leads to slightly stretched intermolecular distances
(Baglin et al., 1970).

Due to the polarity of hydrogen cyanide, two models
are reported to describe the primitive cell of the low-
temperature modification. The polar crystal structure of the
first model is based on an arrangement of parallel dipole
moments in accordance with W. J. Dumlage and W. N.
Lipscomb (space group I4mm). In contrast, the anti-
parallel hydrogen-bonded HCN chains and their anti-
parallel dipole moments of the second model (space group
P4/nmm) leads to a non-polar crystal structure (Figure 7)
(Cummins et al., 1988; Panas, 1992).

Furthermore, more modifications of hydrogen cyanide
including different electric conductivities are expected at
high pressures of more than 73 GPa. Due to calculations they
propose a transition from the orthorhombic to the tetragonal
and from the tetragonal to the triclinic modification. The
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Figure7: Polarand non-polar crystal structures of hydrogen cyanide
in low-temperature modification (representation taken from
Cummins et al., 1988).

phase transition depends on the pressure and the presence
of polar or non-polar phase inside the orthorhombic cell
(Khazaei et al., 2011).

HCN/HNC-isomerization

The HNC species is a metastable isomer of hydrogen cya-
nide, which is mainly detectable in the interstellar matter.
Isomeric pairs of small molecular entities such as HCN/
HNC are prevalent in the interstellar medium. Previous
observations of the HNC/HCN abundance ratio show that
the ratio decreases with increasing temperature. It was
shown that chemical gas phase reactions affect the HNC/
HCN ratio and can thus contribute to the observed depen-
dence, e.g. H + HNC — HCN + H or C + HNC — HCN + C
(Graninger et al., 2014). The origin and the mechanism of
formation of the isocyanide species is not completely
resolved. It is known that the ratio of hydrogen cyanide and
hydrogen isocyanide depends on the temperature (Ferus
et al., 2011; Wang et al., 2007).

The first infrared spectroscopic (IR) evidence of HNC in
laboratory was found by D. E. Milligan and M. E. Jacox
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Figure 6: Left: unit cells of the high-
temperature (full lines) and the low-
temperature modification (broken lines) of

2 hydrogen cyanide (representation taken from
W. J. Dulmage and W. N. Lipscomb), middle:
unit cell of the tetragonal and right: of the
orthorhombic form (view along a-axis) (Dul-
mage and Lipscomb, 1951).
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during the photolytic decomposition of methyl azide (Mil-
ligan and Jacox, 1967a, 1967b). D. E. Milligan could confirm
his proposal by studies on the photolysis of HCN in vacuum
under ultraviolet light at 14 K (Milligan and Jacox, 1967a,
1967Db). The IR data of HNC are presented in Table 3.

The isocyanide species is an important system of
theoretical calculations because its simplicity allows also
complex calculations and the results are able to be adopted
to more complex systems (Burkholder et al., 1987; Pearson
et al., 1975). C. Glidewell and C. Thomson also carried out
many calculations using different basis sets to characterize
both compounds and their transition state discussing dif-
ferences of selected methods (Glidewell and Thomson,
1984). The H-C and C-N distances of the T-shaped tran-
sition state are quite similar to the distances of the HCN
and HNC species, but the N-H distance of the transition
state is elongated. An HCN angle of 70°-80° is found for
the transition state (HCN — CNH) (Vichietti and Haiduke,
2014). The experimentally observed CN bond in HCN is
slightly shorter than in NCH, while the CH bond is slightly
longer (Table 4) (Costain, 1958; Okabayashi and Tani-
moto, 1993).

P. K. Pearson and H. F. Schaefer reported a transition
state structure with HCN/HNC angle of both isomers at
73.7°, so the transition state resembles more the structure of
the hydrogen cyanide. The HCN isomer is energetically

Table 3: IR data of HNC compounds after photolysis of methyl azide
in argon matrix at 4 K and after photolysis of HCN in argon matrix at
14 K (wave numbers in cm™?) (Milligan and Jacox, 1967a, 1967b).

Compound Vi vy vz Compound A vy V3
HYN2C 2032 535 3583 HY“N'2C 2029 477 3620
DN2C 1940 413 2733 DY¥N'2C 1940 374 2769
H*N2C 2005 - 3571 HN'C 2004 475 3610
D*N'2C 1923 - 2710 - - - -
HYN3C 1990 - 3583 HY“N3C 1987 477 3620
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Table 4: Structural data of the isomers HCN and HNC using different
basis sets (bond lengths in A; angles in °) (Gleiter et al., 1995; Pople
et al., 1978; Vichietti and Haiduke, 2014).

Compound Method + basis set Ia_g ry-ae  <(H-
A-B)

HCN MP2/6-31G* 1.177 1.069 180.0
HF/6-31G* 1.133 1.059 180.0
B3LYP/aug-cc-pvVQZ 1.1451 1.0655 -
MPW1K/aug-cc-pvVQZ 1.1358 1.0621 -
Experimental 1.154(1) 1.063(3) -
(Costain, 1958)

HNC MP2/6-31G* 1.187 1.003 180.0
HF/6-31G* 1.154 0.985 180.0
B3LYP/aug-cc-pvVQZ 1.1632 0.9964 -
MPW1K/aug-cc-pvVQZ 1.1543 0.9895 -

Experimental 1.16835(2) 0.996064(3) -
(Okabayashi and

Tanimoto, 1993)

favoured over the HNC species by ca. 60-80 kJ mol™
(Pearson et al., 1975; Pople et al., 1978; Redmon et al., 1980;
Vazquez and Gouyet, 1981) depending on the used basis
sets and method (Komornicki et al., 1977; Loew and Chang,
1971; Pople et al., 1978). W. J. Hehre et al. could confirm the
difference of energies between both isomers by experi-
mental measurements ((62.0 + 8.3) k] mol™) whereas A. G.
Maki and R. L. Sams reported an energy difference of
(43.12 + 4.61) k] mol™ by IR spectroscopic observation
(Maki and Sams, 1981; Pau and Hehre, 1982). The activation
barriers are computed to lie between 198 and 202 kJ mol™
for HCN — HNC and 137-141 k] mol ™ for the reverse process
HNC — HCN (Khalouf-Rivera et al., 2019). R. M. Vichietti
et al. computed activation enthalpies of 184 k] mol ! for the
forward and 121 kJ mol™ for the reverse reaction (Vichietti
and Haiduke, 2014).

Spectroscopic data

Vibrational data of solid, liquid and gaseous hydrogen
cyanide are listed in Tables 5 and 6. Spectroscopic data
of IR and Raman spectra of two different isotopically
substituted compounds were discussed in detail by Chad-
wick and Edwards (1973). Furthermore, Walsh et al. (1978)
carried out detailed studies on HCN- and DCN-monomers
and dimers in different matrices, e.g. noble gas and N.,.
HCN and adducts of HCN species were studied by
means of 'H, 2C, N NMR experiments in CD,Cl, (Table 7)
(Alkorta and Elguero, 1998; Arp et al., 2000; Blising et al.,
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Table 5: Raman data of HCN at different temperatures (tempera-
tures in K; wave numbers in cm™?).

Publication State T Vi vy V3

Douglas and Gaseous - 2095.5 - -

Sharma (1953)

Pézolet and Liquid 292 2096 3215 794

Savoie (1969) 261 2097 3207 798
Solid 183 2098, 2104 3145, 3180 819

78 2098,2104 3129,3150 827,840

Table 6: IRdata of HCN at differenttemperatures (temperaturesinK;
wave numbers in cm™?).

Publication State T A vy V3
Hoffmann and Hornig Gaseous - 2089 3312 712
(1949) Solid 93 2097 3132 828,838
Kozirovski and Folman On NaCl 77 2095 3145 745,800
(1966)

Table 7: Selected NMR data of HCN, HCN-B(C4F5)s, and HCN-HCN-
B(C¢Fs)3 [0 scale] (Bldsing et al., 2018).

Compound H g Bc{'H} N{'H}
HCN 4.00 - 110.1 -125.0
HCN-B(CgFs)3 6.19 -14.7 103.8 -188.8
HCN-HCN-B(CeFs)s 4.02 ~10.9 106.9 ~128.1

6.42 - 106.9 -192.2

2018, 2020; Corain, 1982; Emri and Gyori, 1994; Harloff
et al., 2019a, 2020b; Klapdtke et al., 1996; Mai and Patil,
1986; Mamajanov and Herzfeld, 2009; Nagy et al., 2005;
Olsson et al., 1995; Provasi et al., 2005; Saal et al., 2019;
Schulz and Klapotke, 1992; Tornieporth-Oetting et al.,
1992). It should be noted that in case of adducts such as
B(C¢F5); or its dimer HCN-HCN-B(CgFs);, all resonances
(in the 'H, C, N and "B NMR spectra) are very broad but
still detectable at 253 K indicating a highly dynamic system
(Blasing et al., 2018). For example, even the nitrogen atoms
of HCN-HCN-B(C¢Fs); can be observed in the N NMR
experiment at —128 and —-192 ppm with half widths of 960
and 2250 Hz (c¢f. HCN: -125 ppm and Avy;, = 50 Hz). As
expected, upon borane adduct formation (Table 7), the
resonance of the proton is shifted to lower field by ca. 2 ppm
(cf. HCN 4.00 vs. 6.42 in the dimer adduct) displaying
an increase of the acidity. A broad resonance formally
assigned to the loosely bound second HCN molecule of
HCN-HCN-B(C¢F5); is detected at 4.02 ppm, indicating
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dynamic exchange between loosely bound and free HCN
species (Blising et al., 2018). The 'H NMR spectrum of
HC®N shows a sharp doublet at 3.60 ppm, which was
directly taken after preparation. The proceeding oligo-
merization inducing fast intermolecular proton exchanges
leads to disappearance of the splitting of the proton reso-
nance and a sharp single signal, while the color turns to
yellow (Binsch and Roberts, 1968).

[HCN] radical anion

After a treatment of cyanide doped alkali halide crystals by
y-irradiation or UV photolysis at low temperatures between
21 and 77 K and followed by tempering to 100 K the [HCN]~
radical anion could be detected EPR-spectroscopically.
The formation and decomposition of this [HCN]~ species
has been investigated at different temperatures in detail
(Adrian et al., 1969; Beuermann and Hausmann, 1967;
Hausmann, 1966; Root et al., 1966). The radical anion could
be detected also in potassium cyanide irradiated by UV
light at 77 K and in the gas phase during mass spectro-
metric measurements of methyl and ethyl cyanides (von
der Weid et al., 1979; Tsuda et al., 1971).

The stretching mode of the C—N bond is observed in IR
spectroscopic measurements at 1758 cm ™' showing partial
C=N bond character (Pacansky et al., 1978). It corresponds
to a much weaker C-H bond of lower energy than in the
HCN. The EPR measurements support this explanation as
they feature a quite high spin density value of py = 0.27 for
the unpaired electron density on the hydrogen atom
(pc=0.32and py = 0.41) (Adrian et al., 1969). Furthermore,
SCF computations of the orbital containing the unpaired
electron indicate a significant hydrogen character and the
bond angle decreases from linear structure of HCN to 122°—
131° on forming the radical anion. In summary, the [HCN]~
radical anion is isoelectronic to the HCO radical showing
quite similar properties (Pacansky et al., 1978; Pedersen,
1970) (Table 8).

Table 8: Structural data of the [HCN] ™ radical anion (bond lengths in
A; angles in °).

Publication Exp./calc. ri-c rc.n < (H-C-N)

Douglas and Sharma (1953) Exp.-IR  1.153 1.066 -
Exp. — EPR - - 131

Adrian et al. (1969)

Thomson (1970) INDO 1.23 1.18 133

Pedersen (1970) INDO 1.256 1.164 129

Pacansky et al. (1978) SCF/CGTO 1.233 1.122 121.7
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[HCN]™ cation

The formation of the cationic [HCN]™ species is mostly
observed during excitation in microwave discharge and in
high-energy systems (Forney et al., 1992). The first ionization
energy of hydrogen cyanide is determined to about 13.60 eV
by photoionization and photoelectron spectroscopy (Dibeler
and Liston, 1968; Fridh and Asbrink, 1975). Furthermore,
theoretical calculations indicate that the isocyanide cation
species [HNC]* is more stable than the cyanide cation species
[HCN]™, which means a reversion of stability in contrast to the
neutral hydrogen cyanide (Murrell and Derzi, 1980). The
ground state of [HNC]|* (°Z") is decreased by 75-125 k] mol™
compared to the ground state of [HCN]* (IT) (Forney et al.,
1992). G. Frenking and H. Schwarz suggest that the change of
electron density causes a reversion of stability (Table 9)
(Frenking and Schwarz, 1982). J. N. Murrell and A. A. Derzi
suggested that the unpaired electron in [CN]* is predomi-
nantly on the nitrogen atom and hence they expected the *%*
state resulting from interaction with the hydrogen to be more
stable for the isomer [HNC]|™* as is found (Table 10) (Murrell
and Derzi, 1980). Also kinetic studies on a mixture of
hydrogen cyanide and hydrogen isocyanide cations indicate
a difference of reactivity of both isomers (Petrie et al., 1990).

[HCNH]" cation and the [H(HCN),]" cluster ion
series

The [HCNH]" cation, the first representative of the cationic
cluster series [H(HCN),]*, has been observed in interstellar

Table 9: Total energy, energy of repulsion (AE,.,) and total energy
of electrons (AEeec) of HCN, HNC and their cations (AE in k) mol™;
HF/4-31G) (Frenking and Schwarz, 1982).

compound AEtot. AErep. AEelec.
HCN 0 0 433.2
HNC 39.8 473.9 0
[HCN]* 128.1 0 1702.4
[HNCT* 0 1574.2 0

Table 10: Structural data of cationic hydrogen cyanide species
(bond length in A; calculations using the SCF/cc-pVDZ level of the-
ory) (Murrell and Derzi, 1980).

Compound State I'n_g i-a
[HCN]* n 1.190 1.091
[HCN]* 23t 1.114 1.072
[HNCT* n 1.225 1.021
[HNC]? 2y 1.116 1.013
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AgCN

» [Ag-NCHI® or [Ag—(NCH),]®
HSOSF, SbFs SO, L9NCH [Ag=(NCH),]

HCN >

[HCNH]®
HSO4F, SbFs SO,

matter and is a significant part of the ionosphere of Titan,
amoon of Saturn (Cravens et al., 2006; Fox and Yelle, 1997;
Herbst and Klemperer, 1973; Keller et al., 1998). Because of
the cation’s supposed key role in chemistry of interstellar
matter, many studies are carried out to determine its
structure, fundamentals and transition frequencies
(Amano and Tanaka, 1986).

The first synthesis of the [HCNH]" cation has been
carried out 1968. NMR spectroscopic measurements could
prove the formation of the cation in a mixture of fluo-
rosulfuric acid HSOsF and antimony pentafluoride SbF;
(1:1) in a solution of HCN and SO,. The first IR measure-
ment of the cation has been published by Altman et al.
(1984a). Also in 1968 G. A. Olah and T. E. Kiovsky pub-
lished another synthetic route of the cation starting with
silver cyanide in a solution of HSO3F, SbFs; and SO, also
studied by NMR spectroscopy (Scheme 8, Table 11) (Olah
and Kiovsky, 1968).

The cation is discussed as possible precursor of HCN
and HNC in the interstellar matter. The proposed dissocia-
tive recombination reaction leads to the normal hydrogen
cyanide and metastable isocyanide in relation of 1:1
(Scheme 9) (Kalescky et al., 2013; Ngassam et al., 2005;
Pearson and Schaefer, 1974; Talbi and Ellinger, 1998).

But radio astronomic studies indicate a temperature
depending ratio of both isomers and also the position of the
isomers inside the molecular cloud is important (Irvine and

Table 11: Selected NMR data of [HCNH]* (chemical shifts in ppm;
coupling constants in Hz) (Olah and Kiovsky, 1968; Olah and White,
1969).
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—_—

[HCNH]®

Scheme 8: Synthetic routes of [HCNH]* (Olah
and Kiovsky, 1968).

Schloerb, 1984; Schilke et al., 1992). Further reactions
influencing this relation are the equilibrium reaction and
ion-neutral reactions, which also occur in interstellar
matter (Conrad and Schaefer, 1978; Herbst, 1995; Talbi,
1999; Talbi and Herbst, 1998). Furthermore, the singlet
[HCNH]" in a low-lying vibrational state produces HCN
whereas the triplet mostly leads to HNC caused by a smaller
bond-dissociation energy of the C-H bond in contrast to
the N-H bond in the exited state (Allen et al., 1980; Jursic,
1999). But it will require further studies to permit detailed
information about the unexpectedly high ratio of HNC in
interstellar matter.

In literature three different singlet isomers of [HCNH]*
are discussed (Figure 8). The linear form, which is the low-
lying structure, is isoelectronic to acetylene and two three-
bonded forms, in which [H,CN]" is the energetic most
unfavoured one with low isomerization barrier to the linear
form (Table 12) (Allen et al., 1980; Conrad and Schaefer,
1978; Jursic, 1999).

During a period of about 20 years spectroscopic data of
the [HCNH]* cation have been measured several times us-
ing different methods, which partially lead to big differ-
ences (Table 13).

H H
1.093 \ 1.020
1.230 1.257
1202 ( C—=N c22N) 1158

H H
H 1.067 c 1.130 N 1.002 H

Spectrum 0 ]
1H NMR .50 8.5 :ll)gu::ls: St:]ryc%u.ral dlata.ot.ﬂll); [SI-ICCFNH] trl]szr)n(tzrs in iroucriu; s}:ate;
BCOH) NMR _95.7 320.0 ond length in A; anglesin % metho onrad and Schaefer,
1978).
[HCNH]® + 2 — HNC + H
[HCNH]® + RS — HCN + H
HNC + H — HCN + H
Scheme 9: Possible reaction pathways to
CH + ©} —_— © + H
3 [N] [HCN] generate HCN and HNC (Kalescky et al.,
® ® 2013; Ngassam et al., 2005; Pearson and
NH; + [C] > [H2CN] + H Schaefer, 1974; Talbi and Ellinger, 1998).



64 —— A.Schulzand ). Surkau: Main group cyanides

Table 12: Relative energies of the [HCNH]* isomers (in k) mol™?)
calculated with different methods (Conrad and Schaefer, 1978).

Compound SCF/DZ Cl/pz SCF/DZ + P Cl/DZ + P
[HCNH]* 0.0 0.0 0.0 0.0
[HoCNT* 292.7 239.9 273.8 299.8
[H,NCT* 173.3 131.5 167.5 192.6

Moreover, experimental data of the [H(HCN),|* (n=1-4)
aggregates in the gas phase were published by M. Moet-Ner
utilizing a pulsed high-pressure mass spectrometric tech-
nique to determine thermochemistry data of these species
(Meot-Ner, 1978).

The [CN(HCN),,]” cluster ion series

M. Moet-Ner, S. Scheiner, and J. F. Liebman reported on
thermochemical measurements and computations of
HCN-cyanide-aggregates, [CN(HCN),]™, in the gas phase
utilizing a pulsed high-pressure mass spectrometric
technique (Meot-Ner et al., 1988). It was found that the
aggregate series [CN(HCN),]” (n = 1-7) is formed
exothermically for each HCN addition step (AH° be-
tween —20.7 and -7.6 kcal mol™). The hydrogen bond
energy in [CN(HCN)]” was also determined from ion
cyclotron resonance [CN]/HCN-exchange equilibria
measurements (Larson and McMahon, 1984).

The synthesis of salts bearing the [CN(HCN),]” cluster
ions (Bldsing et al., 2020), was also attempted. For
this purpose, pure cyanides of the type [WCC]CN
(lwccC]* = weakly coordinating cation = [Et;NMe]*,
[*Pr;NMe]*, [Ph;PMe]*) (Price et al., 2009), were treated
with an excess of liquid HCN (generated from NaCN and
stearic acid (Ty = 342 K) at 353-373 K under vacuum)
(Blasing et al., 2018; Giinther et al., 1935; Labbow et al.,
2016). However, this synthetic approach did not work
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since almost instantaneous polymerization was observed
affording a deep brown highly viscous oil. To avoid fast
polymerization, [Ph,P]CN and [Ph;PNPPh;]CN (= [PNP]
CN), containing bulkier and more symmetrical cations,
were used. Indeed, this reaction of [Ph,P]CN/[PNP]CN
with liquid HCN (at low temperatures of 263-273 K) finally
yielded crystals. X-ray studies revealed unequivocally the
presence of hydrogen-bridged linear [CN(HCN),]™ ions in
case of the [Ph,P]* salt, while Y-shaped [CN(HCN);]™ an-
ions were found with the [PNP]* as counterion (Figures 9
and 10) (Arlt et al., 2021).

The stepwise formation of the HCN solvates [CN(HCN),,]”
were computed to be exothermic and exergonic for n = 1-3,
however, the larger n the values for A,H®s/A,G»9s become
less negative (A,H°g = —23.6, —18.7, and —13.0 kcal mol™;
A,G%9s = —15.9, —11.1, and —7.0 kcal mol™; cf. from mass
spectroscopy: A;H%9g = -20.1 + 1.6 (Chacko et al., 2006)
and —20.7 kcal mol™, as well as A,H%q5 = —16.4 kcal mol™
and A3HCeg = —12.6 kcal mol™) (Meot-Ner et al., 1988).

Owing to the hydrogen bonding within the cluster
anions, these species may be regarded as fragments of the
solid structure of HCN upon (partial) deprotonation. In
accord with computations, linear [CN(HCN),]” can be
regarded as a cyanide ion stabilized by two hydrogen-
bonded HCN molecules, while Y-shaped [CN(HCN);]™ is
energetically slightly preferred over an analogous linear
isomer. There is always only little change of stability
when [CN]™ and HCN do not form a linear complex, indi-
cating a highly dynamic system at ambient temperatures
as proven by computed rather flat rotational potentials
either within a linear or Y-shaped HCN framework
(Figure 11). Moreover, pseudohalide HCN aggregate ions
of the type [N3(HCN)s]~, [OCN(HCN);]~, [SCN(HCN),]” and
[P(CN-HCN),]~ with similar strong hydrogen bonds and
structural motifs have also been isolated and fully char-
acterized (Arlt et al., 2021; Blasing et al., 2020; Harloff
et al., 2020Db).

Table 13: Spectroscopic data of [HCNH]* using different methods (wave numbers in cm™).

Publication Exp./calc. VH Vch Ven OHeN OHNC
Pearson and Schaefer (1974) SCF/DZ 4300 3507 2354 1023 922
Lee and Schaefer (1984) SCF/DZ + P 3869 3501 2434 937 799

Cl/DZ +P 3754 3423 2283 836 700
Altman et al. (1984a) (1984b) Exp. - IR 3483 3188 - - -
DeFrees and McLean (1985) MP2/6-31G* 3675 3397 2164 822 659

HF/6-31G* 3465 3147 2177 866 699
Ho et al. (1987) Exp. - IR - - - - 646
Peterson et al. (1995) HF/4-31G 3445 3176 2088 901 762

HF/6-31G* 3534 3213 2100 849 685
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Figure 9: Ball-and-stick (anions) and
wireframe (cations) representations of the
molecular structure of [Ph,P][CN(HCN),] in
the crystal. View along [010]. The linear
molecular anion is formed by two hydrogen
bridges (a and b). A chain is formed when
short contacts (c) are considered. A section of
such a chain is shown (Pézolet and Savoie,
1969).

Figure 10: Ball-and-stick representation of the
[CN(HCN)s]" ion in a crystal of [PNP]
[CN(HCN)s]. The Y-shaped molecular anion is
formed by three hydrogen bridges (a-c and
d-f). A chain is formed when short contacts
(g-j) are considered. A section of such a
chain is shown, while the cations are omitted
for clarity (Arlt et al., 2021).

Figure 11: Rotational potential for the
rotation of a [CN]™ ion within the frame of
two HCN molecules (Pézolet and Savoie,
1969).
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1st Main group - alkali cyanides

The alkali cyanides are extensively investigated especially
focusing on the compounds of lithium, potassium and
sodium. All alkali cyanides are well water-soluble, sodium
cyanide is also soluble in alcoholic solutions. Sodium and
potassium cyanide can be received by evaporating their
aqueous solution, whereas the synthesis of the lithium,
rubidium and cesium compound is more difficult due to
their fast decomposition on air. Important properties are
listed in Table 14.

A review article of A. Rubo et al. also provides further
detailed information of properties and also production,
uses, e.g. gold mining or electroplating and hardening of
metals, or economic aspects (Rubo et al., 2006).

The alkali cyanides are one of the smallest ionic sys-
tems having strong rotational-translation coupling in solid
phases (Klein et al., 1981). The crystals of alkali cyanides
combine properties of ionic and also molecular crystals, so
called ionic-molecular crystals, because of the pseudo-
halogen properties of the cyanide anion (Henriques and
von der Weid, 1985). So alkali cyanides are typical alkaline
pseudohalogen compounds and their optical, structural
and thermic properties are effected by the polyatomic
character of the anion. Furthermore, under exclusion from
air these compounds are stable against gentle heating and
do not decompose.

The spectroscopic data of the alkali cyanides are quite
similar, only the v, and v, frequencies are showing bigger
differences in relation to the size of the cation, which
pushes the band to smaller energies (Tables 15 and 16) (do
Carmo et al., 1981). A. Loupy and J. Corset also reported the
independence of the stretching mode v; of LiCN, NaCN and
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Table 15: Raman data of different alkali cyanides (wave numbers in
-1
cm).

Compound Ven Comments
LiCN (Loupyand 2079 In aqueous
Corset, 1976) solution
NaCN 2079 (Loupy and Corset, In aqueous
1976) solution
2086.7 + 2.7 (Glockler -
and Baker, 1942)
KCN (Loupy and 2079 In aqueous
Corset, 1976) solution

KCN from the concentration of the salt. Only the intensities
are changing. If the concentration of the salt decreases, the
band at lower frequencies increases and that one of higher
frequencies declines.

Synthesis

Until the 1960s, the Castner—Kellner process was the
common synthetic route of NaCN using sodium, which was
heated by charcoal in an atmosphere of ammonia. The
received sodium amide reacts with the charcoal to sodium
cyanamide. After a second reaction with one equivalent of
charcoal sodium cyanide is obtained (Scheme 10) (Derry
and Williams, 1993).

The quite similar Beilby process was often used to
synthesize potassium cyanide, but nowadays this syn-
thetic route has no importance (Scheme 11) (Martin and
Barbour, 1915).

The most common synthesis of alkali cyanides is the
acid base neutralization reaction using hydrogen cyanide

Table 14: Some substance-specific properties of alkali cyanides (temperatures in K, densities in g cm™).

Compound Ty Tg p at 298 K Relative hygroscopicity
(DeLong and Rosenberger, 1986)
HCN 259.8 (Henderson and Cull- 298.8 (Henderson and Cull-  0.69* (Williams, 1948) Miscible with water

inan, 2007) inan, 2007)

LiCN 433 (Lely and Bijvoet, 1942) -

NaCN 837(1) (DeLong and Rose- 1773(10) (Ingold, 1923)
nberger, 1986)

KCN 907.7 (DeLong and Rose- -
nberger, 1986)

RbCN 872.2 (Kondo et al., 1979) -

CsCN 801(2) (DeLong and Rose- -

nberger, 1986)

1.08 (DeLong and Rose-
nberger, 1986)
1.60 (DeLong and Rose-
nberger, 1986)

Extreme

Considerable

1.52 (DeLong and Rose- Little
nberger, 1986)
2.32 (DeLong and Rose- Little
nberger, 1986)
3.41 (DeLong and Rose- High

nberger, 1986)
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Table 16: IR data of different alkali cyanides in varying media (wave numbers in cm™).

Compound Ven V’en Vmc Comments
LiCN 2080.4 (Ismail et al., 1972) - 680.5 (Ismail et al., In neon matrix
1972)
2084.5 (Ismail et al., 1972) - 646.4 (Ismail et al., In argon matrix
1972)
2079 (Loupy and Corset, 1976) - - In aqueous
solution
2070, 2086, 2100, 2116 (Loupy and - - In DMF
Corset, 1976)
NaCN 2080 (Miller and Wilkins, 1952) 3330 (Miller and Wilkins, - -
1952)
2090 (do Carmo et al., 1981) 4156 (do Carmo et al., - -
1981)
2060, 2076 (Loupy and Corset, 1976) - - In DMF
2060, 2076 (Loupy and Corset, 1976) - - In DMSO
KCN 2077 (do Carmo et al., 1981) 4131 (do Carmo et al., - -
1981)
2079 (Loupy and Corset, 1976) - - In aqueous
solution
2054, 2064, 2070 (Loupy and Corset, - - In DMSO
1976)
RbCN (do Carmo et al., 2071 4121 - -
1981)
CsCN (do Carmo et al., 2063 4103 - -
1981)
2 Na + 2 NHj3 —_— 2 NaNH, + Hy
873 K
2 NaNH2 + C Ea— N32CN2 + 2 H2 X
Scheme 10: Castner—Kellner process to synthesize
1073 K sodium cyanide
NaCN,  + —> 2 NaCN (Derry and Williams, 1993).
and an aqueous solution of alkaline hydroxide (Scheme 12) MOHuq + HCN MCN@g + H,0

with yields as high as 98-99% (Guernsey and Sherman,
1926; Meyer, 1921; Reifsig, 1863; Sugisaki et al., 1968).
Because of a fast hydrolysis of alkali cyanides, they are
often used as a solution of alcohol and small amounts of
water. Especially, the lithium and cesium cyanide are very
hygroscopic, which leads to less efficient synthesis of LiCN
starting with LiOH and necessitate another synthetic
approach. In this context, it is also possible to synthesize
most of the alkaline cyanides using dried hydrogen cya-
nide and the pure alkali metal, which is dissolved in
ethanol, ammonia or other non-aqueous solvents (Scheme
13) (DeLong and Rosenberger, 1986; Meyer, 1921). The pu-
rification of the salts is often carried out by recrystalliza-
tion. The solids are suspended in liquid ammonia or
K,CO; + 4C + 2NH3

—— 2KCN + 3CO

Scheme 12: Neutralization reaction to synthesize alkali cyanides
(M = Li*, Na*, K%, Rb*, Cs*) (Guernsey and Sherman, 1926; Meyer,
1921; Reifsig, 1863; Sugisaki et al., 1968).

ethanol to avoid hydrolysis and less soluble carbonates
and cyanates are removed by filtration (Thompson, 1931).
Vacuum distillation is reported to be inefficient (Hackspill
and Grandadam, 1925).

EtOH

M + HCN MCN

5 Hy
Scheme 13: Synthesis of alkali cyanides using dried HCN and the
alkali metal (M = Li*, Na*, K*, Cs*) (DeLong and Rosenberger, 1986;
Meyer, 1921).

Scheme 11: Beilby process to synthesize potassium
cyanide (Martin and Barbour, 1915).

+ 3H,
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T. J. Neubert and S. Susman reported another process
of purification of NaCN and KCN. After melting the solid in
vacuum and increasing the temperature from ambient
temperature to 473 K and then to 938 K the alkaline cyanide
is zone refined and also filtrated using a frit made of quartz.
Single crystals containing 10 ppm Na and very small
quantities of [OCN]™ can be obtained and are suitable for
polarized-light experiments (Neubert and Susman, 1964).
LiCN can also be purified by recrystallization in THF. The
solvent is removed in vacuum, but one mol percent re-
mains (Rossmanith, 1965). In 1963 1. B. Johns and H. R.
DiPietro carried out a reaction of liquid, anhydrous
hydrogen cyanide and n-butyllithium in n-hexane under
nitrogen atmosphere. The LiCN precipitates immediately in
quantitative yield (Scheme 14) (Johns and DiPietro, 1964).

The decomposition of hydrogen cyanide is one of the
main causes of impurities. Several synthetic routes avoid-
ing the use of HCN are published. One of the first is the
reaction of alkali metals and silver cyanide in THF and in
presence of naphthalene (Scheme 15). The LiCN also crys-
tallizes as its colorless solvate, which is dried in vacuo, and
is obtained in yields of 79.6% (Rossmanith, 1965).

In 1997 T. ]. Markley et al. reported a metathesis reac-
tion of lithium chloride and sodium cyanide at ambient
temperature (Scheme 16). The product could be obtained in
a yield of 94.9% after a reaction time of four days. Single
crystals were obtained using a mixture of DMF and DMAc
(2:1). The solvent can not be removed completely, so the

n-hexane
HCN + "BuLi » LiICN + "ByH
273 K, 15 min
Scheme 14: Synthesis of LiCN by Johns and DiPietro (1964).
naphthalene, THF
Li + AgCN » LICN + Ag
reflux, 6 h

Scheme 15: Synthesis of LiCN without HCN (Rossmanith, 1965).

DMF
NaCN —— > LICN +

Licl +
! .4 d

NaCl

Scheme 16: Synthesis of LICN without HCN by Markley et al. (1997).

weak white heat
2 NaCl >
20 - 30 min

CaCN, + C +

bright white heat
15 - 20 min

CaCN2 + C + N32003

» 2NaCN +
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crystals still contain 0.6 mol DMF and 0.4 mol DMAc per
equivalent of LiCN (Markley et al., 1997).

During researches on the synthesis of Ca(CN),in 1912,
H. Sulzer carried out a reaction of calcium cyanamide and
charcoal, which required high temperatures to melt the
mixture minimizing the yield of the reaction because of
the preferred reverse reaction. By the addition of fluxing
agents, e.g. NaCl or Na,COs, the reaction temperature
could be decreased and H. Sulzer also observed a reaction
of the cyanamide and alkali metal salts (Scheme 17)
(Sulzer, 1912).

The ratio of anhydrous calcium cyanamide, charcoal
and sodium chloride is optimized to 10:2.0-2.5:18-20 and
the reaction is carried out in an iron crucible with lid to
avoid air. In the case of sodium carbonate, its ratio is
decreased to 7.5-9.0 and because of the higher melting
point the reaction temperature has to be increased. But
this reaction is preferred due to improved separation of
alkali cyanide and insoluble alkaline earth carbonates in
the melt. In contrast, the use of NaCl leads to soluble
alkaline earth chlorides, which can not be separated
easily (Sulzer, 1912).

Hydrolysis of alkali cyanides

Hydrolysis of basic alkali metal cyanide begins with
dissociation upon addition of water molecules. The auto-
protolysis of water provides protons to form hydrogen cy-
anide. The cyanide ion acts here as a base which grabs the
proton. The formation of alkali formate and ammonia is
also possible due to hydrolysis of alkali cyanides, while the
increasing concentration of ammonia enhances the hy-
droxide concentration (Scheme 18).

Both types of reaction are prevalently observed at
temperatures of more than 288 K, but the formation of
hydrogen cyanide dominates at temperatures under 323 K.
Higher temperatures of more than 353 K abet the genera-
tion of alkaline formate. In the subsequent step, the formed
formates can also react with alkali hydroxides to form
carbonates (Scheme 19).

Furthermore, cyanates and carbon will be formed, if
the cyanides are heated to their melting point. This process
is facilitated by an oxygen atmosphere, but an inert

2NaCN + CaCl,

Scheme 17: Syntheses of NaCN using CaCN,
as starting material (Sulzer, 1912).

CaO + CO,
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HEy + [CNIRy ~——= HCN
353 K
M) + ONIRy + 2H0 <——== MIE,

NHz@q) + H0 [NH 1) +

MIEy + [HCOOIRy + M, + [OHIR) —> 2MIE, + [CO PR, + Ha

A

OMCN + O, ——» 2MOCN
A

MzCO3 — Mzo + C02
A

2MCN + CO, —» 2MOCN + C
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+ [HCOOIZ, + NHj

Scheme 18: Possible reactions due to

o hydrolysis of alkali cyanides (M = Na*, K*)
[OH]GEg) (Hinks et al., 1972).

Scheme 19: Formation of carbonates (Hinks
et al., 1972).

Scheme 20: Formation of cyanates due to decomposition of cyanides (Hinks et al., 1972).

atmosphere can not prevent this reaction because the for-
mation of carbonates also permits the generation of cya-
nates (Scheme 20) (Hinks et al., 1972).

Crystal structures

The alkali metal cyanides correspond to the general
composition MXY (M = cation of Na, K, Rb; XY = diatomic
anion) and are characterized by the pseudocubic NaCl-type
structure just below the melting point. They show similar
properties as the alkaline halides, e.g. orientational dis-
order or rapid rotation of the linear [CN]~ anion, because of

Table 17: Structural data of alkali metal cyanides.

the pseudohalide character of the cyanide anion (see 1.2
Cyanide, a classic pseudohalide) (Atoji, 1971; Kondo et al.,
1979).

Lithium cyanide is an exception, since a NaCl-like
structure could not be observed, although it should be
theoretically possible, and the structures of cesium cyanide
are also divergent. However, the difficulty in forming these
cyanide compounds makes it difficult to study their crystal
structures, resulting in only a few publications that deal
with solid state structural studies on these salts. Structural
data of various cyanide compounds are listed in Table 17.
Further information on crystal data of cyanide compounds
and their modifications are given in Table 18.

Compound Exp./calc. rc_y

'm—c

'm-N

HCN Mw 1.157 (Greenwood et al., 1988; Simmons 1.061 (Greenwood et al., 1988; Simmons -
et al., 1950) et al., 1950)
MW 1.1538(10) (Costain, 1958) 1.0630(30) (Costain, 1958) -
Mw 1.15321(5) (Glidewell and Thomson, 1.0655(2) (Glidewell and Thomson, 1984) -
1984)
HNC MW 1.172 (Glidewell and Thomson, 1984) - 0.986 (Glidewell and Thom-
son, 1984)
SCF 1.159 (Schmiedekamp et al., 1980) - 0.982 (Schmiedekamp et al.,
1980)
[HCN]™ MW 1.1530 (Douglas and Sharma, 1953) 1.0657 (Douglas and Sharma, 1953) -
LiCN XRD 1.15(2) (Lely and Bijvoet, 1942) 2.11 (Lely and Bijvoet, 1942) 2.06 (Lely and Bijvoet, 1942)
SCF 1.154 (Schmiedekamp et al., 1980) 1.930 (Schmiedekamp et al., 1980) -
LiNC SCF 1.169 (Schmiedekamp et al., 1980) - 1.780 (Schmiedekamp et al.,
1980)
NaCN MW 1.170(4) (van Vaals et al., 1984a) 2.379(15) (van Vaals et al., 1984a) 2.233(15) (van Vaals et al.,
1984a)
NaCN- XRD 1.07 (Le Bihan, 1958) 2.95 (Le Bihan, 1958) 3.10 (Le Bihan, 1958)
2H,0
KCN XRD 1.15 (Bozorth, 1922) 3.0 (Bozorth, 1922) 3.0 (Bozorth, 1922)
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Crystal structure of lithium cyanide

The crystal structure of LiCN has to be discussed separately
because its orthorhombic structure (cell dimensions:
a=3.73A; b= 6.52 A; c = 8.73 A; space group Pmcn) (Lely
and Bijvoet, 1942) at ambient temperature and normal
pressure is not comparable to the structures of other
alkaline cyanides. The unit cell of LiCN contains four
molecules. The electron densities of each atom is deter-
mined to Li 2.2, C5.9 and N 7.9 which were derived from the
electron map, so the lithium atom is ionized as expected
and its missing electron is mainly located to the nitrogen
atom (Lely and Bijvoet, 1942). In contrast to the eightfold
coordination of CsCN and sixfold coordination of NaCN,
KCN and RbCN, the lithium atom is fourfold coordinated
(Bijvoet and Lely, 2010; Lely and Bijvoet, 1942; Verweel and
Bijvoet, 1939). In detail, one carbon atom and three nitro-
gen atoms, which are located in the corners of an irregular
tetrahedron, surround the lithium atom. J. A. Lely and J. M.
Bijvoet report that the transition of the coordination can
be described by the different sizes of the involved ions.
Furthermore, the special polarizability of the anion due to
the lithium ion is also important to the asymmetric sur-
rounding of the cyanide group. The weak coordination of
the lithium atom and the asymmetric surrounding also
cause holes and channels leading to a small density and an
unusual low melting point (Table 14) (Greenwood et al.,
1988; Lely and Bijvoet, 1942).

Similarities of crystal structures of MCN (M = Na*, K", Rb")

At ambient temperature and normal pressure the crystal
structure of sodium, potassium and rubidium cyanide is
similar to the pseudocubic unit cell of the NaCl-type
structure (type I). The position of the aspherical cyanide
ions on the positions of the chloride is described by two
theories. The dynamic description was first published by
P. A. Cooper, supported by quantum mechanical studies
of L. Pauling in 1930 and is predicated on free rotation of
the cyanide ions (Pauling, 1930). These ions possess no
orientation on their lattice site and because of their high
molecular movement they are characterized as a spherical
rotor with radius of about r = 1.93 A (Camargo and von der
Weid, 1982; Morris, 1961; Sequeira, 1965). The cyanide
anion is consequently very similar to the bromide corre-
sponding to many shared properties of alkali metal halides
and alkali metal cyanides. But due to the elliptic shape of
the cyanide ion, the influence of temperature and pressure
to the rotation of the cyanide ion is stronger and the phase
diagram is consequently more complex than those of alkali
metal bromides (Heckathorn et al., 1999).
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The second model of description was established by R.
M. Bozorth in 1922 and further discussed by J. Frenkel in
1935 (Bozorth, 1922; Sequeira, 1965). According to this
theory, the cyanide anions are statistically spread on the
(111)-axis of the lattice. Therefore, free rotation of the [CN]”
seems to be unrealistic due to steric considerations
(Durand et al., 1980; Isetti and Neubert, 1957; Yang and
Luty, 1989).

In spite of several X-ray structure analyses, neutron
diffraction experiments, thermodynamic studies, Raman
spectra and NMR spectroscopic measurements a final
correlation of the crystal structures to the different models
of description is not possible (Atoji, 1971; Bijvoet and Lely,
2010; Coogan and Gutowsky, 1964; Elliott and Hastings,
1961; Messer et al., 1941; Sequeira, 1965; Shimada et al.,
1986; Suga et al., 1965; Sugisaki et al., 1968; Verweel and
Bijvoet, 1939). M. Atoji carried out several X-ray structure
analyses and reported that the cyanide anions are spread
on the (111)-axis at temperatures directly above the tran-
sition temperature according to the model of . Frenkel. The
deflection turns into the (110)-plane and then into the (100)
by increasing temperatures. At the melting point of the
compound free rotation is observed, which corresponds to
the Pauling model (Atoji, 1971).

The cyanide ion of sodium and potassium cyanide
reaches its energetical most favored position on the (100)-
axis. Computational studies also indicate a decrease of
energy differences as a result of increasing size of the
cation, e.g. the energy difference between the [110] and
[110] alignment: 22.6 k] mol™ (NaCN), 10.5 k] mol™ (KCN)
and 5.9 k] mol™! (RbCN) (LeSar and Gordon, 1982). Theo-
retical studies of M. Ferrario et al. support the assumption
that the degree of [111] orientation raises in correlation to
increasing cation radii (Ferrario et al., 1986).

A first order phase transition is observed at tem-
peratures of 288 K (NaCN), 168 K (KCN) and 132 K (RbCN)
under normal pressure depending on the size of the
cation (Bijvoet and Lely, 2010; Kondo et al., 1979; Shi-
mada et al., 1986; Suga et al., 1965). The cyanides of
sodium and potassium are showing [110] orientation in
this phase and their dipole moments are still disordered
corresponding to changes of entropy during measure-
ments of heat capacities (Matsuo et al., 1968; Suga et al.,
1965; Sugisaki et al., 1968). The structural change causes
a contraction of one side converting the cubic cell into
an orthorhombic cell and ferroelastic order (type A,
space group Immm) (Suga et al., 1965; Yang and Luty,
1989).

X-ray structure analysis of RbCN indicates a [111]
orientation of the cyanide anions in a monoclinic structure
and antiferroelastic order (Bourson et al., 1992; Kondo
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et al., 1979; Parry, 1962). This structure is also reported in
studies of KCN, but in KCN it requires higher pressures or
addition of alkali metal halides (Dultz and Krause, 1978;
Dultz et al., 1981; Yang and Luty, 1989). In contrast,
theoretical studies of R. Le Sar and R. G. Gordon indicates
that an orthorhombic structure is energetically preferred
by 11.7 k] mol ™. But due to this small energy difference
they do not negate a higher stability of the monoclinic
cell at certain temperatures (LeSar and Gordon, 1982). It
was shown that a cycle of several heating and cooling of
KCN led to a special phenomenon. During such a cycle
this compound also shows a monoclinic phase just
below the phase transition temperature. Furthermore,
this phase occurs in pure form at higher pressures and is
similar to the structure of RbCN. But the monoclinic
phase can be observed only during the cooling process
and not in the heating step (Ortiz-Lopez and Luty, 1988;
Parry, 1962; Schmidt et al., 1992). Regarding the first
phase transition of NaCN, KCN and RbCN, the phase
transition temperature shows linear correlation to the
cation size (Scheme 21).

This underlines the similarity of alkali metal cyanides
and halides, which are also characterized by strong cor-
relation of crystalline structure and ratio of ion radii rcagion:
Tanion (Biltz, 1935; Kondo et al., 1979). An increase of this
coefficient correlates to an enlarged coordination sphere of
an eightfold coordination instead of four in both types of
alkali metal salts. NaCN and KCN also undergo a second
order phase transformation under normal pressure at 172K
(NaCN) respectively 83 K (KCN) (Table 18). This anti-
ferroelastic structure (type B) is characterized by ordered

LicN
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a0\

T \ NaCN

(K] \

300} N 1
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Order

100 |

05 10 5
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Scheme 21: Temperature of first order phase transition of alkali
metal cyanides as a function of cation size (representation taken
from Kondo et al., 1979).
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dipoles of cyanide anions and space group Pmmn (Kondo
et al., 1979; Rowe et al., 1977a, 1977b; Suga et al., 1965;
Wasylishen and Jeffrey, 1983). The phase transition tem-
peratures are not determined completely, so the correlation
to the cation radius is uncertain.

The above Scheme 21 also illustrates the missing
disordered structure of LiCN. This structure probably
occurs at temperatures of about 400 K expecting a
continuously linear correlation. But this temperature is
very close to the melting point of about 433 K (Table 14),
which is completely different from the melting point of
other alkali metal cyanides. But this value perfectly fits
to the correlation of the second order phase transition of
NaCN and KCN (Kondo et al., 1979; Lely and Bijvoet,
1942). In this context Y. Kondo et al. mentioned that
the rotation of the cyanide anions of NaCN, KCN and
RbCN during the order-disorder transition is similar to
the rotation in liquid phase, but their translation re-
sembles a pseudocubic solid structure. In LiCN, the
rotation is similar to the sodium, potassium and
rubidium compound, but due to strong coupling to the
small lithium cation it also shows translational move-
ment, which destabilizes the pseudocubic structure and
leads to melting instead of a phase transition (Mokross
and Pirc, 1978; Rehwald et al., 1977).

The changes of the crystal structures of NaCN and KCN
are represented in Figure 12. The properties are proved by
computational calculations, Raman spectra, NMR spec-
troscopic measurements and neutron diffraction analyses
to study the coupling of translation and rotation (Coogan
and Gutowsky, 1964; Decker et al., 1974; Durand et al.,
1980; Ehrhardt et al., 1980; Elliott and Hastings, 1961;
Kondo et al., 1979; Messer et al., 1941; Loidl et al., 1980a;
Wasylishen and Jeffrey, 1983).

The neutron diffraction also indicates that the cya-
nide dipoles of the modification type B (low temperature
structure) are ordered parallel in the a,c-plane and are
described by alternative inversion in respect to the b-axis
(Figure 12) (Rowe et al., 1977b). However, the determi-
nation of the carbon and nitrogen positions faces several
challenges due to quite similar atomic form factors (in
contrast to those of the alkali metal).

Measurements of the heat capacity at temperatures till
14 K and the missing Curie-Weif3 behavior reveal no second
phase transition of RbCN and CsCN at normal pressure and
low temperatures leading to orientation of the cyanide di-
poles, which is caused by a “frozen-in state” (Sugisaki
et al., 1968). These low temperatures inhibit the collective
electric dipole order of induced dipole interaction and fix
the orientation of the cyanide groups (Kondo et al., 1979;
Sugisaki et al., 1968).
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NaCN

(Immm, T, = 288 K)

(Pmmn, T'¢ = 172 K)

A*(CNY

(Fm3m, room T)

»KCN

KCN

(Immm, T = 168 K)

Further solid phases of alkali metal cyanides

In addition to already described solid state phases further
modifications of alkali metal cyanides appear as a func-
tion of temperature and pressure shown in the following
phase diagrams. Especially, the phase diagram of KCN is
very complex showing many different phases (Figure 13)
(Stokes et al., 1993).

The potassium cyanide has a slightly distorted,
monoclinic, ferroelectric structure, which is similar to the
CsCl-type, with the space group Cm at ambient tempera-
ture and high pressures (phase IV) (Decker et al., 1974).
The cyanide anions are limited in their rotation and the
relative volume is decreased of about 10% causing an in-
crease of the coordination sphere to an eightfold coordi-
nation of the cation (StrGssner et al., 1985). An additional
increase of temperature leads to the phase III characterized
by a cubic unit cell and space group Pm3m. The cyanide
anions are disordered in respect to reorientation with
nearly spherical symmetry and coordinated eightfold.
Phase C is supposed to be monoclinic (C2/c) and similar to

400

jise

300 I

2001 S

100 4 B

Figure 13: Phase diagram of KCN (p in GPa, Tin K, representation
taken from Stokes et al., 1993).

(Pmmn, T'¢ = 83 K)

Figure 12: Crystal structures of NaCN and KCN
in three different phases (representation
taken from Buljan et al., 1997).

phase A, the cyanide anions are ordered in relation to the
direction of the C-N bond, but disordered head to tail
(Stokes et al., 1993). Due to a shear strain of the b-axis one
part of the crystal shows a tilt in one direction, the other
part in the opposite direction, which, however, leads to a
monoclinic structure in average. The decrease of temper-
ature causes another phase transition to D, in which the
cyanide anions are collocated in mirror planes and disor-
dered with respect to the position of carbon and nitrogen
atom. In contrast to the transition of phase A to B, the
reorientation of the cyanide anions is hindered. As in phase
C, a shear strain is also observed in phase D, but both parts
are not equal, which leads to a monoclinic structure with
space group C2/m of phase D containing a triclinic fraction
(Stokes et al., 1993).

The phase diagram of NaCN also reveals a high-
pressure structure IVa, which is quite similar to phase IV of
KCN but with space group Pm (Figure 14). The decrease of
pressure also leads to an antiferroelectric ordered phase B.
The characterization of the coexistent region D between the
ferroelectric ordered phase IVa and the phase B is as
difficult as in KCN (Strdssner et al., 1985).

The increase of pressure leads to a further phase
transition of RbCN from the pseudocubic NaCl structure
(phase I) to phase III, which is similar to the CsCl-type,
causing a decrease of the volume of about 10% to the
eightfold coordination. At pressures of about 1.8 GPa a
second phase transition takes place. The observed mono-
clinic phase IV is quite similar to that phase of KCN
(Strossner et al., 1985).

Crystal structure of cesium cyanide

At ambient temperatures cesium cyanide crystallizes in the
pseudocubic CsCl-type structure (phase III), which is only
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formed by other alkali metal cyanides at high pressures
(Figure 15). The cyanide anions are orientationally disor-
dered. At about 186 K a phase transition to the rhombo-
hedral structure (phase VII) takes place and each unit cell
contains one molecule (Daubert et al., 1976; Knopp et al.,
1983; Sugisaki et al., 1968). The axes of the cyanide anions
are aligned to the cubic (Borron et al., 2007) direction
extending this axis (Loidl et al., 1980b, 1983; Sugisaki et al.,
1968). The phase transition from III to VII is not connected
to a decrease of the volume and the eightfold coordination
is preserved (Strossner et al., 1985).

In summary, the alkali metal cyanides have many
similar crystalline phases as a function of temperature and
pressure. The phase boundaries differ due to the increasing
size of the cation, e.g. the phase boundary is moved to
lower pressure by increasing radii. After all, W. Dultz and
H. Krause and also K. Strossner et al. provided a phase

350 I

300t 1
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100 R3m
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%1 2345% 20 30
P

Figure 15: Phase diagram of CsCN (Tin K, p in GPa, representation

taken from Stréssner et al., 1985).

123450 20 30

Figure 14: Phase diagram of NaCN and RbCN (T
in K; p in GPa; representation taken from
P Strossner et al., 1985).

diagram including all shared phases (Figure 16) (Dultz and
Krause, 1978; Strossner et al., 1985).

M-CN/M-NC-isomerization — gas phase
structure

The alkali metal cyanides are among the best studied metal
cyanides. Experimental data and ab initio calculations
reveal consistently high ionic character and a low potential
energy surface causing simple transformations of these
compounds. Overall, three different isomers of metal cya-
nides are discussed: the linear cyanide structure M—CN, the
linear isocyanide structure M-NC and a T-shaped form M
[CN] (dihapto, ). In contrast to the mono-coordinated
(monohapto, ') metal cation of the first two structures, the
cation of the T-shaped structure features bi-coordination
(Figure 17) (Lee et al., 2007). In the solid state, of course due
to a higher coordination number, both M—CN as well as
M-NC coordination are found, e.g. in an M-CN-M
arrangement, and all isomers were studied in the gas
phase.

With the exception of LiCN, all other alkali metal cy-
anides feature the triangular n’-bonded isomer as the
lowest lying species in the gas phase (Table 19) (Bak et al.,
1970; Clementi et al., 1973; Essers et al., 1982; Lee et al.,
2007; Makarewicz and Ha, 1995; Redmon et al., 1980;
Schmiedekamp et al., 1980; van Vaals et al., 1983). In the
triangular complexes, the M—N distance is much shorter
than the M-C distance. The potential barrier connecting
the triangular form and the linear cyanide form decreases
along the series Li — Fr. As shown in Table 19, these results
highly depend on the chosen methods and the basis sets,
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Figure 16: Phase diagrams of alkali metal cyanides (representations taken from Dultz and Krause, 1978; Strossner et al., 1985).

M
® O A
M-C=NI M-N=C| N=C
Figure 17: Different isomers of alkali metal cyanides: Linear
cyanide, linear isocyanide and T-shaped structure.

Table 19: Computed relative energies of MCN isomers and their
transition states (TS) (in k) mol™) (Lee et al., 2007).

Atom Method MCN (linear) TS1 M[CN] (7 TS2 MNC (linear)
Li HF 25.3 39.2 - - 0
CCSD 10.4 22.9 0.4 3.4 0
CCsp(M 8.8 20.6 0.1 2.9 0
MRCI-1 45 - - - 0
MRCI-2 1.3 - 0 - 3.20
MP2-4 69 - 1.2 - 0
Na HF 16.8 22.5 0 25 2.2
Ccsp(m 10.1 15.8 0 11.2 11.1
MRCI 6.7 - 0o - 11.5
K HF 21.6 22.7 0 - 4.1
CCsD(T) 18.3 19.3 0 - 13.0%
Rb  HF 21.6 22.2 0 - 22.28
CCsD(T) 18.3 18.8 0 - 12.58
Cs HF 22.0 22.1 0 - 3.9
CCsSD(M 18.6 18.8 0o - 11.3%
Fr HF 21.4 21.5 0 - 4,19
CCsD(T) 18.5 18.5 0o - 11.9%

llsaddle point.

respectively (Bak et al., 1970; Clementi et al., 1973; Essers
et al., 1982; Lee et al., 2007; Makarewicz and Ha, 1995;
Redmon et al., 1980; Schmiedekamp et al., 1980; van Vaals

et al., 1983). In the crystal structure the lithium favours the
coordination to the nitrogen (ratio 3:1) supporting the
higher stability of the isocyanide structure. Also experi-
mental rotational and hyperfine spectra fromJ. J. van Vaals
et al. and IR spectra from Z. K. Ismail et al. show the best
agreement to the isocyanide structure (Ismail et al., 1972;
van Vaals et al., 1983).

Including the effects of correlation in calculations the
energy difference of the cyanide and isocyanide structure
decreases due to higher stabilisation of the cyanide by
correlation (Redmon et al., 1980). While this long-range
energy in regard to Coulomb’s law prefers the cyanide
structure, the triangular structure is favoured by short
range repulsion, which leads to the isocyanide structure as
a compromise (Essers et al., 1982). The migration of the
lithium cation from the carbon to the nitrogen end of the
cyanide anion is correlated to a small energy barrier of
about 10.6-14.3 kJ mol™ due to high electron affinity of
the cyanide anion and small ionization potential of the
alkali metal leading to a ionic structure with dominating
Coulomb force, which is isotropic and facilitates the shift of
the lithium (Essers et al., 1982; Rao et al., 1996). This
circling motion around the anion is also called “polytopic”
(Rao et al., 1996). Due to low energy barriers, the isomeri-
zation of all alkali metal cyanides reveals polytopic char-
acter (van Vaals et al., 1984b).

In contrast P. v. R. Schleyer et al. prefer a T-shaped
structure of LiCN as the most stable based on MP2/6-31G*
computations (von Ragué Schleyer et al., 1986). Therefore,
B. S. Jursic carried out several studies on suitable basis sets
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indicating that the T-shaped configuration is slightly more
unstable than the isocyanide one, but more stable than the
structure of lithium cyanide (Jursic, 1998). The experi-
mental proof of the T-shaped structure is still missing,
which could be caused by the small dipole moment of
7.3 D. It should also lead to a hindered detection using
rotational and hyperfine spectra. In contrast, the dipole
moment of lithium isocyanide is 8.9 D and the dipole
moment of lithium cyanide is 9.8 D (von Ragué Schleyer et
al., 1986).

In contrast to the lithium compound, the minimum
of the T-shaped configuration of NaCN and KCN can be
located easily on the potential energy surface due to
strong exchange interactions and a negative charge,
which is mainly located in an s-type orbital of the cy-
anide anion (Essers et al., 1982; Greetham and Ellis,
2000; Lee et al., 2007). But the relative energies of
different alkali metal cyanide isomers and their transi-
tion states also confirm, that the isocyanide structures
of potassium and heavier alkali metals are just transi-
tion states and that the M—CN bond energy decreases
from Li to K (Table 19) (Lee et al., 2006; Wormer and
Tennyson, 1981).

Furthermore, the correlation effect leads to an in-
crease of the M—N and C-N bond lengths and a contrac-
tion of the M—C bond of triangular isomers (Table 20). On
the other hand, it causes an increase of the C-N bond
length and a decrease of the M—C bond length of linear
MCN isomers (Table 21). One reason might be a decrease
of steric repulsion from the nonbonding electron pair of
the carbon atom due to the electron correlation (Lee
et al., 2007).

Table 20: Experimental and computational structural data of
triangular (72 M[CN] compounds (bond lengths in R (Lee et al,,
2007).

Atom Method 'm—c 'm-N ren
Li ccsn(m 2.13 1.85 1.18
MRCI-2 2.09 1.86 1.17
Exp.? (van Vaals et al., 1983) - 1760  1.168
Na ccsn(m 2.39 2.23 1.18
MRCI 2.72 2.26 1.17
Exp. (van Vaals et al., 1984a) 2.38 2.23 1.17
K ccsn(m 2.73 2.55 1.18
MRCI 2.86 2.59 1.17
Exp. (van Vaals et al., 1984b) 2.72 2.55 1.17
Rb ccsn(m 2.86 2.68 1.18
Cs ccsp(m 3.03 2.82 1.18
Fr Ccsp(m 3.09 2.89 1.18

lBlSupposedly LiNC linear.
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Table 21: Computed structural data of linear (7") MCN compounds
(bond lengths in A) (Lee et al., 2007).

Atom Method 'm_c re-n
Li ccsp(m 1.92 1.17

MRCI 1.92 1.17
Na CCsSD(M) 2.25 1.17

MRCI 2.91 1.17
K Ccsb(n 2.60 1.17
Rb ccsbp(m 2.73 1.17
Cs CCsD(n) 2.88 1.17
Fr ccsp(m 2.94 1.17

[M(CN),]” anions
Super(pseudo)halogen anions [M(CN),]” (M = Na‘, Li*)

The term “superhalogen” was established by G. L. Gutsev
and A. I. Boldyrev in 1981 and names complexes of the
structure [MX,4]” containing a metal M and electronega-
tive fragments X of normal valence (Gutsev and Boldyrev,
1981). The index k indicates the normal valence of the metal
atom, e.g. [BF,]” and [AIF,]". The electron affinity of these
complexes of about 5.0 eV is higher than the electron af-
finity of chlorine (Behera and Jena, 2012; Sidorov, 1977).
Only recently, a superhalogen F@C,,(CN),, with electron
affinity of 10.8 eV was designed (Kulsha and Sharapa,
2019). Usually, a superhalogen is a molecule with high
electron affinity, which forms a stable anion, and have low
proton affinities leading to superacids.

The lithium and sodium compounds of the structure
[M(CN),]” were studied by S. Smuczyniska and P. Skurski
using ab initio methods (MP2/6-311 + G(d)). Their main goal
was the utilization of pseudohalides to form novel super-
halogen anions. In addition to the calculation of the
dicyanide anion [M(CN),]", they compared this structure to
the isocyanide form [M(NC),]". All compounds feature D..;,
symmetry and the bond length of the carbon and nitrogen
atoms are in a range 0f 1.188-1.192 A. For all species, a bond
between the metal atom and the cyanide respectively iso-
cyanide group was found (Behera and Jena, 2012; Smuc-
zyniska and Skurski, 2009).

Calculations of the vertical electron detachment en-
ergy (VDE) also reveal a stronger bond of the lithium to the
isocyanide group [Li(NC),]” (VDE = 7.434 eV) than to the
cyanide group (VDE = 7.233 eV), which correlates to the
bond length of 1.900 A for the Li-N bond, respectively
2.043 A for the Li-C bond. Although, the VDE of the sodium
isomers are considerably smaller ([Na(CN),]™: 7.090 eV,
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[Na(CN),]™: 5.871 eV) they are also called superhalogen
anions (Smuczynska and Skurski, 2009).

To continue the studies of the superhalogens with cy-
anide ligands and their properties, S. Behera and P. Jena
carried out calculations of the electron affinity as a func-
tion of the number of bonded cyanide ligands and neutral
or single and double negative charged complexes, e.g.
[Na(CN),.J* with n < 3 and x < 2. Focusing on neutral spe-
cies, they report the NaNC to be the most stable one, while
Na(CN), and Na(CN); tend to form cyanogen (CN), by
dimerization of two cyanide anions (Figure 18). Due to the
fact that the negative charge of superhalogens is mainly
located at the electronegative ligand, they named sodium
complexes of the type [Na(CN),,] (with n = 2) super(pseudo)
halogens (Behera and Jena, 2012).

2nd Main group

For a long period of time the scientific interest mainly
focussed on hydrogen cyanide and the well-known alkali
metal cyanides. However, since the observation of alka-
line earth cyanides in interstellar matter the increasing
interest in these compounds caused several recent
studies focusing on computations to analyse experi-
mental spectra. Furthermore, the synthesis of pure alka-
line earth cyanides is quite difficult compared to the
alkaline mono cyanides, e.g. the crystallization of the
barium and strontium compound using an aqueous so-
lution is difficult and the isolation of the magnesium and

A. Schulz and J. Surkau: Main group cyanides =—— 77

calcium compound by re-crystallization from heated
aqueous solutions is not possible. In contrast to alkali
cyanides, which are part of several applications, the salts
of alkaline earth cyanides tend to fast decomposition and
formation of hydrogen cyanide due to displacement of the
weak acid by carbon dioxide or weak organic acids from
their solution (Williams, 1915). But they are mostly stable
in presence of an inert gas atmosphere or ammonia so-
lution (Franck and Freitag, 1926). As a consequence of
these problems (decomposition and difficult isolation),
the physical properties of these compounds are still
mainly unknown. Only a very broad melting point of
calcium cyanide Ca(CN), at about (913 + 30) K by
extrapolation and incipient decomposition at tempera-
tures above 623 K are reported (Petersen and Franck,
1938). Moreover, also the number of reported IR spectro-
scopic data is highly limited (Table 22).

Table 22: IR data of different alkaline earth dicyanides (wave
numbers in cm™).

Compound Ven Vmc

Be(CN), (Williams 2233 756

et al., 2001)

Mg(CN), (Williams 2197 492

et al., 2001)

Ca(CN), (Loupy and 2068, 2084 -

Corset, 1976)

Ba(CN), 2058, 2075, 2088 461, 610, 645

(Loupy and Corset, 1976) (Miller et al., 1960)
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Figure 18: Optimized structures of neutral, single negative and double negative charged Na(CN),,/Na(NC),, complexes (B3LYP/6-311++G(3df);
Na - purple; N — blue; C — grey; partial charges in parentheses; representation taken from Behera and Jena, 2012).
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Alkaline earth monocyanides MCN

The first spectroscopic observation of monocyanides was
reported by L. Pasternack and P. ]J. Dagdigian in 1976.
Laser-induced fluorescence measurements of reactions of
cyanogen bromide and metals M = Ca*', Sr**, and Ba*" led
to very broad bands, which were very similar to the fun-
damentals of monohalogens and could be allocated to the
monocyanides (Pasternack and Dagdigian, 1976). In 1984,
additional computations of MCN, where M = Be?*, Mg,
Ca?*, and Ba*, carried out by C. W. Bauschlicher and S. R.
Langhoff, indicated that L. Pasternack and P. J. Dagdigian
observed the isocyanide instead of the cyanide isomers. In
contrast to the alkali cyanides, the alkaline earth cyanides
mainly prefer a linear isocyanide structure in the %
ground state lying 0.3 — 0.5 eV below the energy of the
cyanide isomer, which enables a differentiation of both
isomers (Table 23). The interconversion barrier from MNC
to MCN decreases, e.g. the BeNC and MgNC have a barrier of
0.71 and 0.23 eV, respectively, CaCN and BaCN have no
barrier at all, as a consequence of an increased ionic
character of the compounds (Bauschlicher et al., 1985;
Lanzisera and Andrews, 1997a; Mikhailov et al., 2003).

In a reaction of laser-ablated beryllium with hydrogen
cyanide, different cyanide and isocyanide compounds of
beryllium could be observed and matrix IR spectra were
compared to calculated fundamentals using DFT compu-
tations (BP86/6-311G*). FTIR spectroscopic measurements
of reactions of hydrogen cyanide and laser-ablated beryl-
lium at 6-7 K support this suggestion. In the end, the
beryllium isocyanide is the most stable isomer with the
cyanide structure lying 15.5 k] mol ! higher in energy and
no stable T-shaped structure (Lanzisera and Andrews,
1997a).

Further experimental and theoretical studies indicate
that not only compounds in the electronic ground state
show strong ionic bonding and a linear structure, but also
MgNC and CaNC are linear in the energetic minimum of the
excited state (Anderson et al., 1994; Steimle et al., 1992,
1994; Whitham et al., 1990). Supplementary molecular

Table 23: Computed energies (in eV) of alkaline earth monocyanide
isomers (calculations at SCF/TZ2P) (Bauschlicher et al., 1985).

Compound MNC [M(CN)] MCN Found
BeCN 4.10 3.17 3.62 4.46 +0.29
MgCN 3.36 3.00 3.07 4.21 +0.26
CaCN 4.12 3.88 3.78 4.46 +0.22
BaCN 4.34 4.17 4.02 4.87 +0.26
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orbital calculations (ROHF/TZ2P and SDCI + Q/TZ2P) of the
three atoms Mg, C and N were carried out by T. Hirano and
co-workers identifying three stationary points: the two
linear structures MgCN and MgNC and also a cyclic inter-
mediate with Mg closer to the carbon atom, which is
already known from alkali cyanides (Table 24, Figure 19)
(Ishii et al., 1993, 1994). These calculations were carried out
due to previous observations of the magnesium isocyanide
in the circumstellar shell of IRC + 10,216 and were in
accordance with experimental data from microwave spec-
troscopic (MW) measurements (Kawaguchi et al., 1993).

The properties of the molecular orbitals of the [C=N]"
anion are quite similar to those of the cyano radical
(Figure 3) and the SOMO is similarly located at the mag-
nesium atom (Ishii et al., 1993). Overall, the structure is
described as an ionic molecule with an oriented Mg®* next
to a cyano radical [-C=N:]>" leading to a very small isom-
erization barrier of 2170-2230 cm™ (Ishii et al., 1994).

Removing one single electron from the magnesium
leads to the [MgCN]* cation, which has also a cyclic,
T-shaped isomer lying 7.5 k] mol ', respectively 12.6 k] mol
below the two linear isomers [MgCN]", respectively [MgNC]*,
displaying similarities to the isoelectronic structure of the
NaCN (MP2/6-31G*) (Barrientos and Largo, 1995; Petrie,
1996). The stability of the cyclic structure is a consequence of
orbital interaction. Three molecular orbitals are formed of
the atomic orbitals of magnesium, carbon and nitrogen and
only the lowest molecular orbital is completely occupied. In
comparison to the neutral MgCN, the additional half occu-
pied orbital causes an energetic preference of the linear
structure (Barrientos and Largo, 1995).

Another T-shaped configuration, which is known from
potassium and sodium cyanide, is not known of alkaline
earth cyanides due to the strong Coulomb interaction of the
metal cation and the cyanide anion, which achieves a
maximum for a linear structure (Mikhailov et al., 2003). The
same effect influences the structure of SINC, which was

Table 24: Computed structural data of alkaline earth monocyanide
isomers (bond lengths in A; calculations at SCF/TZ2P, only SrCN at
B3LYP/DGDZVP).

Compound MCN MNC
'm-n Icn 'm—c Fcn
BeCN (Bauschlicher et al., 1985) 1.529 1.159 1.693 1.132
MgCN (Bauschlicher et al., 1985) 1.931 1.154 2.090 1.138
CaCN (Bauschlicher et al., 1985) 2.233 1.154 2.418 1.138
SrCN (Chan and Hamilton, 1998) 2.350 1.188 2.512 1.175
BaCN (Bauschlicher et al., 1985) 2.551 1.154 2.741 1.143
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Mg .
Figure 19: Computed structural data of the
108.5 /2_074 linear isocyanide and cyanide isomeﬂr and
M 1.931 N 1.154 N I 1.136 c 2.091 Mg their intermediate (bond lengths in A; angle
9 1143 9" i, at ROHF/TZ2P) (Ishii et al., 1993).

studied using low-resolution laser excitation fluorescence
spectroscopy (Douay and Bernath, 1990).

The reaction coordinate of the isomerization of CaNC
and CaCN was calculated by T. Taketsugu and co-workers
in 2003. Starting with the isocyanide isomer the activation
barrier is 25.25 and 7.20 k] mol™ from the cyanide side
(Figure 20) (Ishii et al., 2003).

Alkaline earth dicyanides M(CN),
Structure of alkaline earth dicyanides

In comparison to the cyanide compounds of the alkaline
metals, the alkaline earth dicyanides are less investi-
gated. P. v. R. Schleyer et al. calculated potential energy
surfaces of different compounds of the type MC,N, using
the Hartree—Fock method and also the MP-perturbation
theory (MP2) to analyse the global minima structures of
M(CN), with M = Be?*, Mg*, Ca*, Sr**, and Ba?' extending
the calculations of J. Gardner et al. on magnesium species
to all alkaline earth metals. In this context, the linear
structure of some magnesium species could not be
transferred to the later elements (Gardner et al., 1993;
Kapp and Schleyer, 1996).
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Starting with three different basic linear structures, the
metal cation was coordinated by both carbon atoms (CC),
by both nitrogen atoms (NN) or by one carbon and one
nitrogen atom of the two different cyanide anions
(Figure 21).

The considered linear structures of Ba and Sr are just
second-order saddle points, but using HF methods the bent
end-on-isomers (CC-2, NN-2, CN-2) are structural minima
and using the MP2 level only structure CC-2 is a minimum.
In accordance to the other isomers NN-2 and CN-2, the most
stable structures are the side-on isomers BB-4 and CB-4,
but with small energy differences to the linear ones. P. v. R.
Schleyer and J. Kapp summarized that compounds coor-
dinated via nitrogen atoms are more stable than those co-
ordinated via carbon atoms (energies of each favoured N
coordination: BaC,N, - 11.7 k] mol™ and SrC,N, —
9.6 k] mol™) and the most stable isomers are showing a
side-on coordination of the cyanide anion. Calculating the
potential energy surfaces of calcium and magnesium
dicyanides using HF method and MP2 method, the minima
structures are indeed linear isomers. Although bent struc-
tures are not existing (NN-2, CN-2, CC-2) with optimizations
leading to the linear isomers, some side-on coordinated
structures could be optimized by MP2, for example BB-3
and CB-3 are minimum structures with small energy

Ca
1214 / 2345
1
1.173
Ts — Ca
T ;602cm'] 1.169 2371
2111 cm’™ ’

1509 cm™!

Figure 20: Energy profile of the isomerization reaction of CaCN (energy in cm™, reaction coordinate s in bohr amu®?) and activation barriers of
the isomerization including bond lengths (in A) and bond angles (in °) of the isomers (representations taken from Ishii et al., 2003).
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Figure 21: Considered geometries and connections of structures MC,N, (representation taken from Kapp and Schleyer, 1996).

differences of the side-on isomers. Furthermore, the po-
tential energy surface of the Mg(CN), is very flat, so its
behavior extremely depends on the basis set and chosen
method (Gardner et al., 1993; Petrie, 1999a). For example,
using the MP2(full)/6-31G* method the NC—-Mg—CN dicya-
nide is a global minimum structure and the other linear
structures are also identified as energetic minima, which
are linked by n-complexes (Petrie, 1999a). On that method,
these m-complexes are characterized as minima on the
energy surface, but calculations on G2-or CBS-Q level
suggest that these m-complexes are just transition states
upon the potential energy surface and that the dicyanides
coordinated via the nitrogen atom (CN-Mg-NC) is the
most stable one. The difference of energy between this
minimum structure and the highest transition state is only
30 kJ mol ™. The calcium compound is very similar to the Sr
and Ba compounds. The energy of the nitrogen dicoordi-
nated isomer is smaller of about 8.8 k] mol™* for each cy-
anide anion than the other two linear isomers, but the
structure BB-3 of Ca(CN), is most stable by about
18.4 kJ mol™l. The minima of the energy surface of the
smallest dicyanide BeC,N, are only linear structures
including the diisocyanide as the most stable one.

Synthesis of alkaline earth dicyanides
Synthesis of M(CN), (M = Be?*, Mg*")

The beryllium dicyanide is formed by dimethylberyllium
and an excess of hydrogen cyanide in benzene or other
inert solvents. It is also reported that it is insoluble in sol-
vents other than those which cause hydrolysis. The sug-
gestion of a four times coordinated product was disproved
by calculations, which were discussed in the chapter above
(Coates and Mukherjee, 1963).

In anhydrous conditions, metal chloride and trime-
thylsilyl cyanide (TMS—CN) are used to synthesize beryl-
lium and magnesium dicyanide. After addition of TMS—CN
to the stirred solution of beryllium dichloride in butyl ether
at 253 K the resulting solution is stirred at ambient tem-
peratures for 18 h and additional 12 h at 373 K. The solid
product is separated by filtration, dried in vacuo and
tempered at 773 K for two days. The synthesis of the mag-
nesium compound requires two steps. First, one equivalent
of magnesium dichloride is mixed with two equivalents of
TMS-CN at ambient temperature and heated under reflux
for 18 h. The product is similarly separated by filtration and
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dried in vacuo. Then two equivalents of TMS—CN are added
and the mixture is heated to 473 K for 12 h under nitrogen
atmosphere. After tempering the product for 4 h at 648 K,
the dicyanide is obtained in a yield of 63% (Williams et al.,
2001).

F. Fichter and R. Suter also described a synthesis of
magnesium dicyanide using metallic magnesium and a so-
lution of hydrogen cyanide (10-25%). The clear solution
rapidly decomposes forming magnesium hydroxide (Fichter
and Scholly, 1920; Fichter and Richard, 1922). Therefore, they
question the synthesis of O. Schulz (1856a), who reported a
high stability of magnesium dicyanide. And the reaction of
dry magnesium hydroxide with etheric hydrocyanic acid to
form magnesium dicyanide requires small amounts of water,
which supports the rapid decomposition of the dicyanide to
form the dihydroxide (Fichter and Richard, 1922).

Synthesis of M(CN), (M = Ca**, Sr**, Ba*")

The barium and calcium dicyanide are synthesized in a
classic neutralization reaction using the metal hydroxide
and hydrocyanic acid (Scheme 22) (Williams, 1915).

Although the solid product cannot be isolated from an
aqueous solution due to fast decomposition and the solu-
tion can only be concentrated up to 35%, which also in-
creases polymerization (Franck and Freitag, 1926). In 1915
H. E. Williams already remarked, that crystals of the
magnesium and calcium dicyanides cannot be obtained by
removing the solvent of the aqueous solutions (Williams,
1915). And the decomposition of dissolved dicyanides of
concentrations higher than 15% is already very fast and
depends on the concentration. Oligomers of hydrogen cy-
anide and ammonium cyanide are formed, which cause the
brown color. But solutions of dicyanides are also sensitive
to heat and decompose to hydrogen cyanide and metal
hydroxide.

M(OH), + 2HCN —> M(CN), + 2H,0

Scheme 22: Syntheses of barium and calcium dicyanide (M = Ba*',
Ca") (Williams, 1915).
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The barium dicyanide is obtained as its dihydrate from
aqueous solution. By drying at 348 and 373 K the water
molecules can be removed (Joannis, 1882a).

In 1926 F. J. Metzger reported another synthesis
starting with calcium carbide and addition of hydrogen
cyanide under nearly anhydrous conditions. Due to the
relatively slow reaction he reported an acceleration of the
reaction by addition of 2% water to form the calcium hy-
droxide in situ, which should directly react with the added
hydrogen cyanide. However, it was formed a hydrogen
cyanide adduct Ca(CN),2HCN he could not isolate
(Scheme 23) (Metzger, 1926).

H. H. Franck and C. Freitag also reported that the
product is a mixture of up to 55% Ca(CN), and 25%
hydrogen cyanide. Nevertheless, they tried to obtain pure
calcium dicyanide from the colorless, powdery di-
ammonia complex, which was synthesized using calcium
and a solution of ammonium cyanide or salts of calcium,
for example Ca(NOs),, and cyanides as NH,CN or AgCN.
The ammonia can be removed by heating up to 453 K in
vacuo leading to calcium cyanide in nearly quantitative
yields (Scheme 24) (Franck and Freitag, 1926).

At temperatures higher than 623 K the kinetic stabi-
lized calcium dicyanide decomposes to calcium cyanamide
and carbon in an exothermic reaction. If the temperature is
strongly increased, the equilibrium will be shifted towards
the calcium dicyanide (Scheme 25) (Petersen and Franck,
1938).

So the calcium dicyanide can also be obtained by
tempering of calcium cyanamide up to 1523 K and fast
quenching of the equilibrium to about 573 K (Petersen and
Franck, 1938). Such an equilibrium is also known of barium
dicyanide, but the temperature range of 500-900 K is
much smaller. This equilibrium is part of the reaction of
barium carbide and nitrogen and leads to the formation of

T>623K

T —
~

T>1373K

Ca(CN), CaCN, + C

Scheme 25: Temperature depending equilibrium of calcium
dicyanide and calcium cyanamide (Petersen and Franck, 1938).

CaC2 + 2 HCN — Ca(CN)z + Csz
Scheme 23: Synthesis of the hydrogen cyanide adduct
CaC, + 4HCN —> Ca(CN),;”2HCN + CoHy  instead of the dicyanide (Metzger, 1926).
Ca(NO3), + 2NH4,CN + 2NH3; —> Ca(CN),)2NH; + 2 NH4NO;3
453 K Scheme 24: Synthesis of calcium
Ca(CN),-2 NH,4 » Ca(CN), + 2 NH; dicyanide using ammonia solvate

vacuum

complexes (Franck and Freitag, 1926).
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T>1173 K

2BaC, + 2N, — > Ba(CN), +

the cyanamide at lower temperatures of about 773 K and
the formation of the dicyanide at higher temperatures
(T>1173 K) in yields of about 82.5% (Scheme 26) (Neubner,
1934; Petersen and Franck, 1938).

Another synthetic route of alkaline earth dicyanides
starts with earth alkaline ferrocyanides. For example, the
strontium cyanide is obtained after thermal treatment of
strontium ferrocyanide under exclusion of air (Scheme 27)
(Schulz, 1856b).

To obtain magnesium, calcium or barium dicya-
nides, it is also possible to start with an anhydrous
double salt mixture of potassium ferrocyanide and cal-
cium chloride or magnesia, which is heated to red heat to
form the earth alkaline cyanide and then isolated. The
stability of the formed earth alkaline cyanides decreases
along Mg(CN), — Ba(CN), and they cannot be stored in
solid state for a long time.

Synthesis of Ra(CN),

Actually, there is no synthetic route reported to obtain pure
radium dicyanide, but the free reaction enthalpy AsH,95
has been estimated to be about (=217 + 62) k] mol™ on the
basis of data of the other earth alkaline dicyanides (Wilcox
and Bromley, 1963).

Established crystal structures of alkaline
earth cyanides

Crystal structures of earth alkaline cyanides are merely
known of beryllium and magnesium cyanide. Both struc-
tures show a cubic unit cell, further crystallographic data
and some atomic distances are given in Table 25. The metal
cations are coordinated tetrahedrally by four cyanide an-
ions, which show strong disorder, and the tetrahedra are
linked at their vertices (Williams et al., 2001). The literature
also offers powder diffraction data of calcium dicyanide of
the year 1938, but further analyses of its crystal structure
are not published (Hanawalt et al., 1938). The data of
strontium dicyanide are also rare. There is only one

A
Sr3[Fe(CN)gl, — 3 Sr(CN), +

Scheme 27: Synthesis of strontium dicyanide starting with
strontium ferrocyanide (Schulz, 1856b).

BaCN, + C
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Scheme 26: Formation of barium cyanamide
and dicyanide starting with barium carbide
(Neubner, 1934; Petersen and Franck, 1938).

Table 25: Crystallographic data of beryllium and magnesium
dicyanide (temperatures in K; lengths in A; angles in °; volumes in A%,
bond lengths in A) (Williams et al., 2001).

Parameter Be(CN), cubic Mg(CN), cubic
T 298 298

Space group Pn3m Pn3m

a 5.339(1) 6.122(1)

a 90.00 90.00

v 151.2(1) 229.45(1)

V4 2 2

re-n 1.187(1) 1.085(7)
I'm—cN 1.718(1) 2.108(4)

rudimentary description of its orthorhombic tetrahydrate
by A. Joannis from 1882 (Joannis, 1882b).

Further cyanide compounds of the 2nd main
group

Calcium monocyanide cation [CaCN]*

The calcium cyanide cation is isoelectronic with potas-
sium cyanide and displays some similar properties. For
example, the T-shaped ni-complexes T-[MCN]™* are global
minima on the potential energy surface. The linear iso-
mers [CaCN]* and [CaNC]® are also minima at the
MP2(full)/6-31G* level and identified as second order
saddle points by the G2(QCI) procedure. There are also
similarities to the T-shaped structures NaCN and MgCN
(Petrie, 1999b). The dissociation energy of this cation has
been calculated by C. W. Bauschlicher and H. Patridge to
be 228.2 kJ mol™! on SCF(TZ2P) and 268.0 kJ mol™! on
MCPF(ANO) (Bauschlicher and Partridge, 1991).

Superhalides [M(CN);]” (M = Be**, Mg?*, Ca®")

The geometry of superhalides [M(CN);]~ with M = Be?",
Mg*, Ca’" is trigonal-planar (D3, symmetry). The VDEs
were determined to be 8.12-8.24 eV of the cyanide and
6.96-8.41 eV of the isocyanide. Overall, the number of
coordinated cyanide anions correlates with an increased
electronic stability of the compounds due to the strong
electron-withdrawing property of the anion (Smuczynska
and Skurski, 2009).
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S. Behera and P. Jena also examined the correlation of
the VDE and the number of coordinated cyanide anions.
Therefore, they had a look on neutral and single or double
negatively charged magnesium compounds of the type
[Mg(CN),]™ with 0 < n < 4 and 0 < m < 2 (Figure 22). The
energies of the isocyanide structures are slightly smaller
due to the higher electronegativity of the nitrogen and the
bond has a high ionic character. Furthermore, the neutral
species Mg(CN); can also be called a superhalogen (Behera
and Jena, 2012).

3rd Main group

The general tendencies for compounds of the 3rd main
group elements in terms of chemical bonding and the
stability of the respective oxidation states are also evident
in cyanide chemistry. While boron forms covalent bonds in
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the energetically favored oxidation state (III), the ionic
character of the bonds between aluminum or gallium in the
same oxidation state and cyanide units increases signifi-
cantly. In contrast to these lighter elements, thallium is
stabilized in the oxidation state (I) due to the inert pair
effect. This results in an alkali metal-like chemical
behavior of thallium. TICN is the only monocyanide that is
experimentally known for all elements in this main group.
The remaining monocyanides have mainly been studied in
theoretical investigations or experimentally by generating
these molecules in low amounts in gas phase reactions.
Compounds of the constitution E(CN); (E = B, Al, In) are
known for all elements except thallium. The anionic spe-
cies [E(CN),]” are known for boron, gallium and thallium,
whereas the anion of indium ([In(CN),]”) has not been re-
ported so far and regarding aluminium there is just one
publication from 1951 reporting the synthesis of Li
[Al(CN),]. The indium cyanide chemistry has not been
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Figure 22: Optimized geometries (ground states, B3LYP/6-311++G(3df)) of different magnesium cyanide compounds with bond lengths (in R

and NBO charges (representation taken from Behera and Jena, 2012).
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investigated intensively, presumable reasoned by a
missing application for these compounds. The anion
[B(CN),]” is the most frequently applied compound of all
reviewed species. There are no significant applications
documented for the analogous aluminum or gallium
compounds. The thallium monocyanide was utilized in
organic syntheses although these procedures did not find
a broad application range. As isostructural and iso-
electronical to the tricyanomethanide, the tricyanoborate
dianion constitutes a unique species in the 3rd main group.

Boron

The chemistry of boron cyanides B(CN), is largely focused
on the tetracyanidoborate anion [B(CN),]” (Bernhardt et al.,
2000; Berkei et al., 2002; Koppe et al., 2007; Kiippers et al.,
2005). Experimentally known are also the tricyanoborate
dianion [B(CN);]*" and the tricyanoborane B(CN); in form of
Lewis acid-base complexes (Bernhardt et al., 2011a; Chiz-
meshya et al., 2007; Williams et al., 2000). The boron
monocyanide BCN is well studied by computations and
has additionally been observed in gas phase experiments
(Lanzisera et al., 1997).

Boron monocyanide BCN

So far, no successful synthesis of stoichiometric boron
monocyanide BCN in significant amounts has been pub-
lished. In 1997, L. Andrews et al. reported results of re-
actions of laser-ablated boron atoms with hydrogen
cyanide while condensing in argon at low temperatures.
The generated IR spectra included absorption bands
matching the expectations from calculations and predicted
absorption shift (Lanzisera et al., 1997). In the following
years, several studies described the structure of BCN
formed as thin layer on different surfaces (Qin et al., 2012;
Shimada et al., 2006; Sugino et al., 2002; Ugarov et al.,
1999). While the composition was usually determined by
X-ray photoelectron spectroscopy (XPS), the connectivity
of the elements was not verified. Furthermore, the specific
B-C and C-N absorption bands were not observed in IR
spectra.

The first computations of BCN were published by J. B.
Moffat (1971). Additional studies suggest that the iso-
cyanide structure BNC is the energetically favoured isomer
compared to the BCN molecule. The ground state '=* en-
ergies differ by (39.77 + 2.09) kJ mol™ (CASSCF/cc-pVQZ,
CCSD(T)/cc-pVQZ) (Martin and Taylor, 1994). The results of
different theoretical studies are listed in Table 26.
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Table 26: Structural data of BCN based on computational in-
vestigations (bond lengths in A; wave numbers in cm™).

Publication Method + basis re.c rc-n Ven
set
Moffat (1971) SCF/GTO 1.588 1.157 -
Glidewell and Thomson SCF/6-311G** 1.585 1.133 -
(1984)
Martin and Taylor CASSCF/cc-pVDZ  1.592 1.181 2210
(1994)
Lanzisera et al. B3LYP/D95 1.60 1.17 2262.5
(1997)

Noteworthy to Table 26, J. B. Moffat did not optimize
the structure using a software algorithm. Instead he varied
the B-C distance in constant steps between 1.03 and 2.65 A
and calculated each system in order to find the energeti-
cally best structure. Although he stated the C-N distance as
1.157 A, the results for the optimized structure fit well with
later findings. In all cases, the molecule was simulated
with a linear structure.

Tricyanoborane B(CN);

The initial reports regarding tricyanoborane B(CN); from
1954 to 1956 have been replicated or verified by others. A
reproducible synthesis for Lewis acid-base adduct of
B(CN); involving trimethylsilyl cyanide TMS—CN as cya-
nide source and several Lewis bases was published by D.
Williams et al. in 2000 (Scheme 28) (Williams et al., 2000).

Several Lewis acid-base adducts were reported using
different Lewis bases and in 2007 A. V. G. Chizmeshya et al.
added results for a Lewis adduct with pyridine. All these
adducts have one thing in common: they have a nitrogen
atom as a donor atom, which forms a dative bond with
B(CN); via a free electron pair (Figure 23) (Chizmeshya
et al., 2007; Williams et al., 2000).

To achive a quantitative conversion, the first step (as
shown in Scheme 28) has to be carried out at higher tem-
peratures of about 333 K. In contrast, the disubstituted
product is observed, when the reaction is carried out at
ambient temperature. The resulting TMS—CN-B(CN); was
heated to 523 K to receive B(CN); following Scheme 29.
Therefore, these Lewis adducts can be utilized as a B(CN);
precursor.

The adduct Me;N-B(CN); was also obtained by treating
the synthesized B(CN); with trimethylamine. Some exper-
imental results from single crystal X-ray diffraction (XRD)
experiments and IR measurements are listed in Table 27
(Williams et al., 2000). The tetrahedral structure of the
amine adduct exhibits a slight distortion (109.03(13)°-
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333 K LB Scheme 28: Synthesis of the Lewis acid-base
BXs + 4TMS-CN —— > TMS-CN'B(CN); —— == LBBCN)s  aqquct by D. Williams et al. (X = SMe,
LB = TMS-CN, NMes, CsHsN) (Chizmeshya
et al., 2007; Williams et al., 2000).
N N N
" I(g I(g
@(I: ® | _ Ol | ol —
N=C=B-N=C-Si—  N=C-B-N— N:C—EI3—N® /
c | ¢ | c
i [l i
N N N

Figure 23: Reported Lewis acid-base adducts (Chizmeshya et al., 2007; Williams et al., 2000).

523 K

—
-~

333 K

TMS—CN-B(CN); B(CN); + TMS-CN

Scheme 29: Reversible formation of non-coordinated B(CN); (Williams et al., 2000).

Table 27: Experimental data of some reported Lewis adducts of B(CN); (bond lengths in A; wave numbers in cm™).

Compound re_c I's-n reon Ven
TMSCN-B(CN); (Williams et al., 2000) - - - 2310/2232
MesN-B(CN); (Williams et al., 2000) 1.594(4)/1.586(2) 1.596(3) 1.143(3)/1.146(2) 2225
HsCsN-B(CN); (Chizmeshya et al., 2007) 1.590/1.578/1.582 1.571 1.133/1.133/1.131 2227
109.6(12)°) and its unit cell is orthorhombic, while the LjB(CN),] + 2BuLi ——— 3 Li,[B(CN)s] + Li[Bu,CN]

crystals of the pyridine adduct show a monoclinic unit cell
(Chizmeshya et al., 2007; Williams et al., 2000).

Tricyanidoborate dianion [B(CN);]*

Recently, E. Bernhardt, H. Willner et al. reported the suc-
cessful synthesis of the tricyanidoborate dianion [B(CN);]*
by two different approaches. In case of the use of pure
alkali metals like lithium, sodium or potassium, the
preferred solvent is ammonia when M[B(CN),] is treated
with elemental alkali metals (Scheme 30).

When butyllithium is used, it is feasible to utilize other
solvents than ammonia like THF for the synthesis of the
lithium salt, but even at higher temperature of 373 K the
solvent molecule cannot be removed from Li,[B(CN);]-THF
in vacuum (Scheme 31).

But in both cases, the strong base is necessary to form
the product. Even under mild conditions, 233 K and liquid
ammonia for example, the solvolysis occurs for all reported

NH;
2M —— » M, B(CN);] +

M[B(CN),] + MCN
Scheme 30: Synthesis of the tricyanoborate dianion [B(CN)5]*~

using alkali metals (M = Li, Na, K) (Bernhardt et al., 2011a).

Scheme 31: Synthesis of the lithium tricyanoborate using
butyllithium (Bernhardt et al., 2011a).

salts, proceeds fast for the lithium salt, much slower for the
sodium and potassium salts and is kinetically hindered at
low temperatures. The solvolysis products like [HB(CN);] ",
[HB(CN),(C(NH),)]* and [H,B(CN),] " are formed by polarity
inversion of protons into hydridic hydrogen in the B-H
bond. The more stable sodium and potassium salts start to
decompose at 503 K. Some computational data of the tri-
cyanoborate dianion and experimental data of two salts are
compiled in Table 28 (Bernhardt et al., 2011a).

The potassium salt K,[B(CN);] could also by synthe-
sized by J. Landmann et al. starting with K[BH(CN);] and
the non-nucleophilic base K[N(SiMejs),] leading to the
dianion and HN(SiMejs), in yields of 97% (Landmann
et al., 2017).

The dianion is described as a molecule with D3, sym-
metry and a nucleophilic boron atom. It is discussed that
the occupied boron p, orbital donates electron density into
the anti-bonding orbitals of the cyanide groups. This leads
to elongated C-N distances and shortened B-C bond
lengths compared to similar structures with an
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Table 28: Computational data of the tricyanoborate dianion
(B3LYP/6-311++G(d,p)) and experimental data of two salts (bond
lengths in A; wave numbers in cm™) (Bernhardt et al., 2011a).

Compound a_c ren Ve VMen Vien
[B(CN)5]* 1.526  1.181 1105%/1064" 2121 2057
Na[B(CN);]- 1.512(4) 1.161(3) - - -
3NH;

K,[B(CN)s] 1.513  1.165 11371/1083" 2098 2022

[The first wave number refers to *°B. P'The second wave number
refers to 'B.

electrophilic boron atom (B(CN);: Argc = -0.075 A,
Arcy = 0.025 A). Consequently, the negative charge is
delocalized over all three cyanide groups illustrated in
Figure 24.

Tetracyanidoborate anion [B(CN),]~

The tetracyanidoborate (also known as tetracyanoborate)
anion [B(CN),]” is the most intensively investigated B(CN),,
species. The synthesized products, which were described
in initial reports from 1951, 1967 and 1977, seem to differ
from the expected experimental results for the [B(CN),]
anion, especially the spectroscopic data (Bessler, 1977;
Bessler and Goubeau, 1967; Wittig and Raff, 1951). For
example, in 1977, E. Bressler (Bessler, 1977) claimed to have
synthesized M[B(CN),] (M = Cu*, Ag") starting from BCl;
and MCN, however, it later turned out that the analytical
data given in the publication did not correspond to the
presumed product, so that it was assumed that the tetrai-
socyanidoborate anion ([B(NC),]") was obtained rather
than the tetracyanidoborate. Therefore, the synthesis was
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presumably achieved for the first time by E. Bernhardt et al.
for the tetrabutylammonium, silver and potassium salts in
2000 (Scheme 32) (Bernhardt et al., 2000).

Synthesis. The first reactions described in the litera-
ture to prepare [B(CN),]” date back to 1950 (Grundmann
and Beyer, 1954; Wittig and Bille, 1951; Wittig and Raff,
1951). At that time, an attempt was made to react Li[BH,]
with hydrocyanic acid. However, this reaction stopped at
the Li[BH;(CN)] stage despite a large excess of HCN and
temperatures of 373 K. The analogous reaction of Li[AlH,],
on the other hand, leads to Li[Al(CN),]. Around 2000, E.
Bernhardt et al. worked intensively on the synthesis of
[B(CN),]” salts and developed several new synthetic routes.
The reaction shown in eq. 1 (Scheme 32) can also be un-
derstood as the reaction of ["Bu,N][BX;Br] with CN, where
the X stands for Br or Cl, but not for F. In fact, when BF; was
used, no complete conversion could be observed even up
to 473 K. Disadvantages of this synthesis route are the
long reaction time of 1-3 weeks, the reaction coming to a
standstill if the KCN is not always ground up and the col-
umn chromatographic purification of the product (Bern-
hardt et al., 2000). The second synthesis method (Scheme
32, eq. 2) starts from alkali metal tetrafluoridoborates and
TMS-CN, but again long reaction times are required for the
synthesis of the cyanido(fluorido)borates. For the prepa-
ration of M[BF(CN);], a month is required using KBF,,
for LiBF, 1-2 weeks (Bernhardt et al., 2003a). M[B(CN),]
(M = Li*, K*) could not be obtained via this reaction. A
more efficient synthesis of the tetracyanidoborates on a
larger scale, starting from the commercially available re-
agents KBF4, LiCl and KCN (Scheme 32, eq. 5), was pub-
lished in 2003 in connection with investigations on the
thermal behavior of the mixed cyanido(fluorido)borates

e o--
Ns 20 _N ‘N _N: Ny ~N: SN< ~N:
Scli \C\@//C’ Sc.© ¢~ \C\\@/C’
B B B B
| - | e S 1 - |
¢ I(T:I ICI; ﬁ;l Fi 24: Lewis struct f the diani
I :
Y N NO N lgure’ ewis s ruc. ures of the dianion
. . featuring m-back bonding.
(1) BX3 + [BuNJBr + 4KCN <—== ["By,NJ[B(CN),] *+ 3 KX + KBr
(2) MBF4 + n TMS-CN M[BF4.,(CN),] + n TMS-F
(3) BF3OEt, + 4 TMS-CN TMS-CN-B(CN); + 3 TMS-F + Et,0
(4) BF3:OEt; + nKCN <—== K[BF3 (;,.1y(CN),] + n-1KF + Et,0
(5) KBF, + 4KCN + 5LiCI === LiB(CN),] + 5KClI + 4LiF .
Scheme 32: Synthesis of the
tetracyanidoborate anion by E. Bernhardt
(6) KBF4 + exc.KCN + exc.LiCl M[B(CN)s,] + 5KCI + 4LiF etal (X=Cl,Br) (Bernhardt et al., 2000).
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K[BF,_,(CN),] (n = 1 - 3) by the same working group
(Bernhardt et al., 2003b). The reaction is a solid-state syn-
thesis in which the salt mixture melts already at 280-563 K.
After melting of the reactants, the exothermic reaction be-
gins and temperatures of up to 823 K are reached for a short
time. After 1 h of reaction time, Li[B(CN),] is obtained in this
way, which can be purified by a rather complex procedure
and double re-salting. The yields of this reaction are be-
tween 60 and 65%. Simultaneously to our work, a publi-
cation by]J. A. P. Sprenger et al. appeared in 2015, in which a
more efficient synthesis of M[BF(CN);] (M = Na*, K*) was
presented (Sprenger et al., 2015). By addition of 10 mol%
TMS—CI, which seems to catalyze the reaction, the cyani-
dation with TMS—CN was already successful at 373 K after
6 h of reaction time (yields 80-90%). The silver and po-
tassium salts were synthesized by salt metathesis reaction
and the more complex salts listed in Table 30 are accessible
via salt metathesis reaction based on the simple alkaline
tetracyanidoborates (Bernhardt et al., 2000). Three years
after the initial study, E. Bernhardt et al. reported an
alternative synthetic route by a sinter process (Scheme 32,
egs. 5and 6, M = Na*, K*) (Bernhardt et al., 2003b).

Table 29 lists some advantages and disadvantages of
the different routes for the synthesis of K[B(CN),]. The main
advantage of E. Bernhardt’s sintering process(Scheme 32,
egs. 5 and 6) is the use of the less expensive KCN as a cya-
nide source compared to the autoclave and LA-catalyzed
reaction (Scheme 33, egs. 8 and 11), which uses the more
expensive TMS-CN. However, E. Bernhardt’s sintering
process requires large amounts of LiCl, higher tempera-
tures, more reaction steps and produces a large amount of
waste product. In addition, the sintering process is not easy
to carry out, as hot spots must be avoided and the purity of
the starting materials plays an essential role in obtaining
yields of up to 60%, which is, however, difficult to repro-
duce. The disadvantages of the autoclave reaction
compared to the LA catalysis process are the salt metath-
esis step via silver salts (Scheme 33, egs. 9 and 10) and the
need to use autoclaves. The LA catalysis process represents
arapid, high-yield and easy-to-perform route not only to K
[B(CN),] but to almost all metal tetracyanidoborate salts.
Furthermore, the number and amount of impurities (e.g.
Cl7, Li*, CN™ or Ag") in the final products is significantly
lower compared to the other methods (Blising et al.,
2016a).

In 2016, however, the Schulz group reported a very
simple synthesis possibility of tetracyanidoborates (Scheme
33) (Blasing et al., 2016a; Ellinger et al., 2014; Ott et al.,
2014a, 2014b). The reaction of [BF,]” salts with TMS-CN
was investigated at different temperatures and in the pres-
ence of several different Lewis acids, leading to the
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Table 29: Reaction parameters of different routes to K[B(CN),].

Sinter process Autoclave LA catalysis
(Bernhardt et al., (Bldsing et al., (Bldsing et al.,
2003b) 2016a) 2016a)
Starting K[BF,] ["Bu,N][BF,] ["PrsNH][BF,]
material
Cyanide KCN TMS-CN TMS-CN
source
T 573K 473 K 393 K
Reaction 1h 15h 6h
time
Product Li[B(CN),]*! ["BugN][B(CN),] ["PrsNH]
[B(CN).]
Yield L 75% 70-80%
Metathese ["PrsNH][B(CN),]  Ag[B(CN),] None
products
Steps 3 3 2
Overalltime 20h 25h 10 h
Waste KCN, LiCl, LiF, KCl, ["Bu,NINOs, "Pr;N
products "PrsN AgBr
Solvents CH,Cl,, THF MeOH, CHsCN  CH,Cl,
Yield <60%" 60-70% 60 -80%
K[B(CN),]

[t is very hard to achieve 60% yield at all, we never managed to
obtain such yields as we only achieved isolated yields between 20 and
35% with the sinter method. However, we do want to stress that the
overall yield strongly depends on the purity of the starting materials
and avoiding of hot spots during the reaction. ®'The lithium salt is not
isolated from the reaction mixture.

Table 30: (Selected) synthesized salts of [B(CN),]™.

Publication Cation

Bernhardt et al. (2000)
Berkei et al. (2002)
Bernhardt et al. (2003b)

[BusN]*, Ag™, K*

Hg2+’ Hg22+

Li*, Na*, K%, Cs*, Cu",
NH,", [Et4N]", [(HoN)5CT

Kiippers et al. (2005) Rb*, Tl

Neukirch et al. (2006) Zn%, Cu®*

Kiippers et al. (2007) H*, [H50], [H50,]"

Koppe et al. (2007) [FsCeXe]

Nitschke and Kéckerling (2009) Co*

Flemming et al. (2010) [Ph,P]*, ["Bu,P]*, [EtPh5P]",
["BuPh,P]*

Nitschke and Kockerling (2011) Fe3*, Fe?*

Nitschke et al. (2014) Mg?*, Ca®*

formation of the known [BF,_,(CN),]” (n = 1-4) salts.
Depending on the catalyst and the reaction conditions, it is
shown that the whole series of [BF,_,(CN),]™ salts is now
accessible under ambient conditions, avoiding long prep-
aration times or excessive production of waste materials.
The best synthesis of tetracyanidoborate salts at present is
the reaction of [R;NH]BF, with TMS—CN at 393 K with GaCl;
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13 h, 423 K
(7) ["BuyNJBF, + 3TMS-CN —— >
exc.
TMS—-CN
15 h, 473 K
(8) ["BuyNIBF, + 4TMS-CN ——— > ["Bu,N][B(CN),]
autoclave
(9) ["BuyNJ[B(CN),] *+ AgNO3 ———— > Ag[B(CN),]
(10) Ag[B(CN),] + KBr ———» K[B(CN),]
a1 @ 4 TMS—-CN 6h 473K
PrsNH]BF, + —
[PraNHIBF 5 mol%
GaC|3
(12) ["PrzNH][B(CN),] + KOH "we K[B(CN),]
— 2

as Lewis acidic catalyst (Scheme 33, eq. 11). This yields the
ammonium salt in very good yields, which can be converted
very elegantly with bases to the corresponding metal salts
(Scheme 33, eq. 12) (Blasing et al., 2016a).

Table 30 summarizes several synthesized salts, which
can be mainly divided into ionic liquids (ILs), used as ad-
ditive in dye-sensitized solar cells for example, and com-
mon inorganic salts applicable in different fields like
fluorine free lithium batteries (Marszalek et al., 2011;
Scheers et al., 2014). The tetracyanidoborate anion can also
be employed as a starting material of more complex weakly
coordinating anions (WCAs) like [B{CN-B(C¢F5)s}4]™ or for
other WCAs like [B(CF5),]” (Figure 25) (Bernhardt et al.,
2001, 2011b; Bernsdorf et al., 2009a).

Tetracyanoboronic acids H[B(CN),]-n H,0O (n = 0, 1,
and 2) were synthesized by ion exchange (Kiippers et al.,
2007). These compounds can be again employed to
generate several tetracyanidoborate salts by acid-base
reaction (Bernsdorf and Kockerling, 2009; Nitschke and
Kockerling, 2009, 2011). Furthermore, different magnesia
salts are accessible by direct conversion due to the high
reductive power of magnesia and the strong acidity of
HB(CN), (Nitschke et al., 2014). Ionic liquids containing

B(CeFs)3
Ne CF3
@CI: C:)B'I/CF
®,c oHeN-© FaC™ YcE,®
o N CEN-B(CeFs)s
(CeF5)3B eN©O
B(CsF5)3

Figure 25: WCA based on [B(CN),]™-4 B(C¢Fs); adduct (= [B{CN-
B(C4Fs)s}4]7) in comparision to the [B(CF3)],~ ion.
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["Buy,N][BF(CN)] + 3 TMS-F

+ 4 TMS-F

+ [nBU4N]NO3

+ AgBr

["PrsNH][B(CN),] + 4 TMS-F

Scheme 33: Synthesis of the [B(CN),]”
according to A. Schulz and co-workers
(X =Cl7, Br) (Blising et al., 2016a; Ellinger

+ ”Pr3N
et al., 2014; Ott et al., 2014a, 2014b).

the tetracyanidoborate anion as weakly coordinating
anion were synthesized and extensively characterized in
several approaches founding a great variety of tetracya-
nidoborate based ILs (Blising et al., 2016a). The tetra-
cyanidoborate salts are stable at ambient temperature
and their decomposition is not observed up to 383 K
strongly depending on the cation, the alkali salts start to
decompose at 773 K for example. Detailed information
and additional data of bond lengths and spectroscopic
data are represented in Table 31. The solubility also de-
pends on the cation. The metal salts exhibit high hydro-
lysis stability, when they are exposed to boiling water
or concentrated chlorine, and are also stable in dry
hydrogen fluoride for over 1 h (Bernhardt et al., 2000).

The decomposition of tetracyanoboronic acid was
investigated under inert conditions and observed by dif-
ferential scanning calorimetry (DSC) and IR spectroscopy.
The analysis led to a proposed decomposition process
illustrated in Scheme 34 (Kiippers et al., 2007).

The single crystal X-ray diffraction revealed a
slightly compressed tetrahedral coordination of the bo-
ron atom in most cases. The silver(I), copper(I), lithium
and sodium salts exhibit perfect tetrahedral symmetry
for both the cation and the boron atom. A detailed
analysis of the structural parameters and crystal systems
was given by the groups of H. Willner and M. Kéckerling
in 2005 (Kiippers et al., 2005). According to the initial
report by E. Bernhardt et al., the [Bu,N]* ion can be
described as isolated due to the significant distances to
the anion in the crystal structure corresponding to
weak interactions between the cation and the anion,
which also leads to a small melting point of Ty; = 353 K
(Bernhardt et al., 2000).
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Table 31: Experimental data of some [B(CN),]™ salts (bond lengths in A; wave numbers in cm™; temperatures in K).

Cation I's—c fc-n  Ven Vec Tm Toec.
[H50,]" (Kiippers et al., 2007) 1.593(1) 1.144(2)/1.143(2)/1.143(2) 2253 976/942 388 -
Na* (Bernhardt et al., 2003b; Kiippers et al., 2005) 1.575(2) 1.130(3) 2252 - 793 813
K* (Bernhardt et al., 2003b; Kiippers et al., 2005) 1.595(1) 1.142(1) 2233 - 703 783
Rb* (Kiippers et al., 2005) 1.590(1) 1.136(2) 2232 - 703 783
Cs* (Bernhardt et al., 2003b; Kiippers et al., 2005) 1.582(5) 1.127(7) 2230 - 693 783
Ag" (Bernhardt et al., 2000, 2003b) 1.589(2) 1.131(3) 2256 982/946 - 713
Cu* (Bernhardt et al., 2003b; Kiippers et al., 2005) 1.588(2) 1.140(3) 2253 - - 743
NH,* (Bernhardt et al., 2003b; Kiippers et al., 2005) 1.592(2) 1.133(2) 2233 - - 573
[BusN]*™ (Bernhardt et al., 2000, 2003b) 1.582(3)/1.590(3) 1.135(3)/1.141(3) 2222 967/937 353 623
[Ph,P]* (Flemming et al., 2010) 1.596(2)/1.580(2) 1.141(2)/1.146(2) 2226 985/937 466 663
Cu®* (Neukirch et al., 2006) 1.594(6)/1.591(3)/1.588(8) 1.131(4)/1.130(3)/1.132(6) 2234 979/946 - 623
Zn** (Neukirch et al., 2006) 1.595(2)/1.590(5) 1.139(2)/1.132(5) 2234 980/946 - 723
ngJr (Berkei et al., 2002) 1.60(1)/1.62(2) 1.12(1)/1.11(3) 2234 976/938 - 538
Hg22+ (Berkei et al., 2002) 1.63/1.57 1.12/1.14 2225 972/938 - 439
[H502][B(CN)4] “ho o [H30][B(CN)y] —— > [HoN(HO)C]'B(CN)3
— 2
i— CcoO
Scheme 34: Decomposition process of
< H,NB(CN), < H3N-B(CN)3 tetracyanoboronic acid (Kiippers et al.,
— HCN — HCN 2007).

Aluminum

The properties of aluminum cyanide compounds AI(CN),,
are comparable to those of B(CN),, chemistry even though
this class is not as well investigated and applied. The
compounds have been mainly investigated by theoretical
approaches, while there are only a few experimental
studies accessible.

Aluminum monocyanide AICN

Aluminum monocyanide AICN has been studied both
theoretically and experimentally. The motivation of these
investigations originates from a special interest since as-
trophysicists suspected the molecule AICN and its isomer
AINC to be the source of some unidentified signals in the
MW spectra of the carbon-rich mass-losing star IRC + 10,216
(Fukushima, 1998). Based on this incitement, the first
theoretical report was published by B. Ma et al. in 1995.
The calculations revealed that the isocyanide is the
energetically favored isomer compared to the cyanide
(AE = 23.0 k] mol ™, CCSD(T)/TZ2P + f) while both structures
are linear molecules (Ma et al., 1995). These findings were
confirmed by additional studies and demonstrate a simi-
larity between the monocyanides of boron and aluminum

(Jiang et al., 2002; Meloni and Gingerich, 1999; Petrie, 1996;
Tokue and Nanbu, 2006, 2011). Furthermore, S. Petrie
noted that the isomerization energy of the aluminum spe-
cies is significantly larger compared to other theoretically
investigated monocyanides like NaCN or MgCN (Petrie,
1996). The first experimental work was published by D. V.
Lanzisera and L. Andrews operating with the same tech-
nique they successfully applied for the detection of BCN
(Lanzisera and Andrews, 1997b). In 1999, 1. Gerasimov et al.
conducted photolysis experiments by laser fluorescence
utilizing a supersonic beam containing trimethylalumi-
num and molecular nitrogen (Gerasimov et al., 1999). Some
selected results are shown in Table 32 and a more detailed
comparison including numerous results from several
publications can be obtained from reports by I. Tokue and
S. Nunbu (2011).

Aluminum tricyanide Al(CN);

The first hint for a synthesis of aluminum tricyanide was
published in 1924 by F. W. Bergstrom when he treated
Hg(CN), with aluminum metal in liquid ammonia accord-
ing to 2 Al + 3Hg(CN), — 2 AI(CN); + 3 Hg (Bergstrom, 1924).
It was found that it is formed Al(CN)s-5 NHs. It is assumed
that the number of ammonia molecules is much larger in
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Table 32: Computational data of AICN and its isomer (bond lengths in A; wave numbers in cm™).
Publication Method + basis set Isomer ra-e re-n Ven VAE
Ma et al. (1995) SCF/TZ2P +f AICN 2.030 1.135 2479 472
AINC 1.842 1.158 2290 584
Lanzisera and Andrews (1997b) BP86/6-311G* (LANL2DZ) AICN 2.09 1.17 2149.7 -
AINC 1.94 1.19 2024.4 -
Fukushima (1998) QCISD(T)/6-311 + G(3df) AICN 2.0215 1.1712 2222.9 469.9
AINC 1.8639 1.1877 2105.2 554.2
i . i i Et,O
NH; SOluthI'l. Al(CN);3-5 NH; 1§ an effloresced white powder. A, v 3HCN 2 ACN)OEt, + 3H,
By successive deammonation of the crystals of the Et,0
composition AI(CN);-n NH; with n = 13 or 14 at -33 °C the Li[AlHJd + 4HCN  ————  LIA(CN),]  + 4H,

nona- and hexa-ammoniates are obtained as white solids.
A substance of the composition AI(CN);-1.5 NH; can be
obtained by heating the penta-ammoniate in vacuum
(80 mm Hg). AI(CN);-5 NH; is decomposed by water,
probably to form aluminum hydroxide, ammonia and
ammonium cyanide. This is also the reason why Al(CN);
cannot be obtained from aqueous solution, as it immedi-
ately starts to hydrolyse.

The synthesis of pure Al(CN); as the framework com-
pound was achieved by a metathesis reaction according to
Scheme 35 (Williams et al., 2001). Single crystal XRD ex-
periments indicate that Al(CN); crystallizes in a prussian
blue-like octahedral structure. As mentioned before, strong
absorption bands at 2220 and 530 cm ™ observed in the IR
spectra indicate evidence of cyanide groups. The recorded
ZA] NMR spectrum exhibits seven signals. The authors
assigned each signal to one of seven possible aluminum
environments with varying ratios of surrounding carbon
and nitrogen atoms due to C, N static disorder (Williams
et al., 2001). G. Wittig and H. Bille described the formation
of AI(CN); in the reaction of AlH; with HCN, which crys-
tallizes from the etheric solution as AI(CN);-O(C,Hs),
(Scheme 36) (Wittig and Bille, 1951).

Ternary Al-C-N compounds were observed in a thin
film deposited using inductively coupled plasma (ICP)
assisted DC magnetron sputtering (Jiang et al., 2002).

A comparison of calculated and observed data for the
Al(CN); framework was given by A. V. G. Chizmeshya et al.
in 2007. The report included additional data on gallium
and indium frameworks. The values of C—N bond lengths
are reported as 1.164 A for experimental and 1.158 A for
computational investigations (Chizmeshya et al., 2007).

Li[AICl] + 3TMS-CN ———» AICN); +

LiCl +

Scheme 36: Synthesis of Al(CN)s and Li[Al(CN),] according to
G. Wittig and H. Bille (Wittig and Bille, 1951).

Although the number of publications regarding the
aluminum tricyanide Al(CN); is small, this compound has
been studied theoretically as a gas phase molecule and
experimentally as a framework compound. In gas phase
AI(CN); is reported with a Al-C distance of 1.914 A (SCF/
LANL2DZP) and 1.912 A (B3LYP/LANL2DZP) while the C-N
bond length of the cyanide groups varies between 1.143 A
(SCF/LANL2DZP) and 1.170 A (B3LYP/LANL2DZP), respec-
tively. This constitutes the significant difference in calcu-
lated IR absorption bands of the C-N stretching mode
of 2525 cm™ (SCF/LANL2DZP) and 2276 cm™ (B3LYP/
LANL2DZP), respectively. A. Y. Timoshkin and H. F.
Schaefer summarized that the results indicate the impor-
tance of the inclusion of electron correlation for such sys-
tems whereby the HF method is inadequate for a more
precise description (Timoshkin and Schaefer, 2000). This is
confirmed by IR measurements of the framework com-
pound synthesized by A. V. G. Chizmeshya et al. which
exhibits an absorption band at 2220 cm™ assigned to the
C-N stretching mode and therefore agrees more accurately
with the results of the DFT calculations (Mikhailov et al.,
2003).

Cyanidoaluminate anions [ACN)¢_, ™ (n=0,1, 2)

Interestingly, there is only one publication on the synthesis
of cyanidoaluminates from 1951 by G. Wittig and H. Bille
(Scheme 36) (Wittig and Bille, 1951). It describes the

Scheme 35: Synthesis of Al(CN); by
J. Kouvetakis et al. (2001).

3 TMS-CI
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reaction of Li[AlH,] with hydrocyanic acid, in the course of
which hydrogen and Li[Al(CN),] are formed. This complex
salt precipitates from the ethereal solution as a colorless
powder and was shown to be Li[AI(CN),]. It is decompos-
able even under exclusion of moisture and oxygen, as can
be seen from the yellow coloration shortly after preparation
and the decrease of the cyanide content. In water it de-
composes to form aluminum hydroxide, lithium cyanide
and prussic and hydrocyanic acid (Wittig and Bille, 1951).

The anionic species of aluminum cyanide compounds
shown in Figure 26 have been recently studied by theo-
retical approaches. The initial work of S. Smuczyfiska
and P. Skurski on the [AICN]™ anion reported an Al-C dis-
tance of 1.975 A and a C-N bond length of the cyanide
group of 1.182 A (MP2/6-311 + G(d)) (Smuczyhska and
Skurski, 2009). Additional results by T. Sommerfeld and
B. Bhattarai reported insignificantly longer bond lengths
(Araj_c = + 0.01 A) in regard to the anion and an increase
of the bond length from the anion to the dianion
(Araic = + 0.11 A) and to the trianion (Ara_c = + 0.17 A)
while the C-N bond length of the cyanide groups is insig-
nificantly elongated (Arc_y = + 0.005 A and Arc_y = + 0.008 A,
MP2/aug-cc-pVDZ). The authors added that the trianion
[AI(CN)]>" is stable considering the VDEs (Sommerfeld and
Bhattarai, 2011).

Generally, both structure optimizations used MP2
methods and were focused on the question of stability of
the anions. S. Smuczynska and P. Skurski noted that only
one minimum energy structure was found on the potential
energy surface (PES) of [AlI(CN),]". The authors also
investigated the VDEs of various [M(CN),]” species with
M = Li*, Na*, Be*", Mg**, Ca®", B** and AI’* and concluded
that the electronic stability of the anion increases with an
increasing number of cyanide ligands resulting in the
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highest VDE for [AI(CN),]” (Smuczyiiska and Skurski,
2009). T. Sommerfeld et al. calculated two isomers of the
aluminum cyanide trianion, [AI(CN)¢]>" and [AI(NC)¢]*,
using ab initio methods (Sommerfeld and Bhattarai, 2011).
These two isomers are predicted to be electronically stable
and show significant barriers with respect to the dissocia-
tion of [CN]™ ions.

Gallium

The cyanide-substituted gallium species are not as well
investigated as the corresponding boron or aluminum
species. Although computational studies are accessible as
well, the part of experimental studies has increased
compared to the first two elements of this main group, but
the overall number of publications regarding gallium cy-
anide chemistry is smaller compared to boron and
aluminum. Especially, the Ga(CN); has been studied most
intensively of all gallium cyanide species. Similarities of
gallium and aluminum are existing in the tendency to form
framework structures and in regard to the small number of
studies investigating the anionic species of these elements.

Gallium monocyanide GaCN

Similar to the boron and aluminum analogues, the first
successful synthesis of gallium monocyanide GaCN was re-
ported by D. V. Lanzisera and L. Andrews in their analysis of
the reaction of laser-ablated elements with hydrogen cya-
nide in 1997 (Lanzisera and Andrews, 1997b). Two years later
this investigation was followed by an additional theoretical
and experimental work of K. A. Walker et al. (2001). The
results of these reports are listed comparatively in Table 33.

N N
11 11 N 11
C N~ C % C
_ IS SC_20 _ Y30
N=C-AI-C=N _AlI-C=N N=C-AI-C=N
I -.C I 'C
C N*" C Coy  w R
11 11 11 N Figure 26: Anion, dianion and trianion of
N N aluminum cyanide compounds.
Table 33: Computational data of GaCN (bond lengths in A; wave number in cm™).
Publication Method + basis set Isomer ra—E re-n Ven VGaEe
Lanzisera and Andrews (1997b) BP86/6-311G* (LANL2DZ) GaCN 2.12 1.17 2147.0 339.3
GaNC 1.97 1.19 2023.0 388.2
Petrie (1999a) MP2(full)/6-31G* GaCN 2.073 1.191 - -
GaNC 1.962 1.201 - -
Walker et al. (2001) B3LYP/aug-cc-pVTZ GaCN 2.098 1.158 - -
GaNC 1.965 1.176 - -
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The question regarding the energetically preferred
isomer depends on the employed computational method.
The isocyanide isomer is the stable isomer at the DFT level
calculated by D. V. Lanzisera and L. Andrews (1997b). At
the G2 level, the gallium cyanide represents the global
minimum on the PES and is therefore the favored isomer
but not at G2[thaw(QCI)]. Due to the similar ground state
energies and small isomerization barrier, S. Petrie
concluded that the interaction between the gallium atom
and the cyanide unit possesses mainly ionic character
(Petrie, 1999a).

In 2010 K. Jacobs et al. suggested the intermediate
formation of GaCN in a process resulting in GaN. The au-
thors postulated an interaction of ammonia and graphite
forming hydrogen cyanide, which reacts with gallium to
form volatile GaCN in the second step. This mechanism is
based on mass spectrometric findings and thermodynamic
calculations (Jacobs et al., 2010).

Gallium tricyanide Ga(CN);

Gallium tricyanide, Ga(CN)s, was initially reported by L. C.
Brousseau et al. in 1997 as an anhydrous Prussian blue-like
crystallizing compound (Figure 27). The synthesis was
achieved by a reaction of azidodichlorogallane and tri-
methylsilyl cyanide TMS-CN (Scheme 37).

The compound is unstable in presence of air or at
temperatures above 723 K. The IR spectrum revealed a strong
absorption band at 2215 cm ™ for the CN group and 440 cm™
assigned to the Ga—C stretching mode which is similar to
related compounds like GaMe,CN (vcy 2207 cm™,
Vgac = 429 cm™). The bond lengths of r,_c = 2.072 A and
Tc_n = 1.148 A were determined by powder XRD and Rietveld
analysis. The authors suggested that the high building
tendency and stability of Ga(CN); in contrast to otherwise
substituted gallium species could originate from a metal
ligand m-back bonding. A second synthetic route, starting
from GaCl; and TMS-CN, was published to gain access to
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GaCl; +

3TMS-CN ——» Ga(CN); +

3 TMS-CI

Scheme 38: Synthesis of highly pure Ga(CN); (Brousseau et al.,
1997).

highly pure and crystalline Ga(CN); (Scheme 38) (Brousseau
et al., 1997).

Molecular Ga(CN); was studied theoretically by A. Y.
Timoshkin and H. F. Schaefer in 2000. Compared to
values derived from HF calculations (rcy = 1.142 A at
SCF/LANL2DZP), the results from approaches utilizing
DFT methods indicate an elongated C-N bond length
(rc_n = 1.169 A at B3LYP/LANL2DZP) while both methods
lead to similar Ga-C distances of rga_c = 1.922 A. The
calculated IR absorption bands using DFT methods are in
reasonable agreement with the observed bands from the
Ga(CN); framework (vcy = 2282 cm™ at B3LYP/LANL2DZP,
Ven = 2318 cm ™! at B3LYP/DZP), but HF methods would lead
to significantly increased wave numbers (vcy = 2533 cm ™ at
SCF/LANL2DZP). Questioning the energetic stability of
both isomers, the results do not provide a final answer
since different computational methods led to opposing
data regarding the relative energies of the gallium cyanide
and gallium isocyanide (Timoshkin and Schaefer, 2000).

Very little is known about molecular Lewis acid-base
adducts of Ga(CN);. In 2007, A. V. G. Chizmeshya et al.
analyzed Ga(CN);-2 NC;H; revealing that the addition of
Ga(CN); (as coordination polymer) to pyridine leads to the
formation of an adduct complex with two pyridine mole-
cules (Ga(CN);2 NCsH;) directly bound to the gallium
center in contrast to the boron analogue where only one
solvent molecule was attached. The average Ga—C bond
length was documented as rg,_c = 2.027 A and the average
C-N bond length was determined to be rc_y = 1.065 A while
the calculated bond lengths differed significantly (rg.-
c=1.946 A and rc_y = 1.161 A at LDA). The difference of Ga—
C distances was mainly caused by a computational method
called local density approximation (LDA) which is known

Ga
B N o
N ®_ - ,C
" NS N C? N
C Sc. 2o _ A
GI C,Ga-C:N Ga--C=N--Ga--C=N--Ga
Ga. Z -
2L Cy, N @ LN
N N = | /,N E:' Figure 27: Ga(CN); as a molecule, part of a
X Ga v Lewis acid-base adduct and part of a frame-
Ga work.
GaClLbNg; + 3TMS-CN ——» Ga(CN); + 2TMS-ClI + TMS-Nj Scheme 37: Initial synthesis of Ga(CN);

(Brousseau et al., 1997).
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for its tendency to underestimate bond lengths. Concerning
the experimental data, the authors supposed that refine-
ment artifacts in context of small scattering factors of car-
bon and nitrogen caused the disagreement. The recorded
IR spectrum exhibited a strong absorption at 2180 and
436 cm™! (Table 34) (Chizmeshya et al., 2007).

Tetracyanido gallide anion [Ga(CN),]”

In their report on the Ga(CN); coordination polymer, L. C.
Brousseau et al. synthesized and analyzed lithium and
copper tetracyanido gallide, Li[Ga(CN),] and Cu[Ga(CN),],
as well. The substances are accessible by direct addition
of the metal cyanide salt MCN to Ga(CN); (Scheme 39,
M = Li*, Cu").

The cubic crystal system consists of MN, and GaC,
tetrahedrons. Since it is not possible to distinguish be-
tween carbon and nitrogen, a general disorder could not be
excluded. The Ga-E bond length is determined as rg,_
g = 2.00(1) A, the bond length of the cyanide group is re-
ported as rc_y = 1.07(1) A and the cyanide stretching mode
was found at voy = 2227 cm™ for the lithium salt. The
compound Zn(CN), crystallizes in the same structural
type with a systematical disorder and shows an absorption
band for the cyanide closely related to the lithium salt at
2218 cm™ (Brousseau et al., 1997).

Indium

As discussed before, the tricyanido species of group 13 el-
ements seem to be little studied in contrast to the corre-
sponding halides. Indium tricyanide was reported a long
time ago. In 1869, R. E. Mayer already described the reac-
tion of indium acetate with aqueous hydrogen cyanide
solution, which shows no precipitation, whereas the
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reaction with KCN leads to a white precipitate, which dis-
solves again in the excess of KCN (Meyer, 1869). The dis-
solving white precipitate was probably K[In(CN)],. On
boiling, indium hydroxide is formed.

The indium cyanide chemistry is similar to the gallium
chemistry, but has not been investigated intensively. In
particular, the indium monocyanide is not as well theo-
retically studied as the gallium or aluminum analogue.
Similar to other E(CN); compounds with E = 3rd main group
element, the framework structure has been analyzed in the
late 1990s. Syntheses of defined In(CN); Lewis base ad-
ducts failed in first attempts due to the formation of un-
defined mixtures (Chizmeshya et al., 2007). Reports of
anionic species are not published so far.

Indium monocyanide InCN

Indium monocyanide InCN has been obtained experi-
mentally by ablation of indium and the reaction of these
ablated gas phase atoms with hydrogen cyanide (Lanzisera
and Andrews, 1997b). Furthermore, computational calcu-
lations were conducted for comparison. The studies
focused on vibration and rotation spectra (Chizmeshya
et al., 2007; Walker et al., 2001). The DFT calculations by
D. V. Lanzisera and L. Andrews resulted in an In-C dis-
tance of r,_c = 2.28 A and a C-N distance of rc_y = 1.17 &
(BP86/6-311G*(LANL2DZ)) and the computational value of
the cyanide absorption band is vcy = 2142 cm™ compared to
the experimental value of vy = 2132.4 cm—-1 (Lanzisera and
Andrews, 1997b). These properties were also gained by
applying the rigid bender model resulting in ry,_c = 2.268 A
and rc_y = 1.143 A, respectively (Walker et al., 2001).
Furthermore, D. V. Lanzisera and L. Andrews noted
that the energy difference between both indium species
InCN and InNC is small and interconversion between both
isomers is facile reporting bond length of ry,_y = 2.14 A and

Table 34: Experimental and computational data of different Ga(CN); species (bond lengths in A; wave numbers in cm™).

Compound Exp./calc. IGa—cC re-n Ven VGac
Ga(CN); (molecular) (Timoshkin and Schaefer, 2000) SCF/LANL2DZP 1.922 1.142 2533 451
B3LYP/LANL2DZP 1.922 1.169 2282 431
Ga(CN); (framework) (Brousseau et al., 1997) Exp. — XRD, IR 2.072 1.148 2215 440
Ga(CN)3-2 NCsHs (Chizmeshya et al., 2007) Exp. — XRD, IR 2.027 1.065 2180 436
LDA 1.946 1.161 - -

Ga(CN); + MCN — > M[Ga(CN),]

Scheme 39: Synthesis of salts containing the tetracyanido gallide anion (Brousseau et al., 1997).
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ren = 119 A (BP86/6-311G*(LANL2DZ)) in regard to the
isocyanide (Lanzisera and Andrews, 1997b).

Indium tricyanide In(CN);

In attempts to prepare indium oxycyanide by the action of
cyanogen on indium oxyiodide a small amount of material
of the analytical composition In(CN); was obtained. This
compound was extremely deliquescent, unstable in water
and causes considerable doubt about the validity of the
earlier reports (Goggin et al., 1966a). In contrast to earlier
reports, P. L. Goggin et al. could not report a reaction in
aqueous solution due to solvolysis. Furthermore, they re-
ported that indium metal reacts with mercury cyanide in
liquid ammonia solution, but not in ethanol or liquid
hydrogen cyanide solutions. After evaporating the solvent
and heating in vacuo at 373 K, the product found was
In(CN)5-n NH;. However, pure In(CN); could be obtained as
sublimate by heating the ammoniate at 573 K in a nitrogen
stream. The reaction of HCN gas with indium metal or with
indium hydroxide at 623 K also leads to the isolation of
small amounts of In(CN); (Goggin et al., 1966b).

The initial synthesis of indium tricyanide In(CN)s, as
reported by P. L. Goggin et al., was an inefficient procedure
that has not been adopted in additional studies (Goggin
et al., 1966b). In 1998, D. Williams et al. reported that
In(CN); can be prepared by treating freshly sublimed InCl;
with an excess of TMS—CN in dry ether/hexane solutions.
After extraction with warm hexane, which led to nano-
porous cubic In(CN); (Scheme 40) (Williams et al., 1998).
The crystal structure is similar to those of Al(CN); and
Ga(CN); which have been described earlier. It was also
shown that In(CN); can be combined with Ga(CN); to form
solid solutions in which the lattice parameter varies
smoothly with concentration across the entire composi-
tional range.

The structural characteristics of In(CN); are deter-
mined as r,_c = 2.251(1) A and rc_y = 1.125(1) A. The cyanide
stretching mode was observed at vy = 2200 cm™ and the
band at v = 415 cm™! was assigned to the In-CN stretching
mode. These structures have zeolitic properties which have
been described earlier for Prussian blue-like structures. In
this context the authors noted the incorporation of solvent
molecules or krypton atoms in the zeolitic structure of
In(CN); which was verified by powder XRD (Williams et al.,
1998). For example, the compound reversibly incorporates
krypton atoms into the empty cavities to form In(CN)5-Kr.

InCl; + 3TMS-CN ——» In(CN); + 3TMS-Cl

Scheme 40: Synthesis of pure In(CN)s (Williams et al., 1998).
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The molecular structure of gas phase In(CN); was
computed by A. Y. Timoshkin and H. F. Schaefer (Tim-
oshkin and Schaefer, 2000). The results differ from the
solid state structure of In(CN); which forms a coordination
polymer (framework). The In-C bond length was calcu-
lated as ry,_c = 2.080 A while the bond length of the cyanide
group is reported as rc_y = 1.169 A (B3LYP/LANL2DZP). The
result of the cyanide absorption band of vy = 2274 cm™ is
consistent to other E(CN); molecules (Timoshkin and
Schaefer, 2000).

Thallium

The significant differences in the chemical properties of
thallium and indium additionally influence the reaction
behavior and substance properties of their compounds. In
the last 90 years, various investigations have been carried
out and frequently reported on thallium(I) cyanide, espe-
cially in aqueous mixtures. As far as the 3rd main group is
concerned, thallium is the only element that forms the
distinct E'CN compound (E = B, Al, Ga, In, and T1) (Bassett
and Corbet, 1924; Lanzisera and Andrews, 1997b; Penne-
man and Staritzky, 1958). Many studies of thallium(III)
species focused on complexes formed in aqueous solutions
and their characteristics (Banyai et al., 2001; Batta et al.,
1993; Blixt et al., 1989).

Thallium monocyanide TICN

In contrast to the compounds of other elements of the 3rd
main group, thallium monocyanide, TICN, has been stud-
ied intensively. As a result of the inert pair effect, the
oxidation state + I is more stable compared to the lighter
group 13 elements. It should be noted that the chemical
behavior of thallium(l) is similar to that of an alkali metal.
Consequently, TICN is known for more than 90 years, when
H. Bassett and A. S. Corbet studied different aqueous
mixtures of TICN and KCN in 1924 (Bassett and Corbet,
1924). Even though, later findings questioned the existence
of K[TI(CN),] announced in their work, it underlines that
TICN was discussed even before the 1930s. In addition to
the synthesis of TICN by reaction of thallium nitrate and
potassium cyanide, R. A. Penneman and E. Staritzky
described the formation of TICN by cation exchange using
an aqueous solution of potassium cyanide (Penneman and
Staritzky, 1958). The IR absorption band of the cyanide
stretching mode at vcy = 2048 cm™ reported in this paper
was confirmed by other reports, which included results for
the application of thallium cyanide in organic synthesis
(Penneman and Staritzky, 1958; Taylor et al., 1978).
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E. C. Taylor et al. described a convenient and quanti-
tative preparation of anhydrous thallium(I) cyanide under
non-aqueous conditions by the reaction of dry hydrogen
cyanide with thallium(I) phenoxide, together with some
results on the use of TICN for the preparation of ketoni-
triles, cyanoformates and trimethylcyanosilane (Taylor
et al., 1978).

Thallium dicyanide TI(CN),

A framework compound with the empirical formula TI(CN),
was synthesized by D. Williams et al. However, this formal
TI(CN), is composed of a thallium mono-cation Tl" and a
thallium tri-cation TI** resulting in a formula of TI*
TI"™(CN), = TICN-T1(CN); (Scheme 41) (Williams et al., 2001).

The structure was described as closely related to
disordered Cd(CN), with Pn3m symmetry. The IR spectrum
exhibits two absorption bands for the cyanide stretching
mode at vey = 2209 cm ™ and vy = 2198 cm™, respectively.
The higher wave number is assigned to the cyanide groups
attached to the TI>* cation and the smaller wave number is
therefore assigned to the stretching mode of the cyanide
units of TI*. Furthermore, TI(CN), decomposes in presence
of air and moisture (Williams et al., 2001).

Thallium tricyanide TI(CN);

Due to the redox potentials of T1* and TI** the formation of
thallium tricyanide TI(CN); was disregarded for a long time,
butin the late 1980s, J. Glaser and several co-workers started
systematic studies on thallium cyanide complexes in
aqueous solution using manifold NMR techniques and
could confirm the formation of TI(CN); in solution. The
suggestion of E. Penna-Franca and R. W. Dodson that
TI1(CN); could be existing was verified (Batta et al., 1993; Blixt
etal., 1989; Penna-Franca and Dodson, 1955). Furthermore,
J. Glaser, M. Sandstrém and co-workers published structural
data of thallium cyanide complexes of the structure
[TI(CN),]®™* for n = 2, 3, 4 using X-ray and vibrational

2TICl; + 6 TMS-CN

-6 TMS-CI
TIZOS(S) + 6 HCN(aq)
TI(CN)3aq) +  HCN(gq

2TI(CN); —— 2TI(CN), + (CN),

— > 2 Tl(CN)3(aq) +

+ HOp — > [TICN)IS, + HsO
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spectroscopy techniques in 1995 (Blixt et al., 1995). In the
following years equilibrium dynamics including different
ligand exchange processes were investigated (Banyai et al.,
1997, 2001). A synthesis of TI(CN); using thallium trichloride
and trimethylsilyl cyanide by D. Williams et al. was not
successful due to the formation of a material T1,(CN), con-
taining TI* and TI**, but four years later results of single
crystal XRD experiments on the unstable adduct TI(CN)s-
OH, (Nagy et al., 2005; Williams et al., 2001).

M. Maliarik, I. T6th and co-workers dissolved T1,03 in
water in the presence of strongly complexing cyanide
ions. By this procedure they were able to identify the
formation of TI(CN)sqq) by means of **T1 NMR studies
(Nagy et al., 2005). The dominant cyano complex of
thallium(III) obtained in this way is TI(CN);¢,q), Which is in
equilibrium with bicyano and tetracyano species (Scheme
42). When aqueous solutions of the MCN (M = Na*, K*)
salts are used to dissolve thallium(III) oxide, the equi-
librium in the liquid phase shifts completely to the
[TI(CN),]” complex, which dominates at higher pH values
and CN/T1,05 ratios (Nagy et al., 2005). The TI(CN); can be
selectively extracted from aqueous solution containing
TI(CN)3(aq) With diethyl ether. Depending on the water
content in the ether phase, TI(CN);-H,0 or TI[TI™(CN),]
crystals can be produced by slow evaporation of the
solvent. In the crystal structure of TI(CN);-H,O, the
thallium(III)-ion has a trigonal-bipyramidal coordination
with three cyanide ions in the equatorial plane, while an
oxygen atom of the water molecule and a nitrogen atom
from a cyanide ligand bonded to an adjacent thallium
complex form a linear O-TI-N fragment. Cyanide ligands
act as bridging ligands connecting the thallium units in an
infinite zigzag chain structure. Besides the formation of
the TI"'-CN complexes, notable redox reactions take
place in the T1,03/HCN/H,0 system. The redox reaction is
complete when all thallium is in the form of TI! (reduction
product) and the most stable cyano-complex of thalliu-
m(I11), [TI"/(CN),]", which yields TI'[TI"'(CN),] upon crys-
tallization (see above) (Nagy et al., 2005).

Scheme 41: Synthesis of TI(CN), by D.
Williams et al. (Williams et al., 2001).

Scheme 42: Synthesis of TI(CN);(q)
@ and [TI(CN)4)aq)” fromTL,05 in
(aa)  aqueous HCN (Nagy et al., 2005).
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Tetracyanidothalliate anion [TI(CN),]”

The tetracyanidothalliate anion [TI(CN),]” has been pre-
pared in aqueous solutions for the purpose of studying the
different resulting species like TI(CN)3(aq.), [TI(CN)2]" aq.) OF
[TICN]* (aq)- The determination of different characteristics
like complex stability and electrochemical properties was
achieved in these studies (Batta et al., 1993; Banyai et al.,
1997, 2001; Blixt et al., 1989, 1995; Nagy et al., 2005). In this
context, salts like K[TI(CN),] have been synthesized and
crystallized by J. Glaser et al. in 1995 (and M. Maliarik, I.
Té6th and co-workers — see above) by converting T1(Cl0,);
into K[TI(CN),] according to Scheme 43 (Blixt et al., 1989).

The salts K[T1(CN),] and TI'[TI™/(CN),] are isostructural
and derivatives of the Scheelite-type structure. The thal-
lium—carbon distance was determined as ry_c = 2.175(10) A
which agrees with the overall tendency of decreasing bond
lengths with an increasing number of cyanides. The C—N
bond length of the cyanide group was determined as
re_n = 1.153(14) A (Nagy et al., 2005). A strong absorption
band of the cyanide stretching mode was observed at
Ven = 2180 cm ™! and the T1-C band at vc = 358 cm™ (Blixt
et al., 1995). It should be noted that the crystal data of D.
Williams et al. (Williams et al., 2001) of K[TI(CN),] and
TI[TI™(CN),] differ markedly from the data for the com-
pound of the same composition, reported by M. Maliarik, I.
Téth and co-workers (Nagy et al., 2005).

4th Main group

While the cyanide compounds of the heavier 4th main
group elements are not well investigated, the carbon cya-
nides have been studied by several approaches and the
compounds have been analyzed for their characteristics.
The inert pair effect also plays a major role in this group.
For example, dicyanocarbene, C(CN),, is a highly reactive
covalent molecular substance, while lead(II) dicyanide,
Pb(CN),, is a classic, poorly soluble pseudohalogen salt.
The C(CN),, in turn, can be generated, while the Pb(CN), is
unknown.

TI(CIO4); + 4 KCN ——— >  K[TI(CN),4]
KOH
. & NSC\gg/C//’N
:C-C=N =C-C= _c” o C .
N=C-C=N .C C\\N é:,
N
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Of practical relevance are the cyanogen (CN), and
the tricyanomethanide anion [C(CN);]". While the acute
toxicity of (CN), constitutes a difficult aspect for research
facilities, the reactivity and reaction behavior enable
unique applications in synthetic chemistry. The [C(CN)s]™
anion possesses weakly coordinating characteristics due to
delocalization effects within the anion and forms ILs with
appropriate cations which can be applied in different
fields. There are no significant applications known for Si,
Ge, Sn or Pb cyanides and the interests in these compounds
are so far based on fundamental research.

Carbon

The carbon cyanide compounds are by far the best inves-
tigated element cyanide species of all 4th main group
compounds. The first reports about cyanogen (CN), have
been published in 1815 (Figure 28) (Gay-Lussac, 1815).

Cyanogen thus represents one of the earliest known
cyanide compounds of all substances studied besides HCN
and cyanido ferrate salts (see introduction). Similar to the
tetracyanidoborate anion, tricyanomethanide [C(CN);]™ has
proven to be a WCA for ILs and has been intensively inves-
tigated with regard to its properties and possible applications
(Brand et al., 2006). While carbon monocyanide CCN has
mainly been studied due to spectroscopic interests motivated
by observations of interstellar media, dicyanocarbene C(CN),
has been investigated regarding the appearance as highly
reactive intermediate in several reactions (Kakimoto and
Kasuya, 1982; Swenson and Renaud, 1965). Tetracyano-
methane C(CN), was successfully synthesized and charac-
terized in 1969 (Mayer, 1969b).

Carbon monocyanide CCN

Speculations about the existence of the carbon mono-
cyanide cation [CCN]" in interstellar media constituted the
motive for the initial investigations. The first reports were
published in the early 1980s. The studies covered experi-
mental reactions of the cation with different small

+ 3 K(C|O4) Scheme 43: Synthesis of the potassium salt
of [TI(CN),]” (Blixt et al., 1989).
m Figure 28: Structures of the mainly
C spectroscopically studied carbon
/CI;"'C - monocyanide CCN, (CN), known since 1815,
,C vy ~=N

N7 C\\\ the highly reactive dicyanocarbene C(CN),,
N the [C(CN)s]” and tetracyanomethane
C(CN),.
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molecules like H,0, H,S, HCN, hydrocarbons and other as
well as computations of the molecule discussing geomet-
rical characteristics and mechanistic considerations
(Knight et al., 1988; Kraemer et al., 1984; Largo-Cabrerizo
and Barrientos, 1988; McEwan et al., 1983; Raksit and
Bohme, 1985; Tao et al., 2002a, 2002b; Wu et al., 2000). The
ion can be generated by laser ablation of graphite and an
ensuing reaction with gaseous hydrogen cyanide, similar
to the procedure for 3rd main group monocyanides (Parent,
1990). The computational studies found a C—C bond length
of rc_c = 1.383 A and a C-N bond length of rc_y = 1.149 A
(HF/6-31G* and HF/6-31G(d)). The characteristic cyanide
stretching mode was calculated to appear between
Ven = 2536 cm™ and vey = 2257 cm™ depending on basis
set (Knight et al., 1988; Largo-Cabrerizo and Barrientos,
1988). Another study confirmed the band at vcy = 2529 cm™
by SCF calculations but documented additional values at
Ven = 2342 cm™ (CI-SD) and vey = 2249 cm™ (CI-SDQ)
(Kraemer et al., 1984). A conclusion derived from the
theoretical approaches is that the cyanide isomer is un-
stable compared to the [CNC]" cation. Based on these
findings, C. G. Freeman, M. J. McEwan and co-workers
speculate that the [CCN]* cation is unlikely to be present in
interstellar media (Knight et al., 1988).

The linear CCN molecule and its isomer CNC has
initially been studied by A. J. Merer and D. N. Travis in 1965
and 1966, respectively (Merer and Travis, 1965, 1966). Since
these first studies, different investigations have been con-
ducted concerning the IR and MW characteristics while
both, experimental and computational results were pub-
lished (Belbruno et al., 2001; Brazier et al., 1987; Georgieva
and Velcheva, 2006; Grant Hill et al., 2011; Hakuta and
Uehara, 1983; Kakimoto and Kasuya, 1982; Kawaguchi
et al., 1984; Ohshima and Endo, 1995). The total number of
publications specifically on the rotational spectra and the
associated rotational constants is high despite the syn-
thetic irrelevance of this molecule (Brazier et al., 1987;
Kohguchi et al., 1997; Oliphant et al., 1990). The studies
closer to a synthetic application investigated the kinetic
constants of CCN radical reactions (Wang et al., 2006; Zhu
et al., 2003). The computational results of bond distances
compared in Table 35 vary insignificantly for the C—C bond
length and C-N distance, independent on the level of
theory and basis sets.

The carbon monocyanide CCN molecule can be gener-
ated by a reaction of acetonitrile and microwave-discharge
products of sulfur hexafluoride, flash photolysis of diazo-
acetonitrile or photolysis of cyanotrichloromethane (Hakuta
and Uehara, 1983; Merer and Travis, 1965; Zhu et al., 2003).

The anionic [CCN]™ molecule was investigated by
several groups mainly for spectroscopic characteristics as
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Table 35: Experimental and computational data of CCN (bond
lengths in A; wave numbers in cm™).

Publication Exp./calc. re—c re-n Ven
Hakuta and Uehara Exp. - LIF - - 1916.2
(1983)
Oliphant et al. (1990)  Exp. — EES - - 1930.7
Martin et al. (1994) CASSCF/pVvDZ 1.4152 1.1993 1975.2
CSSD(T)/T1Z2P 1.3908 1.1811 1995.8
Belbruno et al. B3LYP/6-311G* 1.372 1.198 -
(2001)@ B3LYP/cc-pVTZ  1.3680 1.1795 -
B3LYP/cc-pVQZ 1.3669 1.1780 -
Georgieva and Vel- B3LYP/6- 1.372 1.189 2033
cheva (2006) 31 + G(d,p)
Hill et al. (2011) CSsD(m)/ 1.3825 1.1857 1923.4
VDZ-F12
CSSD(T)/VTZ-F12 1.3808 1.1849 1930.3
CSsD(M)/ 1.3805 1.1846 1932.3
VDZ-F12

lElcalculations of CCN cluster.

well. Among the theoretical approaches, aspects concern-
ing the geometry of cluster molecules [C,N]” with n >2 were
debated and whether the energetically favored structure
would be linear or bent, especially calculations on higher
levels of theory indicate a linear structure (Pascoli and
Lavendy, 1999; Zhan and Iwata, 1996). The structural data
are shown in Table 36.

Calculations of spectroscopic data fit well with the ob-
servations of vey = 1779 cm™ applying DFT methods and
additional scaling results in a further decreased value of
Ven = 1785 cm™ as reported by L. Couturier-Tamburelli et al.
(Guennoun et al., 2003). The synthesis of this anion was
achieved by different techniques. It was usually prepared

Table 36: Experimental and computational data of [CCN]™ (bond
lengths in A; wave numbers in cm™).

Publication Exp./calc. re—c re-n Ven
Wang et al. (1995) RHF/3-21G 1.3443 1.1945 -
Zhan, lwata (1996) MP2(full)/ 1.357 1.224 1940.4
6-31G(d)
MP2(full)/ 1.360 1.217 1920.4
6-311G(d)
MP2(full)/ 1.354 1.213 1940.4
6-311G(df)
Pascoli, Lavendy (1999) B3LYP/aug- 1.344 1.207 1758
cc-pVTZ
B3LYP/ 1.350 1.210 -
6-311G*
Couturier-Tamburelli et al. B3LYP/ - - 1860
(2003), Guennoun et al. 6-31G**
(2003) Exp. - IR - - 1779
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with other molecules of the [C,N]~ constitution and is
accessible by laser ablation of different inorganic sub-
stances like K;3[Fe(CN)¢], graphite/KCN or graphite/N, as
well as by UV photoisomerization of cyanoacetylene or
dicyanoacetylene and by electron impact on gaseous
acetonitrile (Garand et al., 2009; Guennoun et al., 2003;
Wang et al., 1995).

The according [CCN]*~ anion has so far been calcu-
lated twice by P. Pyykké and Y. Zhao and by M. K. Geor-
gieva et al. and was reported with a characteristic cyanide
absorption band at vey = 1756 cm™ (HF/6-31G*) or
Ven = 1728 cm™ (B3LYP/6-31 + G(d,p)), respectively
(Georgieva and Velcheva, 2006). The C-C and C-N dis-
tances were also documented by P. Pyykko and Y. Zhao
(re—c = 1.315 A, rc_y = 1.310 A, HF/6-31G*) (Pyykko and
Zhao, 1990). In 1989, G. Boche et al. also reported the
synthesis of a lithium dianion containing [TMS—-CCN]*,
which could be crystallized, and features several inde-
pendent molecules with different structural parameters in
the unit cell. The synthesis begins with a deprotonation of
trimethylsilylacetonitrile with either two n-butyllithium
or lithium diisopropylamide in ether/hexane that leads
to the “dianion” Li,(TMS-CCN), which crystallizes from
this solution as [(Li,(TMS—CCN));,(Et,0)¢(CsH;4)]. Twelve
“dianions” form an aggregate with a crystallographic
inversion center. There are three different “dianion”
moieties, which differ in the number of their N-Li and
C-Li contacts. The formal dianion, [TMS-CCN]*", can also
be considered as an [CCN]? trianion (with TMS* + 2Li*
as counter ions) with bond lengths of rc_c = 1.319 A,
rc_n = 1.235 A in average (Zarges et al., 1989).

Cyanogen (CN),

Already in 1959, T. K. Brotherton and J. W. Lynn published
a detailed review about cyanogen, (CN),, a compound that
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was first successfully synthesized by L. J. Gay-Lussac in
1815, when he thermally decomposed silver cyanide
(Brotherton and Lynn, 1959). While it is not settled with
certainty that the substance had been prepared earlier than
1815, it is well known that the first preparation of oxalic
acid was accomplished by F. Wéhler in 1825 by hydrolysis
of cyanogen (W&hler, 1825a). In the following, we will only
briefly describe the chemistry of (CN),, otherwise we refer
to the primary literature as well as the review articles.

Cyanogen is a highly flammable gas at ambient tem-
perature and normal pressure and exothermically com-
busts in presence of oxygen, whereas a mixture of
cyanogen and 14 vol% oxygen is explosive. Its toxicity re-
sults from the disproportion with water into hydrogen cy-
anide and isocyanic acid HNCO (Haas, 1978). Some
additional characteristics are given in Table 37 (see also 1.5
HCN sources, toxicology, treatment, and mode of action
(Newhouse and Chiu, 2010)).

Cyanogen can be synthesized by several different ap-
proaches. In laboratory scales, the decomposition of metal
cyanides in an atmosphere of inert gas commonly provides
cyanogen in sufficient amounts (Scheme 44). The presence
of oxidizing agents can decrease the reaction temperature
and increase the yield.

It is better to thermolyze silver cyanide to generate
(CN), than to use mercury dicyanide, which is easy to
sublimate without releasing cyanogen (Haas, 1978). But in
general, the decomposition of metal cyanides to obtain
cyanogen is used less often in the meantime due to its
inefficiency, hazardous nature and the danger of explo-
sions caused by impurities like silver fulminate or mercury
fulminate (Brotherton and Lynn, 1959).

The reaction of copper sulfate pentahydrate and po-
tassium cyanide also leads to the formation of cyanogen
in laboratory scales and the copper cyanide can be

Table 37: Some experimental data of cyanogen (bond lengths in A; wave number in cm™; temperatures in K).

Publication ’c_c[a] rc_N[a] Vascu, exp_[b] Tm Ts TC
Perry and Bardwell (1925) - - - 245.25 251.98 -
Cook and Robinson (1935) - - - 245.3 251.98 -
Pauling et al. (1939) 1.37(2) 1.16(2) - - - -
Haas (1978) - - 2156 245.3 252.0 299.8

[BIBond lengths determined by electron diffraction. ®Wave numbers determined by IR spectroscopy.

2AgCN — > (CN), +

Hg(CN), ———

2 Ag

(CN), + Hg

Scheme 44: Cyanogen received by decomposition of metal
cyanides (Haas, 1978).
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regenerated by addition of iron trichloride causing addi-
tional release of cyanogen (Scheme 45) (Haas, 1978).

Another synthetic route is the pyrolysis of diac-
etylglyoxime, which also avoids the formation of addi-
tional toxic by-products and the reaction scale can be
adjusted easily (Scheme 46) (Park et al., 1990).

Industrial processes are based on the oxidation of
hydrogen cyanide with oxygen. Cyanoformamide and
oxamide are accessible on this way as well (Scheme 47).
The kind of product, which is preferentially formed, de-
pends on the reaction conditions due to the co-catalytic
effect of copper nitrate and the solvent. The use of aceto-
nitrile leads to the formation of cyanogen, aqueous acetic
acid increases the formation of cyanoformamide at 303—
323 K, while the increase of temperature to 333-353 K favors
oxamide (Riemenschneider, 1978).

As a highly reactive compound, cyanogen is an appro-
priate building block in organic chemistry. The reactions
with amines, hydrazine, semicarbazide, aminoguanidine,
hydroxylamine, ethene, dienes or magnesium organic
compounds are reviewed in detail by T. K. Brotherton and
J. W. Lynn (1959).

Cyanogen also polymerizes to black paracyanogen
under the influence of heat or light, which has been known
since the beginning of the nineteenth century (Delbriick,
1847). The amorphous structure of this polymer consists
mostly of carbon atoms being sp*hybridized and bridging
nitrogen (Figure 29). Heating the polymer to 873-1073 K
leads to the release of cyanogen. This structure motiv is
supported by a strong IR absorption band at 1500 cm™ and

2 CUSO45 Hzo +
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a significantly weaker one at 2200 cm™. These absorption
bands represent the C-N double bond vibration and the
terminal C-N triple bond vibration, respectively. Moreover,
BC solid state NMR and conductivity experiments also
support the structure of paracyanogen as illustrated in
Figure 29 (Maya, 1993).

Dicyanocarbene C(CN),

The first description of dicyanocarbene C(CN),, which is also
called dicyanomethylene, was published in 1965. The initial
report by J. S. Swenson and D. J. Renaud regarded the for-
mation of C(CN), as an intermediate. The authors reported
that the formation of 1,1-dicyanotetramethylcyclopropane
due to in situ generated C(CN), in presence of tetramethyl-
ethylene (TME) proves the existence of the carbene in the
reaction mixture as a highly reactive intermediate (Scheme
48) (Swenson and Renaud, 1965).

N N
Wt
,N\)\ /)\
- AN N

\N
| SN

~
~

Figure 29: Possible representation of the structure of paracyanogen
(representation taken from L. Maya (Maya, 1993) and based on a
proposed structure by Brotherton and Lynn (1959).

(CN), + 2CuCN + 2K,SO,

Scheme 45: Alternative formation of cyanogen in laboratory scales (Haas, 1978).

HON ~ NOH 2Ac0 AcON ~ NOAc
HC-CH — 2 AcOH HC-CH 433 K
338K
(CN)2
0,
2 HCN + 1, 0, S C-C=N
HoN
+m O NH,
A\ /
-C
/ i\

CN + 2 AcOH
(CN) ¢ Scheme 46: Cyanogen received by pyrolysis
of diacetylglyoxime (Park et al., 1990).
cyanogen
cyanoformamide

Scheme 47: Formation of cyanogen,
cyanoformamide and oxamide by oxidation
of hydrogen cyanide (Riemenschneider,
1978).

oxamide



100 —— A. Schulz and J. Surkau: Main group cyanides

DE GRUYTER

N N Scheme 48: Formation of

\ /4,

E:’r NEt; .. TME \\C\ /C 1,1-dicyanotetramethylcyclopropane due to

B C/C\C . _HBr N=C-C-C=N > /C\ the reaction of in situ generated C(CN), with
N~* N \/C‘C\/ tetramethylethylene (TME) (Swenson and

Ensuing this observation, E. Wasserman et al. pub-
lished results including electron paramagnetic resonance
(EPR) measurements of dicyanocarbene resulting from a
photolysis of diazomalononitrile (Scheme 49).

Based on their results, E. Wasserman and co-workers
interpreted the structure of dicyanocarbene as linear in a
fluorolobe matrix but slightly bent at the carbon center in a
hexafluorobenzene matrix (Wasserman et al., 1965). This
second observation was supported a few years later by R. R.
Lucchese and H. F. Schaefer and their calculations using
SCF methods (Lucchese and Schaefer, 1977). More recent
calculations predict a linear structure of the ground state
molecule in contrast to the first theoretical report, but bent
structures of excited states have also been calculated
(Blanksby et al., 2000; Chaudhuri and Krishnamachari,
2007; Hajgato et al., 2002; Maier et al., 2003). R. Hoffmann
and co-workers concluded based on their theoretical ap-
proaches that there should be no doubt that the ground
state of these molecules, including dicyanocarbene, would
be a linear triplet (Hoffmann et al., 1968). Further reports
dealt with the experimental and theoretical values for
the IR active stretching mode of the cyanide groups and the
C-C bond length (Table 38).

.rl\ll'.e)
N® hv ..
& T> N=C-C-C=N
_.C" 7 Cs 2
N~ >N

Scheme 49: C(CN), formed by photolysis of diazomalononitrile
(Wasserman et al., 1965).

Renaud, 1965).

Furthermore, the report of R. R. Lucchese and H. F.
Schaefer from 1977 noted an interesting inconsistency be-
tween the experiment and expectations regarding the bond
lengths in the molecule. The C-C distance was calculated
as rc_c = 1.41 A, which is slightly closer to a double than a
single bond (7coy(C-C) = 1.50 A, r.ou(C=C) = 1.34 A)
(Lucchese and Schaefer, 1977). This issue can be explained
by the resonance structures shown in Figure 30.

Hence, the C-N distance would be expected to have a
significantly stronger double bond character. Instead, the
calculated value of rc_y = 1.15 A agrees with the expecta-
tions of a C-N triple bond (rcov(C=N) = 1.14 A) (Lucchese
and Schaefer, 1977; Pyykko and Atsumi, 2009). Additional
studies led to similar results with slightly longer C-N dis-
tances of rc_y = 1.183 A or rc_y = 1.1941 A, but significantly
shorter C-C bond lengths of rc_c = 1.3176 Aorrc_c=1310A
indicating a triple bond character (Blanksby et al., 2000;
Hajgato et al., 2002). Some studies also investigated the MS
spectra of different dicyanocarbene precursors and detec-
ted the [C(CN),]|" cation in addition (Blanksby et al., 2000;
Hajgato et al., 2002; Smith-Gicklhorn et al., 2002).

Tricyanomethanide [C(CN)s]”

Due to the high reactivity and strong acidity the synthesis
and following isolation of tricyanomethane HC(CN)s,
which is also known as cyanoform in regard to the

: Nzc—é—CEN : <——> :N=C=C=C=N:

Figure 30: Resonance structures of dicyanocarbene.

Table 38: Some computational data of C(CN), (bond lengths in A; angles in °; wave number in cm™).

Publication Method + basis set state re_c ren < (C-C-Q) Ven
Lucchese and Schaefer (1977) SCF/D95V 3B, 1.407 1.154 132.5 -
A, 1.421 1.160 114.9 -
Blanksby et al. (2000) B3LYP/6-31 + G(d) 3Zg 1.3176 1.1941 180.0 -
A 1.3694 1.1811 123.6 -
Hajgato et al. (2002) B3LYP/67-311 + G(3df) 3B1 1.310 1.183 180.0 -
A, 1.359 1.170 125.2 -
Maier et al. (2003) B3LYP/6-311 + G* 3Zg 1.312 1.186 180.0 2023.4
Chaudhuri and Krishnamachari (2007) CASSCF/ANO 3Zg 1.301 1.197 180.0 1892.4
lA1 1.400 1.153 113.2 2348.9
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haloform compounds HCX; with X = Cl", Br and I", was
difficult. However, in 1977 B. Bak and H. Svanholt could
identify cyanoform by MW spectroscopy (Bak and Svan-
holt, 1977). An excellent review on different reported ap-
proaches to generate pure cyanoform was given by L. B.
McCusker, J. D. Dunitz and co-workers in 2010 (Sisak et al.,
2010). Seven years later K. Banert et al. published another
report dealing with the formation of HC(CN)s. Their isola-
tion is based on a reaction of the potassium tricyanome-
thanide and a strong acid, sulfuric acid for example, and
following sublimation (Scheme 50) (Banert et al., 2017).

With an approximate pK, of —5, cyanoform is classified
as a super acid. Studies on the crystal structure also led to
the discovery of the dicyanoketenimine as a tautomeric
species (Sisak et al., 2010).

In 1896 Schmidtmann reported the synthesis of cya-
noform, but actually he isolated and identified salts con-
taining the tricyanomethanide anion. His early work
included the simple silver and sodium tricyanomethanide
salts and he already noticed analogies between the silver
tricyanomethanide and silver halides (Brand et al., 2008).
His findings were confirmed and pursued three years later
by A. Hantzsch and G. Osswald who especially mentioned
the similar characteristics of tricyanomethane and trini-
tromethane and their anions, respectively (Hantzsch and
Osswald, 1899). Four years after the initial report of the
series of pseudohalogens, L. Birckenbach and K. Huttner
devoted a chapter of their essay entitled “Uber Pseudoha-
logene” (About pseudohalogens) to the tricyanomethanide
(see 1.2 Cyanide, a classic pseudohalide) (Birckenbach and
Kellermann, 1925a, 1930; Birckenbach and Kolb, 1933;
Birckenbach and Linhard, 1929; Brand et al., 2007; Jager
et al., 1992). The authors concluded that the reaction
behavior and the general characteristics of the tricyano-
methanide prove that the concept of pseudohalogens is not
limited to inorganic chemistry but can also be applied to
organic molecules and that the halogen-like chemical
behavior results from the electronic configuration of the

1) Et,0, 273 K
%

n M[C(CN +
[C(CN! 2) sublimation

H,S0, HC(CN);

1) XCN

MOR
——— > M[HC(CN)y]
2) MOR

H2C(CN), M[C(CN)s]

H,C(CN), ———— >  K[C(CN)s]

2X;
———» X,C(CN
2 HX 2C(CN),
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valence sphere (Birckenbach et al., 1929b; Brand et al.,
2008). In 1922, W. Madelung and E. Kern already described
the analogies of tricyanomethanide, dicyanamide and
thiocyanate concerning characteristics and reaction
behavior (Madelung and Kern, 1922a).

There are various successful synthetic routes to tri-
cyanomethanide salts. The most common methods utilize
malononitrile as starting material. The two main proced-
ures are illustrated in a generalized modality in Scheme 51
(Schmidtmann, 1896; Trofimenko et al., 1962).

Aside of the interests in the fundamental characteris-
tics of cyanoform and its anion, tricyanomethanides were
investigated for possible applications as ILs and building
blocks in coordinative polymers (Batten and Murray, 2003;
Bernsdorf et al., 2009a; Brand et al., 2006; Cioslowski et al.,
1991; Hipps and Aplin, 1985; Weidinger et al., 2012; Zhang
et al., 2003). Starting in the second half of the nineteenth
century, various tricyanomethanide salts were synthesized
and characterized by different groups and a detailed review
on metal containing tricyanomethanide salts (especially
Cu(ID), Ni(IT) and Co(II)) was given by J. Kohout et al. (2000).
Several studies on ILs containing [C(CN);]” as WCA have
been published in the early years of this century and
different synthetic routes towards various carbon based ILs
were reported by A. Schulz and co-workers in 2006. The
resulting room temperature ionic liquids (RTILs) are
distinguished by low melting points and relatively high
decomposition points ([EMIM][C(CN);]: Ty = 262 K,
Tpec. = 513 K; [BMIM][C(CN);]: Ty = 225 K, Tpec. = 543 K)
(Brand et al., 2006). Three years later, A. Schulz and co-
workers expanded the methodology and synthesized
advanced WCAs. The concept included the formation of
Lewis acid-base adducts between nitrogen and bulky
substituted boron atoms leading to a different group of
carbon based ILs (Bernsdorf et al., 2009a). A rather un-
usual but nevertheless interesting application was inves-
tigated in 2009 when Z. Shou and J. M. Shreeve and co-
workers described hypergolic ILs based on different WCAs

Scheme50: Synthesis of tricyanomethane by
K. Banert, H. Beckers et al. (n =1, 2) (Banert
et al., 2017).

+ MnHz_nSO4

+ MX + ROH
Scheme 51: Generalized synthetic routes to
obtain tricyanomethanide salts

+ KX + XCN  (Schmidtmann, 1896; Trofimenko et al.,

1962).
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including tricyanomethanide (Gao et al., 2009). Another
possible application are alkylmethylimidazolium cation/
tricyanomethanide anion based membranes that exhibit
CO, selectivity and permeability (Tzialla et al., 2013).

The molecular characteristics of the tricyanometha-
nide anion were elaborated by different groups and
different approaches. The C-C and C-N bond lengths were
determined by various computational levels of theory and
by XRD (Andersen and Klewe, 1963; Brand et al., 2006;
Dixon et al., 1986). Similar to the dicyanocarbene, the C—C
distance is shorter than the expected value of a C-C single
bond and thereby indicates a significant double bond
character which can be explained by the resonance struc-
ture shown in Figure 31. Due to the strong delocalization
(122.8 kcal mol™ resonance energy) (Brand et al., 2008)
within the [C(CN)5] ion, it is planar in contrast to [H,CCN]".
Note [HC(CN),]™ is also planar. A CN group attached to
a methanide C atom forms always a linear or nearly linear
[< (C—C-N) = 175°] CCN moiety. Upon further CN substitu-
tion the C-CN bond lengths increases (CM: 1.380, DCM:
1.391, TCM: 1.406 A) while the CN bond lengths decreases
(CM 1.179, DCM: 1.169, TCM: 1.162 A). Due to the very good
delocalization of the m-electrons, the planar [C(CN)s]™
anion is only very weakly basic, which conversely means
that HC(CN); is a very strong acid. There are two almost
energy-equal tautomers of the acid, namely non-planar
cyanoform HC(CN); and a planar ketenimine tautomer
HNC(CN), (Figure 31) (Banert et al., 2017).

Based on computational results of geometrical prop-
erties, frequency analyses have been carried out to predict
vibration spectra and to compare them with experimental
results (Beaumont et al., 1984; Long et al., 1962). Early
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calculations of the asymmetric C-N stretching mode from
1986 using a 3-21G basis set predicted the appearance
around vy = 2471 cm™ (Dixon et al., 1986). These results
disagree with experimental values by Av = 300 cm ™. With
the advancements in computational chemistry and higher
levels of theory, this variance was reduced to Av = 60 cm™
in 2012 (Weidinger et al., 2012). Some results from different
references are compiled in Table 39.

Regarding the computational approaches, the tricyano-
methanide anion is computed with Ds, symmetry. This
assumption was generally confirmed by XRD of different
salts. However, observations indicating a C,, distortion
depending on the specific salt need to be mentioned (Dixon
et al., 1986).

Tetracyanomethane C(CN),

The synthesis of tetracyanomethane C(CN), was achieved
by E. Mayer in 1969 by metathesis of cyanogen chloride and
silver tricyanomethanide (Scheme 52).

Mayer also recorded IR spectra of the product to
determine whether he obtained tetracyanomethane or
tricyano-isocyano-methane. According to his interpreta-
tion, the spectra confirmed a molecule exhibiting T; sym-
metry and consequently the formation of C(CN), instead of
its isomer and the T,; symmetry was confirmed by ensuing
studies (Hester et al., 1970; Mayer, 1969b; Oberhammer,
1971). Furthermore, Mayer documented the high reactivity
of C(CN), by conducting several experiments. He proved
that the highly reactive compound readily undergoes hy-
drolysis in acidic and basic aqueous solutions (Scheme 53).

: . e o-- N N
'NSC . C///N' *Ng -N: * Ny =N “C.,-C7
\C/G) \C\C//C C\\C/C/ 9

| - . - | - C
8 C C I
N (" Kll ..N..
- N - C)

| N’
Ciur -
N ‘CA\:"C:N I
//C/ \C\\
N N~ >N

tricyanomethane = cyanoform

ketenimine tautomer

Figure 31: Top: Possible resonance structures of the tricyanomethanide anion and bottom: Tautomers of HC(CN)s.
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Table 39: Experimental and computational data of the [C(CN)5]™ anion (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. Cation re—c re—n Ven
Long et al. (1962) Exp. - IR K* - - 2175
Andersen and Klewe (1963) Exp. — XRD K* 1.40 1.15 -
Desiderato and Sass (1965) Exp. — XRD [H4NT* 1.40(1) 1.15(1) -
Konnert and Britton (1966) Exp. — XRD Agt 1.54(9) 1.10(9) -
Kohler and Seifert (1968) Exp. - IR [SnMe,]?* - - 2185
[SnPh,]* - - 2175-90
Beaumont et al. (1984) Exp. - IR K* - - 2170
Dixon et al. (1986) Exp. = XRD, IR [Fe(Cp).]* 1.402 1.159 2162
[BugNJ* - - 2158
HF/3-21G - 1.399 1.149 2471
Cioslowski et al. (1991) HF/6-31G* - 1.412 1.145 -
Dua et al. (2000) B3LYP/6-31 + G* - 1.4126 1.1732 -
Brand et al. (2006) Exp. — Raman [EMIm]* - - 2178
Exp. — Raman [BMIm]* - - 2166
B3LYP/aug-cc-pVTZ - 1.406 1.162 2292
Bernsdorf et al. (2009a) Exp. - IR K* - - 2171
exp. — IR Ag* - - 2174
Weidinger et al. (2012) Exp. - IR K* - - 2170
MP2/aug-cc-pVDZ - - - 2146.7
B3LYP/aug-cc-pVDZ - - - 2230.9
B3LYP/aug-cc-pVTZ - - - 2238.1
Ag[C(CN);]  +  CICN —> C(CN); + AgCl Scheme 52: Synthesis of C(CN), by E. Mayer (1969b).
© © ©
C(CN), + 2HO — > [C(CN)3] + [OCN] + H,O
CCN), + 2H,0 [C(CN)3]® . H4N® +  co, Scheme53: Hydrolysis of C(CN), in acidic and

Also, the reverse reaction to form tricyanomethanide
salts starting with the C(CN), occurs with different salts.
The conversion with lithium chloride gave lithium tricya-
nomethanide and cyanogen chloride in quantitative yields
(Scheme 54). Additionally, the author mentioned that the
formation of the [C(CN);]™ anion was partially observed in
the KBr pellet which was prepared for IR spectroscopic
measurements (Mayer, 1969b).

Other reports investigated structural aspects by elec-
tron diffraction in gas phase, single crystal XRD and com-
putations (Britton, 1974; Oberhammer, 1971; Salzner and
von Ragué Schleyer, 1992; Wiberg and Rablen, 1993). IR
measurements generally confirmed the data obtained by

H,CCN

C(CN), + LCl ————

LI[C(CN)s]

basic aqueous solution (Mayer, 1969b).

E. Mayer in 1969 (Hester et al., 1970). Due to E. Mayer’s
findings, a number of studies dealing with C(CN), were
conducted, but since the report on the crystal structure has
been published by D. Britton in 1974, no ensuing experi-
mental studies have been published (Britton, 1974). A
compilation of published results is given in Table 40.
Two studies in the early 1990s supplementary dis-
cussed the varying properties of carbon tetrahalides. Both
studies referred to the destabilizing character of the cya-
nide being part of the pseudohalogens in contrast to the
stabilizing effect of fluorine substituents in compounds
of a central carbon (Salzner and von Ragué Schleyer,
1992). According to K. B. Wiberg and P. R. Rablen, the

Scheme 54: Reverse reaction of C(CN), to
form salts containing [C(CN)s]™ (Mayer,
1969b).

+ CICN
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Table 40: Experimental and computational data of C(CN), (bond lengths in A; wave numbers in cm™).
Publication Exp./calc. re—c r'c-n Vce Ven
Mayer (1969b) Exp. - IR - - 1058 2273
Hester et al. (1970) Exp. - IR - solid - - 1056 2276
Exp. — IR — vapor - - 1061 2270
Oberhammer et al. (1971) Exp. - GED 1.484(5) 1.161(3) - -
Britton (1974) Exp. — XRD 1.488 1.168 - -
Salzner and von Rahué Schleyer (1992) HF/6-31G** 1.484 1.131 - -
Wiberg and Rablen (1993) RHF/6-31G* 1.484 1.131 - -
MP2/6-31G* 1.479 1.181 - -

destabilization is based on the strong m-acceptor properties
of the cyanide group and the resulting accumulation of
positive charge at the carbon center, which leads to an
increasing coulomb repulsion (Wiberg and Rablen, 1993).

Graphitic carbon nitride (g-C3N,)

Graphitic carbon nitride (g-C3N,) is a class of binary CN
layer compounds (often with non-zero hydrogen contents)
based on heptazine and poly(triazine imide) units that
exhibit different degrees of condensation, properties and
reactivities depending on the reaction conditions (7T, p,
solvent, starting materials, etc., Scheme 55). Graphitic
carbon nitride can be produced by polymerization of cy-
anamide, dicyandiamide or melamine. There are also
methods of synthesizing graphitic carbon nitrides by
heating a mixture of melamine and uric acid in the pres-
ence of alumina or by condensation of melamine and
cyanuric chloride with triethylamine as solvent under su-
percritical conditions. Pyrolysis of melamine (in the pres-
ence of hydrazine) also yields g-CsN,. Graphitic carbon
nitride (g-CsN,) has attracted much attention because of its
high activity and efficient absorption of visible light. It is a
binary CN layer compound with high chemical and thermal
stability due to the strong covalent bond between the car-
bon and nitrogen atoms in the conjugated layer structure.
Graphitic carbon nitride has a moderate band gap energy of

2.7 eV (460 nm), which can harvest visible light, and a
suitable CB and VB edge position for both water reduction
and oxidation. For this reason, g-CsN, has quickly become
a modern area of research as a potential “green” photo-
catalyst and has already expanded the field of photo-
catalysis. There is an abundance of review articles (Chen
and Bai, 2020; Darkwah and Ao, 2018; Liu et al., 2020; Ong
etal., 2016; Rhimi et al., 2020; Wen et al., 2017; Zhang et al.,
2019) as well as articles dealing with its synthesis, char-
acterization and application, which we do not wish to
repeat here and therefore refer to these publications.

Silicon

Silicon cyanide compounds (cyanosilanes) have not been
studied as intensively as carbon cyanides. The silicon
monocyanide SiCN (Apponi et al., 2000; Flores, 2005; Gué-
lin et al., 1986; Jin-chai et al., 2001; Largo-Cabrerizo, 1988;
Maier et al., 1998; McCarthy et al., 2001; Ng et al., 2006;
Pham et al., 2006; Richardson et al., 2003; Yamamoto and
Okabe, 2011) has primarily been studied while the number of
reports on Si(CN), (Maier and Reisenauer, 2005; Sakai and
Inagaki, 1990) and Si(CN), is comparatively small. Salts
bearing the octahedral hexacyanidosilicate, [Si(CN)¢]*,
have been reported recently (Harloff et al., 2020a, 2019b;
Smallwood et al., 2019). About neutral binary Si-CN

H\N,H Nl)\N)%N NIJ\N)*N
N)%N “NH; N N/)\N/)\N N/)\N/\

H\N)l\N/)\N'H polycor;fii)nsation N*N N*N

|l| |l| ’ N)l\N)%N N)l\N)%N 9-C3Ns  scheme 55: Synthesis of g-C3N, (Chen and
melamine J|\ /)\ /)\ )|\ /)\ P Bai, 2020; Darkwah and Ao, 2018; Liu et al.,

2020; Ong et al., 2016; Rhimi et al., 2020;
Wen et al., 2017; Zhang et al., 2019).
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compounds (e.g. SiCN and Si(CN),) (Fukushima and Ishi-
wata, 2013; Guélin et al., 1986; Maier and Reisenauer, 2005;
Maier et al., 1998; Mandal and Roesky, 2010; McCarthy et al.,
2001; Richardson et al., 2003), which have been studied
in an argon matrix or observed in the envelope of a star
(Guélin et al., 1986, 2004; Mandal and Roesky, 2010), little is
known, although cyanide-containing silanes, such as cya-
notrimethylsilane (TMS—-CN), are well known in organic
chemistry for their versatile use as cyanosilylation reagents
in combination with Lewis acids or bases (Bither et al., 1958;
Booth and Frankiss, 1968; Groutas, 2001; Kalikhman et al.,
2007; North et al.,, 2012). The more highly substituted
dicyanodimethylsilane can be used as a protecting group
(Mai and Patil, 1986; Ryu, 2001; Ryu et al., 1978), while the
tricyanomethylsilane has not yet been isolated but is
believed to be formed in situ in a reaction of MeSiCl; with
KCN (Duboudin et al., 1983).

Silicon monocyanide SiCN and its substituted cation

The term “SiCN” is also commonly used in material sci-
ences for amorphous solids and nanoparticles containing
mainly silicon, carbon and nitrogen and should not be
confused with the silicon monocyanide molecule which
has so far not been synthesized in significant amounts (Jin-
chai et al., 2001; Ng et al., 2006; Pham et al., 2006).

The motivation behind the investigation of the silicon
monocyanide radical [SiCN] corresponds with those of
many other lighter element monocyanide compounds.
An initial report about a new molecule observed in the
envelope of the star IRC + 10216 in 1986 was followed by
theoretical studies regarding the characteristics of this
compound (Guélin et al.,, 1986). According to these

Table 41: Some computational data of [SiCN] (bond lengths in A; wave numbers in cm”
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calculations, the cyanide and its isomer [SiNC] both pre-
sumably appear linear in the ’IT ground state with the cy-
anide being the more stable isomer at several MP levels, but
not at UHF level being the isocyanide the favored isomer
(Largo-Cabrerizo, 1988). A more extensive study was con-
ducted by G. Maier et al. in 1998 including additional
computations and IR measurements of prepared [SiCN]
molecules trapped in an argon matrix (Maier et al., 1998).

Both studies reported findings on the isomerization
barrier, which is reported to be AE = 75 kJ mol™ and
isomerization occurring at a wave length of 366 nm. This
aspect was additionally highlighted in a detailed report
by N. A. Richardson et al. including calculations using
numerous levels of theory. The results matched the pre-
dictions by A. Largo-Cabrerizo from 1988 well, even though
the levels of theory explicitly differ (Largo-Cabrerizo, 1988;
Richardson et al., 2003). Although some levels of theory
indicate that the isocyanide is the stable isomer, both au-
thors concluded that the cyanide species is predicted to be
more stable by about AE = 9 k] mol ™ and that the barrier of
isomerization accounts for about AE(TS) =~ 95 kJ mol™
(Table 41). The detailed report by N. A. Richardson et al.
illustrates the significance of the employed computational
method (Richardson et al., 2003). Due to the interest of
astronomers and astrophysicists, P. Thaddeus and co-
workers recorded and analyzed radio and rotational
spectra of the molecule (Apponi et al., 2000; McCarthy
et al., 2001).

By treatment of TMS-CN with [TMS-H-TMS]WCA
(IWCA]™ = [B(CgFs)4]), it was possible to prepare the first
example of a bissilylated [TMS—-CN-TMS]" ion, a so-called
pseudohalonium cation, in high yields. It is thermally
stable up to 461 K and the Si—-CN-Si moiety is almost linear

1. energies in k) mol™).

Publication Method + basis set Isi—c Isi-n Ven AE(iso.) AE(TS)
Largo-Cabrerizo (1988) UHF/6-31G(d) 1.866 1.746 2135 -10.0 -
MP2/6-31G(d) - - - 9.6 85.8
MP3/6-31G(d) - - - 3.8 -
Maier et al. (1998) B3LYP/6-311G** 1.857 1.752 2046.1 10.5 -
Richardson et al. (2003) SCF/TZ2P 1.8812 1.7471 2458 -16.66 101.07/91.27
SCF/cc-pVTZ 1.8826 1.7461 2459 -20.72 101.57/89.51
CCSD/TZ2P 1.8717 1.7577 2185 9.29 95.33/99.65
CCSD/cc-pVTZ 1.8663 1.7502 2194 6.32 94.50/95.75
CCSD(T)/TZ22P 1.8697 1.7594 2102 12.02 91.82/99.56
CCSD(T)/cc-pVTZ 1.8635 1.7514 2109 9.46 90.85/95.63
Flores (2005) B3LYP/6-311G* 1.851 1.743 - 8.0 87.50
QCISD/6-311G* 1.863 1.751 - - -
MRCISD/cc-pVDZ 1.879 1.785 - - -
Yamamoto and Okabe (2011) B3LYP/6-311 ++ G(3df,3pd) 1.846 1.733 - 1.993 -
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(<(C'-N-Si!) = 176.8(2)° and < (N-C!-Si?) = 178.5(2)°) with
rather long Si-C (1.890(2) A) and Si-N (1.888(2) A) bond
lengths (Schulz and Villinger, 2010).

Dicyanosilylene Si(CN),

Studies on dicyanosilylene are rare but the accessible re-
ports consist of detailed theoretical calculations and even
experimental results from gas phase reactions of silicon
with cyanogen. The initial report was published by S. Sakai
and S. Inagaki in 1990 and additional information were
contributed by G. Maier and H. P. Reisenauer in 2005,
especially, the formation of three different open-chain
silylenes, dicyanosilylene, cyano(isocyano)silylene and
di(isocyano)-silylene, originating from a cyclic intermedi-
ate (Maier and Reisenauer, 2005; Sakai and Inagaki, 1990).
In the following year, M. Z. Kassaee et al. also examined
different silylenes including dicyanosilylene in a theoret-
ical approach (Kassaee et al., 2006). Regarding the ener-
getic difference between dicyanosilylene and di(isocyano)
silylene, the calculations by G. Maier and H. P. Reisenauer
indicate a lower energy of Si(NC),. Due to the singlet
ground state, an angled geometry results from the quan-
tum mechanical calculations with < (C-Si-C) = 94.3°and a
nearly linear Si-C—N angle of about < (Si—-C-N) = 170.4°
(B3LYP/6-311 + G(3df,3pd)) (Maier and Reisenauer, 2005).
The characteristics of Si(CN), are given in Table 42.

Silicon tetracyanide Si(CN),

Silicon tetracyanide has been studied once by C. Glidewell
in 1981 who determined the Si—C bond length of the tetra-
hedral molecule as rg;_c = 1.756 A and the bond length of
the cyanide group as rc_y = 1.163 A in a theoretical study
(MNDO) (Glidewell, 1981). A. Schulz and co-workers
describe the formation of Si(CN), in the thermal decom-
position of ["Pr;NH],[Si(CN)] (Harloff et al., 2019Db).
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Hexacyanidosilicates [Si(CN)¢]*

Starting from fluoridosilicate precursors in pure cyano-
trimethylsilane, TMS—-CN, a series of different ammonium
salts [RsNMe]" (R = Et, "Pr, "Bu) were synthesized with
[SiF(CN)s]*” and [Si(CN)g]* dianions in simple, temperature-
controlled F~/[CN] -exchange reactions (Figure 32, Schemes
56 and 57). With decomposable, non-innocent cations like
[R;NH]*, metal salts of the type M,[Si(CN)¢] (M = Li*, K*) could
be prepared by neutralization reactions with corresponding
metal hydroxides. The ionic liquid [BMIm],[Si(CN)e]
(Tm = 345 K, [BMIm]* = 1-butyl-3-methyl-imidazolium) was
obtained by a salt metathesis reaction (Harloff et al., 2019b).

Starting from chloride-containing precursors to syn-
thesize salts with the [Si(CN)¢]* dianion does not work well
(e.g. SiCl, with two equivalents of [WCC|CN and four
equivalents of AgCN; Scheme 56) (Campbell et al., 2015).
All attempts at a full hexa-substitution failed, even when
using a large excess of both cyanide sources.

P. Portius and co-workers also reported this problem
and attempted to further convert the respective isolated
compounds (PPN),[Si(CN),CL] (x + y = 6) to the corre-
sponding hexacyanidosilicate by multiple isolation/reac-
tion with PPN[CN] ([WCC]* = [PPN]* = [(PhsP).N]")
(Smallwood et al., 2019). However, it can be assumed that a

Figure 32: Ball-and-stick representation of the molecular anion
structure in the crystal: Left: [Ph,P],[SiCly.78(CN)s.25] - 4 CH3CN.
Middle: ["PrsNH],[SiF(CN)s]. Right: ["PrsNH],[Si(CN)e]. Cations and
solvent molecules are omitted for clarity (Harloff et al., 2019b).

Table 42: Computational data of Si(CN), and its isomers (bond lengths in A; angles in °; wave numbers in cm™'; energies in kj mol™).

Publication Method + basis set Compound Isi_x ren < (A-Si-A) < (Si-A-B) v*cn, catc. AEer,

Maier and Reisenauer B3LYP/6- Si(CN), 1.872 1.157 94.3 170.4 2252 0.0

(2005) 311 + G(3df,3pd) NCSiNC 1.886/ 1.156/ 95.8 166.5/ 2261/ -0.8
1.751 1.180 169.8 2095

Si(NC), 1.758 1.179 97.0 165.0 2089 -8.0

Kassaee et al. (2006) B3LYP/6-311++G** Si(CN), 1.88 1.16 94.2 170.0 - -

MP2/6-311G** Si(CN), 1.87 1.18 93.8 172.1 - -
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Scheme 56: Synthesis of salts bearing the
[SI(CN),CL,)*” (x + y = 6) ion (Campbell et al.,
2015).

+

[R3NH]o[SiF(CN)s]

A [R3NH]y[SiFg] + TMS CN(eX-)
o [R3NH]5[Si(CN)g]
3 [R3NH],[Si(CN
6 = 3 2 6
ks [ Jo[SiF(CN)s]
—— > [R3NMe],[SiF(CN
-5 TMS-F ’ 2 °
B [RsNMe],[SiFg] + |\/S—CN(ex.)—

373 K

——
T— 2 CO,, 2 MeOH -6 TMS-F

2 [R;NMe][COsMe] + H,SiFg

small chloride content always remains, as A. Schulz and
co-workers were able to show (Harloff et al., 2019b).
Therefore, the two synthesis routes A and B in Scheme 57
are more suitable for synthesizing highly pure, chloride-
free [Si(CN)]*" salts. As shown in Scheme 57, amines NR;
(R = Et, "Pr) can be reacted directly with aqueous hexa-
fluorosilicic acid, H,SiFg, leading to the formation of the
corresponding [R;NH],[SiF¢] salts in good yields. Secondly,
ammonium methyl carbonates, ionic liquids with a
decomposable anion (Finger and Sundermeyer, 2016;
Glasnov et al., 2012; Holbrey et al., 2010; Jost et al., 2016;
Thielemann and Spange, 2017; Zheng et al., 2007), were
treated with aqueous H,SiFg, resulting in the preparation of
tetraalkylated ammonium salts [R;NMe],[SiF¢] (R = Et, "Pr
and "Bu) in very good yields. With the hexafluoridosilicates
in hand, reaction with a large excess of TMS—CN, as a
cyanidation reagent, led to the formation of salts contain-
ing the [SiF(CN)s]* ion (after 2 h at 298 K). However, when
the temperature was raised to 373 K, the reaction led
exclusively to the formation of [Si(CN)g]*™ salts (reaction
time of 2 h). With small amounts of GaCl; as Lewis acid

Scheme 57: Synthesis of salts bearing the
[Si(CN)]?" ion (Finger and Sundermeyer,
2016; Glasnov et al., 2012; Holbrey et al.,
2010; Jost et al., 2016; Thielemann and
Spange, 2017; Zheng et al., 2007).

[R3NMe],[Si(CN)g]

catalyst added to the reaction mixture, the reaction time
could be shortened (Blising et al., 2016a, 2016b).

The great advantage of [R;NH],[Si(CN)¢] salts over
[R;NMe),[Si(CN)¢] salts is that the former have a decom-
posable, non-innocent cation (Blising et al., 2016a; Bresien
etal., 2015a). Therefore, these salts are particularly suitable
for the synthesis of metal salts, as they can be reacted with
corresponding metal bases (Scheme 58, eq. 1). The potas-
sium salt can be converted into the BMIm salt in a mixture
of H,0/CH,Cl, at 298 K. Thermal treatment of
[R;NH],[Si(CN)¢] results in the liberation of HCN, free amine
and Si(CN), (Scheme 58, eq. 3) (Harloff et al., 2019Db).

Functionalized imidazolium cations were combined
with the hexacyanidosilicate anion by salt metathesis re-
actions with K;[Si(CN),], whereby ionic compounds of the
general formula [R-Ph("Bu)Im],[Si(CN)¢] (R = 2-Me, 4-Me,
2,4,6-Me = Mes, 2-MeO, 2,4-F, 4-Br; [Im]* = imidazolium). All
synthesized imidazolium hexacyanidosilicates decompose
when thermally treated above 368 K (369-437 K). Further-
more, the hexa-borane adduct [Mes("Bu)im],{Si[CN-
B(CgFs)sle}+6 CH,C, (Figure 33), which is thermally stable up

H,0
(1) [R3NHI,[SI(CN)g] + 2 MOH T My[Si(CN)s] + 2NR3 + 2 H,0
) H,0/CH,Cl, )
(2) Ky[Si(CN)g] + 2[BMIm]Br 208 K [BMIm],[Si(CN)s] +  2KBr
A ) Scheme 58: Synthesis of salts bearing the
3) ["PrsNHL[Si(CN)g] ——————>= Si(CN)y + 27PrsN + 2HCN  [gi(cN) > ion (Harloff et al., 2019b).
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Figure 33: Molecular structure of the {Si[CN-B(C4Fs)s]¢}*™ anion
(Harloff et al., 2020a).

to 488 K, is obtained from the reaction of [Mes("Bu)
Im],[Si(CN)g] with Lewis acid B(CgF5); (Harloff et al., 2020a).

Germanium

While germanium monocyanide and its ions have exclu-
sively been studied theoretically (Petrie, 1999b; Wang
et al., 2005), germanium(II) and germanium(IV) cyanide

DE GRUYTER

have been prepared successfully (Bither et al., 1958;
Bundhun et al., 2012; Menzer, 1958; Onyszchuk et al.,
1986). Recently, salts containing the [Ge(CN)g]*” anion were
prepared (Smallwood et al., 2019).

Germanium monocyanide GeCN

S. Petrie examined trends of the main group elements of the
third row and noted that GeCN is linear and the stable
isomer in contrast to the lighter third row element mono-
cyanides. Additionally, the barrier of isomerization ap-
pears to be lower compared to the corresponding
potassium, calcium and gallium compounds.

Furthermore, they calculated the germanium cyanide
cation and documented that its characteristics are com-
parable to those of isoelectronic GaCN in terms of the mo-
lecular geometry and the more stable isocyanide isomer
(Petrie, 1999b). These results were confirmed by Q. Wang
et al. in a detailed study concerning exclusively GeCN and
its ions in 2005. According to their results, the cyanide
species is the favored isomer of the anionic compound. A
triplet state is documented for the anion while the singlet
state of the isocyanide species is energetically favored by
the cation (Wang et al., 2005). Selected calculated values
are given in Table 43.

1

Table 43: Computational data of GeCN, its isomer and the cationic and anionic species (bond lengths in A; wave numbers in cm™; energiesin
k) mol™).
Publication Method + basis set Compound rGe-x re-n Ven AE,.
Petrie (1999b) MP2(full)/6-31G* GeCN 1.996 1.148 - -
GeNC 1.774 1.189 - -
[GeCN]* 1.909 1.199 - -
[GeNC]* 1.798 1.219 - -
Wang et al. (2005) B3LYP/6-311G(d) GeCN 1.9593 1.1648 2178 0.00
GeNC 1.8773 1.1857 2039 21.48
'[GeCN]* 1.9211 1.1658 2227 800.9
3[GeCN]* 1.9590 1.1682 2123 1115.28
[GeNC]* 1.7949 1.2060 1975 780.21
3[GeNC]* 2.0411 1.1630 2091 1050.09
[GeCN]” 1.9843 1.1733 2089 -100.06
3[GeCN]™ 2.0063 1.1703 2113 -182.50
'[GeNC]” 1.9629 1.1808 2037 -49.95
3[GeNC]™ 1.9925 1.1771 2077 -137.75
QCISD/6-311G(d) GeCN 1.9738 1.1732 2140 -
GeNC 1.8846 1.1907 2045 -
'[GeCN]* 1.9203 1.1734 2194 -
3[GeCN]* 2.0147 1.1778 2072 -
![GeNC]* 1.7882 1.2102 1978 -
3[GeNC]* 2.3799 1.2534 1745 -
1[GeCN]” 2.0185 1.1771 2111 -
3[GeCN]™ 2.0362 1.1771 2094 -
[GeNC]” 2.0016 1.1839 2072 -
3[GeNC]™ 2.0218 1.1829 2075 -
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Germanium dicyanide Ge(CN),

J. Satge and co-workers reported the successful synthesis of
germanium dicyanide Ge(CN), among other germanium(II)
pseudohalogens in 1986 by different synthetic routes
following Scheme 59 (Onyszchuk et al., 1986).

In contrast to the exchange reaction using trime-
thylsilyl cyanide TMS-CN, the reaction of germanium
diiodide and silver cyanide leads to the highest yields
(80%), but also the use of mercury(Il) dicyanide is possible.
After removal of the solvent the product is obtained as a
viscous liquid being very sensitive to moisture and
showing a dominant absorption band at vcy = 2090 cm™
assigned to the cyanide stretching mode. The authors
also reported further experiments carried out on Ge(CN),
including cycloadditions, insertion reactions or formation
of Lewis acid-base complexes being so far the only exper-
imental study on the preparation and chemical behavior of
Ge(CN), (Onyszchuk et al., 1986). A theoretical study by H.
F. Schaefer and co-workers highlighted germanium dicya-
nide and investigated isomers and electronic states which led
to the perception that the dicyanide isomer in the singlet
ground state is energetically favored. The Ge-C bond length
was calculated as rge_c = 1.970-2.005 A (MP2, BLYP) and the
bond length of the cyanide group as rc_y = 1.156-1.196 A
(BHLYP, MP2). Additionally, the cation (doublet ground state,
Tge_c = 1.890 A, rc_y = 1.176 A, B3LYP) and anion (doublet
ground state, rg,_c = 2.022 A, rc_y = 1.178 A, B3LYP) of Ge(CN),
were calculated (Bundhun et al., 2012).

Germanium tetracyanide Ge(CN),

In 1958, two independent reports were published describing
the preparation of germanium tetracyanide Ge(CN),. W.
Menzer converted the germanium tetraiodide with silver
cyanide while T. A. Bither et al. utilized germanium chloride
and trimethylsilyl (iso)cyanide (Scheme 60) (Bither et al.,
1958; Menzer, 1958).

Gel, + 2 AgCN —» Ge(CN),
GeF, + 2TMS-CN — > Ge(CN),
Gely + 4 AgCN —— > Ge(CN),
GeCly, + 4TMS-CN — > Ge(CN),

A. Schulz and J. Surkau: Main group cyanides = 109

The products were described as hygroscopic and
insoluble in several solvents. The decomposition occurred
by heating as well as immediately at air forming hydrogen
cyanide (Bither et al., 1958; Menzer, 1958). With the
exception of an elemental analysis reported by T. A. Bither
and co-workers, no analytical identification of the mole-
cule has been performed and no further studies have been
published since these early reports.

Hexacyanidogermanate [Ge(CN)¢]*~

The [PPN]* salt with [Ge(CN)¢]*” counterion has been syn-
thesized, isolated, and fully characterized in the reaction of
(PPN)CN and GeCl, (Smallwood et al., 2019). However,
more forcing conditions are required for the final reaction
step [Ge(CN)sCl]* + CN™ — [Ge(CN)g]* + CI". In order to
complete the C17/[CN] -exchange, the chloride-containing
product was further treated with NaCN in MeCN to give
[PPN],[Ge(CN)g] after re-crystallization. [PPN],[Ge(CN)¢] is
moderately air sensitive and dissolves readily in polar
aprotic solvents without noticeable dissociation.

Tin

Although tin halides are well known and organotin com-
pounds are applied in organic syntheses, the cyanide com-
pounds have been object of only a few studies. Whereas tin
dicyanide Sn(CN), was prepared and analyzed by Mdssba-
uer spectroscopy, tin tetracyanide Sn(CN), was applied as a
starting material but not characterized (Harrison, 1972;
Harrison and Stobart, 1973; Jung et al., 2010; Renz et al.,
2009a). Recently, salts containing the [Sn(CN)¢]> anion
were prepared (Smallwood et al., 2019).

Tin dicyanide Sn(CN),

Whereas tin(II) halides are well known, tin(II) cyanide,
Sn(CN),, has not been studied intensively. So far, only two

+ 2 Agl Scheme 59: Ge(CN), received by silver
cyanide or exchange reaction using

+ 2 TMS—F trimethylsilyl cyanide (Onyszchuk et al.,
1986).

+ 4 Agl
Scheme 60: Synthesis of Ge(CN),using

+ 4 TMS—CI germanium tetrahalides (Bither et al., 1958;

Menzer, 1958).
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reports by P. G. Harrison from 1972 to 1973 are available
(Harrison, 1972; Harrison and Stobart, 1973). The synthesis
was achieved by protolysis of dicyclopentadienyl tin(II)
with hydrogen cyanide to give a colorless, air sensitive
solid with absorption bands at vey = 2168 cm™ and
Ven = 2179 cm™ in the IR spectrum (Scheme 61) (Harrison,
1972; Harrison and Stobart, 1973). It should be noted that
the carbodiimide Sn(CN,) has been isolated from the solid-
state metathesis reaction between equimolar amounts of
Li,(CN,) and SnCl, (L6ber et al., 2019).

Tin tetracyanide Sn(CN),

Similar to the tin(II) compound, tin(IV) cyanide Sn(CN),
has not been studied intensively as well. F. Renz et al.
published two reports on the investigation of pentanuclear
clusters with tin tetracyanide as bridging unit between iron
complexes. The Sn(CN), was reported to be accessible by
conversion of tin(IV) chloride and potassium cyanide
(Scheme 62) (Jung et al., 2010; Renz et al., 2009a).

An adduct of Sn(CN), was obtained in the reaction of
SnF, with an excess of TMS—CN resulting in the formation
of Sn(CN),-2 MeCN (Smallwood et al., 2019).

Hexacyanidostannate(IV) [Sn(CN)¢]>~

As early as 1987, K. B. Dillon et al. studied the reaction of
SnX, (X = CI, Br") with ["Bu,N]CN but failed to isolate
["Bu,N][Sn(CN),] as they found always cyanohalogenos-
tannates(IV) of the type ["Bu,N],[SnX,,(CN),] (m + n = 6).
However, on the basis of ”Sn NMR studies a resonance at
ca. -917 ppm was assigned to the [Sn(CN)g]* ion in solution
(Dillon and Marshall, 1987). In 2019, P. Portius and co-
workers described the synthesis of [PPN],[Sn(CN),] from
Sn(CN),-2 MeCN (see above) and an excess of [PPN]CN
(Scheme 63). The vy stretching modes of the slightly dis-
torted octahedral anion (rs, ¢ = 2.06(1) — 2.10(1) A) were

Sn(Cp), + 2 HCN —— > Sn(CN), + 2 HCp

Scheme 61: Synthesis of Sn(CN), by protolysis (Harrison, 1972;
Harrison and Stobart, 1973).

SnCly + 4 KCN Sn(CN), + 4 KClI

Scheme 62: Synthesis of Sn(CN), by F. Renz et al. (Jung et al., 2010;
Renz et al., 2009a).

NCMe
NC,. | .CN 2[PPNICN

n
NC” | YCN -2 MeCN
NCMe

2 MeCN
SnF, + 4 TMS—CN
-4 TMS-F
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found at 2157, 2153, 2146 cm ! in the solid and at 2157.3 cm ™!
in solution (Smallwood et al., 2019).

Lead

Except for the observations by R. M. Kroeker and J. Pacan-
sky of Pb(CN), formed by treating a magnesium layer,
which has a monolayer of cyanoacetic acid and is coated
with lead, with an electron beam, there is just one article
reporting the quantitative formation of lead dicyanide by
treatment of lead dihydroxide with an excess of potassium
cyanide (Herz and Neukirch, 1923; Kroeker and Pacansky,
1982). But a retry of this reaction in an aqueous system led
to a mixture of Pb(CN), having two distinct signals in a
Raman spectrum (v = 2057 cm™ and v = 2085 cm™) and a
lead compound containing nitrate and hydrogenoxide,
where the isolation of lead dicyanide in quantitative
amounts was not possible (Schulz et al., 2021). In a US
patent from 1954 the synthesis of Pb(CN), is described:
Pb(CN), is prepared by heating a dialkyllead dicyanide,
such as diethyllead dicyanide, at 393-533 K. After subli-
mation a solid material, Pb(CN),, was isolated (Shapiro
et al., 1954).

Astonishingly, also in the CCSD data base there is no
entry of Pb(CN),. The only known and structurally char-
acterized ternary Pb—C-N compounds are lead tricyano-
methanides Pb[C(CN);], (Deflon et al.,, 2006), lead
dicyanamide Pb[N(CN),], (Jiirgens et al., 2002), and lead
cyanamide Pb[NCN] (Zhao et al., 2018), which were syn-
thesized from salt metathesis reactions of PbCl, with
Ag[C(CN);], Na[N(CN),] or Ag,[NCN].

5th Main group

The 5th main group is dominated by trisubstituted homo-
leptic cyanides due to the characteristic oxidation states
(II1) and (V) of the later elements.

The most important pnictogen monocyanides are ni-
trogen and phosphorus monocyanide, which are triplet
biradicals. Die P-Cbond is elongated and smaller in energy
compared to the N-C bond, which leads to no formation of
the nitrene configuration and the cyanide group is char-
acterized by a triple bond. This is confirmed by shortened
bond lengths and increased wave numbers of the stretch-
ing mode.

[PPNI2[Sn(CN)e] Scheme 63: Synthesis of [PPN],[Sn(CN)]

(Smallwood et al., 2019).
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The pnictogen dicyanides are also dominated by ni-
trogen and phosphorus dicyanide. The differences of these
two compounds mainly base on the various electronega-
tivities. Hence, the central nitrogen atom of the dicyana-
mide anion has a significant negative charge, while the
phosphorus atom has a positive charge. On the other hand,
the dicyanamide anion is characterized by an angle of 120°
indicating sp>hybridization while the phosphorus species
shows an angle of about 90° pointing to a square planar
structure.

In regard to the pnictogen tricyanide compounds, the
increase of the period of the central atom leads to a
decrease of hybridization, to an increasing wave number of
the stretching mode of the cyanide groups and to a
decreasing angle between the cyanide groups. The dimin-
ishment of the angle is analogous to the less coordinated
pnictogen cyanide compounds, while the increase of the
wave number is contrary to the trends of the pnictogen
mono- and dicyanides.

R. Dronskowski et al. investigated in detail the in-
teractions in [E(CN)s],, (E = N-Sh, n = 1-3 and o) by means
of computations. They found a significant preference for
chain-like structures over molecular units (such as mono-
mers, dimers or trimers) the heavier the pnictogen E. In
addition, evidence of cooperativity in chains of pnictogen-
linked E(CN); species is discussed. It is assumed that the
pnictogen bonds are strengthened by such a cooperative
effect (George et al., 2014).

Nitrogen
Cyanonitrene NCN and its ions

Many publications of cyanonitrene were published in the
middle of the twentieth century (Milligan et al., 1965). The
synthesis can be carried out as a photolysis of cyanogen
azide using UV light at wavelengths of 280-300 nm or as a
thermal decomposition (Scheme 64) (Dammeier and Frie-
drichs, 2010).

hv /A
NCN, — NCN + N,
M
Scheme 64: Synthesis of cyanonitrene by photolysis or thermal
decomposition (Dammeier and Friedrichs, 2010).
:N=C—-N": - :N=C=N": -
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On that way H. Okabe and A. Mele could determine,
that the bond dissociation energy of the N-CN3 bond is
A(NCN3) = (414.5 + 20.9) k] mol™ and the standard forma-
tion enthalpy is AdH°(NCN) = (481.5 + 20.9) k] mol ! (Okabe
and Mele, 1969). In 1997, G. B. Ellison and co-workers
published another synthetic route of cyanonitrene in terms
of a radiation of cyanamine using oxide ion chemistry. The
formed cyanonitrene anion is separated and photo-
detached by light of a CW Ar III ion laser with a wavelength
of A = 351.1 nm. The removed photoelectrons are focused
and detected by passing them through an energy analyzer.
The electron affinity of the radical is calculated from its
photoelectron spectra and the determined thermochemistry
compared to computational results (Clifford et al., 1997).

The supposed occurrence in interstellar matter and
the radical structure of the cyanonitrene led to many
theoretical studies of the molecular structure (Armstrong
et al., 2000; Blanksby et al., 2000; Jiang et al., 2003;
Schiavon et al., 2012; Yang et al., 2011). A. G. Anastassiou
and H. E. Simmons reported a triplet ground state of
cyanonitrene, which is lower in energy in contrast to three
possible singlet states due to repulsion considerations
and described by three mesomeric structures (Figure 34).
Furthermore, they argued, the two unpaired electrons
should be distributed among two degenerated, orthog-
onal molecular orbitals (Anastassiou and Simmons,
1967). In addition, experimental and computational
values of the cyanonitrene and its isomers are compared
in Table 44.

Dicyanamide [N(CN),]”

In 1922 W. Madelung and E. Kern published their studies on
the synthesis and properties of dicyanamides (Madelung
and Kern, 1922a; Madelung and Kern, 1922b). The consid-
eration of properties was based on the diagonal relation-
ship of the periodic table of elements and could be
confirmed by them. Sodium dicyanamide can be techni-
cally prepared by introducing gaseous cyanogen chloride
into a mixture of sodium hydrogencyanamide and sodium
hydroxide solution, according to a patent by F. Thal-
hammer and H. Trautz in 2000 (Scheme 65) (Thalhammer
and Trautz, 2000).

As early as 1922, W. Madelung and E. Kern recognized
that sodium dicyanamide at “dark red heat” trimerizes to
trisodium tricyanmelaminate (Scheme 66). In 1997, the

. N—CEN .

Figure 34: Lewis representation of the triplet
ground state of cyanonitrene (Anastassiou and
Simmons, 1967).
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Table 44: Experimental and computational values of cyanonitrene (bond lengths in A; wave numbers in cm™; electron affinity (Ea) in eV).

Compound  Exp./calc. reon Ven Ep

[NCN]™ B3LYP/6-31 + G(d) 1.2404 (Blanksby et al., 2000) - -

NCN Exp. — LES, IR, NIPS  1.230944(14) (Beaton et al., 1996) 1197 (Milligan and Jacox, 1966)  2.484 (Clifford et al., 1997)
B3LYP/6-31 + G(d) 1.2341 (Blanksby et al., 2000) - 2.50 (Blanksby et al., 2000)

[NCN]* B3LYP/6-31 + G(d) 1.2377 (Blanksby et al., 2000) - -

Na[HNCN] + NaOHgq) + CICNgG ———> Na[N(CN),] + NaCl + Hp0 Scheme65: Synthesis of NalN(CN),]
(Thalhammer and Trautz, 2000).
® ®
M .-N-. N .-N-. M

‘1, N///C/@\CI:I/ \\q/e\c\\\N
3 M® :.N\@ 533-673 K . N\C//N

C\ | @

Y ® NS o

N M «« Cxs Scheme 66: Trimerization of M[N(CN),]
~N (Purdy et al., 1997).

group of A. P. Purdy studied the preparation and properties
of lithium dicyanamide. In the cause of this study they
discovered a trimerization reaction, which was investi-
gated thermoanalytically for the first time (Purdy et al.,
1997). A. P. Purdy and co-workers were able to show,
among other things, with DSC measurements that the so-
dium dicyanamide trimerizes in the temperature range of
553-673 K and the lithium dicyanamide trimerizes in the
temperature range of 533-653 K. In a series of papers, W.
Schnick and co-workers confirmed the assumptions of W.
Madelung and E. Kern and the data of A. P. Purdy et al. on
the trimerization of sodium dicyanamide (Irran et al., 2001,
2002; Jiirgens et al., 1998, 2000, 2001, 2002, 2005; Lotsch
et al., 2004).

Furthermore, this work of W. Schnick and co-workers
provided many interesting results on sodium dicyanamide
(including IR data, DSC measurements on a reversible
phase transition and powder diffractograms of the both
phases), on its trimerization (including DSC measure-
ments on the irreversibility of this solid reaction) and on
the trisodium tricyanmelaminate (including a powder
diffractogram of the anhydrous compound, a powder
diffractogram, and a single crystal X-ray structural anal-
ysis of the trihydrate). Another 2001 publication of the
group of W. Schnick on the preparation and properties of

Na,[NCN] +

BICN ——» Na[N(CN),] +

potassium dicyanamide and rubidium dicyanamide was
concerned with the trimerization to tripotassium tri-
cyanmelaminate and to trirubidium tricyanmelaminate,
respectively (Scheme 66) (Irran et al., 2001). W. Schnick
and co-workers described, among other things, that the
potassium dicyanamide melts at 505 K, in the temperature
range of 583-703 K its anions trimerize, and the melt
solidifies during the formation of the tripotassium tri-
cyanamide. For rubidium dicyanamide W. Schnick and
co-workers found a melting point of 463 K and a temper-
ature range of 533-643 K for the trimerization of its an-
ions, although here, too, the melt solidifies. The cesium
dicyanamide was already characterized by P. Starynowicz
in 1991 by a single crystal X-ray structure analysis (Star-
ynowicz, 1991). With the strong Lewis acid B(C¢Fs);, both
dicyanamide, [N(CN),]", and its trimer tricyanomelami-
nate, [C3N5(NCN);>~ form stable adduct-anions, {N
[CN-B(CcFs)3],}” and {CsN3[NCN-B(C4Fs)s]sF (Bernsdorf
et al., 2009b; Voss et al., 2011).

Lab synthesis of dicyanamides usually begins with
commerically available disodium cyanamide, Na,[NCN],
which is treated with cyanogen bromide in an aqueous so-
lution and the solvent is then removed by distillation
(Scheme 67). It should be noted that the reaction of cyanogen
bromide and cyanamide (H,NCN, monomer of melamine)

Scheme 67: Synthesis of the sodium salt of

NaBr dicyanamide (Madelung and Kern, 1922a).
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does not lead to the expected product. The cyanamide is
stable in aqueous solution, tends to oligomerize and acts as
acid (Madelung and Kern, 1922a).

In 1964, H. Kohler analyzed IR spectra of the sodium
dicyanamide and different dicyanamide complexes and
found for Na[N(CN),] a stretching mode for vcy = 2179 cm ™!
(Kohler, 1964). Further studies on the dicyanamide anion
in different salts, its symmetry and behavior in IR light were
published by M. Kuhn and R. Mecke (Table 45) (Kuhn and
Mecke, 1961a). On the basis of the IR active modes they
could confirm a bent structure of C,, symmetry with a
partial double bond character within the N-CN unit indi-
cating the importance of mesomeric structures in the Lewis
picture (Figure 35).

H. Kohler et al. studied potassium dicyanamide and
determined its structure experimentally (Table 46) (Kohler
et al., 1977).

Computed data (B3LYP/6—311++G**) (Schalley et al.,
1998) of the dicyanamide anion, [N(CN),]”, the neutral
radical, [N(CN),], and the cation, [N(CN),]* are summa-
rized in Table 47 indicating that the loss of electrons in-
creases the enthalpy of formation while the zero-point
vibrational energy (ZPVE) decreases.

The experimental and computational vibrational
spectra of sodium dicyanamide were analyzed by M K.

Table 45: IR data of different metal dicyanamide salts (wave
numbers in cm™*) (Kuhn and Mecke, 1961a).
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Table 47: Total energy E;;, ZPVE (in Hartree) and formation enthalpy
(&H in k) mol™) of the dicyanamide anion, radical and cation (Eg
calculated using B3LYP/6-311 + G**) (Schalley et al., 1998).

Compound Eior. ZPE AH
[N(CN),]~ -240.4649 0.0211 23.0
[N(CN),] -240.3366 0.0192 360.1
[N(CN),]* -239.9035 0.0189 1498.0

Georgieva in 2005 showing good agreement to calculated
data (Table 48). As illustrated by a population analysis, the
negative net charges are found at all nitrogen atoms with
a slightly more negative charge on the central N atom
(~0.72e), while a positive charge of + 0.94e sits on both
carbon atoms (Figure 36) (Brand et al., 2009).

In 2009, N. Carrasco et al. repeated the formation of
Titan’s (moon of the Saturn) tholins (see 2.7 [HCNH]* cation
and the [H(HCN),|* cluster ion series), which is a polymeric
mixture of high-nitrogen carbon compounds discovered on
Titan for the first time (Sagan and Khare, 1979), when they
could detect dicyanamide. In that experiment plasma radio
frequency discharges are initialized in an atmosphere of
nitrogen and methane. The formed products were investi-
gated spectroscopically using IR spectroscopy, mass spec-
trometry and scanning electron microscopy. Characteristic
mass-charge ratios are m/z = 66.01 of the dicyanamide ion as
well as m/z = 40.01 and m/z = 26.00 of the fragments [NCN]™
and [CN]", respectively (Carrasco et al., 2009).

Compound Na* Ag' Cut Cu*  Hg™ Pb%* In addition, D. Ergé¢cmen and J. M. Goicoechea prepared
v 2179 2183 2247 2203 2165  2125/60 the heavier homologue of the dicyanamide, the cyapho-
VS ey 2232 2227 2283 2273 2251 2217 cyanamide anion [N(CN)(CP)]". Sodium phosphanide was
added to the N-precursor dimethyl-N-cyanocarbonimidate
N o Table 48: Experimental and computational IR data of Na[N(CN),]
2 7, //N (wave numbers in cm™).
/ . C
N\b * > NO * > N Publication Exp./calc. V™ N VSN
\
\\N W N Georgieva and Binev (2005) Exp. - IR 2179 2232
o.. MP2/6-31G* 2183 2199
B3LYP/6-31G* 2209 2186
Figure 35: Mesomeric structures of the dicyanamide anion.
Table 46: Experimental and computational bond length (in R) and bond angles (in°) of the dicyanoamide radical, anion and cation.
Compound Exp./calc. reon I'n_cN < (C-N-0) < (N-C-N)
[N(CN),I™ Exp. - XRD™ (Kohler et al., 1977) 1.155/1.145 1.304/1.317 120.8 172.6/172.9
[N(CN),]~ B3LYP/6-311++G** (Schalley et al., 1998) 1.180 1.315 122.6 173.4
[N(CN),) B3LYP/6-311++G** (Schalley et al., 1998) 1.182 1.302 124.1 173.1
[N(CN),I* B3LYP/6-311++G** (Schalley et al., 1998) 1.198 1.280 130.9 171.8

llAs potassium salt.
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q(N) = -0.72
q(N) = -0.58

Figure 36: Negative partial charge distributation of the
dicyanamide ion (Brand et al., 2009).

leading to the sodium salt Na[N(CN)(CP)] and two equiva-
lents of methanol (Scheme 68) (Ergécmen and Goicoechea,
2021).

Nitrogen tricyanide N(CN);

Although N(CN); is a very simple molecule, it is unknown.
On the one hand, this is due to the lack of suitable pre-
cursors, and on the other hand to the well-known isomeric
equilibrium with the dicyano-carbodiimide (Scheme 69),
which is very unstable with regard to oligomerization or
polymerization. While tricyanamine has so far been elusive
and has only been investigated theoretically (Riggs and
Radom, 1985; Williams and Damrauer, 1971), there are
experimental, i.e. spectroscopic, indications of the exis-
tence of dicyano-carbodiimide at very low temperatures
(Ar matrix). However, it must be pointed out that the ex-
istence could not be confirmed in subsequent experiments
(Sato et al.,, 2003, 2004). Although tricyanamine was
mentioned by E. C. Franklin in his book “The Nitrogen
System of Compounds” (Franklin, 1935), tricyanamine or
its structural isomer dicyano-carbodiimide have only be
observed as short-lived intermediates and all published
procedures so far are of little preparative use.

In 2007, P. Politzer and co-workers published calcu-
lations dealing with directed, covalent bonds of molecules

_N._..OMe [18]-crown-6
NT © + NaPH, [[18]-crow
OMe — 2 MeOH
Ny -N
“Cy© ©o ® ® o
é —_— N=C=N=C=N=C=N
Kjl
tricyanamine dicyano-carbodiimide
N\\ /,N :”@ -,
e L7 Nsc@ oM N
I D S ’}l e S
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RX3 including nucleophiles and central atoms of the 5th
main group, which led to the o-hole concept. The geometry
and electrostatic potential of N(CN); was optimized using
DFT calculations. The ability for induction and resonance
leads to a strong electron-withdrawing character of the
cyanide group resulting in a planar structure of N(CN)s. The
length of the carbon-nitrogen bond was found of 1.365 A
(B3PW91/6-31G**) indicating a distinct double bond char-
acter, which was confirmed by NBO analysis. The hybrid-
ization of the central nitrogen atom is sp® and it possesses a
2p orbital, which is orthogonally orientated to the molec-
ular plane (Figure 37) (Murray et al., 2007a).

Polymerization of N(CN); formally leads to (C3N,)y. As
previously explained for graphitic g-(C3N,) (see 6.1.6
Graphitic carbon nitride (g-C5N,)), the single-source
concept is probably the most promising for attempts to
produce a metastable carbonitride. This means that a
reactive molecular precursor would be used, which can be
condensed into a three-dimensional composite via the
polymer intermediate stage. The simplest molecule with
the right composition is the hypothetical tricyanamine
N(CN);, which is in equilibrium with dicyano-carbodiimide
NC-N=C=N-CN via the well-known amine-imide structural
isomerism (Scheme 69).

Phosphorus

Based on typical oxidation states of phosphorus, especially
compounds with three and five substituents, such as PCl;
and PCls, are known. Accordingly, the phosphorus tricya-
nide is known, which is also probably the best-known

Scheme 68: Synthesis of the cyapho-
cyanamide anion [N(CN)(CP)]™ (Ergdgmen
and Goicoechea, 2021).

n-6-Na][N(CN)(CP)]

(C3Nyg)x

labile with respect
to polymerization

Scheme 69: Isomerism between
tricyanamine and dicyano-carbodiimide.
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Figure 37: Lewis representations of the nitrogen tricyanide (Murray et al., 2007a).



DE GRUYTER

phosphorus cyanide compound, while the phosphorus
pentacyanide P(CN); has not yet been studied in as much
detail as P(CN)s. The reason for this is the redox instability
of P(CN); with regard to the release of cyanogen, (CN).. It is
known that CN ligands have a comparatively low oxidation
potential, which is reflected in the low thermal stability of
P(CN);, which easily releases cyanogen at room tempera-
ture to form P(CN);. Also, the related [P(CN)g]™ ion, on the
other hand, is presumably stabilized by hyperconjugation.
However, the synthesis of the [P(CN)¢]™ ion using conven-
tional methods from (fluoro)phosphorus precursors is
complicated by an affinity of P(CN)s for F~ (590 kJ mol™),
which is far greater than that for [CN]” (198 kJ mol™) and
could not be realized so far (Blasing et al., 2016b; Bresien
et al., 2015b; Smallwood et al., 2019).

Cyanophosphide PCN

The synthetic route often bases on an ac discharge in
a mixture of gaseous starting materials, for example a
dilute mixture of red phosphorus vapor and cyanogen
(p = 1.33 Pa) in presence of argon gas (p = 4.67 Pa). But the
use of phosphorus trichloride or phosphine in flash
photolysis as phosphorus precursors in an atmosphere of
nitrogen is also possible (Scheme 70) (Basco and Yee,
1968a; Halfen et al., 2012).

The existence of small phosphoric molecules in inter-
stellar matter inspired A. Largo et al. to carry out theoretical
studies on PCN and its isomer PNC and also their ions. The
ground state of both linear isomers is >%", the C-N bond
length is not affected and very similar to the cyanide
radical and also the P-N bond has a typical length of a
single bond. In contrast to the isovalent CN,, the bond
lengths of PCN are less affected by mesomeric effects. The

hv

PH; + (CN), + N, ——» PCN

Scheme 70: Flash photolysis of PCN using phosphine, cyanogen
and nitrogen gas (Basco and Yee, 1968a).
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two unpaired electrons are also mainly located at the
phosphorus atom. Furthermore, a nitrene isomer with a P—
C triple and a C—N single bond is not located as a minimum
structure, which is a consequence of the high bond energy
of the C-N triple bond (AgH = 888 kJ mol™) in contrast to a
C-P triple bond (AgH = 515 k] mol ™). The proton affinity of
the phosphorus atom is 541.8 k] mol ', the proton affinity of
the nitrogen atom of PCN is 752.8 k] mol™ (Largo and
Barrientos, 1991; Pham-Tran et al., 2006) (Table 49).

Dicyanophosphide [P(CN),]

Dicyanophosphide, [P(CN),]", is well described (Harloff
et al., 2020b; Schmidpeter and Zwaschka, 1977a, 1977b;
Schmidpeter et al., 1985a; Sheldrick et al., 1979). A.
Schmidpeter and F. Zwaschka first reported on the syn-
thesis and properties of the ion in 1977 (Schmidpeter and
Zwaschka, 1977a). [P(CN),]” is stable in the form of the
crown ether sodium salt both as a solid and in solution. The
preparation is carried out by reacting P(CN); with diethyl
phosphites, Na[PO(OEt),], and [18]-crown-6 in THF under
cooling to 253 K. In this case the product crystallizes with
crown ether and THF in ratio of 1:1:1 (Scheme 71). It is also
possible to use other alkali metal salts, for example KF, to
transform the P(CN); into its phosphide anion in presence
of crown ether. In all cases the crown ether is important to
stabilize the salt as solid or in solution (Schmidpeter and
Zwaschka, 1977a, 1977b; Schmidpeter et al., 1985a; Shel-
drick et al., 1979).

Another synthetic route is based on the degradation of
white phosphorus, P,, by the cyanide ion (as MCN salt). The
[CN] ion as a strong anionic nucleophile is able to generate
different PCN-ions in the presence of acetonitrile and stoi-
chiometric amounts of [18]-crown-6, but mainly the
[P(CN),]” can be isolated (Scheme 72). The observed dicya-
nophosphide salt [18]-crown-6-K][P(CN),] has an ortho-
rhombic crystal lattice with the space group Pna2;
(Schmidpeter et al., 1985a).

The crown ether is essential to increase the solubility of
the cyanide salt. The increasing dark-red color of the

Table 49: Experimental data of PCN and computational data of PCN and its cation (bond lengths in A; dipole moments y in D; wave numbers in

cm™).

Compound Exp./calc. p_c ren ] v Men

PCN® Exp. — MW (Halfen et al., 2012) 1.732(2) 1.167(2) - -
B3LYP/cc-pVTZ (El-Yazal et al., 1997) 1.7237 1.1697 2.68 2037
UHF/6-31G* (Largo and Barrientos, 1991) 1.724 1.174 2.42 1771

[PCN]* B3LYP/cc-pVTZ (El-Yazal et al., 1997) 1.6901 1.1783 3.67 2045
UHF/6-31G* (Largo and Barrientos, 1991) 1.675 1.193 3.85 2030

@Ground state >3~ of PCN.
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[18]-crown-6

P(CN), +
(CN)s THF

Na[OP(OEt),] Na[P(CN),]
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+ NCOP(OEt),

Scheme 71: Synthesis of dicyanophosphide using an alkaline diethylphosphite salt in presence of crown ether (Schmidpeter and Zwaschka,

1977a, 1977b; Schmidpeter et al., 1985a; Sheldrick et al., 1979).

[18]-crown-6

THF
353- 373K

",P, + 2MCN M[P(CN),]  + MI[P,,_1]

Scheme 72: Synthesis of the dicyanophosphide anion (M = [18]-
crown-6-Na, [18]-crown-6-K, NEt,, NBu,, N(PPhs),) (Schmidpeter
et al., 1985a).

reaction mixture indicates the reaction process due to the
formation of polymeric phosphides. Though the ratio n/2 of
phosphorus and cyanide determines the formation of the
polymeric phosphide, but the largest observed phosphide
has the index n = 16 which corresponds with the best stoi-
chiometry (Scheme 73). A higher ratio leads to free cyanide
anions and a smaller ratio means unreacted phosphorus.
Furthermore, the formation of different phosphides (n < 16)
hinders the isolation of the pure salt M[P(CN),] (Schmidpeter
et al., 1985a). It is also possible to influence the equilibrium
between phosphorus and dicyanophosphide on one side
and phosphorus tricyanide/polyphosphides on the other
side to increase the amount of the dicyanophosphide anion
(Scheme 73). In this context, A. Schmidpeter et al. reported a
strong influence of different nucleophiles on the equilib-
rium. For example, X = [CN]" led to a shift to the left side, but
in case of X = H™ a shift to the right side was observed
(Schmidpeter et al., 1985a).

In 2018, L. B. Macdonald and co-workers published a
new approach to the dicyanopnictides [E(CN),]” (E =P, As).
Similar to an approach reported by A. Schmidpeter the
phosphino ligand bis(diphenylphosphino)ethane (dppe)
in [dppeE][BPh,] (E = P, As) was displaced by cyanide

-
~——

Py +  3[PCN)° Pril®® + 2P(CN)

Scheme 73: Equilibrium of dicyanophosphide [P(CN),]”
(Schmidpeter et al., 1985a).

ligands using tetraphenylphosphonium cyanide [PPh,]CN
as cyanide source (Binder et al., 2018).

In the crystal the nitrogen atoms of the cyanides are
aligned towards the cation, but the phosphorus atom is
not, which leads to bent cyanide groups as shown in
Table 50. Dicyanophosphide is angled, in crystalline [[18]-
crown-6-K][P(CN),], the nitrogen of the CN group co-
ordinates to the K* ion so that zigzag P-C-N---K--N-C-P
chains are present in the crystal (Schmidpeter et al., 1985a).
The calculated negative net charge (C: —0.16; N: —0.36) is
delocalized on the cyanide group corresponding to the
shortened P-C bond and widened C-P-C angle in contrast
to the P(CN);, whereas the phosphorus has a slightly pos-
itive net charge of +0.05 (Figure 38). Due to the high
negative charge on the nitrogen atom, the anion co-
ordinates to cations via nitrogen (Sheldrick et al., 1979).

In *'P NMR spectra the shift of the phosphorus in
dicyanophosphides (§ = —193 ppm) is nearly independent
of the solvent and the cation (Schmidpeter and Zwaschka,
1977b). With regard to >C NMR spectra the chemical shift of
the carbon is at about § = 132.1 ppm with a coupling con-
stant of J*'P-C) = 106.2 Hz, which is similar to organic
nitriles (Schmidpeter et al., 1985a).

Only recently it was found that salts containing the
phosphaethynolate anion, [OCP], react with HCN, leading
to the formation of the dicyanophosphide anion in a pre-
viously unknown decomposition process. In the case of
[PPN][OCP], for example, the reaction with pure HCN as
reaction medium and solvent led to the decomposition of
the phosphaethynolate anion and finally to the formation
of [PPN][P(CN-HCN),] (Figure 39). This is an exergonic

q(P) = +0.05
q(C) =-0.16
q(N) = -0.36

TPl
-C° Cs
N? SN.

Figure 38: Calculated net charges of dicyanophosphide (Sheldrick
et al., 1979).

Table 50: Experimental and computational data of [[18]-crown-6-Na][P(CN),] (bond lengths in A; angles in °; wave numbers in cm™).

Exp./calc. rp_c (Sheldrick rc_n (Sheldrick < (C-P-C) (Shel- < (P-C-N) (Shel-  v*™cy (Schmidpeter  v**¢y (Schmidpeter
et al., 1979) etal., 1979) dricketal.,, 1979) drick et al., 1979) et al., 1985a) et al., 1985a)

Exp. - 1.76(2)/1.72(2) 1.155 95.0(10) 169(2)/175(2) 2120 2097

XRD, IR

STO-3G 1.77 1.16 94.7 175.3 - -
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process according to calculations (A,G° = -35.8 kcal mol ™).
It was assumed that formaldehyde is formed as a by-
product according to the following reaction equation:
[PCO]” + 4 HCN — [P(CN-HCN),|™ + H,CO. Its [PPN]*-salt
crystallized in the form of an HCN solvate with the forma-
tion of a bent [P(CN-HCN),|™ anion (Figure 39) (Blising
et al., 2020).

Dicyanophosphide can be regarded as a pseudohalide;
accordingly, P(CN); could be described as an inter-
pseudohalogen compound. This is consistent with the
electrophilic transfer of the cyano radical to the dialkyl
phosphite in the course of the above-mentioned synthesis.

Phosphorus tricyanide P(CN);

The phosphorus tricyanide, P(CN);, which was first
mentioned by M. Cenedella in 1835 (Cenedella, 1835), is
widely characterized. However, the start of the chemistry of
phosphorus tricyanides dates back to 1863, when H. Hiib-
ner and G. Wehrhane described the isolation of “long,
snow-white needles or hexagonal plates of cyanophos-
phorus” (German: Cyanphosphor), P(CN);, in the reaction
of PCl; with three equivalents of AgCN at 393-413 K
(Scheme 74) (Hiibner and Wehrhane, 1863; Wehrhane and
Hiibner, 1864). In 1958, T. A. Bither et al. described the
isolation of the entire series of E(CN); (E = P, As, Sb and Bi)
obtained by treating pnictogen(Ill) chlorides ECl; with
three equivalents of TMS—CN in xylene under reflux con-
ditions. All these species were characterized from

Figure 39: Structure of the [P(CN-HCN),]™ ion in [PPN][P(CN-HCN),]
(color code: P =orange, N = blue, C = grey, H =white) (Bldsing et al.,
2020).

ampoule

PCI + 3 AgCN P(CN
3 g 393 - 413 K (CN)s
xylene
EX; + 3TMS-CN E(CN),
reflux
E =P, As, Sb, Bi
X=F, CI
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elemental analyses only (Bither et al., 1958). In 1964, K.
Emerson et al. carried out crystallographic studies on
monocrystals (Emerson and Britton, 1964), which were
synthesized by addition of phosphorus trichloride in
excess to silver cyanide in carbon tetrachloride under
reflux (Scheme 74) (Davies et al., 1976; Kirk and Smith,
1968).

This synthesis was significantly improved in 1971 by C.
E.Jones and K. J. Coskran (Jones and Coskran, 1971). When
reacting PCl; with AgCN in acetonitrile (MeCN) under a
nitrogen atmosphere, the reaction already proceeds at
room temperature within 2 h with good yield. Alternatively,
PBr; can also be reacted with AgCN in MeCN (Maier, 1963)
or diethyl ether (Et,0) (Dillon and Platt, 1982). Another
route is the reaction of phosphorus trichloride and
methoxydimethylsilyl cyanide (Krolevets et al., 1991)
achieving a 96.7% vyield of P(CN); in 10-25 min at
303-323 K.

The phosphorus tricyanide sublimes at 323-333 K at
normal pressure (Coskran and Jones, 1971). P(CN); is
moisture-sensitive and hydrolyzes to H;PO5; and HCN (Gall
and Schiippen, 1930). Work must therefore be carried out
under protective gas and in dry solvents. Suitable solvents
for P(CN); include MeCN, nitromethane (MeNO,) and
2-nitropropane (Wilkie and Parry, 1980) as well as dioxane
and benzene (Kirk and Smith, 1968). In solution, P(CN);
exists as a dimer or tetramer (Kirk and Smith, 1968). C. A.
Wilkie and R. W. Parry found that the phosphorus atom in
P(CN); can act as a Lewis acidic center (Wilkie and Parry,
1980). Due to the Lewis acidic character of the P atom, there
are a number of adducts of the form [P(CN);X]” (X=Cl~, Br",
I") (Dillon et al., 1982; Sheldrick et al., 1981).

The crystals of P(CN); have the shape of flat colorless
needles. The unit cell of the crystals is tetragonal (space
group I42d) with the parameters a = b = 14.00 A and
¢ = 10.81 A (Emerson and Britton, 1964). The P(CN); mol-
ecules are trigonal-pyramidal with approximate Cs, sym-
metry in tetragonal crystals. The P-C-N angles are slightly
bent and therefore smaller than 180°. O. Sala and co-
workers assumed packing effects for this rather surprising
bent PCN units (Miller et al., 1965). Having a closer look on
the environment of the phosphorus atom, there are three

3 AgCl

+ 3 TMS-X
Scheme 74: Synthesis of P(CN); (Davies
etal., 1976; Emerson and Britton, 1964; Kirk

and Smith, 1968).
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nitrogen atoms additionally to three cyanide groups, which
are closer to the phosphorus atom than the normal van der
Waals distance, leading to intermolecular interactions and
a roughly octahedral environment around each phos-
phorus atom. This means, the coordination around the P
atom might be described as [3 + 3], that means there are
three covalently bonded cyanide groups and three very
loosely bonded cyanide groups of adjacent P(CN); mole-
cules (Emerson and Britton, 1964). Furthermore, the small
bond angles at the phosphorus might be affected by a
strong s character of the lone pair (Coskran and Jones,
1971). Experimental and theoretical structural data are
listed in Table 51.

The standard formation enthalpy of gaseous P(CN);
was reported to be AH° = (494.6 + 25.1) k] mol™ (Davies
et al., 1976). The chemical shifts of P(CN); are summarized
in Table 52 and the vibrational data in Table 53.

Tetracyanidophosphate(lll) anion [P(CN),]” and
tetracyanido phosphonium cation [P(CN),]"

R. W. Parry et al. described the formation of the [P(CN),]”
ion in the reaction of potassium cyanide with phosphorus
tricyanide in acetonitrile (Scheme 75). Only NMR data as
well as vibrational data were given (Wilkie and Parry,
1980). C. A. Wilkie and R. W. Parry could not observe a
signal in the >C NMR spectrum, which clearly relates to
the carbon atom of the cyanide groups. But they assumed,
that the signal lies under the signal of the acetonitrile due
to an expected downfield shift, which would mean a
chemical shift of about § (CN) =~ 118 ppm. The added cy-
anide also causes a shift of the signal in the 3P NMR
spectrum of about 53.6 ppm to more negative values (6
(*'P) = -192.7 ppm). Compared to PCl; and four times co-
ordinated equivalent [PCl,]" the direction of the chemical
shift is opposite. C. A. Wilkie and R. W. Parry discussed
the different charges of the ions and the different changes
of symmetry as possible reasons, because PCl; changes
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Table 52: NMR data of phosphorus tricyanide (in acetonitrile,
chemical shifts in ppm).

Compound Exp./calc. & (C'P) a (30

P(CN)5 Exp. -138.3 (Coskran and  110.54 (Tatter-
Jones, 1971) shall, 1990)
—137.83 (Tattershall,
1990)

Table 53: Selected vibrational data (wave numbers in cm™?) of
E(CN)5 and E(CN);3-2 THF (Arlt et al., 2016a).

Compound IR Raman'!

P(CN), 2205(m) 2207(10)

As(CN)5 2209(m), 2199(s) 2208(7), 2198(8)
Sb(CN); 2293(w), 2251(m), 2188(m, br) 2248(0.5), 2187(8)
Bi(CN)3 2291(m), 2254(s), 2174(m, br)  2256(1), 2171(7)

Sb(CN)3-2 THF  2170(m)
Bi(CN);:2 THF  2154(m)

2185(7,br)
2158(10,br)

[@Nicolet 380 FT-IR spectrometer with a Smart Orbit ATR at 298 K.
1) abRAM HR 800 Horiba Jobin YVON Raman spectrometer (red laser
633 nm, 17 mW) at 298 K. JE(CN); (E = P, As) was prepared for
comparison only.

from C;, to Ty by addition of a formal Cl1*, but P(CN);
changes from Cs, to Cs by addition of the cyanide. The
infrared spectrum of K[P(CN),] displayed bands at 2195,
2160, 2097, and 2070 cm™, suggesting a distorted
trigonal-bipyramidal structure in the solid state (Table 54)
(Wilkie and Parry, 1980).

Investigations by A. Schmidpeter et al. have shown,
however, that the [P(CN),]” ion is indeed formed in
solution by the addition of [CN]™ to P(CN);, but then
rapidly decays in the sense of an intermolecular redox
reaction. This produces dicyanophosphide, [P(CN),] ", as
well as the “unusual” anion [C;oN;oP,]>", whose struc-
ture was published in the same paper (Schmidpeter
et al., 1985b).

Table 51: Experimental average and computational data using different methods of phosphorus tricyanide (bond lengths in A; angles in °;

wave numbers in cm™).

Publication Exp./calc. re_c ren <(C-P-0) < (P-C-N) vY™en
Miller et al. (1965) Exp. - Raman - - - - 2206
Emerson and D. Britton (1964) Exp. — XRD 1.803(29)/ 1.124(47)/ 93.7(2)/ 170.7(3)/ -
1.786(27)/ 1.158(44)/ 93.2(2)/ 172.2(3)/
1.774(27) 1.165(44) 93.6(2) 171.9(3)
J. 0. Jensen (2004a) HF/6-311G** 1.791 1.130 98.3 174.1 2567
B3LYP/6-311G** 1.790 1.155 98.6 172.4 2308
MP2/6-311G** 1.786 1.179 97.6 173.1 2110
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P(CN); + KCN — > K[P(CN),]
x3
(CN); + [CNI® [P(CN)J® ———= [P(CN)IO + [CyoN4oP,2°
NC 20
NC\ §CN/ —CN Scheme 75: Top: Synthesis of the phosphorus
[NC/ \CN] NC— N tetracyanide anion by R. W. Parry et al.
NG Z/CN \C---'ICN (Wilkie and Parry, 1980). Bottom:
{ Decomposition of [P(CN),]™ (Schmidpeter
NC

Table 54: IR data of [P(CN),]” and related assignments (wave
numbers in cm™) (Wilkie and Parry, 1980).

Ven Symmetry

2070 B, sym., eq.
2097 B,, sym., ax.
2160 A4, sym., eq.
2195 Aq, sym., ax.

Furthermore, if one reacts [P(CN),]” with X, (X = Br, I),
one obtains the [P(CN),X,]” anion in the course of an
oxidative addition. Similarly, X—CN adds to the [P(CN);X]~
ion. With Cl,, on the other hand, only P(CN),Cl is formed
(Schmidpeter and Zwaschka, 1979).

Tetracyanido phosphonium cation [P(CN),]": In
addition to the anion [P(CN);X]™ mentioned above, the
cation [P(CN),]"* was also found, but only in solution
together with other tetra(pseudo)halogen phosphonium
cations (Dillon and Platt, 1983). Different [PBr,_,(CN),|*
(n = 0-4) species were generated in the reaction of PBrs
with Zn(CN), in liquid bromine, which led to four
new resonances in the *’P NMR spectrum. *'P NMR data of
[PBr,_(CN),]* (n = 0-4; 6 *'P) = -76.5, —49.3, -40.3, -33.3
and -41.9 ppm) were reported by K. B. Dillon et al. The
[P(CN),]" assignment at -41.9 ppm was confirmed by
measurements on a P(CN)3/(CN), system, where in addition
to these resonances the signals of P(CN); (-130.6 ppm) and
P(CN)s (-98.4 ppm) are assigned (Dillon and Platt, 1983).
Isolation of solid [P(CN),]* salts was not achieved.

Phosphorus pentacyanide P(CN);

H. Gall and J. Schiippen carried out experiments dealing
with penta-coordinated phosphates in 1930 (Gall and

0
PCl; + 5AgCN — = P(CN); + (CN), +

et al., 1985b).

Schiippen, 1930). They tried to completely substitute the
chloride atoms of phosphorus pentachloride PCl;s by cy-
anide and thiocyanate groups. When they heated a
mixture of PCl; and an excess of silver cyanide to a tem-
perature of 403 K, they noticed the formation of large
quantities of cyanogen (Scheme 76). But in this setup only
phosphorus tricyanide was formed due to the high reac-
tion temperature.

Based on this observation, they also heated a mixture of
phosphorus tricyanide and cyanogen in a closed tube and
realized a degradiation of the P(CN); crystals concluding that
phosphorus pentacyanide was formed reversibly, which was
confirmed by vapor pressure measurements (Scheme 77)
(Gall and Schiippen, 1930). Due to the absence of analytical
data of the product, the isolation must be questioned criti-
cally. Hence, so far, the in situ generation of P(CN); was only
proposed and it should be noted that P(CN)s should decom-
pose rapidly at standard conditions.

Hexacyanidophosphate(V) anion [P(CN)¢]™

Despite many attempts, the hexacyanidophosphate(V)
anion [P(CN),]™ has not been synthesized until now and has
just been a hypothetical counterion in computational study
e.g.by]J. E. Bara and co-workers in 2012 or A. Schulz and co-
workers in 2016 (Blésing et al., 2016b; Shannon et al., 2012).
However, as early as 1967, H. W. Roesky reported the
synthesis of ["Bu,N][PCl,(CN),] starting from PCl; and an
excess of KCN (Scheme 78) (Roesky, 1967). Furthermore, H.
W. Roesky was able to show that under the same reaction

353 K

(CN)s

P(CN); + (CN),

Scheme 77: Phosphorus pentacyanide formed in an equilibrium
reaction (Gall and Schiippen, 1930).

Scheme 76: Release of cyanogen during the reaction of PCls

5 AgCl and silver cyanide (Gall and Schiippen, 1930).
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["BuyNICl

PC|5 + 2 KCN(EX)

[Ph,P]CI

PC|5 + 6 NaN3(ex_)

conditions he could isolate [Ph,P][P(N5)¢], but not a salt
containing the [P(CN)¢]™ ion.

In 1982, K. B. Dillon and A. W. G. Platt reported the
formation of [Et,N][PCl¢_,(CN),] (n = 1-3) when they
treated [PClg]” salts with AgCN (Scheme 79). However,
none of these salts were isolated and fully characterized
(Dillon and Platt, 1982). P. J. Chevrier et al. published *°F
NMR data of the [PF5(CN)] -ion (Chevrier and Brownstein,
1980), and somewhat later K. B. Dillon et al. >'P NMR data of
reaction mixtures containing [PF¢_,(CN),]™- (1 < n < 4) and
[PF5Cl5_,(CN),] -ions (1 < n < 3) (Dillon and Platt, 1982).
These reaction mixtures were obtained when PF; was
treated with [Et,N]CN or [PCl,(CN),] salts with AgF.

The first cyanido(fluorido)phosphate, [BMIm][PF5(CN)s]
([BMIm]" = 1-butyl-3-methylimidazolium), was isolated in the
reaction of [BMIm][PCl5(CN);] and Ag[BF,] after four days of
reaction (Tatsumi et al., 2012). Furthermore, ["Bu,N][PF,(CN),]
was isolated in the reaction of ["Bu,N][PF¢] with an excess of
TMS-CN under autogenous pressure in a steel autoclave at
high temperatures (453-483 K, Scheme 79) (Bresien et al.,
2015a, 2015b; Ellinger, Franke, et al., 2014; Ellinger, Harloff,
et al., 2014; Sievert et al., 2015). By salt metathesis starting
from ["Bu,N][PF,(CN),], a series of different M[PF,(CN),]
M = Ag', K, Li*, [HsO,]", [EMIm]*; [EMIm]" = 1-ethyl-
3-methylimidazolium) was successfully isolated and fully
characterized.

The reaction of [PF¢] -salts with TMS—-CN under Lewis
acid catalyzed conditions was studied in detail by A.
Schulz and co-workers (Blising et al., 2016b; Bresien et al.,
2015b). This group was able to show that the best results,
i.e. certain cyanido(fluorido)phosphate anions of the

["BugN]J[PCI4(CN),]  +

[Ph4P][P(N3)e] +
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2 KClI

Scheme 78: Attempted synthesis of [P(CN)g]”

6 NaCl starting from PCl; (Roesky, 1967).

general formula [PFs_,(CN),]” (n = 1-4) can be generated by
a very mild Lewis acid catalyzed synthesis protocol. Salts
containing the [PF¢_,(CN),]” ion (n = 1-4) can thus be iso-
lated on a preparative scale (Scheme 80). It was also
possible to detect the anion [PF(CN)s]” but not the anion
[P(CN)¢]". The formation of the [P(CN)¢] -anion is thermo-
dynamically not allowed as DFT calculations showed. All
steps up to [PF(CN);]™ ion are exergonic only the 6th sub-
stitution step [PF(CN);]” + CN~ — [P(CN)¢]™ is endergonic
(Table 55) in accord with the experimental observations

Table 55: Calculated gas phase Gibbs energies for the consecutive
substitution reactions (AG,oeg in kcal mol™, M06-2X/aug-cc-pVDZ
level of theory) (Bldsing et al., 2016b; Bresien et al., 2015b).

Reaction step AGyg
[PFs]™ + TMS—CN [PFsCN]™ + TMS—F -9.12
[PF;CN]™ + TMS-CN [cis-PF4(CN),]” + TMS-F -5.59
[PFsCN]™ + TMS-CN [trans-PF,(CN),]” + TMS-F  -6.83
[trans-PF,(CN),]™ + TMS-CN [fac-PF5(CN)s]™ + TMS-F -2.48
[trans-PF,(CN),]™ + TMS-CN [mer-PF5(CN)5]™ + TMS-F -3.07
[cis-PF4(CN),]” + TMS—CN [fac-PF5(CN);]” + TMS-F  -3.72
[cis-PF4(CN),]” + TMS-CN [mer-PF5(CN)s]™ + TMS—F -4.31

[mer-PF5(CN)5]™ + TMS—CN [trans-PF,(CN),]” + TMS-F  + 0.24

R e

[fac-PF5(CN)5]™ + TMS—CN [trans-PF,(CN),]” + TMS-F  -0.35
[mer-PF5(CN)5]™ + TMS—CN [cis-PF5(CN),]” + TMS=F  -2.47
[fac-PF5(CN)5]™ + TMS—CN [cis-PF,(CN),]” + TMS-F  -3.06
[cis-PF,(CN),]” + TMS—-CN [PF(CN)s]™ + TMS—F -0.09
[trans-PF,(CN),]” + TMS-CN [PF(CN)s]™ + TMS—F -2.80
[PF(CN)s]™ + TMS—CN [PCN)g]” + TMS—F +2.48
[PF¢]™ + 6 TMS—-CN [P(CN)¢]” + 6 TMS—F -19.10

n=1-3 Scheme 79: Synthesis of cyanido-chlorido
[EtNH3][PClg] + n AgCN [EUNIIPCls_n(CN),] + n AgCl and cyanido-fluorido phosphates (El-Yazal
ex. TMS—CN etal., 1997;)ensen, 2004b;Jung et al., 2010;
["BuyNJ[PFs] + 4 TMS—CN - = " e ["BusNJPF,(CN),] + 4 TMS-F Kiippers et al., 2007; Leibovici, 1973; Shel-
drick et al., 1981).
H[PFgl(aq) + "PrsN ————  ["PrzNH][PFg]
LA cat. .
["PrsNH][PF¢] + nTMS-CN ————> ["PrzNH][PFs_,(CN),] + n TMS-F Scheme 80: Lewis acid catalyzed F~/[CN]™-

x ["PrsNH][PFg_,(CN),] + M(OH), TXH,0

———> MI[PFg_,(CN)slx

exchange reactions leading to the
formation of salts bearing the [PFs_,(CN),]”

+ X ”Pr3N
(n =1-4) ion (Blasing et al., 2016b).
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Table 56: '3C, °F and >'P NMR shifts (298 K in D,0) of all [PFs_,(CN),]” ions along with coupling constants (/) and multiplicity (M) (Blasing

et al., 2016b).

Reaction step 3P M 8'°F M 53¢ M Yor e Yoc Yec

[PFe]” -144.6 sept -73.0 d - - 707 - - -

[PF5CN]™ -158.4 dquin -47.1 dd 126.0 dquin 740 56 331 77
-75.1 dquin 762 56

[trans-PF,(CN),]~ -170 quin -31.5 d 124.3 dquin 739 - 320 71

[cis-PF4(CN),] -183.1 tt -41.3 dt 127.7% dddt 710 43 247 37/41/53
-54.3 dt 764 43

[mer-PF5(CN)5] -211.3 dt -8.7 dt 124.6 ddt 780 35 262 80/54/35/19
-39.9 dd 127.7 ddt 681 35 183

[fac-PF5(CN)s] -219.3 q -40.5 d el dq 742 - [e] 42

[trans-PF,(CN),]” (bl t -48.8 d (bl dt 632 - (bl (bl

[cis-PF,(CN)4]” -269.1 t -6.1 d 125.7 dt 730 - 218 65

128.1 dt 143 38
[PF(CN)s]™ -316.5 20.1 d (bl dd 708 - (bl (bl
[P(CN)6]” tel s - - [b] d [b] _ [b] ib]

[I13C NMR data of the Li salt in dg-DMSO. P!Not observed. 9%/ taken from *°F NMR spectrum.

(Blising et al., 2016b; Bresien et al., 2015b). NMR data of all
fluorido-cyanido phosphates are listed in Table 56.

Arsenic

Although As(CN); was first described in 1892 (Guenez,
1892), there are very few publications on the chemistry of
arsenic cyanides. All of them essentially concern As(CN);,
i.e. with arsenic in the oxidation state + III. The experi-
mental and theoretical IR and Raman data of As(CN); were
also studied in detail (Cyvin et al., 1973; Edwards and
Fawcett, 1987; Jensen, 2004b; Largo and Barrientos, 1991;
Leibovici, 1973; Magnusson, 1986; Nagarajan, 1966).

Arsenic cyanide AsCN

The arsenic cyanide radical is rarely analyzed, but in 1968 it
was part of a study by N. Basco and K. K. Yee, which deals
with the absorption spectrum of flash photolysis of cyan-
ogen and arsenic trichloride or arsane in an inert nitrogen
atmosphere (Scheme 81).

AsCN was detectable during a period of T = 150 ms,
reaches its maximum of absorption intensity after r = 3 ms
and showed the largest triplet splitting of about 550 cm™ of

hv
AsH; + 2(CN), —— > AsCN + 3HCN
P

Scheme 81: Formation of arsenic cyanide by flash photolysis of
cyanogen and arsane (Basco and Yee, 1968b).

the 5th main group monocyanides (NCN: 40 cm’, PCN:
104 cm™) due to enhanced spin-orbit interaction (Basco
and Yee, 1968b).

Ab initio calculations, using the G2 and G2(QCI) pro-
cedures, have been performed by S. Petrie on the various
isomers of AsCN, which are summerized in Table 57
(Petrie, 1999).

In relation to both isomers, the triplet state is more
stable than the singlet state associated with a triplet-singlet
gap of about AHok® = 90 kJ mol ™. Additionally, the cyanide
isomer is 58.3 k] mol~! on G2 level and about 57 k] mol™ on
G2(QCI) lower in energy than the isocyanide isomer, which
implies the arsenic cyanide in triplet state is the most stable
species (Table 58) (Petrie, 1999).

Dicyanoarsenide [As(CN),]~

Similar to the synthesis of the analog [P(CN),]” L. B. Mac-
donald and co-workers published a new approach to the
[As(CN),]". The starting material [dppeAs]|[BPh,]
(dppe = bis(diphenylphosphino)ethane) was obtained by a
one-pot reaction of dppe, Na[BPh,] and arsenic trichloride
AsCl; as a pale-yellow solid based on M. Driess’ approach.
Then the phosphino ligand dppe in [dppeAs][BPh,] was

Table 57: Computational structural data of AsCN and AsNC (bond
lengths in A; angles in °) (Petrie, 1999).

Compound  Method + basis set Fas—E rcen' < (As—-A-B)
AsCN MP2(full)/6-31G* 1.853 1.191 85.58
AsNC QCISD(fc)/6-31G* 1.816 1.200 81.01
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Table 58: Computational data of the arsenic cyanide and isocyanide on different levels of theory (ZPE, AiHoi® and bond strength Dag_g in
k) mol™%; Eq in E, including ZPE; AsNC in *X at QCISD/6-31G*) (Petrie, 1999).

Compound State HF/6-31G* G2(Qqn)
ZPE Eo AHo ° Eo AHo ° Das—k, ok
AsCN 'y 19.6 -2326.939 470.0 -2326.940 473.0 276.5
3y 16.6 -2326.973 380.2 -2326.974 383.2 366.2
AsNC 1yl 18.4 -2326.917 528.3 -2326.918 530.3 219.1
3y 13.8 -2326.951 438.5 -2326.953 439.8 309.6
[IASNC in !5 calculated at QCISD/6-31G*.
displaced by cyanide ligands using tetraphenylphospho- MeCN
'sp Y Y & ng tetraphenyiphosp ASCl; + 3TMS-CN ——— > As(CN); + 3TMSCl
nium cyanide [PPh,]CN as cyanide source similar to an
approach reported by A. Schmidpeter (Binder et al., 2018). no solv.
PP P Y peter ( ) ascl, + 3TMs—ON "M AscN), + 3TMS-CI
L MeCN
Arsenic tricyanide As(CN); AsF; + 3TMS-CN — > As(CN); + 3TMS-F

Arsenic tricyanide was synthesized for the first time in 1892
by M. E. Guenez by mixing cyanogen iodide and arsenic in
carbon disulfide (Scheme 82) (Guenez, 1892). In 1958, T. A.
Bither et al. described the isolation of As(CN);, which were
obtained by treating pnictogen chlorides ECl; with three
equivalents of TMS—CN in xylene under reflux conditions
(Bither et al., 1958). As(CN); was only characterized on the
basis of elemental analysis (Bither et al., 1958; Jones and
Coskran, 1971).

The crystal structure was solved by K. Emerson and D.
Britton in 1963. Their synthesis was an anhydrous reac-
tion of silver cyanide and arsenic trichloride in acetoni-
trile by heating to reflux or using a glass tube under
vacuum at 373 K (Scheme 83) (Emerson and Britton, 1963).
The group of O. Sala reported a formation of arsenic
trioxide in spite of careful exclusion of moisture during
heating to reflux. Although, the use of the glass tube leads
to smaller amounts of the oxide, the group carried out a
sublimation to remove the oxide, but the product is still
contaminated with arsenic trioxide (Miller et al., 1965).
As(CN); can also be synthesized directly from AsCl; with
TMS-CN without the need for another solvent. This re-
action already proceeds at room temperature and after the
removal of all volatile products, a white substance is ob-
tained which can be washed with n-hexane (decomposi-
tion point at 492 K) (Arlt et al., 2017). P. Deokar et al.
carried out the reaction utilizing arsenic trifluorides and

2As + 3ICN —» As(CN); +

AS|3
Sz

Scheme 82: Synthesis of arsenic tricyanide using arsenic and

cyanogen iodide (Guenez, 1892).

Scheme 83: Synthesis of arsenic tricyanide by K. Emerson and D.
Britton (1963) S. Arlt et al. (Arlt et al., 2017) and P. Deokar et al.
(Deokar et al., 2016).

an excess trimethylsilyl cyanide in acetonitrile (Deokar
et al., 2016).

As(CN); is highly moisture-sensitive and it should be
noted that purification by vacuum sublimation increases
decomposition (Edwards et al., 1976). IR and Raman data of
all E(CN); (E = P, As, Sh, Bi) spezies are summarized in
Table 53.

Arsenic tricyanide forms monoclinic crystals, space
group C, with four molecules in a unit cell. The molecules
approximately exhibit C3, symmetry including one bent
cyanide group showing external interaction to one arsenic
of the neighboring layer. The molecules are orientated
roughly vertical to the c-axis and to the chains in neigh-
boring layers (Emerson and Britton, 1963). R. Haiges and
co-workers have redetermined the As(CN); structure. The
newly determined structure also shows an As(CN); mole-
cule with the approximate C3, symmetry expected for an
isolated trivalent As atom, containing three ligands and a
sterically active free valence electron pair. The As—C bond
distances are 1.956(3), 1.964(3) and 1.964(2) A and the C-N
distances of 1.133(3) and 1.134(3) A, respectively, are very
similar (Table 59). The arsenic atom is additionally coor-
dinated by three N atoms from neighbouring cyano groups,
resulting in a coordination number of six for the arsenic
atom [3 + 3] (3 covalent + 3 van der Waals bonds). It can be
seen that the As—-C-N groups deviate significantly from
linearity with an average angle of 174.8(4)°. The same is
true for the non-linear geometry of P(CN)s. The three As---N
bridge bond distances of 2.704(3), 2.823(2), and 2.837(3) A
are much shorter than the van der Waals value of 3.40 A,
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CF
F3C\ | 3
F3C\C/S\C/CF3 . een E=P As /C\
e -
VAR NN (CN)s ETN C\ é Scheme 84: Reaction of E(CN); species with
FsC S CF3 S~ \C\CFS hexafluorothioacetone (Roesky and

indicating a strong association in the solid state (Deokar
et al., 2016).

Furthermore, H. W. Roesky described the insertion of
P(CN); and As(CN); into the dimer of hexafluorothioacetone
(Scheme 84) (Roesky and Dhathathreyan, 1984; Roesky
et al., 1985). R. Haiges and co-workers reported also on the
adduct formation of As(CN); with 2,2’-bipyridine (2,2-bipy)
leading to the formation of As(CN);-(2,2"-bipy) (Deokar et al.,
2016).

Cyanidoarsenates and the unusual [AsC,N,]" ion

In principle, there are two ways to generate cyani-
doarsenates (Scheme 85) in analogy to the cyanido phos-
phates or heavy pnictogens Sb and Bi. A. Schulz and co-
workers reported two routes: (i) the reaction of E(CN); with
weakly coordinating cyanide salts of the type [Cat]CN
([Cat]* = e.g. [PPh,]", [PPN]* = [Ph3P-N-PPhs|" and (ii) the
treatment of EX5; with [Cat]CN in the presence of molar
amounts of TMS—-CN (X = halogen) (Schmidpeter et al.,
1985b; Arlt et al., 2016b). Interestingly, the formation of

3 _3 Dhathathreyan, 1984; Roesky et al., 1985).

[P(CN),]” was described as a very labile intermediate in the
reaction of P(CN); with CN~ sources, which rapidly de-
composes to [NC-P-CN]™ and the unusual [C;oN;oP,]*
(Schmidpeter et al., 1985b), while the formation and
isolation of the heavy cyanidopnictogen anions of the type
[E(CN);..]" (E = Sh, Bi) was only achieved when EX; was
treated with cyanide salts and TMS—CN (Arlt et al., 2016b),
since E(CN); (E = Sh, Bi) are high polymer species that are
almost insoluble in common organic solvents, so that no
reaction was observed even after several days of reaction
time and under reflux. It was shown that As(CN); does not
form stable [E(CN)5,,.]" salts like phosphorus and unlike
the heavier antimony and bismuth, which do form stable
salts with [E(CN);,,]" ions.

The chemistry of arsenic cyanides was found to be
completely different from the chemistry of the heavier
analogues antimony and bismuth as well as the lighter
congener phosphorus. The reaction of As(CN); with cya-
nide salts led to the formation of an unknown cyanido
arsazolide heterocycle, which is a structural isomer of the
desired [As(CN),]” (Arlt et al., 2017). The formation of this

Table 59: Experimental and computational data of As(CN); (bond lengths in A; angles in °; wave numbers in cm™).

Publication Exp./calc. Fas—c ren < (C-As-() < (As-C-N) vY™en
Emerson and Britton (1963) Exp. — XRD 1.82(5)/ 1.13(7)/ 87.6(3.5)/ 175(8)/ -
1.85(5)/ 1.19(7)/ 91.5(3.5)/ 171(8)/
1.96(5) 1.14(7) 91.5(3.5) 168(8)
Edwards et al. (1976) Exp. - Raman - - - - 2205
Deokar et al. (2016) Exp. = XRD, IR 1.964(3)/ 1.134(3)/ 89.94(10)/ 174.5(3)/ 2209
1.964(2)/ 1.133(3)/ 90.56(10)/ 175.7(2)/
1.956(3) 1.138(3) 90.47(10) 174.5(2)
B3LYP/aug-cc-pVDZ//-PP 1.93518 1.16280 95.49 170.86 2289
solvent
AsX3 + n[Cat]lCN + 3 TMS-CN —#/—> [Cat][As(CN);,,] + 3 TMS-X
solvent
As(CN); + n[CatlCN ——#/—> [Cat],[As(CN)3z.,]
As(CN); + [CatlCN [Cat][AS(CN),] Scheme 85: Synthesis of salts containing

NC.. =N
\—> |Cat] | As
cC~/

[As(CN)5,,]" ions X=F, Cl; n=1-3;
[Cat]" = [PPh,]", [PPN]" = [PhsP-N-PPhs]";
solvent = excess TMS—CN, CH5CN, ionic

NC” N liquids) (Arlt et al., 2017).
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unusual heterocycle is discussed on the basis of compu-
tation featuring an arsenic-mediated C-C coupling of
cyanides. [As(CN),]” salts with various counterions such
as [PPh,]*, [PPN]*, Ag* and [BMIm]" are reported, where
[BMIm][AsC,N,] is a low temperature ionic liquid
(Ty = 211 K).

First the authors treated AsCl; with MCN in TMS-CN
which always led to the formation of [PPh,],[As(CN);Cl,] as
shown in Figure 40. To avoid the Cl7/[CN] -substitution
problem, As(CN); was used in a second series of experi-
ments (Scheme 85). Regardless of the stoichiometry, cya-
nide source and solvent (e.g. CH;CN, TMS-CN) or even
ionic liquids such as [BMIm][OTf], [OTf]” = [F5CS0O,0], al-
ways the structural isomer of [As(CN),]", the 4,5-dicyano-
1,3,2-diazarsolide, [AsC,N,]” (Figure 40, Scheme 85), was
isolated in quite good yields (up to 70%). As calculations
show, heterocyclic [AsC,N,]” is formed in an unusual
isomerization process starting from its structural isomer
[As(CN),]", which is first formed as a transient species
when As(CN); is treated with [CN]~. Then two arsenic-
mediated C-C coupling steps occur, which finally lead to
the formation of the aromatic ring system [AsC,N,]~, which
can be regarded as a resonance-stabilized pseudohalide
(Arlt et al., 2017).

[As"™(CN)g]’": There is only one report on this ion by
L. Kahlenberg and J. V. Steinle (1923). They studied the
redox potential of many salts and amongst these they
also treated a solution of silver cyanide in aqueous po-
tassium cyanide with arsenic. They write: “The reaction
probably takes place as indicated by this equation: 3K
[Ag(CN),] + As = K5[As(CN)¢] + 3Ag.” No analytical data
are presented. Furthermore, [As(CN)g]~ was mentioned
in aJapanese patent on tetracyanidoborates, in which the
authors calculated the highest occupied molecular
orbital energy level of a great number of cyanide con-
taining anions. Though the [As(CN)g]™ has the smallest
energy of —6.744 eV, which is also smaller than —6.561 eV

Figure 40: Left: ORTEP representation of [As(CN)5Cl,]*~ and Right:
Heterocyclic [AsC,N,]™ in the crystal (Arlt et al., 2017).

DE GRUYTER

of [P(CN)¢]™, -5.961 eV of [Si(CN)s]” or -5.809 eV of
[B(CN),]” (Hagiwara et al., 2011).

Antimony

There are only very few publications on antimony cya-
nides, most of them are dedicated to the oxidation state(-
I1I). It was only in 2016 that the chemistry of Sb(CN); was
taken up again by two research groups (Arlt et al., 2016a,
2016b; Deokar et al., 2016).

Antimony tricyanide Sb(CN);

Sh(CN); was synthesized for the first time in 1958 by heat-
ing a mixture of trimethylsilyl cyanide TMS—CN dissolved
in xylene and freshly sublimated antimony trichloride to
reflux (Scheme 86). The white powder antimony tricyanide,
which decomposes at temperatures higher than 473 K, was
identified by elementary analysis (Bither et al., 1958; Jones
and Coskran, 1971).

Another synthetic route is the electrochemical prepa-
ration of Sh(CN);, which was published by H. Schmidt and
H. Meinert in 1958. The dissolved product is obtained at the
antimony anode due to electrolysis of silver cyanide, which
is also dissolved in pyridine, and can be isolated as
colorless, hygroscopic crystals by evaporation of the so-
lution (Schmidt and Meinert, 1958). The reaction of the
antimony trifluorides with TMS-CN in acetonitrile in the
presence of stoichiometric amounts of 2,2-bipyridine
(2,2-bipy) led to the formation of the corresponding
2,2"-bipyridine adduct, Sb(CN);-(2,2’-bipy) (Deokar et al.,
2016).

A. Schulz and co-workers reacted pnictogen trifluoride
EF; with three equivalents of TMS—CN in various organic
solvents such as acetonitrile or THF (Arlt et al., 2016a,
2016b). They also carried out the reaction in a large excess
of TMS—CN. All these experiments resulted in the quanti-
tative conversion of EF; to E(CN); (E = Sh, Bi), which were

A
3TMS-CN —— > Sb(CN); +
xylene

SbCl;  + 3 TMS-CI

Scheme 86: Synthesis of antimony tricyanide using antimony
trichloride and TMS—CN (Bither et al., 1958).

solvent

EF; + 3TMS-CN — > E(CN); + 3TMS-F
A

Scheme 87: Synthesis of polymeric E(CN); species (E = Sb, Bi;
solvent = MeCN, TMS—CN, THF) (Roesky, 1967).
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obtained as highly amorphous white powders (Scheme 87).
Both species are almost insoluble in standard organic
solvents. Hence, it was not possible to produce single
crystals of both E(CN); species by this method. Therefore,
both species could only be characterized by elemental
analysis and vibrational spectroscopy (Table 53). Mass
spectrometric investigations showed no specific molecular
peak. Moreover, both Sb(CN); and Bi(CN); hydrolyse slowly
to E,03, as shown by powder X-ray diffraction studies, and
decompose without melting above 472 K (Sb(CN);) and
439 K (Bi(CN)s), respectively. All these results indicate the
presence of high polymer structured E(CN); species that
exhibit strong intermolecular interactions, as predicted by
the group of R. Dronskowski (George et al., 2014).

However, it was shown that molecular Sb(CN); and
Bi(CN); species, once formed in the synthesis process, can
be stabilized in ionic liquids. To avoid oligomerization of
the molecular E(CN); species, different ionic liquids were
used as reaction media instead of (polar) organic solvents
(Ahmed and Ruck, 2011; Freudenmann et al., 2011). By this
approach it was possible to prevent the in situ formed
E(CN); molecules from oligomerization by anion forma-
tion with the counterion of the ionic liquid (Scheme 3,
Scheme 88). For example, in the reaction of SbF; with
TMS-CN in presence of [BMIm][OTf] ((BMIm]* = 1-butyl-
3-methylimidazolium, [OTf]” = triflate = [CF5S0s5]), it
was possible to isolate and fully characterize [BMIm]
[Sb(CN);(OTf)] in the first reaction step of the reaction
sequence depicted in Scheme 88.

The structure of the Sb(CN); adducts is characterized
by a trigonal-pyramidal arrangement of the three cyanide
groups as illustrated in Figure 41. In addition, there are
three further van der Waals interactions with two solvent
molecules and an adjacent CN group, so that here, too, one
can speak of a formal [3 + 3] coordination or a distorted
octahedral coordination sphere, quite in analogy to the
lighter species E(CN); (E = P, As).

Cyanidoantimonates [Sb"(CN)s, ,]"~ and [Sb"(CN)¢]

The quest for cyanidoantimonates began with U. Miiller
who observed the formation of the [SbCl;(CN)]™ anion upon

ionic liquid

[Cato9]X

EF; + 3TMS-CN ———>
rt

THF l— n [Cat®9)X

E(CN)3-2 THF

[Cat” ] [E(CN)3(X)s]  *
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Figure 41: Molecular structure of Sb(CN)s- 2 THF in the crystal.

addition of MCN (M = Na*, K*) to a solution of SbCls in SO,
(Miiller, 1973). M. K. Rastogi studied the reaction of ShCl;
with KCN which afforded the formation of K,[SbCl5(CN),]
(Rastogi, 1987). In 2009 F. Renz and co-worker reported the
isolation of an iron salt containing the [Sb(CN)¢]™ ion from
the reaction of [SbClg]” with KCN in acetone under reflux for
six days (Renz et al., 2009b). In the light of the rather poor
analytical data (ESI-MS and IR data, MGssbhauer spectra)
the formation of [Sb(CN)¢]” ion seems to be rather doubtful.
Actually, neither the mentioned ESI-MS and IR data, nor
any elemental analysis data at all could be found. A retry
clearly showed that it is impossible to get a complete Cl7/
[CN] -exchange by this procedure starting from [SbClg] .
When SbF; is reacted with TMS—CN, only the insoluble
polymer Sb(CN); is obtained, regardless of the solvent
used. No molecular Sb(CN); solvent adducts could be iso-
lated (Arlt et al., 2016b). However, when SbF; is treated
with three equivalents of TMS—-CN in the presence of n
equivalents of [WCC|[CN (n = 1-3) in acetonitrile,
[WCC],[E(CN)s] salts are obtained (Scheme 89). In addition
to [WCC],[Sb(CN)s] (Arlt et al., 2016b), quantities of Sb(CN);
were always detected, depending on the stoichiometry of
[WCC]CN used, which is why the yields were rather low
(between 20 and 30%). Thus, when only one equivalent of
[WCC]CN was used, mixtures of Sb(CN); and [Sb(CN)s]*
were always observed. It was impossible to isolate or even

3 TMS-F

Scheme 88: Synthesis of E(CN);-2 THF in ionic
liquids ([BMIm]* = 1-butyl-
3-methylimidazolium, [EMIm]" = 1-ethyl-
3-methylimidazolium; [OTf]” = [CF5S05])
(Roesky, 1967).
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MeCN
SbF; + 3TMS-CN + n[WCCJCN ——— [WCC],[Sb(CN)s,,] + 3 TMS—F

Figure 42: Molecular structure of [Sh(CN)s]* in the crystal (color
code: blue = nitrogen, grey = carbon, green = antimony) (Arlt et al.,
2016b).

observe the [WCC][Sb(CN),] salts. When three equivalents of
[WCC]CN were added, only [WCC],[Sb(CN)s] salts could be
isolated in addition to an excess of [WCC]CN. No formation of
[WCC]5[Sb(CN)g] was observed (Arlt et al., 2016b). The struc-
tures of [PPN],[Sb(CN)s] and [Ph,P],[Sb(CN)s] have been
determined (Figure 42). Both structures consist of well-
separated cations and [Sb(CN)s]*" anions without significant
cation---anion contacts. [Sb(CN)s]>” adopts a highly distorted
square pyramidal geometry. There are no significant inter-
anion interactions. The basal Sb—C distances range between
2.305(4) and 2.479(5) A, while the apical Sh—C distances are
much shorter at 2.142(4) A (Arlt et al., 2016b).

Bismuth

Bi(CN); is very similar to Sb(CN); in terms of synthesis and
structure, as it also occurs as a polymer. The cyanido bis-
muthates, on the other hand, show a much greater variety.

Bismuth dicyanide Ph3Bi(CN),

Until now, no homoleptic bismuth dicyanide has been
published in literature, but several multivalent bismuth
derivatives consisting of two cyanide groups and some
organic substituents, for example phenyl groups. The
first synthesis of triphenylbismuth dicyanide using tri-
phenylbismuth dichloride and potassium cyanide was
published by R. G. Goel and H. S. Prasad (Scheme 90).

PhsBiCl, + 2KCN ——» PhsBi(CN), + 2KCl

Scheme 90: Synthesis of triphenylbismuth dicyanide by R. G. Goel
and H. S. Prasad (1973).
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Scheme 89: Synthesis of cyanido
antimonates (Arlt et al., 2016b).

Table 60: Experimental spectroscopic data of the CN group of
Ph;Bi(CN), (wave numbers in cm™) (Goel and Prasad, 1973).

spectrum Ven
IR 2128, 2135, 2140
Raman 2136

Furthermore, IR and Raman spectra of triphe-

nylbismuth dicyanide, which can be obtained as colorless
crystals, were published (Table 60) (Goel and Prasad, 1973).
However, cyanide is also a common ligand of many different
bismuth complexes, e.g. tetraethylamine-dicyano-diphenyl
bismuthate. However, these organo-bismuth complexes are
not part of this article and the reader is referred to the rele-
vant literature (Allman et al., 1979).

Bismuth tricyanide Bi(CN);

One of the first synthesis of bismuth tricyanide was pub-
lished by H. Schmidt and H. Meinert in 1958. The synthetic
route is similar to the electrochemical preparation of anti-
mony tricyanide as the bismuth compound is obtained at
the bismuth anode due to electrolysis of silver cyanide
dissolved in pyridine (Scheme 91). As described for E(CN);
(E =P, As, Sh, see above) also Bi(CN); can be prepared by
treating BiCl; with three equivalents of TMS—CN in xylene
under reflux conditions (Bither et al., 1958; Jones and
Coskran, 1971). The reaction of BiCl; with TMS-CN was
reported to be incomplete leading only to mixed chloride/
cyanide bismuth species. However, Bi(CN); can be pre-
pared utilizing the same procedure as discussed for
Sb(CN); (see 7.4.1 Antimony tricyanide Sb(CN);, Scheme
87, Scheme 88) (Arlt et al., 2016a). IR and Raman data of all
E(CN); (E = P, As, Sh, Bi) spezies are summarized in Ta-
ble 53. The bismuth tricyanide is also a colorless solid
(Schmidt and Meinert, 1958).

Crystals of Bi(CN);-2 THF were studied exhibiting also a
[3 + 3] coordination around the bismuth atom as found for
the analogous antimony compound. Both THF adducts
E(CN)5-2 THF (E = Sh, Bi) are highly moisture-sensitive and
decompose above 485 and 409 K, respectively, under
release of THF as shown by DSC/TGA experiments.
Bi + 3AgCN —>»

Bi(CN); + 3Ag

Scheme91: Electrochemical preparation of bismuth tricyanide by H.
Schmidt and H. Meinert (Schmidt and Meinert, 1958).
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Cyanidobismuthates [Bi"'(CN)s.,]"~ and [Bi'(CN)¢]

The reaction of in situ generated Bi(CN); with different
amounts of [Ph,P]CN and [PPN]CN yielded salts with the
ternary ions [Bi(CN)s]*, [Bi»(CN);,]>~ and [Bi(CN)¢]*” (syn-
thesis analogous to the reaction with Sb(CN);; Scheme
86 - 88, Figure 43) (Arlt et al., 2016b). It was shown that the
bismuth reaction mixture is highly dynamic with respect to
the CN ligand sphere around the formal Bi** cation and
that, depending on solubility, concentration and temper-
ature, different products can be isolated as illustrated in
Figure 43. All structures display an active valence electron
pair at the central atom of the bismuth™ jons and Bi—-C
bonds that can be either asymmetrically (three shorter
bonds + x longer bonds) or symmetrically (with rather
long averaged bonds). In the presence of weakly coordi-
nating cations (e.g. [Ph,P]" and [PPN]*), the solid state
structures of salts containing [Bi(CN)s]*~ anions contain
well-separated cations and monomeric anions that have a
sterically active lone pair and a monomeric square-based
pyramidal (pseudo-octahedral) structure. The [Bi(CN)s-
MeCN]?* acetonitrile adduct ion shows a strongly distorted
octahedral structure that is better understood as a [5 + 1]
coordination. The [Ph,PJ¢[Bi(CN);;]JCN salt consists of
separate cations and anions, as well as well-separated
[Bi,(CN),;]>~ and [CN] ions. The structure of [Bi,(CN);,]>~
ion can be described as two square-based pyramidal
[Bi(CN)s]*” fragments connected by a disordered bridging

Figure 43: Molecular structures of different cyanido bismuthates
(Arlt et al., 2016b).
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[CN]™ ion, resulting in a distorted octahedral environment
around the two Bi centers. Here, the steric effect of the lone
pair is much less pronounced, but still present.

6th Main group

When an oxygen atom is formally linked to a [CN]™ ion with
its electron sextet, the cyanate ion, [OCN], is formed, which is
a pseudohalogen just like the cyanide ion itself. The cyanate
ion is by far the most important chalcogen-cyanide com-
pound, followed by the thiocyanate, [SCN]". The heavy
chalcogen congeners are also pseudohalide ions (see 1.2 Cy-
anide, a classic pseudohalide). The cyanate is the eponym of
all monocyanides of this main group. As typical pseudoha-
lides they easily generate salts in presence of different metal
cations. Cyanates are of great industrial (e.g. synthesis of
polymers) as well as biological importance (Arnold et al.,
1957; Barton et al., 1991, 1999; Bauer and Gnauck, 1987; Bauer
et al., 1986, 1998; Bernsdorf and Kéckerling, 2012; Britton and
Dunitz, 1965a; Decius et al., 1965; Eyster and Gillette, 1940;
Fang and Shimp, 1995; Grenier-Loustalot et al., 1996;
Hamerton and Hay, 1998; Hendricks and Pauling, 1925; Kal-
mutzki et al., 2013; Kertes, 1979; Kotch et al., 1995; Maki and
Decius, 1958, 1959; Marcos-Fernandez et al., 1999; Moreno
et al., 2013; Okubo and Ise, 1972; Osei Owusu et al., 1996;
Rabalais et al., 1969a, 1969b; Reghunadhan Nair et al., 2001;
Schalke, 2006; Shorter, 1978). Especially the latter also ap-
plies to the thiocyanates (Aguirre et al., 2010; Akcil, 2003;
Anderson, 1980; Anderson et al., 1990; Azizitorghabeh et al.,
2021; Bahta et al., 1997; Banerjee, 1996; Betts et al., 1979;
Bezsudnova et al., 2007; Bhunia et al., 2000; Castanheiro
et al., 2016; Dash et al., 2009; Du Plessis et al., 2001; Ebbs,
2004; Happold et al., 1958; Jensen and Tuan, 1993; Kelly and
Baker, 1990; Kim and Katayama, 2000; Kwon et al., 2002;
McDonald et al., 1969; Mudder et al., 1991; Palatinszky et al.,
2015; Ryu et al., 2015; Stafford and Callely, 1969; Staib and
Lant, 2007; Stott et al., 2001; Stratford et al., 1994; Sorokin
etal., 2001; Wald et al., 1939; Watts and Moreau, 2016; Wilson
and Harris, 1961; Wijeyasinghe and Anthopoulos, 2015; Wil-
lemin and Lumen, 2017; Wilson et al., 1960; Youatt, 1954).
However, these aspects are not examined in this review, nor
are the many inorganic salts of cyanates and thiocyanates
(Bahta et al., 1997; Bernsdorf and Kockerling, 2012; Britton
and Dunitz, 1965a; Schalke, 2006; McDonald et al., 1969;
Norbury et al., 1973; Schultz, 1996; Wilson and Harris, 1961;
Wijeyasinghe and Anthopoulos, 2015).

Formally, all chalcogenates, [ECN]™ (E = O, S, Se, Te,
and Po), can also be considered as chalcogen mono-
cyanides, where the interaction between the chalcogen
and the cyanide group decreases along the group.
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Accordingly, the charge between the oxygen and nitrogen
atoms of the cyanate anion is approximately equally
distributed, but the negative charge on the nitrogen atom
increases the heavier the chalcogen is due to a decrease in
electronegativity towards the tellurocyanate. Another
aspect is the reduced influence of resonance structures,
which reduce the m-interaction of the heavier elements.

The formal dicyanides of the type E(CN), are also
known. The neutral chalcogen tetracyanide, E(CN),, com-
pounds are only known from selenium and tellurium,
which are not stable in the long term. Their structure can be
discussed as a pseudo-trigonal-bipyramidal arrangement
and the unpaired electrons are in axial position.

Oxygen
Cyanate radical [OCN] and cyanate anion [OCN]~

Modern cyanate chemistry began with a dispute between
Friedrich Wohler and Justus v. Liebig (Liebig and Gay-
Lussac, 1824a, 1824b; Liebig and Wohler, 1830; Wohler,
1824, 1825b). The latter was of the opinion that the
elemental analysis of silver cyanate (AgNCO) published by
F. Wohler must be wrong, as it was the same as the one he
had found for silver fulminate (AgCNO). The dispute was
settled when the isomerism of these compounds was
discovered (Berzelius, 1832). Incidentally, it is remarkable
that the two congenial minds had been working with
isomeric acids since their early youth: F. Wohler with (iso)
cyanic acid and J. v. Liebig with fulminic acid and their
salts; already at the age of 15 J. v. Liebig had copied the
preparation of silver fulminate from a market trader. Last
but not least, F. Wohler’s urea synthesis from ammonium
cyanate was a milestone in the history of chemistry ([NH,]
OCN — H,NC(O)NH,) (Wéhler, 1828).

Cyanate radical [OCN]

Large sources of natural free cyanate radicals are not
known, but smaller amounts of cyanates are reported to be
part of carbon-star atmospheres in regard to CNO pro-
cessing and intermediates of the cyanate radical are still
existing in exhaust gases of modern combustion engines
during reduction processes of nitric oxides (Du and Zhang,
2013; Morris and Wyller, 1967).

. hv hv hv hv .
H + [NCO] ««—— HNCO —> NH + CO —>» HOCN ——> H + [OCN]
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The cyanate radical has a linear structure and exhibits
C.vy symmetry. Cyanate radicals can be generated by
photolysis of isocyanic acid using UV light in a noble gas
matrix at low pressure and low temperature. According to
H. Okabe, HNCO is prepared by heating powdery cyanuric
acid in an evacuated vessel, whereas D. E. Milligan and M.
E. Jacox heated up the cyclic trimer. But also the reaction of
carbon atoms of cyanogen azide with NO or the reaction of
oxygen atoms with CN can result in the formation of [OCN].
Using UV light the isocyanic acid can directly dissociate in
hydrogen and the cyanate radical, but photolytic isomeri-
zation to HNCO and its photodissociation forming the
cyanate radical is also possible (Scheme 92) (Milligan and
Jacox, 1967a, 1967b; Okabe, 1970).

In 1985, D. D. Bell and R. D. Coombe published a study
on the photolysis of chlorine isocyanate to form cyanate
radicals and discussing several standard enthalpies of
formation (Scheme 93) (Bell and Coombe, 1985). As early as
1974, C. Thomson and B. J. Wishart could confirm the linear
structure of the cyanate radical by computations (Table 61).
Based on population analysis data, the dipole moment of
the radical was estimated to be 0.504 D (LCAO-MO-SCF/
BA + P, Table 62) (Thomson and Wishart, 1974).

Cyanate anion [OCN]”

The cyanate anion [OCN]™ is much more stable than the
radical and can be isolated as anion in salts with metal or
WCCs as counter cation (Bernsdorf and Kéckerling, 2012;
Britton and Dunitz, 1965a; Decius et al., 1965; Galliart and
Brown, 1972; Hendricks and Pauling, 1925; Hennings et al.,
2011; Kertes, 1979; Maki and Decius, 1958; Schalke, 2006).
Furthermore, it is an ambidentate nucleophile and able to
bind protons or metal centers at both ends. If the proton is
bound at the nitrogen atom, the product is called cyanic
acid, if it is bound to the oxygen atom, the isomer is called
isocyanic acid. At room temperature, isocyanic acid clearly
predominates. However, esters of both isomers exist, e.g.
ethyl cyanate, Et—-OCN, and ethyl isocyanate, Et—NCO. The
cyanate ion should be represented by at least three meso-
meric structures (Scheme 94). The constitutional isomer of the

hv .
CI-NCO —— CI" + NCO

Scheme 93: Photolysis of chlorine isocyanates to form the cyanate
radical (Bell and Coombe, 1985).

Scheme 92: Formation of the cyanate radical
by vacuum-ultraviolet photolysis (Milligan
and Jacox, 1967a, 1967b; Okabe, 1970).
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Table 61: Structural data of the cyanate radical (bond lengths in A; angles in °; wave numbers in cm™).

Publication Exp./calc. re-n rec-o < (0-C-N) Vco Ven
Chase et al. (1974) Exp. 1.23 1.18 180 1275 1922
Thomson and Wishart (1974) LCAO-MO-SCF/DZ + P 1.259 1.191 180 - -

LCAO-MO-SCF/BA + P 1.226 1.134 180 - -
Yu et al. (1992) HF/6-31G* 1.231 1.160 180 1407 1959

MP2/6-31G* 1.253 1.166 180 - -
Léonard et al. (2007) MRCl/cc-pvVQZ 1.230 1.178 180 1270.8 1987.6

Table 62: Population analysis of the valence orbitals within the
cyanate radical as reported by B. Thomson and B. ). Wishart (1974).

MO N C (0]
4s 0.0228 0.5369 1.4403
5s 1.2054 0.7653 0.0294
6s 0.0537 0.2106 1.7357
7s 1.7375 0.2118 0.0507
1p 0.1064 1.2493 2.6434
2p 1.9431 0.7588 0.2982
Total 7.0679 5.7339 8.1983

N=C-0° <= ON=C=0 <= Nn-c=0®

Scheme 94: Lewis representation of the [OCN]™ ion.

cyanate is called fulminate [CNO] ™ and its corresponding acid
is called fulminic acid. In comparison to the cyanates, the
fulminates are more unstable, which also corresponds to the
name fulminic acid derived from fulmination, which is a
synonym of detonation or bang. But on the other hand,
fulminate salts are stable enough to carry out X-ray structure
analyses (Britton and Dunitz, 1965b).

Both KOCN and NaOCN are commercially available.
Alkali metal cyanate is obtained by melting urea and alkali
metal carbonate (Scheme 95) (Miiller et al., 2014). Metal
hydroxide is only useful for laboratory synthesis (Schalke,
2006). Urea is the preferred source for the cyanate part of
the molecule, with ammonium carbonate being formed as
a by-product in reversal of F. Wohler’s urea synthesis. The

endothermic reaction requires strong heating above 473 K
for a prolonged period of time to achieve a reasonable
conversion. This process does not achieve a complete
conversion, but only a product with a purity of approx. 89—
92%. The reaction takes place in a urea melt with a high
content of dispersed solids. The main impurity is metal
carbonate with small amounts of metal allophanate
(H,NC(O)NHCO,M), cyanuric acid, biuret and urea. Higher
purities > 95% are achieved by directly using technical-
grade MOCN and urea to decrease the amount of by-
products in the technical-grade MOCN. In this case,
temperatures up to 873 K are required. Metathesis re-
actions can produce cyanate salts other than NaOCN and
KOCN. The synthesis of [NH,JOCN can be generated by
reversing F. Wohler’s urea synthesis (H,NC(O)NH, — [NH,]
OCN) (Boatright, 1954). The synthesis of [NH,]OCN can also
be achieved by a catalytic reaction (with the catalysts Pt,
Cu/Ni, Ru or Os). In this process, NO is reduced with CO
and H, to [NH,]OCN (Cant et al., 2003, 2004, 2005a, 2005b;
Chambers et al., 2001; Dalla Betta and Shelef, 1976;
Unland, 1973; Voorhoeve and Thimble, 1978). It was the C.
C. Cummins group that studied nitrogen fixation with
transition metal complex to form the N,-derived terminal
nitrido ligand in NMo—(N['Bu]Ar); (Ar = 3,5-Me,CcHs).
The latter complex was shown to form OCN-Mo—(N[‘Bu]
Ar); in the reaction with CO (Cozzolino et al., 2014). An
elegent way to synthesize [WCC]JOCN salts represents the
nucleophilic desilylation of trimethylsilyl cyanate by
methylcarbonate-containing ILs (Harloff et al., 2019a).
The cyanate ion has a linear structure, exhibits C..,
symmetry (Cozzolino et al., 2014; Galliart and Brown, 1972;

0
2 a + M,CO; ——» 2MOCN +  2NHj
HoN™ 7 NH, - CO,
- H,0
243K
o}
weel|© & el + TMS-OCN —————> [WCCJOCN + TMS-OMe Scheme 95: Synthesis of alkali metal and
- 2 WCC cyanates (Miiller et al., 2014).
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Hennings et al., 2011; MacLean et al., 2003; Schalke,
2006). Its silver salt forms monoclinic crystals, space
group P2;/m (Britton and Dunitz, 1965a). One could expect
a coordination of the cation to both ends of the cyanate, so
coordination to the nitrogen and oxygen, but in fact long
chains are reported because of two silver cations linearly
coordinating to one nitrogen atom. Though, the silver
nitrogen distance of ryg_y = 2.115(8) A is in the range of
a typical silver cyanide bond. In contrast, the distance
between the silver cation and the harder oxygen of
Tag-o = 2.996(8) A is much longer causing a weaker
interaction (Britton and Dunitz, 1965a). Using neutron
powder diffraction (MacLean et al., 2003), it was shown
that in the structure of ammonium cyanate, the NH,*
cation forms N-H-N hydrogen bonds to four cyanate N
atoms at alternate corners of a distorted cube (Figure 44),
rather than the alternative arrangement with N-H.-O
hydrogen bonds to cyanate O atoms at the other four
corners. With two formula units of [NH,INCO in the
tetragonal unit cell in the space group P4/nmm the linear
cyanate anions lie along the fourfold axes, and the N atom
of the ammonium cation is on a site with 4 symmetry.
Recently, salts bearing the cyanate ion in a hydrogen-
bonded HCN matrix [OCN(HCN);]~, were reported (Bldsing
et al., 2020). Due to a detailed review dealing with three-
atomic cyanate and thiocyanate and especially their
alkaline, ammonium and thallium(I) salts, the growth of
crystals, properties and phase transitions were reported
by A. Fuith, this class of CN containing substances is just
discussed briefly (Fuith, 1997).

Computational studies confirm the linear structure of
the anion in the gas phase and an NBO analysis show a
well-balanced charge distribution on nitrogen and oxygen
(Table 63). In comparison to carbon both terminal elements
are more electronegative having an electron-withdrawing
effect on carbon and causing a positive partial charge

o) =N
/ P
N= 0

Y

N= \——O
/ \/
@) N

Figure 44: Schematic illustration of the N-H---N hydrogen bonding
in [NX,JOCN (X = H, D).
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Table 63: Natural Bond Orbital (NBO) atomic charges (in a.u.) of the
cyanate ion at BP86/cc-pvVQZ (Lu et al., 2014).

NBO (0] C N

ge -0.72 0.50 -0.78

(Lu et al., 2014). Selected experimental and computational
data are listed in Table 64.

In 2018, T. M. Klapotke and co-workers reported the
synthesis of isocyanic acid using potassium cyanate and
stearic acid, which is similar to the synthesis of hydrogen
cyanide by A. Schulz and co-workers in 2016 (Labbow
et al., 2016). Based on the X-ray diffraction experiment
similarities of carbon dioxide and the isocyanic acid, which
can also be called the imide of CO,, are discussed. In the
crystal the acid also forms zigzag chains with N---HN
hydrogen bonds of 2.14 A (Evers et al., 2018).

The trimerization and polymerization of cyanic acid
are well known (Scheme 96). Trimerization reactions of
isocyanates (R-NCO) have been investigated in many
ways, e.g. for the preparation of cyclic cyanurate esters,
which show great performance as adhesives, composites,
resins etc. (Arnold et al., 1957; Barton et al., 1991, 1999;
Bauer and Gnauck, 1987; Bauer et al., 1986, 1998; Fang and
Shimp, 1995; Grenier-Loustalot et al., 1996; Hamerton and
Hay, 1998; Kotch et al., 1995; Marcos-Fernandez et al.,
1999; Osei Owusu et al., 1996; Reghunadhan Nair et al.,
2001; Seifer, 2002; Williams, 1948).

Although a large number of derivatives of cyanuric
acid are known in organic chemistry, there are only a few
structurally characterized metal cyanurates. Salts of cya-
nuric acid have been mentioned since the mid-eighteenth
century (Kalmutzki et al., 2013; Seifer, 2002; Williams,
1948). The first reported compounds containing anions of
cyanuric acid were transition metal cyanurate complexes,
mainly of nickel, copper and cobalt. Structures with
trivalent cyanurate anions were isolated and fully charac-
terized by H. J. Meyer and co-workers (Scheme 97) (Kal-
mutzki et al., 2013). The preparations of cyanurate
compounds LiSr(0sCsN;) and LisSr,F(OsC5N5), were
possible due to using the concept of solid-state metathesis
reactions.

Dicyanoether O(CN),

Experimentally, dicyanoether O(CN), has been investi-
gated by C. W. Hand and R. M. Hexter in 1970 (Hand and
Hexter, 1970). Flash photolysis of a mixture of cyanogen
and ozone and followed by a rapid scanning using an IR
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Table 64: Experimental and computational data of the cyanate anion and different cyanate salts (bond lengths in A; angles in °; wave numbers

incm™).
Compound  Exp./calc. reon rc.co < (0-C-N) Vs vym
[OCN]™ Exp. — UV (Jacox, 1990) - - - 2338 1289
B3LYP/aug-cc-pVTZ (Moreno et al., 2013) 1.184 1.221 180 - -
CCSD(T)/cc-pVQZ (Lu et al., 2014) 1.192 1.230 180 2188 1232
CCSD(T)/aug-cc-pV5Z (Léonard et al., 2010) 1.193 180 2166.1 1228.0
AgNCO Exp. — XRD (Britton and Dunitz, 1965a) 1.195(11) 1.180(11) - - -
NaOCN Exp. — XRD (170 K)/Raman (Reckeweg et al., 2010) 1.227(16) 1.192(17) 180 2178 1215
KOCN Exp. — XRD (Nambu, 2003)/Raman (Brooker and Wen, 1993) - 1.1988(4) 180 2181 1207
[ND,JOCN Exp. — XRD (MacLean et al., 2003) (14 K) 1.191(5) 1.215(5) 180 - -
Exp. — XRD (MacLean et al., 2003) (288 K) 1.192(7) 1.174(8) 180 - -
OH
O C/O\C/O 273 K o 423K N
II\IIH II\IIH <«—— O0=C=NH === HO-C=N ——>» )NI\ )N\
! HO N/ OH
Scheme 96: Oligomers and polymers of (iso)
cyanmelide isocyanic acid cyanic acid cyanuric acid cyanic acid (Huthmacher and Most, 2000).
© (0]
0 o J o
SICl, + 3L(OCN) —— @20 Yy =< N N
-2 LiCl | A . , ,
e )\ /)\ o 07 "N~ 0| Scheme 97: Synthesis of salts bearing the
0" N0 © trimeric cyanate ion (Kalmutzki et al.,
cyanurate isocyanurate 2013).

spectrometer led to the detection of the O(CN), molecule.
Besides O(CN),, a further product was observed. The
asymmetrical product evolved from the terminal addition
of oxygen in its ground state to the cyanogen. On the other
hand, the symmetrical product O(CN), is the result of an
insertion of singlet oxygen into the C-C bond of the cyan-
ogen (Scheme 98).

One of the new absorption band at (2205 + 10) cm™,
which appeared within 20 ps was assigned to the formation
of O(CN),. After 70 ps the band reaches the maximum of
intensity and fell off gradually during several minutes
(Hand and Hexter, 1970). In 1977, D. Poppinger and L.
Radom published the first computations on the geomet-
rical and energetical properties of R-OCN fragments
(Poppinger and Radom, 1978). Due to limited computing
capacity, the cyanate group was supposed to be linear, so
the geometry optimization was restricted to the bond
length and bond angle of the substituent R of R—-OCN

(CN), + o(p) —> NC-O-CN

Scheme 98: Flash photolysis of cyanogen and ozone to form
dicyanoether (Hand and Hexter, 1970).

Table 65: Computational data of cyanogen isocyanate, cyanogen
cyanate and cyanoformonitrile oxide using HF/STO-3G (bond
lengths in A; angles in °; E,e.. in k) mol™) (Poppinger and Radom,
1978).

Compound Symmetry I'ne—x < (C-X-Y) EeL
(NC)NCO Cs 1.381 123.5 0.0
(NC)O(CN) Coy 1.369 111.4 157.0
(NC)CNO Coov 1.392 180.0 261.3

(Table 65). With the presumption of linear cyanate groups,
the dicyanoether was found to exhibit C,, symmetry.
Interestingly, dicyanoether does not represent the lowest
lying isomer as it is 157.0 k] mol " above the cyanoisocya-
nate, (NC)NCO.

Furthermore, the product of terminal addition of oxy-
gen in its ground state is the most unstable compound.
After all, these compounds with R = CN show the same
order of stability as R = CH; and the authors noted that the
isocyanate structure is the most stable one, because the
lone pair of nitrogen is a better p donor than the lone pair of
oxygen. The change to a bigger basis set 4-31G including
polarization functions leads to the bending of the angle
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<(0-C-N) =175.6° and an decrease of symmetry from C,, to
C, (Poppinger and Radom, 1978). J. B. Moffat could confirm
the bond lengths and bond angles reported by D. Pop-
pinger and L. Radom. In regard to the compounds of Ta-
ble 65 the C-N distances of the cyanide groups (ry_
cx = 1.160/1.159/1.163 A) are in the typical range of a triple
bond and the C-O bonds of dicyanoether are slightly
shortened due to a back-bonding of unpaired electrons of
oxygen into antibonding orbitals of the cyanide groups
(Moffat, 1979; Poppinger and Radom, 1978).

Oxocyanogen (OCN), — the cyanate dimer

In 1977, the formation of an (OCN),™ species, which was
part of an equilibrium of the cyanate anion [OCN]™ and a
complex HNCOOH formed by irradiation of OH radical/
[OCN]™ mixture, was reported by J. G. Leopold and M.
Faraggi (Scheme 99). By means of pulse radiolysis of
cyanate anion solutions, kinetic studies led to the
assumption of the in situ formation of an [(OCN),]™ species
(Leopold and Faraggi, 1977).

Experimental evidence of the existence of an (CNO),
species, isomer of (OCN),, was published in 1984. Time-
resolved mass spectrometry of the decomposition products
after thermal explosion (at 430 K) of mercury fulminate
showed mass peak at m/z = 84 that could allocated to the
(CNO), dimer (Scheme 100) which further breaks down into
more stable species such as ONC-CN, O, N,O and (CN),
(Tang et al., 1984).

In 1981, M. S. Delgado and V. Fernandez published the
reaction of silver cyanate and bromine and a stabilization
of (OCN), using titanium tetrachloride to isolate the dimer,
but polymerization was assumed, which hindered the un-
ambiguous identification of the dimer (Delgado and Fer-
nandez, 1981). In 1996, A. Schulz and T. M. Klapotke
reported the formation of dioxocyan as a reactive

[(OCN),I®

HNCOOH + [OCN® H,O

Scheme 99: Pulse radiolysis to form the [(OCN),]™ dimer (Leopold
and Faraggi, 1977).

Hg(CNO), —» Hg + 2CNO —» (CNO), —» C,N,0, O, N,O, C,N,

AgOCN(S) + OCN(g). — Ag(s) +

[0=C=N-N=C=0],
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intermediate in the reaction of silver cyanate and bromine,
which dissociated under release of nitrogen (Scheme 101).

Due to fast decomposition of the dioxocyan, its isola-
tion and spectroscopic analyses were not possible.
Computational studies at MP2(full)/6-31G(d,p) were also
carried out to distinguish between isomers of 0-O and N-N
linked dimers showing that the diisooxocyan is the ther-
modynamically more stable isomer lying 343.7 k] mol™
lower in energy than the oxygen linked isomer. In addition,
the N-N bond is significantly shortened and the bond
length of ry_y = 1.385 A is in between a typical single and
double bond. In contrast to this shortened bond, the 0-O
bond of the dioxocyan is much weaker (ro_o = 1.622 A,
Table 66) (Schulz and Klapé6tke, 1996). In the same year, G.
Maier et al. generated and identified (OCN), by matrix IR
spectroscopy (Maier et al., 1996a). It was generated by UV
irradiation of oxalic acid diazide and azidoformyl isocya-
nate in argon at 10 K and by high vacuum flash pyrolysis of
the same precursors at 1173 K. Although (OCN), proved
stable at 80 K, it polymerized and was not in pure form at
room temperature. In 2008, T. Pasinszki also published
detailed studies on cyanate dimers of different configura-
tions and could also confirm, that the diisooxocyan is
the thermodynamically most stable isomer (Table 67)
(Pasinszki, 2008).

Sulfur

As for oxygen, the monocyanide [SCN] radical, the thio-
cyanide anion, [SCN]", and the dicyanide, S(CN), are also
known for sulfur. However, while the number of CN groups
attached to the oxygen atom is (so far) limited to two, three
and four CN groups have also been found for sulfur. Since
thiocyanate plays a major role in both inorganic and bio-
organic chemistry (see introduction), only the essentials
such as synthesis and structure are discussed here, other-
wise reference is made to the many review articles
(Anderson, 1980; Azizitorghabeh et al., 2021; Bahta et al.,
1997; Bezsudnova et al., 2007; Castanheiro et al., 2016;
Dash et al., 2009; Ebbs, 2004; Happold et al., 1958; Jensen
and Tuan, 1993; McDonald et al., 1969; Sorokin et al., 2001;

Scheme 100: Thermal explosion of mercury
fulminate forming (OCN), as an intermediate
of decomposition (Tang et al., 1984).

Scheme 101: The reaction of silver cyanate and
bromine leads to dioxocyan as an
intermediate (Schulz and Klapotke, 1996).
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Table 66: Computational data of (OCN), dimers (bond lengths in A; angles in °).

Compound ABC-DEF Method + basis set g Isc rcp Iog Trer <(A-B- <(B-C- < (C-D- < (D-E-
0 D) E) )]
OCN-NCO (Schulz and Klapétke, MP2(FU)/6-31G(d,p) 1.181 1.238 1.385 1.238 1.181 168.5 123.3 123.3 168.5
1996)
NCO-O0CN (Schulz and Klapdtke, MP2(FU)/6-31G(d,p) 1.190 1.296 1.622 1.296 1.190 176.5 104.6 104.6 176.5
1996)
ONC-CNO (Pasinszki, 2008) B3LYP/6- 1.201 1.165 1.340 1.165 1.201 180.0 180.0 180.0 180.0
311 + G(2d)
OCN-CNO (Pasinszki, 2008) B3LYP/6- 1.212 1.162 1.319 1.210 1.162 173.5 159.0 141.7 172.5
311 + G(2d)
NCO-CNO (Pasinszki, 2008) B3LYP/6- 1.196 1.180 1.351 1.307 1.151 168.5 135.9 117.0 175.1
311 + G(2d)
CNO-CNO (Pasinszki, 2008) B3LYP/6- 1.173 1.341 1.349 1.179 1.198 166.8 112.9 135.6 169.6
311 + G(2d)
OCN-NCO (Pasinszki, 2008) B3LYP/6- 1.163 1.221 1.376 1.221 1.163 170.5 125.0 125.0 170.5
311 + G(2d)
NCO-NCO (Pasinszki, 2008) B3LYP/6- 1.154 1.297 1.458 1.239 1.156 175.1 110.1 112.9 171.1
311 + G(2d)
CNO-NCO (Pasinszki, 2008) B3LYP/6- 1.173 1.321 1.465 1.241 1.155 171.6 108.2 111.9 171.5
311 + G(2d)

Table 67: Computational data of (OCN), dimers (total energy in a.u.;
numbers in cm™).

relative energy and dissociation energy at 298 K in k) mol™; wave

Compound ABC-DEF Method + basis set Eior. EeL Dagc_per Vcp VDEF
OCN-NCO (Schulz and Klapétke, 1996) MP2(full)/6-31G(d,p) -335.23422 0.0 - - -

NCO-O0CN (Schulz and Klapotke, 1996) MP2(full)/6-31G(d,p) -335.103437 82.9 - - -

ONC-CNO (Pasinszki, 2008) B3LYP/6-311 + G(2d) -336.076636 347 332 634 1588
OCN-CNO (Pasinszki, 2008) B3LYP/6-311 + G(2d) -336.152341 148 288 737 1596/1296[a]
NCO-CNO (Pasinszki, 2008) B3LYP/6-311 + G(2d) -336.072284 356 117 - 1429
CNO-CNO (Pasinszki, 2008) B3LYP/6-311 + G(2d) -335.980380 592 144 - 1410
OCN-NCO (Pasinszki, 2008) B3LYP/6-311 + G(2d) -336.209270 0 188 837 1514
NCO-NCO (Pasinszki, 2008) B3LYP/6-311 + G(2d) -336.134348 193 21 805 1324
CNO-NCO (Pasinszki, 2008) B3LYP/6-311 + G(2d) -336.046988 418 56 797 1301

BICNO and NCO stretching vibration.

Stott etal., 2001; Wald et al., 1939; Watts and Moreau, 2016;
Willemin and Lumen, 2017; Wilson et al., 1960).

Thiocyanate radical [SCN]" and [SCN]” ion

Thiocyanate radical [SCN]

The thiocyanate radical, [SCN], can be generated by
photolytic dissociation of methyl isothiocyanate, using KrF
or ArF excimer laser. Prior to the dissociation, methyl iso-
thiocyanate was very diluted by helium. [SCN] has also

h . .
HsC—SCN —— H,C  + <CN

Scheme 102: Photolytic dissociation of methyl isothiocyanate to
obtain the thiocyanate radical (Northrup and Sears, 1989).

been detected after radio frequency discharge of methyl
thiocyanate and the reaction between CN and OCS (Scheme
102). To avoid higher thermal excitation, conditions of
supersonic free jet expansion are used to obtain fluores-
cence excitation spectra (Northrup and Sears, 1989).

Additional experimental studies focusing on the
Renner-Teller effect of the linear thiocyanate radical,
which exhibits C.., symmetry, confirmed the “II state to be
the electronic ground state (Northrup and Sears, 1990). Its
fluorescent lifetime is reported to be t, = 165 ns (Ohtoshi
et al., 1984). Furthermore, the bond lengths were calcu-
lated based on observed rotational constants (Table 68)
(Maeda et al., 2007).

DFT calculations could confirm experimental values
and the electron affinity of E, = 3.51 eV (339 kJ mol™),
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Table 68: Experimental and calculated structural data of the thio-
cyanate radical (bond lengths in A).

Publication Exp./calc. ren rs_n
Maeda et al. Exp. - SWS 1.1831(18) 1.6301(14)
(2007)
Li et al. (2012) MP2/aug-cc-pVDZ 1.1563 1.6879
Chen et al. (2008) MP2/6- 1.15 1.66
311 + G(3df,2p)
B3LYP/ 1.17 1.63

6-311 + G(3df,2p)

which was calculated by]J. G. Dillard and J. L. Franklin, was
re-adjusted to be E, = 3.52 eV by H.-L. Chen et al. using
CCSD(T)/aug-cc-PVQZ//B3LYP/6-311 + G(3df,2p) (Chen
et al., 2008; Dillard and Franklin, 1968). Photoionization
mass spectrometry led to an adiabatic ionization potential
of IP = 10.689(5) eV and the standard formation enthalpy
was reported to be A¢H° = (304.4 + 3.3) k] mol™ (Ruscic and
Berkowitz, 1994).

Thiocyanate anion [SCN]™

Thiocyanates are the salts of thiocyanic acid, HSCN
(initially known as Schwefelblausdure = German for sulfur
blue acid). Thiocyanic acid was observed as early as 1790
by Winterl, 1799 by C. Buchholz (Buchholz, 1799), 1804 by
Rink and produced in 1808 by R. Porret (K6hler, 1914). Its
composition was determined by ]J. J. Berzelius in 1820 and
he also introduced the old name rhodanic acid (from Greek
for red), since ferric thiocyanate is a deep red complex.
Thiocyanate salts can be prepared from cyanides and sul-
fur in the melt (Scheme 103) (K6hler, 1914). In addition to
thiocyanic acid (HSCN), an isomer is also known, namely
isothiocyanic acid (HNCS also thiocarbimide). Both types
of acid are labile with respect to decomposition. The thio-
cyanate ion, like the azide, cyanide or cyanate, is called a
linear pseudohalide, which easily forms salts with alkali
metals such as potassium thiocyanate (KSCN, also potas-
sium rhodanide) (Birckenbach and Kellermann, 1925a;
Brand et al., 2006, 2007; Kauffman et al., 1968; Stopenko
et al., 1986). But also non-metal main group thionates are
known (Bahta et al., 1997; McDonald et al., 1969; Wijeya-
singhe and Anthopoulos, 2015). As early as 1873, L. Lossner
et al. converted phosphorus trichloride with KSCN into
P(SCN); in an alcoholic solution (Lossner et al., 1873).
Shortly thereafter, the reaction of PCl;, AsCl; and SbCls

A
KCN + '/355 — KSCN

Scheme 103: Synthesis of potassium thiocyanate (Kdhler, 1914).
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with metal thiocyanates (MSCN, M = alkali metal) was
studied by different groups (Dixon, 1901). The formation of
the thiocyanates P(SCN);, As(SCN); and Sh(SCN); was
assumed since upon contact of these E(SCN); (E = P, As,
and Sb) species with water, thiocyanic acid was observed. In
1902, A. E. Dixon studied the reaction of PCl; with KSCN in
detail in order to investigate the behavior of P(SCN); towards
alcohol (Dixon, 1902). It was E. S6derbick who advanced the
thiocyanate-chemistry and dealt in particular with the syn-
thesis of free HSCN and its salts. In the course of these in-
vestigations, he examined the effect of HSCN-ether solutions
on pure arsenic and antimony, whereby he could isolate a
yellow hygroscopic oily solid (Soderback, 1919). To date,
various synthetic routes to P(SCN); have been published,
most of them starting from PCl; and metal thiocyanates such
as AgSCN, Hg(SCN),, or [NH,]JSCN (Fluck et al., 1965; Gall and
Schiippen, 1930). Also, pure heavy E(NCS); (E = Sh, Bi) spe-
cies were obtained from the reaction of EF; and an excess of
TMS-SCN (Arlt et al., 2019). Furthermore, the cluster ion
[SCN(HCN);]~ was isolated when WCC[SCN] is recrystallized
from liquid HCN (Blésing et al., 2020)

Thiocyanates fulfill several functions in organisms, for
example degradation product of the cyanide detoxication
or oxidation of thiocyanate by enzymes like eosinophil
peroxidase to form hypothiocyanous acid HOSCN, which is
present in the oral cavity, airway or alimentary tract and
has got antimicrobial properties (Chandler and Day, 2015).
Also the thiocyanate anion itself is analyzed due to bio-
logical activities, for example the affinity to bind to he-
moglobin (Kumar Sau et al., 2003). Furthermore, the
formation of bonds to organic substituents leading to iso-
thiocyanates is possible, which is interesting in respect to
bonding of nitric monoxide radicals or the prevention of
inhibition of the immune system by reduced macrophage
migration (Noshita et al., 2009; Spencer et al., 2015).

Structurally, many thiocyanate salts have already been
characterized. For example, in 1971 Z. Ighal published struc-
tural data of sodium thiocyanate, which were rectified by P.
H. van Rooyen and J. C. A. Boeyens in 1975 using single crystal
XRD and observed characteristic vibrational bands
(Table 69). The sodium thiocyanate forms orthorhombic
crystals, space group Pnma, the sodium is octahedral coor-
dinated by three sulfur and three nitrogen atoms in fac
arrangement and the thiocyanate anion can be regarded to be
linear (Igbal, 1971; van Rooyen and Boeyens, 1975). The
crystal structures of thiocyanate salts (M = alkali, [NH,]*, T1%),
their crystal growth, properties and phase transitions in
comparison to cyanates, azides and bifluorides ([HF,]") have
been reviewed in detail by A. Fuith (1997).

The calculations on KSCN by K. Urabe and co-workers
were carried out in the framework of the rigid ion model. To
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Table 69: Experimental and computational data of sodium and potassium thiocyanate (bond lengths in A; angles in °; wave numbers in cm™).

Compound Exp./calc. ren rs.c <(S-C-N) Ven Vsc
NaSCN Exp. — XRD, IR (Igbal, 1971; van Rooyen and Boeyens, 1975) 1.168(18) 1.663(9) 179.0(8) 2070/2090 750/760
KSCN Exp. — XRD, Raman (Akers et al., 1968; Dao and Wilkinson, 1973) 1.149(14) 1.689(13) 178.3(1) 2050(2) 749(2)
KSCN Rigid ion model (Kanamori et al., 1981) 1.15 1.79 180 2050 749

analyze the mesomeric stability of this compound they also
calculated the distribution of negative charge (g(K) = 0.747,
q(S) = —0.194, q(C) = -0.161, g(N) = —0.392) identifying a
main focus of negative charge on the nitrogen (Kanamori
et al., 1981). In contrast to sodium thiocyanate the space
group of potassium thiocyanate is Pbcm and it exhibits
longer S-C bonds and shorter C—N bonds. Although, the
sulfur-carbon bond is 0.12 A shorter than a typical single
bond, the Lewis picture should include at least mesomeric
structures as depicted in Figure 45 (Akers et al., 1968). The
chemical shift of °N and >C were measured using Li[SCN]
dissolved in DMF (8[*°N] = 160 ppm, 6[*°C] = 150~152 ppm)
(Vaes et al., 1978).

Dirhodan, NCS-SCN (Allenstein and Lattewitz, 1964;
Fieser et al., 2006; Nolan et al., 1975; Kuhn and Mecke,
1960, 1961b; Kuhnhen, 1977; Schoneshofer et al., 1970; Seel
and Wesemann, 1953; Wizemann et al., 1969). As classical
pseudohalide thiosulfate can be oxidized to form dirho-
dan, the dimer of the [SCN] radical. As early as 1919, E.
Soderbick tried to oxidize the [SCN]™ ion to dirhodan using
nitrous acid (Scheme 104) (S6derbidck, 1919). However,
when an aqueous solution of potassium rhodanide and
potassium nitrite was acidified, the result was not dirhodan
but the intensely red nitrosyl rhodanide, which had already
been observed in 1852 by J. Besnou and later also by E. W.
Davy (Scheme 104) (Seel and Wesemann, 1953).

© o..

=C=N:: -« :S5—-C=N:

Figure 45: Mesomeric structures of the thiocyanate anion.

ON-CI + AgcCN —> ON-SCN  + AgCl
2 ON-5SCN — 2 NO +  (SCN),
ON-CI + KSCN —> ON-S5CN  + KCI
Pb(S5CN), + Bry —»  (S5CN), +  PDbBr,
2AgSCN + Br, —>  (SCN), + 2 AgBr

Scheme 104: Different routes for the synthesis of (SCN), (Emerson,
1966; Fitzgerald and Bowie, 2004; Rogers and Gross, 1952; van
Rooyen and Boeyens, 1975).

All the authors mentioned report that nitrosyl rhoda-
nide can easily be decomposed with the release of nitrogen
oxide. Since dirhodan is hydrolysed by water (Schoneshofer
et al., 1970), nitrosyl rhodanide must be prepared in a non-
aqueous solvent (Seel and Wesemann, 1953). The prepara-
tion of a solution of nitrosyl rhodanide in liquid sulfur
dioxide, which is obtained by reacting nitrosyl chloride with
a solution of potassium rhodanide, proved to be particularly
advantageous. In this quantitative reaction, potassium
chloride precipitates. After careful evaporation of the
intensely red solution in vacuo and at low temperatures, the
solid nitrosyl rhodanide is obtained, which rapidly changes
into completely colorless dirhodan with the elimination
of nitrogen oxide. The decomposition of the dirhodan
(Tw = 288-289 K) leads to an orange-red solid substance.
Another method for the synthesis of dirhodan is based on
Pb(SCN), and bromine in ether at temperatures between 273
and 283 K (Scheme 104) (Kuhn and Mecke, 1960).

K(SCN);. If three equivalent KSCN are treated with two
equivalent [NO]JSCN, the interesting yellow potassium tri-
rhodanide, K(SCN);, which is analogous to the better-
known potassium triiodide, KI5, is obtained after NO
cleavage.

Thiocyanate cation [SCN]*

Equally to the [SCN] radical only a few experimental
studies of the thiocyanate cation [SCN]" are published in
literature. The first evidence of the cation was published by
B. Ruscic and J. Berkowitz in 1994 as a result of hydrogen
abstraction of HNCS by atomic fluorine, but the spectra
showed several autoionizing features. A second route was
the formation of the dirhodane (dithiocyane, see above)
using silver thiocyanate and chlorine and in the second
step it was photolytically ionized in a mass spectrometer
(Scheme 105). The correlated standard formation enthalpy
was reported to be AgH° = (1336.4 + 3.8) k] mol ™ (Ruscic and
Berkowitz, 1994).

In 2004, mass spectrometric studies on methylene-
isothiocyanate, which was formed by dissociative electron
ionization of 2-mercaptoimidazole, were reported and
confirmed by tandem mass spectrometry. The neutralization-
reionization spectrum showed a peak at m/z = 58, which was
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hv
2AgSCN + Cl, ———» (SCN), —» [-CN]®
— 2 AgCl

allocated to the thiocyanate cation due to removal of the
methylene group from [H,C-NCS]* (Reddy et al., 2004). M.
Fitzgerald and J. H. Bowie could also generate the thiocya-
nate cation by charge reversal of the thiocyanate anion
directly in the collision cell of a mass spectrometer by single
collisions with oxygen. In their computational studies they
could additionally show that the isomerization from thiocy-
anate cations in the triplet state to thiofulminate cations is
endothermic by 86.2 k] mol ™ and correlated to an activation
barrier of 188.8 k] mol ™, whereas the change of the isomers in
the singlet state is less endothermic by 76.2 k] mol .. The
calculated parameters of the triplet ground state and the
singlet state are shown in Table 70 and all isomers exhibit
C..y symmetry (Fitzgerald and Bowie, 2004).

Evidence for the formation of [SCN]" ion was also found
in the fragmentation reaction of methylenethiocyanate
investigated by E. Cortés et al. in 2009. Based on photo-
electron photoion coincidence (PEPICO) and photoelectron
photoion photoion coincidence (PEPIPICO) spectra it was
shown that the fragmentation processes leading to forma-
tion of [CH5]" and [SCN]" ions dominate the dissociation of
CH5SCN excited at the S 2p levels (Cortés et al., 2009).

Sulfur dicyanide S(CN),

In 1919, E. Séderbdck published a detailed article dealing
with the free thiocyanate radical, starting with J. v. Liebig’s
experiments (Ag[SCN] + Cl,) to obtain the radical,

Table 70: Computational data of [SCN]* in different electronic states
(Ecot. in Hartree; bond lengths in A; dipole moment p in D) (Fitzgerald
and Bowie, 2004).

[b] [b]

Compound  State Eoi  rasg ra—c u
[SCN]* mn -489.83203 1.593 1.211 1.98
[SNC] n -489.80298 1.547 1.245 1.63
[SCN]* 33 -489.87300 1.594 1.213 2.25
[SNCT* 3z —-489.84011 1.561 1.232 2.07

llE,. calculated at CCSD(T)/aug-cc-pVDZ and zpe included. ®Bond
length calculated at B3LYP/6-31G + (d).
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e© Scheme 105: Formation of the thiocyanate
cation (Ruscic and Berkowitz, 1994).

+ [SCN] +

presenting several attempts to synthesize the free radical
and collecting characteristic chemical properties (Soder-
back, 1919). In this context, he also described F. Linne-
mann’s synthesis (Linnemann, 1861) of sulfur dicyanide
S(CN), due to a reaction of cyanogen iodide and silver
thiocyanate and R. Schneider’s attempt (Schneider, 1885)
to synthesize dirhodane, (SCN),, but due to several ana-
lyses R. Schneider assumed a rapid decomposition of the
dimer to form the dicyansulfide and dicyantrisulfide
S5(CN), (Scheme 106) (S6derbick, 1919).

At that time the homologous series of cyanosulfanes
was extended quickly and also contained the dithiocyanate
(SCN),, sulfur dithiocyanate S(SCN), and disulfur dithio-
cyanate S,(SCN), based on the same synthetic route of
mercury thiocyanate and sulfur-halogen compounds
(Scheme 107).

Isolated colorless crystals of S(CN), sublime easily at
normal pressure, melt at 335 K and in addition to its low
sublimation temperature the compound tends to poly-
merize easily (Feher and Weber, 1958). The dipole moment
of SCN was determined to be y = 2.28 D using electron
diffraction experiments and under assumption of an
carbon-sulfur-carbon angle of < (C—S-C) = 105° identical to
dimethyl sulfide (Rogers and Gross, 1952). Furthermore,
several results of structure determination, for example
using single crystal XRD experiments, were published
during the 1960s and during the last 15 years (Table 72). K.
Emerson as well as K.-H. Linke and F. Lemmer reported
different parameters for each CN group, which led to an
asymmetric molecule, but this fact could not be confirmed
by later studies (Emerson, 1966; Linke and Lemmer,
1966a). The small distances of neighboring molecules in
the crystal, which are smaller than the van der Waals radii,
are striking and could be interpreted using the o-hole
concept established some years ago (Donald and Tawfik,

Hg(SCN), + Xy ———»  HgX, + n+2(CN)2

Scheme 107: Synthetic route of homologous cyanosulfanes (Feher
and Weber, 1958).

AgSCN -+ ICN —_— (CN),
- Agl
Scheme 106: Reactions of F. Linnemann and
4AgCN + 25,Cl, ———— > 2 5,5(CN)y ——> (CN),  R. Schneider obtaining dicyansulfide
—4 AgCl — “3(CN), (Stderback, 1919).
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2013; Murray et al., 2007b; Politzer et al., 2007), which
implies, that the half-filled p bonding orbital of group V to
VII atoms showing electron deficiency interacts with a
nucleophile, whereas the intensity depends on its electro-
negativity, polarizability and the electron-withdrawing
character of the group to which it is bonded. So, the outer
surface of the chalcogen atoms has regions of positive
electrostatic potential, which noncovalently interact with
the lone pairs of the nitrogen atom of a neighboring cya-
nide group causing a denser package in the crystal (Murray
et al., 2007b; Politzer et al., 2007).

Several spectroscopic studies specified the structure
determination (Table 71), for example, D. A. Long and D.
Steele could confirm C,, symmetry and discussed various
C-S-C angles due to different assumed bond dipole mo-
ments using IR and Raman spectra (Long and Steele, 1963).

Experimental and computational data of chemical
shifts fit well, especially regarding the C species the
difference between theory and experiment is about
A6 = 5 ppm (6 (®°C, exp., CD,Cl,) = 100.1 ppm, & (°C,
calc.) = 105.0 ppm), regarding N the difference is large (§
(N, exp., CD,Cl,) = 293.4 ppm, & (N, calc.) = 338.4 ppm).
All calculations were carried out at B3LYP/6-311 + G*
(Burchell et al., 2006).

Table 71: IR and Raman data of S(CN), in different matrices (wave
numbers in cm™?).

Publication Method Matrix v se v ™o

Long and Steele Exp. - IR Solid 752 2190

(1963) Exp. — Solid - 2191
Raman

Fehér and Weber Exp. - In 680 2186

(1958) Raman bromoethane

Burchell et al. (2006) Exp. - IR In KBr 697 -
Exp. — Solid 693 2196
Raman
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Furthermore, dicyansulfide is an alkaline compound
due to its lone pairs at the sulfur atom and both nitrogen
atoms, which can also interact with electrophiles. In
accordance to the HSAB principle of Pearson, pairs of acids
and bases of the same strength are most stable, which
implies, that the nitrogen atoms can interact with two
Lewis acids, for example antimony or arsenic penta-
fluoride, forming strong diadducts (Minkwitz et al., 1991;
Pearson, 1968).

Thiocyanogen (SCN),

The syntheses of thiocyanogen published by F. Linnemann
and R. Schneider based on the reaction of silver cyanide
and disulfur dicyanide and subsequently formation of
sulfur dicyanide S(CN), and sulfur dithiocyanate S(SCN),
(Scheme 106) (Soderbéck, 1919) as well as the reaction
of mercury thiocyanate and sulfur-halogen compounds
(Scheme 107) (Feher and Weber, 1958) reported by F. Fehér
and H. Weber have already been named. In the 2000s, J. D.
Woollins and co-workers also dealed with sulfur-cyanogen
compounds and reported a synthesis of thiocyanogen
based on the reaction of silver thiocyanate and molecular
bromine at —20 °C. They reported carbon and nitrogen NMR
data and also noticed the polymerization of thiocyanogen
forming polycyanogen at ambient temperature (Burchell
et al., 2004, 2006).

Tricyanosulfonium cation [S(CN);]*

There is only one article in literature published by R.
Minkwitz and V. Gerhard dealing with the [S(CN);]* cation.
The synthesis is a halogen-pseudohalogen exchange at
tribromosulfonium hexafluoroarsenate in liquid sulfur di-
oxide at lower temperatures (Scheme 108). The reaction
takes 24 h under exclusion of light, when silver bromide

Table 72: Experimental and computational data of S(CN), reported in different studies (bond lengths in A; angles in °).

Publication Exp./calc. Is_c reon <(S-C-N) < (C-S-C) Space group
Emerson (1966) Exp. — XRD 1.736(15)/ 1.118(21)/ 177.49(1.34)/ 95.60(78) Pbca
1.718(18) 1.134(23) 176.43(1.70)
Linke and Lemmer (1966a)  Exp. — XRD 1.87/2.07 1.02/1.20 177/144 96  Pbca
Burchell et al. (2006) Exp. — XRD 1.74(2)/1.72(2) 1.12(2)/1.13(2) 177(1)/176(2) 95.6(8) -
B3LYP/6-311 + G* 1.71 1.16 175 99.6 -
Kisiel et al. (2013) FIR spectra, CCSD(T)/ 1.6972(4) 1.1602(4) 175.14(5) 98.36(3) -
aug-cc-pVTZ
CCSD(T)/aug-cc-pVTZ 1.7059 1.1617 175.37 97.77 -
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SO,
+ 3AgCN ———— »

Bri][AsF
[©Br3][AsFg] 233 K

and an excess of silver cyanide are removed from the dis-
solved product by filtration.

The product is a colorless solid, is sensitive to hydro-
lysis and decomposes at 364 K. The results of their spec-
troscopic measurements are listed in Table 73. The °C NMR
spectrum shows one signal at § = 85.4 ppm, which implies a
significant high field shift in comparison to S(CN),
(6 = 100-102 ppm) (Minkwitz and Gerhard, 1991).
Tetracyanosulfonium cation [S(CN),]*

The tetracyanosulfonium dication [S(CN),]** was described
theoretically by I. A. Koppel et al. (B3LYP/6-311 + G**)
(Koppel et al., 2002). This publication deals with the
generalized principle of superstrong Brgnsted acids, in
which sulfur tetracyanide is a fragment of a major com-
pound and substitutes the oxygen atom of nitrous acid,
acetalaldehyde or nitroxyl (Figure 46). The calculated
distances of the four sulfur—cyanide bonds are not equal
and listed in Table 74 as well as the calculated

Table 73: Experimental data of IR and Raman spectra of [S(CN)5]*
(wave numbers in cm™) (Minkwitz and Gerhard, 1991).

Method Matrix Vst'sc Vas'sc Vsym'cu

IR Solid - 564 2230

Raman Solid 638 568 2242
CN H CN CN

N:'/CN b:'/CN N_'/CN

/" 1TCN /7 1™CN /" ICN
HO CN H3C CN H CN

Figure 46: The oxygen atom of nitrous acid, acetalaldehyde and
nitroxyl is substituted by R = S(CN), (Koppel et al., 2002).

Table 74: Computational data of R = S(CN), containing compounds
(bond lengths in A; gas phase acidity and proton affinity in k) mol™)
(Koppel et al., 2002).

Compound Isc AH%4iq AG°;cia
HON=S(CN),® 1.78/1.91/1.84/1.83 - -
CH5CHC=S(CN), 1.92/1.92/2.22/2.22 1022.0 983.5
[CH,HC=S(CN),]- 1.92/1.92/2.23/2.23 - -
HN=S(CN), 1.79/1.79/1.90/1.83 1277.0 1240.1

[ElThis structure forms fragments during structure optimization.

[Z(CN)s][AsFe]
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Scheme 108: Synthesis of the [S(CN)s]* cation
(Minkwitz and Gerhard, 1991).

+ 3 AgBr

deprotonation enthalpy AH°,.q and acidity AG®°,q to esti-
mate the Brgnsted acid behavior.

Selenium

Selenium cyanide hydrogen compounds are unstable
acids, but some of their salts are storable for longer periods
of time. For example, they can be found in wastewater of oil
and gas industries, especially coal-fired power plants us-
ing flue gas desulfurization, and are toxic (Petrov et al.,
2012; Vadhanavikit and Ganther, 1988). In regard to
chemical properties and resulting biological activity sele-
nium and sulfur are very similar to each other. For
example, in some cases the sulfur atom of the amino acid
cysteine is replaced by selenium forming selenocysteine.
Accordingly, selenium cyanide compounds possess
several biological activities similar to the sulfur cyanide
compounds discussed before (Badiello, 1992; Huber and
Criddle, 1967; Shrift and Virupaksha, 1963). In some
studies the application of organo selenium compounds as
cancerostatic drugs are tested, which are synthesized using
selenocyanates (Bouchet et al., 2011; El-Bayoumy and
Sinha, 2004).

Selenocyanate [SeCN]™ and the triselenocyanate
[(SeCN)5] ion

Selenocyanate, [SeCN]", is known for a long time and its
stability enables commercial trade. The contact to air leads
to decomposition of these hydroscopic compounds form-
ing potassium cyanide and red selenium, which necessi-
tates its handling under inert gas atmosphere. The
synthesis runs in reverse direction in terms of an insertion
of elementary, powdered selenium into potassium cyanide
(Scheme 109) (Kaufmann and Kogler, 1926).

The first crystal structure determination of the sele-
nocyanate anion (with K" as counter ion) was published by
D. D. Swank and R. D. Willett in 1965 reporting a nearly
linear structure, which is slightly perturbed due to packing
effects (Swank and Willett, 1965). The space group of

A

KCN + Se — KSeCN

Scheme 109: Insertion of red selenium into potassium cyanide to
form potassium selenocyanate (Kaufmann and Kogler, 1926).
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potassium selenocyanate crystals is P2;/c. Within the
standard deviation, the CN bond length is in the range
of a triple bond, but the Se-C bond length of rg._
c(exp.) = 1.829 A is significantly shorter than the expected
single bond length of rs._c(calc.) = 1.94 A, which indicates
a partial double bond character, but does not affect the CN
bond due to the higher difference in electronegativities
(Table 75) (Swank and Willett, 1965).

Detailed information about all alkali metal seleno-
cyanates MSeCN with M = Li to Cs are summarized by F.
Tambornino and co-workers including syntheses, spec-
troscopic data as well as crystal structures and computa-
tions (Shlyaykher et al., 2021).

Silver selenocyanate complexes dissolved in acetoni-
trile were studied by means of IR spectroscopy (Vsec = 530—
560 cm™, vey = 2070-2110 cm™, Vpene = 380-410 cm™)
(Singh, 1980).

Selenocyanogen (SeCN), and selenium dicyanide
Se(CN),

Selenium dicyanide Se(CN), is significantly more stable
than the oxygen species O(CN), and can be obtained
as a pure substance. The crucial step of its synthesis is
the disproportionation of selenocyanogen in selenium
dicyanide and selenium diselenocyanate, which can be
separated by sublimation at 323 K. The selenocyanogen
can be synthesized on two different routes. The first one is
a reaction of potassium selenocyanate and iodine pen-
tafluoride and the second one is a salt metathesis of po-
tassium selenocyanate in presence of silver nitrate and
following oxidation by iodine (Scheme 110) (Aynsley
et al., 1964; Burchell et al., 2004, 2006; Linke and Lem-
mer, 1966b).

The first structure determination by single crystal XRD
was published by A. C. Hazell in 1963. He assumed that

Table 75: Experimental and computational structural data of the
selenocyanate anion (bond lengths in A; angle in °).
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selenium dicyanide would form orthorhombic crystals,
space group Cmca (Hazell, 1963). Detailed structural data
are shown in Table 76. In 1966, K.-H. Linke and F. Lemmer
also published a study on the structure of selenium
dicyanide correcting the space group to Pbhca and lowering
the symmetry to Cs because of two non-equivalent cyanide
groups, which differ due to the carbon—nitrogen bond and
the bond angle < (Se—C—N). After all, they suggest to call
it selenocyanocyanide instead of selenium dicyanide
(Linke and Lemmer, 1966b). Publications of T. M. Klap&tke
et al. and J. D. Woollins and co-workers confirmed the re-
sults of K.-H. Linke and F. Lemmer in principle, but they all
differ due to the C-Se—C angle. On the other hand, they all
report very small intermolecular distances of nitrogen and
selenium atoms in the crystal of 2.74-2.82 A, which is
significantly smaller than the sum of the van der Waals
radii (3.45 A) and is explained by the o-hole concept
mentioned in chapter 8.2.2 (Burchell et al., 2006; Klapotke
et al., 2008). The first IR and Raman spectroscopic mea-
surements were carried out in 1964 and were confirmed
experimentally and computationally (Table 77). NMR
spectroscopic data of Se(CN), in deuterated dichloro-
methane were reported by J. D. Woollins and co-workers in
2006 (Table 78) (Burchell et al., 2006).

The mesomerism of n-bond electrons and lone pairs
causes an interaction of the selenium and carbon atom,
which is stronger than a typical single bond and correlates
with calculated bond orders of 1.27 regarding Se-C and
2.92 with regard to C-N (Burchell et al., 2006). In 1981, G.
Jonkers et al. also analyzed the ionization energy using
ultraviolet photoelectron spectroscopy and asserted that
the ionization energy E; = 10.96 eV of Se(CN), is in the
range of elementary carbon (Table 79) (Jonkers et al.,
1981).

Selenium diselenocyanate Se(SeCN),, triselenocyanate
[(SeCN)s], and selenium triselenocyanate [Se(SeCN)s]™

Selenium diselenocyanate, Se(SeCN),, synthesized from
KSeCN in an oxidation process, was first described by A.

Publication Exp./calc. Ise-c fen < (Se-C-N) - yerneyil (Verneuil, 1886). Se(SeCN), is formed along with
Swank and Willett  Exp. - 1.829(25) 1.117(26) 178.8(2.5) Se(CN),, as rearrangement product of selenocyanogen,
(1965) XRD (SeCN), (Scheme 111). The same products are obtained
Petrie (1999a) Mpz(ﬂiu)/ 1.832 1.147 ~ when Se,Br, is treated with AgCN or Pb[(SeCN),] + Br,. W.
631G Muthmann and E. Schréder observed the formation of
+ |2
2KSeCN + 2AgNO; ————» 2AgSeCN ———=» (SeCN),
— 2 KNO, -2 Agl
Scheme 110: Synthesis of selenocyanogen
and its disproportionation to selenium
2 (SeCN), —— > Se(CN), + Se(SeCN), dicyanide (Linke and Lemmer, 1966b).
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Table 76: Experimental and computational data of Se(CN), (bond lengths in A; angles in °).

Publication Exp./calc. Ise-c re-n < (C-Se-() < (Se-C-N)
Hazell (1963) Exp. — XRD 1.86(10) 1.42(15) 119(6) 177(6)
Linke and Lemmer (1966b) Exp. — XRD 2.08/2.01 1.07/1.27 99 168/155
Klapotke et al. (2008) Exp. — XRD 1.862(7)/1.870(7) 1.138(8)/1.131(8) 91.3(3) 179.2(7)/176.3(6)
Burchell et al. (2006) B3LYP/6-311 + G* 1.86 1.16 97 175

Table 77: Some spectroscopic data of Se(CN), (wave numbers in
cm™).

Publication Exp./calc. vY™sec Vsec VWMo VEon

Aynsley et al. (1964) IR (KBr) 516 (608) 2183 2175
Raman (in 514 598 - 2178
CH5CN)

Burchell et al. (2006) IR (KBr) - 509 - 2179
Raman 512 - 2188 -
(solid)
B3LYP/6- 540 524 2282 2269
311 + G*

Table 78: Experimental and computational NMR data of Se(CN), in
CD,Cl, (chemical shifts in ppm) (Burchell et al., 2006).

Compound & (3c{*Hy, o (*N, o (7"se,

67.9 MHz) 21.7 MH2) 67.9 MHz)
Se(CN), in CD,Cl, 91.5 299.8 0.29
Se(CN), at B3LYP/ 106.9 355.2 574.87

6-311 + G*

Table 79: Experimental and computational (Hartree-Fock-Slater/
double zeta) ionization energies (in eV) (Jonkers et al., 1981).

Method 1st E, 2nd E,
Exp. - UVPE 10.96(5) 13.82(5)
HFS/DZ 10.9 12.2
2KSeCN + X, — > (SeCN), + 2 KX

2 (SeCN), —— > Se(SeCN), + Se(CN),

Scheme 111: Synthesis of Se(SeCN), (X = Br, I") (Verneuil, 1886).

Se(SeCN), in the reaction of KSeCN with nitrogen dioxide
(Aksnes et al., 1954; Challenger et al., 1926; Kaufmann and
Kogler, 1926; Muthmann and Schréder, 1900; Rogers and

Gross, 1952). The molecule is C, symmetric with Se—C-N
angles of 164° and Se-Se bond lengths of 2.33 A and Se-C
bond lengths of 1.83 A (Figure 47).

Triselenocyanate ion [(SeCN);]". Probably the first
triselenocyanate salt with potassium as counterion was
produced by A. Verneuil in 1886 (Verneuil, 1886). The
cesium salt bearing the triselenocyanate ion was first
isolated by L. Birckenbach and K. Kellermann in 1925
(Scheme 112) (Birckenbach and Kellermann, 1925b). Half a
century later in a series of papers S. Hauge et al. isolated
and fully characterized the alkali salts M[(SeCN);] (M =K*,
Rb*, Cs*). The potassium and rubidium salts were isolated
as hemihydrates (Hauge et al., 1971a, 1971b, 1975). The
alkali metal salts are prepared by oxidation of the corre-
sponding selenocyanates dissolved in water with bromine
dissolved in benzene (Scheme 112). Furthermore, it was
found that at ambient temperature a mixture of [(SeCN);]~
and [Se(SeCN)s]™ crystallizes indicating an equilibrium
(Scheme 112). An alternative is the reaction of Se(SeCN),
with [CN]™ (Hauge et al., 1971a). Cs[(SeCN);] crystallized in
monoclinic space group C2/c (Hauge et al., 1975). The
three selenium chains are almost linear (178.3(1)°) with
Se-Se bond lengths of 2.650(3) A, which is significantly
longer than the Se—Se single bond (cf. Zr..y(Se) = 2.32 A,
Figure 47) (Pyykko and Atsumi, 2009).

Selenium triselenocyanate, [Se(SeCN);]", was syn-
thesized by the reaction of Se(SeCN), and MCN in water
(M=K, Rb*, Cs") in a rather complex reaction (Hauge et al.,
1971a).

Selenium tetracyanide Se(CN),

The selenium tetracyanide Se(CN), could not be synthe-
sized until now. A reaction of selenium tetrafluoride and
trimethylsilyl cyanide TMS—CN at 223 K, which was carried
out by T. M. Klapétke et al. in 2008, did not lead to Se(CN),,
but its decomposition products Se(CN), and (CN), could
be detected (Scheme 113) which indicates the in situ
generation.

Due to computational studies the selenium dicyanide
is significantly more stable than its oxidized species and in
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S
_Se_ .Se_
Se Se Se | Se
¢ ¢ d e
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N N N
2[SeCN]® +  Br, — > (SeCN), + 28O
(SeCN), + [SeCN]© ——»  [(SeCN)s]®

—
—_—

[(SeCN);]© + [SeCN]® [Se(SeCN);]© + [CNJ©

Scheme 112: Synthesis of [(SeCN)s]™ (Birckenbach and Kellermann,
1925b).

detail the reductive decomposition represented in Scheme
113 implies a gain of energy of AE = —300.4 k] mol™
calculated at MP2/cc-pVTZ (Klapotke et al., 2008). Addi-
tional computational data of Se(CN), and Se(CN), are rep-
resented in Table 80.

The calculated Se(CN), exhibits pseudo trigonal-
bipyramidal structure and the free valance electron pair
is located at an equatorial position. The calculated bond
lengths also indicate a significant elongation of the Se—-C
bond in axial positions and a slightly elongated bond of the
axial cyanide groups (Klapotke et al., 2008).

Tellurium
Tellurocyanate [TeCN]™

Salts of tellurocyanate, [TeCN]~, with alkali metal cations
like sodium or potassium could not be isolated, so weakly
coordinating cations (WCC) are necessary to stabilize the
anion. The first synthesis was published by A. W. Downs in
1968 based on a new signal in the Raman spectrum at
2080 cm. After a reaction of tellurium and tetraethy-
lammonium cyanide in DMF slightly yellow crystals were
obtained, which included a stoichiometric amount of DMF
(Scheme 114) (Downs, 1968).

To obtain crystals, which include no solvent molecules,
are more stable and less sensitive to hydrolysis, the reaction
was carried out in acetonitrile using tetramethylammonium
cyanide or tetraphenylarsonium cyanide (Austad et al.,

SeF, + 4TMS-CN [Se(CN),]

—_—
— 4 TMSF

JEE—.

~(CN
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©
_Se_
Se | Se
4 Se -
C | s o ) .
I C N Figure 47: Schematic representation of the
N [ molecular structure of Se(SeCN),, [(SeCN)s]~
N and [Se(SeCN)s]".

Table 80: Calculated data of Se(CN), and Se(CN), (E in a.u.; zpe in
k) mol™*; bond lengths in A; angles in °) (Klapdtke et al., 2008).

Se(CN), Se(CN),

Point group Coy Cyy

State A, A

-E 194.610124 379.814761

zpe 40.82 78.92

Ise—c 1.842 1.854 (eq.)
2.066 (ax.)

re-n 1.176 1.178 (eq.)
1.180 (ax.)

< (C-Se-0) 94.9 102.5 (eq.—eq.)
167.1 (ax.—ax.)
86.0 (ax.—eq.)

Te + [Et4N]CN —> [Ef{4N]TeCN

Scheme 114: Synthesis of the tellurium monocyanide anion (Downs,
1968).

1971). Due to the increased stability, XRD experiments of
the solvent free tetraphenylarsonium tellurocyanate were
possible and the stretching mode of the cyanide group was
observed at 2081 cm ™ in the IR spectrum.

Nine years later in 1977, M. P. Cava and co-workers
published the first synthesis of an alkali metal tellur-
ocyanate salt obtained in a reaction of tellurium and
alkaline cyanide dissolved in dry dimethyl sulfoxide at
373 K under inert atmosphere leading to a pale-yellow so-
lution (Scheme 115). But the salt could not be isolated and
tellurium was formed after addition of water, acetone or
diethylether (Spencer et al., 1977).

373 K
DMSO

KCN KTeCN

Scheme 115: First synthesis of potassium tellurocyanate (Spencer
et al., 1977).

(SeCN),
)2

Scheme 113: Reaction to synthesize Se(CN),, which could not be isolated but its decomposition products (Klapdtke et al., 2008).
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Only a few spectroscopic studies of the tellurocyanate
were reported due to its sensitivity and instability. Some of
these spectroscopic data are shown in Table 81. The
calculated data were obtained by extrapolation of force
constants k and interaction force constants kgc of experi-
mental values of the preceding cyanates [OCN]~, [SCN]~
and [SeCN]™ (Greenwood et al., 1964).

Tellurium dicyanide Te(CN),

The first synthesis and elementary analysis of tellurium
dicyanide Te(CN), was published by H. E. Cocksedge in
1908. The synthesis was based on a reaction of tellurium
tetrabromide and silver cyanide (Scheme 116). The product
was sublimed to obtain crystals of 70.9% tellurium (calc.
71.0%) and 28.8% CN (calc. 29.0%), which are sensitive to
hydrolysis and decomposed into tellurium and cyanogen
at 373 K (Cocksedge, 1908).

More than 50 years later H. P. Fritz and H. Keller
repeated the synthesis published by H. E. Cocksedge, the
product was purified by high vacuum sublimation and
an IR measurement was carried out using the received
pale-pink crystals. The bands at voy = 2181 cm™ and
Ven = 2179 cm ! were assigned to the C-N stretching mode
and the asymmetrical tellurium-carbon stretching mode
was observed at Vrec = 403 cm ™. Due to two bands of the
cyanide group and in comparison to other chalcogene
halide compounds they assumed a bent structure of the
Te(CN),, although only one fundamental of the Te-C bond
was found. They also reported the thermal decomposition
of Te(CN), at 353 K (Fritz and Keller, 1961).

A complete structure characterization including XRD
measurements were reported by T. M. Klapotke et al. in
2008. In addition to the synthetic route of H. E. Cocksedge
using tellurium tetrabromide, T. M. Klapdtke et al. could
report a synthesis starting with tellurium tetraiodide. In

Table 81: Selected experimental spectroscopic data of K[TeCN] and
computational data of the tellurocyanate anion (bond lengths in A;
wave numbers in cm™).

Method e F'en Vrec Ven
Exp. (Loewenschuss and  1.904 1.153 459 2086
Marcus, 1996)
Extrapolation (Greenwood - - 455-457 2083-2086
et al., 1964)
3K

TeBr, + 3AgCN — > Te(CN), +

benzene

3 AgBr +
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regard to the IR and Raman spectrum they also observed
two bands of the cyanide group at vey = 2176 cm™! and
Ven = 2168 cm™, but additionally they could identify two
fundamentals at vrec = 410 cm™! and vrec = 398 cm™! orig-
inating from the Te—C bond and finally confirming the bent
structure. The two signals in the mass spectrum (EI) were
related to the parent ion [Te(CN),]" (m/z = 182) and to the
fragment [TeCN]* (m/z = 156). To obtain NMR spectra, the
product was dissolved in deuterated THF. The chemical
shift of the C atom is at § (**C) = 86.2 ppm, the chemical shift
of the N atom at & (**N) = —70 ppm and the chemical shift of
Te at § ("*Te) = 567 ppm. The coupling constant of C and Te
is reported to be J(*Te-3C) = 330.2 Hz. In the "N NMR
spectrum extra signals of dinitrogen (6 (*“N) = —71.5 ppm)
and cyanogen (§ (**N) = —123 ppm) were found. A solution
of Te(CN), in diethyl ether was layered by n-heptane and
cooled to 248 K receiving colorless needles suitable for
X-ray structure elucidation. Decomposition being faster
than crystallization was problematic. The space group is
R3c, the bent structure is confirmed (<(C-Te—-C) = 85.4(2)°)
and two pairs of bond lengths are reported (rpe_c = 2.090(5)
A respectively rre_c = 2.091(6) A and rc_y = 1.131(7) A
respectively rc_y = 1.149(7) A) (Klapotke et al., 2008).

The tellurium dicyanide exhibits C,, symmetry in gas
phase, but in regard to the experimental crystal structure
the symmetry is decreased due to electrostatic interaction
of lone pairs of neighboring cyanide groups, which is
explained by the o-hole concept mentioned in chapter
8.2.2. This causes a nearly square-planar coordination of
Te(CN), due to solvent molecules, which are included in
the crystal. Both effects cause a significant variation of
experimental and computational data (George et al., 2015).

Tellurium tricyanide Te(CN);

Homoleptic threefold cyanide substituted tellurides
Te(CN); are not stable and require one more halogen to
gain a certain level of stability (Fritz et al., 2008).

Tellurium tetracyanide Te(CN),

Tellurium tetracyanide Te(CN), is less investigated due
to its high sensitivity and its tendency to explosively
decompose at air or temperatures higher than 253 K. In
2004, T. M. Klapotke et al. published a synthesis of Te(CN),
based on a reaction of tellurium tetrafluoride and four

BrCcN Scheme 116: First synthesis of tellurium
dicyanide (Cocksedge, 1908).
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equivalents of trimethylsilyl cyanide, TMS—CN, dissolved
in dichloromethane, which is similar to the reaction of
Se(CN), (Scheme 117) (Table 82).

The product was isolated in form of a colorless powder
and was analyzed by Raman spectroscopy due to its low
solubility in common solvents (Table 83). The identification
of four different carbon—nitrogen stretching modes implies
the presence of two axial and two equatorial cyanide groups.
Furthermore, computational studies of Te(CN), were carried
out using different methods and basis sets (Table 84).

The computational results imply two pairs of cyanide
groups and C,, symmetry leading to a trigonal-bipyramidal
structure. The reductive decomposition of tellurium tetra-
cyanide forming tellurium dicyanide and cyanogen is
exothermic (AE = —357.8 kJ mol™, MP2(fc)/cc-pVTZ) illus-
trating the high instability of Te(CN), (Scheme 118)
(Klapotke et al., 2004, 2008).

Tellurium hexacyanide Te(CN)¢

Tellurium hexacyanide Te(CN), could not be synthesized
until now and computational studies of this compound are

CH,Cl,
4TMS-CN — 22 » Te(CN), +

TeF4 +
253 K

4 TMS-F

Scheme 117: Synthesis of Te(CN), accordingly the synthesis of
Se(CN), (Klapotke et al., 2004; Klapétke et al., 2008).

Table 82: Selected computational data of Te(CN), (zpe in k] mol™%;
bond lengths in A; angles in °; wave numbers in cm™) (Klapstke
et al., 2008).

Method + basis set zpe rre.c rcn < (C-Te-C) Ven

B3LYP/cc-pVQZ
MP2(fc)/cc-pvQzZ

40.57 2.054 1.153
39.05 2.021 1.177

94.46 2274/2266
93.19 2101/2100

Table 83: C-N stretching modes of Te(CN), in the Raman spectrum
(wave numbers in cm™) (Klapotke et al., 2004, 2008).

Compound Ven, 1 Ve, 2 Ven, 3 Ven, 4

Te(CN), 2204 2191 2149 2129
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Te(CN)y ——— > Te(CN), + (CN),

Scheme 118: Decomposition of tellurium tetracyanide (Klapotke
et al., 2004, 2008).

rare. T. M. Klapétke et al. published results of calculations
at B3LYP/cc-pVTZ and MP2(fc)/cc-pVTZ in 2004 (Table 85).

The centered tellurium atom is octahedral coordinated
by cyanide groups (point group Oy). The reductive decom-
position of tellurium hexacyanide forming tellurium tetra-
cyanide and cyanogen is exothermic (AE = -343.32K] mol 7},
MP2(fc)/cc-pVTZ) illustrating the high instability of Te(CN),
(Scheme 119). However, the received tellurium tetracyanide
itself also decomposes yielding tellurium dicyanide and
cyanogen (Klapotke et al., 2004).

Polonium

Since polonium is extremely rare on earth, e.g. traces in
uranium pitchblende (uraninite), and is also highly
radioactive, it is not surprising that nothing is known about
polonium cyanide.

7th Main group

Formally, all halogen cyanides (also cyanogen halides), X—
CN (X = F-I") can be regarded as halogen-pseudohalogen

Table 85: Selected computational data of Te(CN), (zpe in k) mol™?;
bond lengths in A; angles in °; wave numbers in cm™) (Klapotke
et al., 2004).

Method + basis
set

zpe rrec ren <(C-Te-Q) Ven

B3LYP/cc-pVTZ
MP2(fc)/cc-pVTZ

125.49 2.118 1.153
118.69 2.078 1.179

90 2292-2297
90 2062-2070

Te(CN)y ——» Te(CN), + (CN),

Scheme 119: Reductive decomposition of tellurium hexacyanide
(Klapotke et al., 2004).

Table 84: Selected computational data of Te(CN), (total energies in a.u.; zpe in k) mol™; bond lengths in A; angles in °; wave numbers in cm™)

(Klap6tke et al., 2004, 2008).

Method + basis set Etot. zpe Me—c re-n < (C-Te-Q) Ven
B3LYP/cc-pVTZ -639.4585 88.91 2.074/2.227 1.152/1.155 84.35/104.06 2300/2295/2265/2263
MP2(FC)/cc-pVTZ -637.7936 77.00 2.042/2.180 1.176/1.180 83.53/105.60 2089/2086/2057/2053
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compounds. Their aggregate state ranges from gaseous to
solid at ambient temperatures and normal pressure and the
melting and boiling points increase in accordance to the
atomic number. Their reaction behavior is manifold and
they tend to oligomerize forming the corresponding cya-
nuric halides, e.g. (XCN)s. The solid structure of cyanogen
fluoride is not experimentally confirmed, but there are
many indications, that all cyanogen halides are crystal-
lizing in the cyanogen bromide or iodide type. But in
general, it can be assumed that all XCN molecules show a
chain-like orientation of the molecules in the crystal.

The application of cyanogen halides of the smaller
homologues fluorine, chlorine and bromine has not been
intensively studied and is limited due to the instability of
these compounds, quite in contrast to ICN, which has a
quite diverse chemistry.

Fluorine

Cyanogen fluoride FCN, isocyanic fluoride FNC and their
ions

Cyanogen fluoride FCN and isocyanic fluoride FNC

The first description of cyanogen fluoride FCN was pub-
lished by V. E. Cosslett in 1931 being the latest cyanogen
halide that was found. The colorless solid sublimes at 201 K
and forms a colorless, sharp smelling gas. Synthesis was
achieved in the reaction of silver fluoride and cyanogen
iodide or bromide carried out in an evacuated glass
ampulla at 493 K (Scheme 120) (Cosslett, 1931). It should be
noted that this synthesis could not be repeated by E. E.
Aynsley et al. in 1959 (Aynsley et al., 1959).

Moreover, it was reported that the pyrolysis of cyanuric
fluoride in a stream of nitrogen at 1573 K and 67 mbar led to
the formation of cyanogen fluoride (Scheme 121).

In this context, F. S. Fawcett and R. D. Lipscomb re-
ported a boiling point of Tz = 229 K, a melting point at

493 K

AgF + XCN —— = AgX + FCN

Scheme 120: Synthesis of cyanogen fluoride published by Cosslett
(X =Br7, I") (Cosslett, 1931).

F N F
i 1573 K, 67 mbar
NN 3 FCN
h stream of N,
F

Scheme 121: Synthesis of cyanogen fluoride by thermolysis of
cyanuric fluoride (Fawcett and Lipscomb, 1960; Panas, 1994).
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Ty = 191 K and characteristic bands at vcy = 2290 cm™ and
Ver = 1078 cm ! were allocated to the cyanogen fluoride in
good accordance to earlier assignments (Fawcett and
Lipscomb, 1960; Panas, 1994). But they also studied
alternative routes of pyrolysis to obtain FCN and at the end
of several tests of different precursors they patent their
formation of FCN by pyrolysis (Fawcett and Lipscomb,
1964; Lipscomb and Smith, 1961).

A synthetic route to obtain FCN, but requiring smaller
instrumental effort was published by E. Mayer in 1969 and
is based on the reaction of cesium fluoride and tetracya-
nomethane, although this method was already used to
obtain the heavier compounds cyanogen chloride and
bromide (Scheme 122) (Mayer, 1969c).

And in the early 1970s, Du Pont submitted another
patent on the formation of FCN which describes fluorina-
tion of a solution of sodium cyanide using elemental
fluorine (Scheme 123) and analyzing the escaping gas
stream after 10 mins of reaction (Grakauskas, 1970).

The MW spectra of cyanogen fluoride suggest a C-F
bond length of about 1.262 A and a carbon—nitrogen bond
length of about 1.159 A, which is in good accordance to
computations (rc_p = 1.26-1.29 A, rcy = 1.15-1.18 A)
(Bhattacharyya et al., 2007a; Degli Esposti et al., 1982; Lee
and Racine, 1995; Lee et al., 1995; Ruoff, 1970; Schmiede-
kamp et al., 1980; Tyler and Sheridan, 1963). Based on MW
spectra the dipole moment was determined being u = 2.17
D, which is also in good accordance to computational
studies (u = 2.13-2.31 D) (Bhattacharyya et al., 2007a; Lee
and Racine, 1995; Tyler and Sheridan, 1963; Sheridan et al.,
1960; Zaniga et al., 2012).

The crystal structures of the homologous cyanogen
halides are known for several years, but until now the
structure determination of cyanogen fluoride by single
crystal XRD has not been possible. Based on computational
studies two possible crystal structures were proposed,
which are analogous to the non-polar, crystalline cyan-
ogen chloride or polar hydrogen cyanide depending on the
chosen structure modell. For each basic type two unit cells,
an orthorhombic and a tetragonal one, can be derived
(Table 88) (Panas, 1994).

CsF + C(CN), ——» Cs[C(CN);] + FCN

Scheme 122: Synthesis of FCN reported by E. Mayer (Mayer, 1969¢).

H,O

NaCN + F
(aq.) 2 280 K

NaF + FCN

Scheme 123: Fluorination of sodium cyanide in solution patented by
Du Pont (Grakauskas, 1970).
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The extremely unstable isocyanic fluoride was syn-
thesized by D. E. Milligan and M. E. Jacox by ultraviolet
photolysis of cyanogen fluoride and characterized using IR
spectroscopy (Milligan and Jacox, 1967a, 1967b). The pat-
ent of Du Pont also reports the formation of isocyanic
fluoride using potassium isocyanide instead of sodium
cyanide (Scheme 123) (Grakauskas, 1970). Additionally,
some theoretical studies are dealing with the constitution
isomers of cyanogen fluoride (Tables 86 and 87). In regard
to computations the N-F bond length is in the range of
1.31-1.33 A and the C-N bond length in the range of 1.15—
120 A (Lee et al., 1995; Schmiedekamp et al., 1980).
Furthermore, bands of streching modes of vey = 2214 cm™
and vyr = 964 cm ™' are supposed and the mechanism of
photochemical isomerization of cyanogen fluoride in
contrast to dissociation is discussed (Zhang et al., 2007).
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Table 88: Possible crystal structures of cyanogen fluoride (di-
mensions of unit cell in A; volumes in A%) (Panas, 1994).

Parameter CICN type CICN type HCN type  HCN type
tetragonal orthorhombic tetragonal orthorhombic

Space P4/nmm Pmmn 14mm Imm

group

a 4.76 4.50 4.29 -

b 4.76 4.87 4.29 -

c 5.40 5.50 5.45 -

4 122.35 120.53 100.30 -

Z 2 2 2 2

Cyanuric fluoride, (FCN); (also known as tri-
fluorotriazine, cyanuric trifluoride, trifluoro-s-triazine,
2,4,6-Trifluorotriazine, 2,4,6-trifluro-s-triazin, trifluoro-
1,3,5-triazine), which is the trimer of FCN, is commercially

Table 86: Some experimental and computational data of cyanogen fluoride (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. Ir—c re-n Vic Ven
Aynsley et al. (1959) Exp. - IR 1.26 1.16 1077 2290
Fawcett and Lipscomb (1960) Exp. - IR - - 1078 2290
Tyler and Sheridan (1963) Exp. - MW 1.262 1.159 - -
Esposti et al. (1982) Exp. - MW 1.26240 1.15928 - -
Lee et al. (1995) CCSD(T)/cc-pVvDZ 1.2826 1.1779 - -
CCSD(T)/cc-pVTZ 1.2701 1.1632 1077 2312
CCSD(T)/cc-pvQz 1.2670 1.1596 - -
Lee and Racine (1995) CCSD/TZ2P 1.270 1.153 1087 2404
CCSD(T)/122P 1.275 1.162 1060 2331
Wang et al. (1998) CASSCF(6,6)/6-31G* 1.2630 1.1698 1132.3 2409.8
MP2/6-31G* 1.2828 1.1825 1060.6 2267.4
MP2/6-311G(2df) 1.2640 1.1689 1082.2 2291.5
CCSD(T)/6-311G* 1.2717 1.1665 1068.2 2350.6
CCSD(T)/6-311G(2d) 1.2733 1.1625 1055.8 2322.2
Bhattacharyya MP2/cc-pVTZ 1.27 1.17 1074.16 2277.52
et al. (2007a) CCSD/cc-pVTZ 1.27 1.15 1104.23 2422.87
CCSD(M)/cc-pVTZ 1.27 1.16 1078.47 2350.36
Zhang et al. (2007) B3LYP/6-311G** - - 1088.0 2419.6

Table 87: Selected experimental and computational data of isocyanic fluoride (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. re—n Feen VEn Ven
Milligan and Jacox (1967a), (1967b) Exp. - IR - - 928 2123
Lee et al. (1995) CCSD(T)/cc-pVDZ 1.3199 1.2011 - -

CCSD(T)/cc-pVTZ 1.3097 1.1842 935 2109
Lee and Racine (1995) CCSD/TZ2P 1.310 1.173 967 2220

CCSD(T)/1Z2P 1.321 1.184 912 2126
Bhattacharyya MP2/cc-pVTZ 1.30 1.19 987.20 2127.65
et al. (2007a) CCSD/cc-pVTZ 1.30 1.17 997.44 2248.01

CCSD(T)/cc-pVTZ 1.31 1.18 948.01 2157.39
Zhang et al. (2007) B3LYP/6-311G** - - 963.5 2214.0
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available as it is widely used as a fluorinating agent in the
conversion of carboxylic acids into acyl fluorides. It is
used as a precursor for fibre-reactive dyes and a specific
reagent for tyrosine residues in enzymes (Anderson and
Frick, 1972; Chambers and Tamura, 1985; Fawcett and
Lipscomb, 1964; Grisley et al., 1958; Grop et al., 2000;
Kober and Grundmann, 1959; Kober et al., 1962; Maxwell
et al., 1958; Nenajdenko, 2014; Rusinov et al., 2014;
Sheridan et al., 1960; Shmel’kova et al., 1989; Ziiiiga
et al., 2012). Most synthesis processes for the preparation
of cyanuric fluorides are based on cyanuric chloride,
which can be converted to cyanuric fluoride by Cl7/F-
exchange using various fluoride sources (Scheme 124).
When using alkali fluorides, it is necessary to use COF, as
a catalyst to allow lower temperatures (Anderson and
Frick, 1972).

Cyanogen fluoride anion [FCN]™ and isocyanic fluoride
anion [FNC]™

Neither the cyanogen fluoride anion, which is an odd
electron species, nor the isocyanic fluoride anion could be

cl F
FS P
3CI-CN —>» NI SN —_— NI NN
Cl)\N/)\CI F)\N/)\F

Scheme 124: Synthesis of cyanuric fluoride starting from cyanuric
chloride (FS = fluoride source, MF, SbF;; M = alkali metal with COF,
as catalyst) (Anderson and Frick, 1972).
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synthesized or isolated until now. The isomeric structures
and other properties were analyzed in several computa-
tional studies. Some of these data, bond angles, bond
lengths and spectroscopic data for example, reported by
different working groups are represented in Tables 89
and 90.

The calculated bond lengths significantly vary depend-
ing on the chosen method and basis set. The F-C bond length
of the cyanogen fluoride anion is in the range of 1.53-1.72 A,
whereas the F-N bond length of the isocyanic fluoride anion
is in the range of 1.86-2.10 A. The variation of the C-N bond
length is smaller, but also depends on method, basis set and
isomer ([FCN]: 1.18-1.21 A; [FNC] : 1.17-1.19 A).

Cyanogen fluoride cation [FCN]"

Similar to the cyanogen fluoride anion the cation species
could also not be synthesized until now. But several
computational studies have been published during the last
decades, for example by A. K. Das and co-workers (Bhatta-
charyya et al., 2007a) and D.-C. Wang et al. (1998). Selected
structural and spectroscopic data are listed in Table 91.

Difluorocyan cation [F,(CN)]*

Calculations of the difluorocyan cation [F,(CN)]* and its
structure were published by P. Pyykko and N. Runeberg in
1991 and T. M. Klapdtke and co-workers considered the
linear cation to be an adduct of a fluorine atom and the
cyanogen fluoride cation (Pyykké and Runeberg, 1991).
Their synthesis is a two-step-reaction. After the reaction of

Table 89: Selected computational data of the cyanogen fluoride anion (bond lengths in A; angles in °; wave numbers in cm™).

Publication Exp./calc. re_c reon < (F-C-N) Vic Ven
Gauld et al. (1997) MP2/6-31G(d) 1.607 1.201 130.6 - -
QCISD/6-31G(d) 1.616 1.205 129.1 - -
QCISD/6-311 + G(2d,f,p) 1.531 1.197 128.1 - -
PW-P86/IGLO-III 1.718 1.192 131.3 - -
Guerra (1999) UQcCISD/6-311G(d,p) 1.638 1.195 128.9 - -
UQCISD/6-311 + G(d,p) 1.603 1.199 128.1 - -
Sommerfeld (2001) MP2/TZV(d) + p 1.6538 1.1887 130.4 - -
SDCI/TZV(d) + p 1.6007 1.1799 128.5 - -
CCD/TZV(d) + p 1.6423 1.1826 128.7 - -
CCSD/Tzv(d) + p 1.7056 1.1848 131.1 534.8 2013.1
CCSD/TZV(2df) + sp 1.5314 1.1928 128.6 - -
CCSD(T)/TZV(d) + p 1.7215 1.1920 131.6 - -
CCSD(T)/TzV(2df) + sp 1.5661 1.1989 128.8 - -
Bhattacharyya B3LYP/cc-pVTZ 1.67 1.18 129.9 534.86 1972.17
et al. (2007b) MP2/cc-pVTZ 1.58 1.19 131.0 816.17 2056.13
CCSD/cc-pVTZ 1.57 1.19 127.7 605.22 1887.52
CCSD(T)/cc-pVTZ 1.59 1.20 129.0 612.11 1891.68
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Table 90: Selected computational data of the isocyanic fluoride anion (bond lengths in A; angles in °; wave numbers in cm™).

Publication exp./calc. re-n reon < (F-N-C) VEN Ven
Sommerfeld (2001) MP2/TZV(d) + p 1.8592 1.1937 141.6 - -
SDCI/Tzv(d) + p 2.1002 1.1682 180.0 - -
CCD/Tzv(d) + p 2.0173 1.1769 150.3 - -
CCSD/TZv(d) + p 2.0128 1.1803 180.0 324.0 2117.1
CCSD/TzVv(2df) + sp 1.9874 1.1747 180.0 - -
CCSD(T)/TZV(d) + p 2.0000 1.1880 165.3 - -
CCSD(M)/TZV(2df) + sp 1.9625 1.1837 161.9 - -
B3LYP/cc-pVTZ 2.06 1.17 150.1 307.39 2105.08
Bhattacharyya MP2/cc-pVTZ 1.86 1.19 144.1 368.36 1949.63
et al. (2007b) CCSD/cc-pVTZ 2.00 1.18 180.0 335.20 2114.95
CCSD(T)/6-311 + G(2d,2p) 1.98 1.18 180.0 372.66 2052.87

Table 91: Some computational data of [FCN]* (bond lengths in A; wave numbers in cm™).

Author Exp./calc. Ie—c re-n Vic Ven
D.-C. Wang et al. (1998) CASSCF(5,6)/6-31G* 1.1979 1.2362 1170.1 2219.1
MP2/6-31G* 1.2139 1.2128 1350.5 3021.0
MP2/6-311G(2df) 1.1962 1.2106 1339.7 2763.0
CCSD(T)/6-311G* 1.2050 1.2315 1145.8 2195.1
CCSD(M)/6-311G(2d) 1.2062 1.2299 1133.9 2159.8
IFCA 1.205 1.223 1134 2160
MP2/cc-pVTZ 1.20 1.21 1342.26 2795.49
Bhattacharyya CCSD/cc-pVTZ 1.20 1.22 1170.21 2218.79
et al. (2007a) CCSD(T)cc-pVTZ 1.21 1.23 1151.81 2187.14

hydrogen cyanide and arsenic pentafluoride in liquid isolate the salt due to decomposition at ambient tempera-
hydrogen fluoride the received cation [HCNH]" is fluorinated tures. The experimental data reported by T. M. Klap6tke and
using an excess of elementary fluorine (Scheme 125). co-workers, their computational results and the data of P.
T. M. Klapotke and co-workers could characterize the Pyykko and N. Runeberg are summarized in Table 92 (Pyykko
cation using IR and Raman spectroscopy, but could not and Runeberg, 1991; Tornieporth-Oetting et al., 1991).

HCN + HF + AsF; ———> [HCNH][AsFg]

HF
2F Scheme 125: Two-step-synthesis of the
[HCNH][AsF¢] —2> [FCNF][AsFg] + 2HF difluorocyan cation by Tornieporth-Oetting
6 HF 6 et al. (1991).

Table 92: Experimental Raman data and computational data of [F,(CN)][AsF¢] (bond lengths in A; wave numbers in cm™).

Exp./calc. Te_cnF Trc-NF Teen—r v(oy) v(o,) v(o,) v(ng) v(ng)
Exp. — Raman (Tornieporth-Oetting et al., 1991) - - - 2587 1378* 729 456 243
HF/6-31G" (Tornieporth-Oetting et al., 1991) - - - 2565 1312 774 457 230
HF/6-31G (Pyykko and Runeberg, 1991) 1.215 1.108 1.261 3017 1544 911 537 270
MP2/6-31G!¥ (Pyykko and Runeberg, 1991) 1.241 1.147 1.282 - - - - -

@R data.
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Chlorine

Cyanogen chloride CICN, isocyanic chloride CINC and
their ions

Cyanogen chloride (also known as chlorine cyanide,
chlorocyanogen, chlorcyan) is both an industrial chemical
needed to build a variety of organic/inorganic products
(e.g. cyan amide, H,N-CN, in the reaction with ammonia),
but it is also a chemical warfare agent (1.5 HCN sources,
toxicology, treatment, and mode of action (Newhouse and
Chiu, 2010)) (Romano et al., 2007). It hydrolyzes in water to
form HCI and HOCN.

Cyanogen chloride CICN and isocyanic chloride CINC

The first synthesis of cyanogen chloride CICN was carried
out by C.-L. Berthollet in 1787 and several studies were
published since that time (Jennings and Scott, 1919).
During the World War I it was used as a warfare agent due
to its toxicity. Many different synthetic routes have been
reported in the earlier years, especially wet chemical
methods based on the reaction of cyanides and elemen-
tary chlorine in aqueous solution. One example is the
reaction of potassium cyanide and chlorine water carried
out by A. Hantzsch and L. Mai (Scheme 126). To avoid
side reaction, an excess of chlorine water is necessary
(Hantzsch and Mai, 1895).

Therefore, several working groups tried to find syn-
thetic routes with less experimental effort resulting in the
use of in situ formed potassium tetracyanozincate instead
of potassium cyanide (Scheme 127) (Klemenc and Wagner,
1938; Schroder, 1958).

An anhydrous synthesis of cyanogen chloride is the
reaction of chlorine and a mixture of potassium cyanide
and sand to distribute heat (Jennings and Scott, 1919). R.
Varma and A. J. Signorelli reported a similar route using
dichlorine monoxide and silver cyanide (Scheme 128)
(Varma and Signorelli, 1969).

W. Sundermeyer also discussed molten salts and their
use as reaction media. As an example of halogen-
pseudohalogen exchange, he studied the reaction of

H,O
KCN + Cl;, ———» CICN + KClI

Scheme 126: Synthesis of cyanogen chloride by A. Hantzsch and
L. Mai (Hantzsch and Mai, 1895).

KJZn(CN),] + 4Cl, ——» 4CICN +

2KCl +
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2AgCN + CLO ———» CICN + AgOCN + AgCl

Scheme 128: Anhydrous synthesis of cyanogen chloride by R.
Varma and and A. J. Signorelli (Varma and Signorelli, 1969).

potassium cyanide and chlorine to form cyanogen and
potassium chloride. Discussing the cyanogen chloride as a
possible intermediate, he reported that the reaction of
potassium cyanide and chlorine may lead to cyanogen
chloride in nearly quantitative yields in the first step
(Sundermeyer, 1965). Additionally, several industrial syn-
thetic routes were developed. For example, a patent of
Degussa includes the reaction of chlorine and hydrogen
cyanide, which is formed in situ using hydrogen peroxide
and hydrogen chloride (Scheme 129).

Catalysts are Lewis acids, copper dichloride or aluminum
trichloride for example (Heilos et al., 1971; Heimberger and
Schreyer, 1975). The immediate reaction of chlorine and
hydrogen cyanide in liquid phase at low temperatures and
in presence of a catalyst is protected by a patent owned by
the Bayer AG (Scheme 130). Catalysts are Lewis acids like
phosphorus trichloride and side products of this reaction are
cyanuric chloride and hydrogen chloride (Enders, 1972). In
2007, Evonik published a patent for a continuous process for
CICN that is particularly suitable for industrial scale. The
process is based on sodium cyanide, which is reacted with
chlorine in aqueous solution to form cyanogen chloride
(Tautz and Blumberg, 2007).

Under standard conditions cyanogen chloride is a
colorless gas, which liquefies under normal pressure at
286 K and changes to solid state at 266 K (Chadwick and
Edwards 1973). Especially MW spectroscopy was used to
extensively investigate cyanogen chloride in gaseous state.
The carbon-nitrogen bond length is reported to be in the

cat.

HCN  + - -
338 K, H,0

HCl + H,0, CICN + 2H,0

Scheme 129: Industrial formation of cyanogen chloride protected
by patent of Degussa (Heilos et al., 1971; Heimberger and Schreyer,
1975).

PCl,
273 K, 7.1 bar

HCN + Cl, CICN + HCI

Scheme 130: Industrial formation of cyanogen chloride protected
by patent of Bayer AG (Enders, 1972).

ZnCl,

Scheme 127: Synthesis of cyanogen chloride using potassium tetracyanozincate (Schréder, 1958).
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range of 1.14-1.17 A and the chlorine—carbon bond length
in the range of 1.62-1.64 A (Townes et al., 1947, 1948; Tyler
and Sheridan, 1963; Smith et al., 1948). In regard to MW
spectroscopy the experimental dipole moment of cyanogen
chloride is u = 2.80 D, which is in accordance to the
calculated value of u = 2.869 D (Kell6 and Sadlej, 1992;
Tyler and Sheridan, 1963). Based on IR spectra the band at
2219 cm ™' was allocated to the C-N stretching mode and the
band at 714 cm™ was assigned to the C-Cl stretching mode
by W. O. Freitag and E. R. Nixon, which is in good accor-
dance to the Raman spectra of M. Pézolet and R. Savoie
(Freitag and Nixon, 1956; Pézolet and Savoie, 1971).

In 1956 the first structure determination using single
crystal XRD of solid cyanogen chloride was published by R.
B. Heiart and G. B. Carpenter. It forms orthorhombic
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crystals, space group Pmmn, and each unit cell contains
two molecules. Similar to the later homologs the molecules
exhibit a substructure of chains along the c-axis. They
argued that the bond lengths are decreased to rc_c = 1.57(1)
A and rc_y = 1.16(2) A and due to these intermolecular
interactions along the chains, respectively (Heiart and
Carpenter, 1956).

Next to experimental results, several computational
studies have been published in literature (Bhattacharyya
et al., 2007a; Destro et al., 1988; Lee and Racine, 1995; Lee
et al., 1995; Schmiedekamp et al., 1980; Stggard, 1976;
Zhang et al., 2007). A summary of these data in comparison
to the experimental values are represented in Tables 93 and
94. Computational data of the isocyanic chloride are also
included, although the isomerization product could not be

Table 93: Some experimental and computational data of cyanogen chloride (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. rei—c re-n Veic Ven

Townes et al. (1947) Exp. - MW 1.64 1.15 - -

Smith et al. (1948) Exp. - MW 1.630 1.163 - -

Townes et al. (1948) Exp. - MW 1.629 1.163 - -

Freitag and Nixon (1956) Exp. - IR - - 714 2219

Heiart and Carpenter (1956) Exp. — XRD 1.57(1) 1.16(2) - -

Tyler and Sheridan (1963) Exp. - MW 1.631 1.159 - -

Pézolet and Savoie (1971) Exp. - Raman - - 728 2205

Stggard (1976) HF (no 3d of Cl) 1.684 1.150 - -

HF (with 3d of Cl) 1.657 1.151 - -

Lee and Racine (1995) CCSD/TZ2P 1.652 1.155 729 2313

CCSD(T)/TZ2P 1.655 1.164 716 2236

Lee et al. (1995) CCSD(T)/cc-pVDZ 1.6604 1.1800 - -

CCSD(T)/cc-pVTZ 1.6437 1.1656 707 2209

CCSD(T)/cc-pvQz 1.6384 1.1619 - -

Bhattacharyya MP2/cc-pVTZ 1.63 1.17 754.55 2139.38

et al. (2007a) CCSD/cc-pVTZ 1.64 1.16 749.54 2318.78

CCSD(T)/cc-pVTZ 1.64 1.17 737.80 2241.87

Zhang et al. (2007) B3LYP/6-311G** - - 737.4 2316.4
Table 94: Some experimental and computational data of isocyanic chloride (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. re-n re-n Ve Ven

Milligan and Jacox (1967a, 1967b) Exp. - IR - - 615 2074

Destro et al. (1988) SCF/STO-3G 1.693 1.179 - -

SCF/3-21G 1.690 1.165 - -

SCF/6-31G* 1.619 1.157 - -

Lee et al. (1995) CCSD(T)/cc-pVDZ 1.6612 1.2009 - -

CCSD(M)/cc-pVTZ 1.6371 1.1845 702 2069

Bhattacharyya MP2/cc-pVTZ 1.62 1.19 734.87 2074.88

et al. (2007a) CCSD/cc-pVTZ 1.63 1.18 733.94 2185.78

CCSD(T)/cc-pVTZ 1.64 1.18 706.99 2105.81

Zhang et al. (2007) B3LYP/6-311G** - - 685.2 2149.8
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isolated, but D. E. Milligan and M. E. Jacox reported that
photolysis experiments similar to the formation of iso-
cyanic fluoride and spectroscopic analysis may indicate
the formation of CINC (Milligan and Jacox, 1967a, 1967b).

Cyanuric chloride (CICN)s, the trimer of cyanogen
chloride, is commonly produced on a large scale worldwide
by trimerization of cyanogen chloride (Burger and Horn-
baker, 1953; Grundmann and Kober, 1956; Grundmann and
Kreutzberger, 1954, 1955; Goubeau et al., 1954; Huthmacher
and Most, 2000; Ruoff, 1970; Kreutzberger, 2006; Romano
et al., 2007; Tautz and Blumberg, 2007). The synthesis of
(CICN); usually proceeds in two steps. The hydrocyanic acid
is converted into cyanogen chloride, which is directly tri-
merized to cyanuric chloride. The dry cyanogen chloride is
trimerized at 573 K on activated carbon. The CICN yield in
this process exceeds 95%; the (CICN); yield exceeds 90%
(Scheme 131) (Huthmacher and Most, 2000).

Catalysts for the cyanogen chloride trimerization as
activated carbon are, among others, molten cyanuric acid

HCN + Cl, —_— CICN + HCI
Cl N Cl
Y
3 CI-CN e N.__N
Cl

DE GRUYTER

chloride, molten aluminum chloride, eutectic mixtures of
tetrachloroaluminates, aluminum silicates, and Zeolites
doped with metal oxides or sulphides. In some of these
processes, “tetrameric cyanogen chloride” (2,4-dichloro-
6-isocyanodichloro-5-triazine) is a by-product; its conver-
sion to cyanuric chloride is catalyzed by iron oxide. In the
laboratory, CICN trimerizes in benzene or chloroform so-
lution in the presence of hydrogen chloride (Diels, 1899).
For further details on the chemistry of cyanuric chloride,
we refer to the review article by K. Huthmacher (Huth-
macher and Most, 2000).

Cyanogen chloride anion [CICN]™ and isocyanic chloride
anion [CINC]”

Similar to the fluorine species, the cyanogen chloride anion
[CICN]™ and the isocyanic chloride anion [CINC] could not be
isolated until now. The data of a theoretical study are rep-
resented in Table 95 (Bhattacharyya et al., 2007b).

AH = -89 kJ mol™"

AH = —233 kJ mol™’

Scheme 131: Two-step synthesis of cyanuric
chloride (Huthmacher and Most, 2000).

Table 95: Computational data of the isomers [CICN]” and [CINC] reported by I. Bhattacharyya et al. (bond lengths in A; angles in °; wave

numbers in cm™) (Bhattacharyya et al., 2007b).

Compound Method + basis set I re_n < (F-A-B) Vcie Ven
[CICN]™ B3LYP/cc-pVTZ 2.44 1.16 167.9 251.74 2169.11
MP2/cc-pVTZ 2.22 1.18 131.2 1072.59 2086.36
CCSD/cc-pVTZ 2.37 1.17 179.7 293.05 2181.28
CCSD(T)/cc-pVTZ 2.33 1.18 158.0 338.83 2123.1
[CINC]™ B3LYP/cc-pVTZ 2.46 1.17 178.6 204.58 2126.79
MP2/cc-pVTZ 2.27 1.19 144.0 352.30 2053.93
CCSD/cc-pVTZ 2.34 1.18 180.0 274.90 2126.68
CCSD(T)/6-311 + G(2d,2p) 2.37 1.18 179.9 269.61 2067.89

Table 96: Some experimental and computational data of the cyanogen chloride cation (bond lengths in A; wave numbers in cm™).
Publication Exp./calc. rei-c re-n Veic Ven
Fulara et al. (1985) Exp - PES - - 827 1914
Jacox and Thompson (2007) Exp. - IR - - 832.0 1919.4
Wang et al. (1998) CASSCF(5,6)/6-31G* 1.5717 1.2326 819.8 2005.4
MP2/6-31G* 1.5592 1.1921 928.6 2975.7
MP2/6-311G(2df) 1.5526 1.1885 913.2 2878.4
CCSD(T)/6-311G* 1.5732 1.2152 826.5 1981.2
CCSD(T)/6-311G(2d) 1.5800 1.2127 800.2 1959.8
IFCA 1.556 1.214 800 1960
Bhattacharyya MP2/cc-pVTZ 1.56 1.19 912.29 2897.20
et al. (2007a) CCSD/cc-pVTZ 1.57 1.21 837.73 2040.04
CCSD(T)/cc-pVTZ 1.57 1.21 833.96 2062.42
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Cyanogen chloride cation [CICN]" and isocyanic chloride
cation [CINC]*

Besides some computational studies of the cyanogen
chloride cation [CICN]" and its isomer there are only two
experimental investigations (Fulara et al., 1985; Jacox and
Thompson, 2007). M. E. Jacox and W. E. Thompson re-
ported vibrational data of the cations. After formation of
the cations using cyanogen chloride, which was exposed to
a beam of neon atoms excited in a microwave discharge,
the reactive species were included in a neon matrix and
analyzed IR spectroscopically (Jacox and Thompson,
2007). J. P. Maier and co-workers used a combination of
present emission spectra and photoelectron spectroscopy
(PES) to identify the cation and to determine its structural
parameters (Table 96) (Fulara et al., 1985).

On excitation of CICN at energies between 16.6 and
16.85 eV, followed by rapid quenching of the products in
solid neon at 4.3 K (see above), prominent infrared ab-
sorptions result from both photoisomerization and photo-
ionization of the CICN. In regard to the isocyanic chloride
cation, a band at 1952.8 cm™! was allocated to the C-N
stretching mode and the band at 734.8 cm™ was assigned
to the Cl-N stretching mode by M. E. Jacox and W. E.
Thompson (2007).

Bromine

Cyanogen bromide BrCN, isocyanic bromide BrNC and
their ions

Just like CICN, BrCN is a commercially available substance
that is frequently used in both inorganic and organic
chemistry because, unlike CICN, it is a solid (Bhattacharyya
et al., 2010; Chau et al., 1993; Geller and Schawlow, 1955;
Hartman and Dreger, 1931; Holland et al., 2004; Hollas and
Sutherley, 1971; Jacox and Thompson, 2007; Kell6 and
Sadlej, 1992; Lee, 1995; Lord and Woolf, 1954; Mishra et al.,
2006; Nolan et al., 1975; Oberhauser, 1927; Pasternack and
Dagdigian, 1976; Pézolet and Savoie, 1971; R6sslein et al.,
1989; Ruoff, 1970; Salud et al., 1993; Smith et al., 1948;
Slotta, 1934; Tyler and Sheridan, 1963; Zhang et al., 2007).

Cyanogen bromide BrCN and isocyanic bromide BrNC

At standard conditions cyanogen bromide BrCN is a
colorless, transparent solid. In spite of its toxicity, cyan-
ogen bromide is a frequently used reagent in biochemical
and biological studies. To synthesize this compound in
laboratory scale, a reaction of dissolved sodium or potas-
sium cyanide and elementary bromine at low temperature
is used (Scheme 132). Purification of the product by
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KCN + Br, — > BrCN + KBr

Scheme 132: Synthesis of cyanogen bromide published by R. Scholl
(1896).

distillation is difficult due to the boiling point of Tz = 335 K
which is quite close to its melting point of Ty = 325 K
(Baum, 1908; Scholl, 1896; Slotta, 1934; Steinkopf, 1925).

Another synthetic route of cyanogen bromide is the
reaction of bromine and potassium thiocyanate leading to
cyanogen bromide and some side products, potassium
bromide and hydrogen bromide for example (Scheme 133)
(K6nig, 1911).

Cyanogen bromide can also be isolated after a reaction
of bromine monochloride and sodium cyanide. To avoid
the use of bromine monochloride, this method has been
modified to form this compound in situ by addition of
chlorine to a solution of sodium cyanide and sodium bro-
mide (Scheme 134) (Dodonow, 1926).

Additionally, several industrial synthetic routes were
developed. The synthetic route of cyanogen chloride,
which is protected by a patent of Degussa (Scheme 129),
was modified and can also be used to isolate the bromine
species (Scheme 135). Similar to the formation of cyanogen
chloride catalysts are Lewis acids, copper dichloride
or aluminum trichloride for example (Heimberger and
Schreyer, 1975).

The anhydrous formation of cyanogen bromide based
on a reaction of trimethylsilyl cyanide TMS—CN and homo-
or heteronuclear halogens, bromine monochloride for
example, is another industrial process and protected by a
patent of Bayer AG (Scheme 136).

The synthesis of cyanogen bromide using sodium cy-
anide and sodium hypobromite, which is formed in situ,
was protected by a patent of Syngenta Limited in 2001
(Scheme 137). A small temperature range is preferred to
avoid hydrolysis of the product and buffer, especially bo-
rates, maintain the preferred pH range (Jackson et al.,
2001).

The cyanogen bromide has been structurally investi-
gated several times. Studies of the gas phase using MW
spectroscopy led to bond lengths of rg,_c = 1.79 A and
ren = 1.16 A, respectively (Le Guennec et al., 1992; Smith
et al., 1948; Tyler and Sheridan, 1963; Townes et al., 1947,
1948). J. K. Tyler and J. Sheridan also reported an experi-
mental dipole moment u = 2.94 D, while the calculated
dipole moment is p = 3.187 D (Kell6 and Sadlej, 1992; Tyler
and Sheridan, 1963). Several working groups also analyzed
IR and Raman spectra in respect of the BrC and CN
stretching mode. Depending on the publication, bands at
about vg,c = 575 cm ™ were assigned to the BrC and bands at
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2

KECN + 8Br, + 4H,0 —— > BrCN + KBr +
H,O

NaCN +  BrCl —— > BrCN + NaCl
H,O

NaCN + NaBr + Cl, —— > BrCN + 2NaCl

Scheme 134: Synthesis of BrCN using bromine monochloride
(Dodonow, 1926).

cat.

HCN + - >
338 K, H,0

HBr + H,0, BrCN + 2H,0

Scheme 135: Industrial formation of cyanogen bromide protected
by patent of Degussa (Heimberger and Schreyer, 1975).

298 - 388K

TMS-CN + BrCl ——  BrCN + TMS-CI

Scheme 136: Industrial generation of cyanogen bromide (patent of
Bayer AG) (FauB et al., 1984).

Ven = 2187-2200 cm™ to the CN stretching mode (Bandy
et al., 1970; Freitag and Nixon, 1956; Klapotke and Schulz,
1996; Pézolet and Savoie, 1971; Thomas and Orville-
Thomas, 1969).

The first study of cyanogen bromide determining bond
lengths and molecular constitution using electron diffrac-
tion experiments was published by J. Y. Beach and A.
Turkevich in 1939 (Beach and Turkevich, 1939). Cyanogen
bromide forms orthorhombic crystals, space group Pnmm,
and each unit cell contains two molecules. The reported
bond lengths are rg,_c = 1.79(2) A and rc_y = 1.13(4) A being
nearly identical to the bond lengths in gas phase (vide
supra). Similar to the cyanogen chloride discussed above
the molecules exhibit a substructure of chains along the
a-axis corresponding to intermolecular interactions along
these chains and shortening intermolecular distances
(Geller and Schawlow, 1955). Additionally, several
computational studies have been published in literature
and selected data are listed in Table 97 along with reported
experimental data (Bhattacharyya et al., 2010; Holland
et al., 2004; Klapotke and Schulz, 1996; Lee, 1995; Mishra
et al., 2006; Zhang et al., 2007).
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Scheme 133: Synthesis of cyanogen bromide

Hy504 + 6 HBr published by W. Kénig (1911).

Similar to the lighter homologs, isocyanic bromide has
also been investigated computationally, whereas its
isolation has failed until now and only one experimental
evidence of its formation was published in literature
(Table 98) (Bhattacharyya et al., 2010; Lee, 1995; Milligan
and Jacox, 1967a, 1967b; Zhang et al., 2007).

Cyanuric bromide (BrCN);, can be obtained by the
polymerization of BrCN similar to the methods described
for the trimerization of cyanuric chloride, (CICN); (see
Scheme 131) (Smolin and Rapoport, 1959). For example, by
allowing a BrCN solution in ether to stand, to add HBr at
ambient temperatures or to add AlBr; in nitromethane.
Also the reaction of K;[Fe(CN)s] with bromine yields
(BrCN); at 473 K in good yields. (BrCN); also features the
same s-triazine ring structure as discussed for (XCN);
(X =F, ClI7; vide supra).

Cyanogen bromide cation [BrCN]*

The cyanogen bromide cation [BrCN]* was formed by
exposure of cyanogen bromide to a beam of excited helium
atoms and studied by laser excitation spectroscopy (LES).
Based on the analysis of recorded spectra M. A. Hanratty
and co-workers could report Br—C and C-N bond lengths of
the cation as listed in Table 99 (R6sslein et al., 1989). IR
spectroscopy was used by M. E. Jacox and W. E. Thompson
to identify the cation in a similar way to the formation of the
cyanogen chloride cation described before (Jacox and
Thompson, 2007). The bond lengths, which were deter-
mined using photoelectron spectroscopy (PES), are similar
to those of LES and in the range of the calculated values
(Chau et al., 1993).

Bromine bromocyanate [Br(BrCN)]” and bromine tri-
bromocyanate [Br(BrCN);]”

The polyhalogen pseudohalide [Br(BrCN)]™ was synthe-
sized by adding one equivalent of BrCN to [PNP]Br
([PNP] = [Ph;PNPPhs]) in acetonitrile (Schmidt et al.,
2019). The compound crystallizes in the triclinic space
group P1 (Scheme 138). The polyhalogenpseudohalide

H,O
NaOCl + NaCN + NaBr 2—> BrCN + NaCl + 2 NaOH Scheme137: Industrial formation of cyanogen
293K bromide protected by patent of Syngenta
pH=8-9 Limited (Jackson et al., 2001).
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Table 97: Some experimental and computational data of the cyanogen bromide (bond lengths in A; wave numbers in cm™).
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Publication Exp./calc. Ier—c ren Verc Ven
Beach and Turkevich (1939) Exp. - ED 1.79(2) 1.13(4) - -
Townes et al. (1947) Exp. - MW 1.79 1.15 - -
Smith et al. (1948) Exp. - MW 1.789 1.160 - -
Townes et al. (1948) Exp. - MW 1.790 1.158 - -
Geller and Schawlow (1955) Exp. — XRD 1.79 1.15 - -
Freitag and Nixon (1956) Exp. - IR - - 575 2200
Tyler and Sheridan (1963) Exp. - MW 1.789 1.158 - -
Thomas and Orville-Thomas (1969) Exp. - IR - - 577 2188
Bandy et al. (1970) Exp. - IR - - 573 2193
Pézolet and Savoie (1971) Exp. - Raman - - 577 2187
Le Guennec et al. (1992) Exp. - MW 1.7891 1.1586 - -
Klap6tke and Schulz (1996) Exp. - IR - - 574 2200
MP2/6-31G* 1.791 1.185 - -
Lee (1995) CCSD(T)/TZ2P 1.810 1.165 577 2218
Holland et al. (2004) MP2/6-311G** 1.790 1.178 - -
Mishra et al. (2006) B3LYP/aug-cc-pVTZ(RECP) 1.7899 1.1531 585 2289
CCSD(T)/aug-cc-pVTZ(RECP) 1.7966 1.1662 - -
Zhang et al. (2007) B3LYP/6-311G** - - 581.1 2294.0
Bhattacharyya et al. (2010) MP2/(SDB-aug-)cc-pVTZ 1.78 1.18 601.81 2111.70
CCSD/(SDB-aug-) cc-pVTZ 1.79 1.16 600.44 2281.64
CCSD(T)/(SDB-aug-) cc-pVTZ 1.80 1.17 594.00 2197.07
Table 98: Some experimental and computational data of the isocyanic bromide (bond lengths in A; wave numbers in cm™).
Publication Exp./calc. I'er-N re-n VBN Ven
Milligan and Jacox (1967a, 1967b) Exp. - IR - - - 2067
Lee (1995) CCSD(T)/TZ2P 1.800 1.183 561 2089
Zhang et al. (2007) B3LYP/6-311G** - - 543.8 2134.4
Bhattacharyya et al. (2010) MP2/(SDB-aug-)cc-pVTZ 1.77 1.19 593.36 2061.01
CCSD/(SDB-aug-)cc-pVTZ 1.78 1.18 587.90 2142.73
CCSD(T)/(SDB-aug-)cc-pVTZ 1.79 1.19 568.88 2090.18
Table 99: Some experimental and computational data of the cyanogen bromide cation (bond lengths in A; wave numbers in cm™).
Publication Exp./calc. Ier—c reon VBrC Ven
Résslein et al. (1989) Exp - LES 1.745(14) 1.195(16) - -
Salud et al. (1993) Exp - IR - - - 1905.93
Chau et al. (1993) Exp. — PES 1.745(14) 1.195(16) - -
Jacox and Thompson (2007) Exp. - IR - - - 1907.7
Mishra et al. (2006) B3LYP/aug-cc-pVTZ(RECP) 1.7304 1.1868 640 1989
CCSD(T)/aug-cc-pVTZ(RECP) 1.7218 1.2039 640 1925

consists of a bromide ion coordinated by a BrCN mole-

cule in an almost linear structure with a rather long
Br-Br bond (< (Br—Br—Cl1) = 176.3(1)°, r,_p, = 3.011(1) A; cf.
Sreov(Br) = 2.28 A; Scheme 138) (Pyykks and Atsumi, 2009).

The polypseudohalogen anion is comparable to the
known trihalides such as [Br;]” or [Cl5]". Quantum chemical
calculations show that the energy required for the cleavage
of [Br]” in [Brs]” is 37 k] mol ™ higher than that for [Br(BrCN)]".
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From a mixture of three equivalents of BrCN and
[PNP]Br in acetonitrile, the pseudohalogen salt [PNP]
[Br(BrCN);] (monoclinic space group P2;/n; Scheme 138)
crystallizes. In the anion the central bromide ion is coor-
dinated by three BrCN molecules in a distorted pyramidal
structure. The Br---BrCN bond lengths are significantly
elongated (3.089(1) A) compared to a Br-Br single bond
(cf. Zreoy(Br) = 2.28 A). All Br-Br—C angles are nearly linear
(169°-176°). Both ions, [Br(BrCN)]™ and [Br(BrCN)s]~, can
be referred to as BrCN adducts of a bromide anion of the
type [Br]"-n (BrCN) with n = 1 and 3.

lodine

In contrast to the cyanide compounds of chlorine and
bromine, the cyanogen iodide compounds show a quite
manifold chemistry. Some polyiodine-pseudohalide an-
ions are synthesized and purified in form of their alkali
metal salts enabling structural characterizations. Their
structural properties are quite similar to the well-known
poly-iodide anions.

Cyanogen iodide ICN and derived ions

Cyanogen iodide ICN

Studies on cyanogen iodide ICN go back to the nineteenth
century when F. Wohler and other chemists investigated
these compounds systematically. The cyanogen iodide is a
very poisonous, colorless solid forming crystalline needles,
melts at about 420 K and decomposes at higher tempera-
tures leading to cyanogen and iodine (Chadwick and
Edwards 1973). One of the first synthetic routes was pub-
lished by H. Davy and F. Wohler. They observed that the
reaction of iodine and mercury cyanide or silver cyanide
led to the formation of cyanogen iodide (Scheme 139). F.
Wohler preferred silver cyanide as starting material due to
an easier purification by sublimation of the cyanogen io-
dide (Wohler, 1821).

AgCN + |, — > ICN + Agl

Scheme 139: Synthesis of cyanogen iodide published by F. Wohler
(1821).
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Scheme 138: Important Lewis representations
of [Br(BrCN)]™ and [Br(BrCN)5] ™.

During his studies on nitrogen triiodide in the 1880s, F.
Raschig observed that the reaction of this compound and
an aqueous solution of potassium cyanide or potassium
thiocyanate led to the formation of cyanogen iodide, which
was easily isolated by extraction (Scheme 140) (Raschig,
1885).

Cyanogen iodide can also be obtained by partial
transformation of hydrogen cyanide with iodine into ICN
and HI which is described as an equilibrium reaction
(Scheme 141) (von Meyer, 1887).

In regard to the smaller homologs chlorine and
bromine, the formation of cyanogen halides using the
elemental halogen has already been discussed. In this
context the formation of cyanogen iodide using iodine and
a metal cyanide as cyanide source is also possible (Scheme
142) (Bak and Hillebert, 1952). Additionally, the reaction of
potassium cyanide and heteronuclear instead of homo-
nuclear halogens, for example I-Cl, also yields cyanogen
iodide (Scheme 142) (Birckenbach and Huttner, 1929; Cor-
nog et al., 1938).

Studies of the gas phase of cyanogen iodide using MW
spectroscopy led to the determination of the bond lengths
(r-c =2.00 A and rc_y = 1.16 A) (Smith et al., 1948; Townes
et al., 1948; Tyler and Sheridan, 1963). J. K. Tyler and
J. Sheridan also reported an experimental dipole moment
u =3.71D, while the calculated dipole moment is y = 3.628
D (Kell6 and Sadlej, 1992; Tyler and Sheridan, 1963). The
vibrational modes of cyanogen iodide were analyzed using
IR, Raman and photoelectron spectroscopy. In general the
IC stretching band is in the range of 452-487 cm™ and the
CN stretching band at about 2171-2188 cm™ (Freitag and
Nixon, 1956; Hemple and Nixon, 1967; Hollas and Suther-
ley, 1971).

Based on a crystal structure determination of cyanogen
iodide, published by J. A. A. Ketelaar and J. W. Zwartsen-
berg in the 1930s, this compound forms rhombohedral
crystals with the space group R3m, and each unit cell
contains one molecule. The reported bond lengths are
r_c = 2.03 A and rc_y = 1.18 A being nearly identical to the
bond lengths in the gas phase (Ketelaar and Zwartsenberg,
1939).

The metastabile isocyanic iodide, INC, was formed from
its constitution isomer ICN by photoisomerization and was
analyzed using spectroscopic measurements combined with
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3KCN + NI3 + 3H,0O —— > 3ICN + NH; + 3KOH
H,O
3KSCN + 4Nl + 12H,0 ———> 3ICN + 4[NH4]l + 3Kl  Scheme 140: Reaction of nitrogen triiodide
- 2Hl and potassium cyanide or potassium
-3 Hy504 thiocyanate to form ICN (Raschig, 1885).
HCN + |2 —_— ICN + H| Scheme141: Equilibrium of hydrogen cyanide and iodine with
ICN and hydrogen iodide (von Meyer, 1887).
H,0, Et,0 (X=CI, Br and I"), in particular the intermediate formation
MCN  + 12 ICN + Ml of [TMS—N(PPh3)-XCN] adduct complexes, was investigated
in solution (Kempe et al., 2001). It was shown that only the
KCN + ICI — > ICN + KCI

Scheme 142: Cyanogen iodide formed by alkaline cyanide and
homonuclear, elemental halogen (M = Na*, K*; top) or potassium
cyanide and I-Cl (bottom) (Bak and Hillebert, 1952; Birckenbach and
Huttner, 1929; Cornog et al., 1938).

computations (Larsen et al., 2002; Samuni et al., 1994).
Computational data compared to experimental data are
listed in Tables 100 and 101.

Cyanur iodide (ICN);, was first prepared by P. Klason.
It can either be obtained by a Cl"/I"-exchange starting from
cyanuric chloride or by trimerization of ICN (Scheme 143)
(Klason, 1886; Smolin and Rapoport, 1959).

ICN adducts. Normally, in the ICN molecule, the ni-
trogen atom is a strong Lewis basic center, while the iodine
can already act as a weak Lewis acid. To give one example:
The reaction behavior of trimethylsilylphosphanimine,
TMS-N-PPh;, towards the pseudohalogen species X—-CN

ICN adduct is metastable in solution with respect to further
reaction to PhsPNCN and TMS-X and can be trapped. Raman
and X-ray data of the ICN adduct showed a very labile donor-
acceptor complex in which the iodine atom of the ICN moiety
is loosely bound to the nitrogen atom of TMS—NPPhs. There
are two different, rather long N- - - bonds with bond lengths of
2.634(1) and 2.739(14) A (Kempe et al., 2001).

Cyanogen iodide anion [ICN]™

In 2012, E. M. Miller et al. described photoelectron spec-
troscopy experiments on the [ICN]™ anion, which was pre-
viously formed in a gas matrix using an electron beam. In
order to generate [ICN]™ or [ICN]™ Ar, CO, or Ar gas was
passed over a solid sample of ICN. The gas was expanded
into the source chamber through a heated, pulsed general
valve nozzle. The gas pulse interacts with a counter-
propagating 1-keV electron beam, producing anions
through secondary electron attachment. The reported

Table 100: Some experimental and computational data of the cyanogen iodide (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. n-c re-n Vic Ven
Smith et al. (1948) Exp. - MW 1.995 1.159 - -
Townes et al. (1948) Exp. - MW 1.995 1.158 - -
Freitag and Nixon (1956) Exp. - IR - - 451.5 2176
Tyler and Sheridan (1963) Exp. - MW 1.994 1.159 - -
Hemple and Nixon (1967) Exp. - IR - - 485.8 2188
Hollas and Sutherley (1971) Exp. - PES 1.994 1.159 452 2176
Simpson et al. (1972) Exp. - MW 1.995(1) 1.158(1) - -
Samuni et al. (1994) Exp. - IR 1.992 1.160 487 2171
HF/D95v(RECP) 1.998 1.140 530.1 2543.5
QCISD(T)/D95v(RECP) 2.013 1.185 486.6 2178.6
HF/(SBK)RECP 2.005 1.153 531.7 2547.5
QCISD(T)/(SBK)RECP 2.026 1.197 480.3 2159.5
Holland et al. (2004) MP2/6-311G** 2.003 1.178 - -
Bhattacharyya et al. (2010) MP2/(SDB-aug-)cc-pVTZ 1.99 1.18 516.49 2086.44
CCSD/(SDB-aug-)cc-pVTZ 2.00 1.16 507.99 2278.54
CCSD(T)/(SDB-aug-) cc-pVTZ 2.01 1.17 499.73 2200.32




156 —— A. Schulz and ). Surkau: Main group cyanides DE GRUYTER

Table 101: Some experimental and computational data of the isocyanic iodide (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. n-n re-n Vin Ven

Samuni et al. (1994) Exp. - IR - - 494 2057.5
HF/D95v(RECP) 1.950 1.163 551.0 2364.6
QCISD(T)/D95v(RECP) 1.991 1.203 479.2 2073.2
HF/(SBK)RECP 1.966 1.173 550.4 2348.2
QCISD(T)/(SBK)RECP 2.014 1.214 469.9 2026.5

Larsen et al. (2002) Exp. - IR 2.004 1.203 459 2073

Bhattacharyya et al. (2010) MP2/(SDB-aug-)cc-pVTZ 1.97 1.19 516.52 2040.96
CCSD/(SDB-aug-)cc-pVTZ 1.97 1.18 516.03 2157.65
CCSD(T)/(SDB-aug-) cc-pVTZ 1.98 1.19 500.71 2052.40

Cl |
Lo sm A
NN e Y e e
| - |
Cl)\NJ\CI I)\N/ |
substitution or trimerization

Scheme 143: Synthesis of cyanuric iodide (M = H, alkaline metal)
(Klason, 1886; Smolin and Rapoport, 1959).

results are presented in Table 102 in comparison to a
computational study of A. B. McCoy (McCoy, 2013; Miller
et al., 2012).

Cyanogen iodide cation [ICN]*

This transient cyanogen iodide cation [ICN]" was formed by
collision ionization in a special apparatus and was char-
acterized by photoelectron spectroscopy (Fulara et al.,
1985; Hollas and Sutherley, 1971). The structural and
spectroscopic data are given in Table 103.

Table 102: Selected experimental and computational data of the
cyanogen iodide anion (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. n-c re-n Vic
Miller et al. (2012) Exp. — PES 2.65 - 235.2
McCoy (2013) MR-SO-CISD/ 2.65 1.16 235

aug-cc-pVTZ(-PP)

Table 103: Some experimental data of [ICN]* (bond lengths in A;
wave numbers in cm™Y).

Publication Exp./calc. f-c ren Vic Ven
Hollas and Sutherley Exp.-PES 1.934 1.180 500 2050
(1971)

Fulara et al. (1985) Exp. - PES - - 535 2082

Cyanoiodine cation [ICN]**

In 1997, R. Minkwitz and T. Hertel reported the synthesis of
the cyanoiodine cation [ICN]* in form of its nitrate, which
is just stable at temperatures below 228 K, carrying out a
reaction of cyanogen iodide and excess of chlorine nitrate
at 203 K (Scheme 144). The received yellow solid was
characterized using IR and Raman spectroscopy. The band
at 2200-2212 cm™ was assigned to the CN stretching mode
and the band at 469 cm ™ in the IR spectrum and 473 cm ™ in
the Raman spectrum was allocated to the IC stretching
mode (Minkwitz and Hertel, 1997). Cyanoiodine(IIl) dini-
trate is a yellow, hydrolysis-sensitive solid that de-
composes above 228 K to release ICN and N,0s. At 203 K it
can be stored undecomposed for several weeks.

Dicyanoiodate anion [I(CN),]”

The dicyanoiodate anion [I(CN),] " is formed in an aqueous
solution of cyanogen iodide and an excess of cyanide an-
ions (Scheme 145). Furthermore, in 1933, D. M. Yost and W.
E. Stone determined the stability of the anions in the
chemical equilibrium as illustrated in Scheme 145 and
estimated the equilibrium constant (Yost and Stone, 1933).
The first systematic study on salts containing the
dicyanoiodate anion was carried out by B. M. Chadwick
et al. Counterions of these salts were cesium, tetraphe-
nylphosphonium and tetraphenylarsonium cations.

203 K

2CIONO, + ICN [ICNJINOs], + Cl,

Scheme 144: Synthesis of the cyanoiodine cation by Minkwitz and
Hertel (1997).

CN),1°

ICN + [CN]©

Scheme 145: Cyanogen iodide and cyanide forming the
dicyanoiodate anion in equilibrium (Yost and Stone, 1933).
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In case of the cesium species, the cesium chloride was
added to a mixture of saturated aqueous solution of potas-
sium cyanide and a saturated solution of cyanogen iodide in
ethanol. The salts of these two bulky cations ([Ph,P]",
[Ph,As]") were obtained using a similar route after a reaction
of potassium cyanide and saturated aqueous solution of
cyanogen iodide and following addition of the chloride salt
dissolved in water (Scheme 146). All salts were finally
characterized by IR and Raman spectroscopy (Chadwick
et al., 1980).

In the 1980s, K.-F. Tebbe and co-workers published
several syntheses and characterizations of different salts
containing the dicyanoiodate anion. The synthesis of the
pure potassium salt, based on a reaction of potassium cy-
anide and elemental iodine, was reported in 1988 (Scheme
147). After the addition of solid iodine to a saturated
aqueous solution of potassium cyanide at ambient tem-
perature, a colorless solid is formed and slow cooling of the
solution leads to crystals suitable for single crystal XRD.

The use of cyanogen iodide instead of pure iodine also
led to the formation of the dicyanoiodate anion (Scheme
148). Therefore, a saturated aqueous solution of potassium
cyanide was added to a solution of cyanogen iodide using
different solvents. The crystallisation started at 255 K after
six weeks (Tebbe and Krauf3, 1988).

The addition of rubidium bromide to this reaction
mixture in a solvent mixture of water and ethanol also led

E—
EtOH

KCN + ICN + CsCl Cs[I(CN),]  + KCI

H,0
KCN + ICN + [Ph,E]JCI — 2 [Ph,E[II(CN),] + KCI

Scheme 146: Synthesis of [I(CN),]™ containing salts by B. M.
Chadwick et al. (E = P, As) (Chadwick et al., 1980).

H,O

2KCN  + 1, —=* » K[I(CN)] + Kl

Scheme 147: Synthesis of the pure potassium salt published by
Tebbe and KrauB (1988).

H,O

KCN + ICN —=—3> KJ[I(CN),]

Scheme 148: Synthesis of the potassium salt using cyanogen
iodide instead of iodine (Tebbe and KrauB, 1988).

KCN + ICN + RDbBr

EtOH
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to a salt of dicyanoiodate. But this salt contained two
different types of cations, the potassium and rubidium
cation (Scheme 149, x = 0.6) (Tebbe and Fr6hlich, 1983a).

Due to variation of the reaction conditions they used
different solvents and they observed that the use of
ethanol caused the formation of an additional product,
which coordinated to the expected salt forming adducts
(Scheme 150).

They proposed that the formation of the (diamino)
oxalic acid diethyl ether was caused by partial solvolysis of
cyanogen iodide to iodine and cyanogen, which already
reacted with two solvent molecules (Tebbe and Frohlich,
1983b; Tebbe and Krauf}, 1988).

The [I(CN),]™ anion is nearly linear in the solid state as
predicted by the VSEPR model. This is true for both the C—
[-C unit and the two ICN units. The I-C bond can be un-
derstood as a 3-center-4-electron bond (Scheme 151).
Experimental data of salts containing the [I(CN),]” ion are
summarized in Tables 104 and 105 (Chadwick et al., 1980).

(lodocyano)iodine ions [I,(CN)]™ and [I,(CN)]*

(lodocyano)iodide anion [I,(CN)]

Similar to the measurement of the equilibrium constant of
the dicyanoiodate anion, D. M. Yost and W. E. Stone also
determined the equilibrium constant of the formation of
the (iodocyano)iodide anion [I,(CN)]™ (Scheme 152), which
is the only report on this anion (Yost and Stone, 1933). As
discussed before for the [I(CN),]™ ion, the [I;(CN)]” anion
should be linear and the bonding within the I-I-C moiety
can also be understood as a 3-center-4-electron bond.

(lodocyano)iodonium cation [I,(CN)]*

In contrast to BrCN and CICN, which do not form stable salts
of the type [XCNX]*[AsF¢]” (X = CI” or Br") due to the ther-
modynamically favourable adduct formation XCN-AsF; and
elimination of C1-F and Br-F, ICN does react with [I]* donors
to yield compounds containing the [ICNI]" = [I,(CN)]" ion as
demonstrated by I. Tornieporth-Oetting and T. M. Klapd&tke.
They investigated the reactions of triiodonium hexa-
fluoroarsenate, [I5][AsF], and different cyanide containing
compounds. For example, the reaction of [I5][AsF¢] and
cyanogen iodide led to the formation of the (iodocyano)
iodonium hexafluoroarsenate, [I,(CN)][AsF¢], which was
characterized by IR and Raman spectroscopy. To obtain

H,0
— 27 »  K.Rby_[I(CN),]-0.5 (EtOCNH),

Scheme 149: Synthesis of a dicyanoiodide salt of two different cations ((EtOCNH), = (diimino)oxalic acid diethyl ether; x = 0.6) (Tebbe and

Frohlich, 1983a).
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H,0 EtOH
KON + 3ICN — = [KCN +ICN+ I, +(CN)2} —, > KICN)I-(EtOCNH),
-2

Scheme 150: Formation of (diimino)oxalic acid diethyl ether by solvolys
1983b; Tebbe and Krauf3, 1988).

© O
N=C—I :C=N - N=C: [—C=N

Scheme 151: 3-Center-4-electron bond in [I(CN),]” (Chadwick et al.,
1980).

[L(CN)][AsFg], a suspension of [I5][AsF] in trichlorofluoro-
methane was added to cyanogen iodide dissolved in carbon
disulfide at 283 K or it can be directly generated from ICN, I,
and AsF; (Scheme 153).

Due to its high instability, crystals of the [I,(CN)][AsF¢]
could not be obtained (Tornieporth-Oetting and Klapotke,
1990, 1991), but structural data were computed (Klapéotke,
1997). The [ICNI]* cation adopts a linear structure with a I-
C-N-I connectivity (Scheme 154). Selected experimental
and theoretical data are summarized in Table 106. Strong
hyperconjugative effects within the m-electronic system
along the I-C—N-I are discussed [p-LP(I) — *(C-N)].
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is of cyanogen iodide in presence of ethanol (Tebbe and Fréhlich,

N=c— + [° [1,(CN)I°
C)
N=C—I . |@ - |—I :C=N

Scheme 152: Equilibrium of cyanogen iodide, iodide and the
(iodocyano)iodide anion (Yost and Stone, 1933).

(Diiododicyano)iodide anion [I5(CN),]~

The first synthesis of the dicyanotriiodide or (diiododi-
cyano)iodide anion, [I(ICN),]” = [I5(CN),]” (Figure 48), was
reported by K.-F. Tebbe and co-workers. The potassium,
rubidium and cesium salts were obtained by addition of
two equivalents of cyanogen iodide to the potassium,
rubidium or cesium iodide in aqueous solution (Scheme

Table 104: Experimental data of salts containing [I(CN),]™ (bond lengths in A; wave numbers in cm™).

Compound rl_cla] rC_N[al Vsynhlc[b] Vas.lc[c] stm.CN[b] Vas.CN[c]
Cs[I(CN),] (Chadwick et al., 1980) - - 434 431 2118 2109
[Ph,4P][I(CN),] (Chadwick et al., 1980) - - 440 - 2124 2110
[Ph,AS][I(CN),] (Chadwick et al., 1980) - - - - 21215 2110
K[I(CN),] (Tebbe and Krauf, 1988) 2.298(6) 1.129(7) - - - 2115
K[I(CN),]-(EtOHNC), (Tebbe and Frohlich, 1983b) 2.302(3) 1.121(5) 422 425 2126 2108
Ko.6Rbo 4[I(CN),]-0.5 (EtOCNH), (Tebbe and Fréhlich, 2.265(8)/ 1.117(12)/ - 415- - 2155/2100/
1983a) 2.351(10) 1.096(12) 440 2060/22016

lIBond lengths obtained by XRD. P'Wave numbers of symmetric vibrations obtained by Raman spectroscopy. ) Wave numbers of asymmetric

vibrations obtained by IR spectroscopy.

Table 105: Crystallographic data of salts synthesized by K.-F. Tebbe et al. (bond lengths in A; angles in °; volumes in A%).

parameter K[I(CN),] (Tebbe and Kraup,

1988) monoclinic

K[I(CN),]-(EtOHNC), (Tebbe
and Frohlich, 1983b) triclinic

Ko_GRbOA[I(CN)zl'O.S (EtOCNH)z (Tebbe
and Frohlich, 1983a) monoclinic

Space group C2/m P1

a 7.3637(9) 4.285(1)
b 4.5144(4) 9.259(2)
c 9.0800(8) 10.350(2)
a 90.00 63.41(1)
B 92.56(1) 76.33(2)
y 90.00 78.58(2)
v 301.54(5) 354.8

Z 2 1

P2./c
4.3634(8)
19.335(3)
12.405(2)
90.00
92.30(2)
90.00
1046

4
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[I5][AsFg] + ICN [ICNIJ[AsFg] + I
Scheme 153: Synthesis of [I,(CN)][AsF]
2 (Binnewies et al., 2016; Pettersson et al.,
ICN + 1,1, + ¥, AsFs [ICNI[ASFel  + 1/, AsFs  1998; Werner et al., 1988).
@ N N
I—N=C—I - @ in=c— N Z
C. o I/C

Scheme 154: Important Lewis representations of the [ICNI]* cation
(Klapotke, 1997).

155) (Frolich and Tebbe, 1982; KrauP and Tebbe, 1986;
Tebbe et al., 1983c).

Additionally, a salt of the [I3(CN),]” anion having a
potassium-2.2.2-cryptand cation ([(Crypt)K]") was synthe-
sized adding an excess of cyanogen iodide to the KI crown
ether complex dissolved in ethanol (Scheme 156) (Tebbe
and Grafe-Kavoosian, 1996).

All mentioned salts were characterized using single
crystal XRD and IR spectroscopy (Tables 107 and 108). Similar
to the pentaiodide anion, the anions of these salts also show a
V-shaped structure in solid state (Figure 48) (Tebbe and
Grafe-Kavoosian, 1996). The [I5(CN),]|™ ion is best described as
[IOCN),]~, that is as an iodide, I", briding two ICN molecules.

8th Main group
Noble gas cyanides

The chemistry of the nobel gases mainly focuses on the
later homologs krypton and xenon due to the increasing
strength of Rg-E bonds the heavier the rare gas (Rg).
Especially xenon is able to form manifold compounds with
electronegative elements, several xenon fluorides for
example (Binnewies et al., 2016).

As a consequence of the group electronegativity of the
cyanide group, which is significantly smaller in compari-
son to the strongly electronegative fluorine, noble gas cy-
anides could not be received on common synthetic routes

Figure 48: V-shaped structure of [I5(CN),]” (Tebbe and Grafe-
Kavoosian, 1996).

M + 2ICN ——— > M[I3(CN),]

Scheme 155: Synthesis of [I5(CN),]™ salts by K.-F. Tebbe and co-
workers (M = K*, Rb*, Cs") (Frolich and Tebbe, 1982; Krau and
Tebbe, 1986; Tebbe et al., 1983c).

EtOH
[(Crypt)K]l + 2ICN ——— > [(Crypt)K][I3(CN),]

Scheme 156: Synthesis of a complex containing the [I3(CN),]™ anion
(Tebbe and Grafe-Kavoosian, 1996).

and could not be formed in industrial scales. Nevertheless,
some working groups reported indications of the existence
of short-lived nobel gas cyanide species in excited states.
And additionally, several computational studies were
published to maintain experimental data or predict com-
pounds, which have not been synthesized until now (Arppe
et al., 2012; Fiedler et al., 2002; Han et al., 2008a, 2008b;
Jana et al., 2018; Lin and Heaven, 1991; Lin et al., 1994; Pan
et al., 2015; Pettersson et al., 1998; Thoma et al., 1994; van
de Burgt et al., 1984; Werner et al., 1988; Zhu et al., 2015).

For example, H.-J. Werner et al. studied excited helium
cyanide radical complexes. Assuming very weak intermo-
lecular interaction, they carried out several calculations of
their structures, although there is no experimental evidence
of their existence (Werner et al., 1988).

Table 106: Some experimental and computational data of the (jodocyano)iodonium cation (bond lengths in A; wave numbers in cm™).

Publication Exp./calc. n-c n-n re-n Vic, ni Vic, NI Ven

Tornieporth-Oetting and Klapdtke Exp. - IR - - - 470 700 2330

(1990)

Klapdtke (1997) Exp. - IR, Raman - - - 179 590 2200
AM1/6-31G(d) (LANL2DZ) 1.939 1.916 1.163 223 760 2494
PM3/6-31G(d) (LANL2DZ) 1.896 1.892 1.165 287 1032 2438
RHF/6-31G(d) (LANL2DZ) 2.023 2.030 1.132 181 615 2585
RMP2/6-31G(d) (LANL2DZ) 1.986 0.020 1.176 179 624 2205
RMP4(SDQ1)/6-31G(D) (LANL2DZ) 2.001 0.021 1.167 178 615 2285
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Table 107: Crystallographic data of [I5(CN),]” salts synthesized by K.-F. Tebbe and co-workers (lengths in A; angles in °; volumes in R,

[CryptK] = [potassium-2.2.2-cryptand)).

Parameter K[I5(CN),] (Krau and Rb[I5(CN),] (Tebbe et al., Cs[I5(CN),] (Frélich and Tebbe, [CryptK][I5(CN),] (Tebbe and Grafe-
Tebbe, 1986) monoclinic 1983c) orthorhombic 1982) orthorhombic Kavoosian, 1996) triclinic

Space C2/m Pmmn Pmmn P1

group

a 7.364 16.246(7) 16.494(4) 11.923(2)

b 4.514 6.795(4) 6.726(1) 11.972(2)

c 9.080 4.397(2) 4.592(1) 12.781(3)

a 90.00 90.00 90.00 69.79(2)

B 92.56 90.00 90.00 72.67(2)

Y 90.00 90.00 90.00 75.79(1)

4 301.5 485.4 509.4 1613.5(8)

V4 2 2 2 2

Table 108: Experimental data of salts containing the [I5(CN),]™ anion (bond lengths in A; angles in °; wave numbers in cm™).

Compound n® n-c® rean® < (1-1-p® <(1-C-N)El  y By
Rb[I5(CN),] (Tebbe et al., 1983¢) 3.271(1) 2.11(2) 1.133) 128.69(5) 177(1) 415 2154
Cs[I5(CN),] (Tebbe et al., 1983c; 3.306(1) 2.08(2) 1.07(2) 123.12(5) 179(2) - 2168
Frélich and Tebbe, 1982)

[CryptK][|3(CN)2][C] (Tebbe and 3.2025(7) 2.075(7)/2.100(5) 1.108(10)/1.070(7) 88.64(1) 178.(6)/174.5(6) - -

Grafe-Kavoosian, 1996)

[BBond lengths and angles obtained by XRD. P'Wave numbers obtained by IR spectroscopy. “[CryptK] = [(Cryptand-2.2.2)K].

Studies on the chemistry of (cyanide) radicals in nobel
gas matrices by M. Heaven led to the proof of different
complexes formed by excited radicals and nobel gas atoms
(Heaven, 1992). Using a special experimental setup they
could obtain short-lived neon cyanide radical complexes
by laser induced photochemical excitation of cyanogen
iodide anions in a beam of neon and helium gas (70%:
30%) and verified their existence by LIF spectroscopy (Lin
and Heaven, 1991; van de Burgt et al., 1984). They could
also form argon cyanide radical cluster and exciplexes of
cyanide radicals and argon atoms on a similar way using a
beam of argon and helium (14%: 86%) (Lin et al., 1994; Han
et al., 2008a, 2008b).

The exciplex of cyanide radicals of krypton and xenon
atoms was reported by V. A. Apkarian et al. in 2002. A thin
layer of a mixture of the nobel gas and deuterated
hydrogen cyanide in the guest-to-host ratio of 1:1000 was
deposited on magnesium difluoride at 20-30 K. The exci-
plex is formed by photolysis of the hydrogen cyanide
leading to the cyanide radicals. The existence of this
exciplex in noble gas matrix was proven by UV/vis and
fluorescence spectroscopy. The visible absorption and the
ground state vibrational infrared emission of the CN-Xe
complex were studied in an argon matrix by A. Thoma et al.
in 1994. In this early study cyanide radicals being precursor

of those exciplexes were received from dicyanoacetylene in
a self-igniting pulsed discharge source (Fiedler et al., 2002;
Thoma et al., 1994).

Another working group carried out computations and
predicted the formation of organo xenon and radon com-
pounds (Scheme 157). The formation of xenon or radon CN
compounds is an exergonic process of AE(Xe) = -68 k] mol ™
and AE(Rn) = —71 kJ mol ™, respectively. They also pub-
lished structural parameters of Rg(CN), (bond lengths of
Ixe_c = 2.192 A and rg,,_c = 2.268 A) (Fitzsimmons and Klo-
bukowski, 2013). Earlier computational studies on xenon
complexes by C. C. Lovallo et al., dealing with the same
reaction, revealed bond lengths of rgg_¢ = 2.202-2.246 A.
The predicted C-N bond lengths are in the range of
rc_n = 1.133-1.180 A depending on the basis set (Lovallo
and Klobukowski, 2002).

Besides binary noble gas cyanide species, E-Rg—CN
(E = H, Au, halogens etc., Rg = rare gase), were also
investigated (Arppe et al., 2012; Pan et al., 2015; Pettersson
et al., 1998; Zhu et al., 2015). For example, the synthesis of

TMS-CN + F-Rg-CN ——» TMS—-F + Rg(CN),

Scheme 157: Simulated reaction to synthesize nobel gas dicyanide
compounds (Rg = Xe, Rn) (Fitzsimmons and Klobukowski, 2013).
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the new noble gas compounds HXeCN, HXeNC and HKrCN
was reported. HKrCN was the first stable compound with a
Kr-Cbond. These molecules were formed in solid Xe and Kr
by first photolysing monomeric HCN with a 193 nm ArF
laser at 7.5 K. The photolysis generates isolated hydrogen
atoms and CN radicals, as detected by IR spectroscopy
and laser-induced fluorescence (Pettersson et al., 1998).
Another publication reports on the preparation and char-
acterization of noble gas molecules of the type ClXeCN,
ClXeNC and BrXeCN. These molecules were synthesized by
193 nm photolysis and thermal annealing of CICN and BrCN
in a xenon matrix (Arppe et al., 2012). A similar report deals
with FRgCN (Rg = Kr, Xe), which were also prepared in low-
temperature Kr and Xe matrices. These F-Rg—CN mole-
cules were produced by UV photolysis of FCN in the
matrices and subsequent thermal annealing. The FCN
precursor is produced by depositing the (FCN); containing
matrix gas by a microwave discharge (Zhu et al., 2015).

Final remarks

More than 315 years have passed since the beginning of
cyanide chemistry with the discovery of Berlin Blue in 1706.
Starting from the pseudohalogen concept, according to
which the cyanide ion is to be regarded as such, cyanide
chemistry of the main group elements developed enor-
mously at the end of the nineteenth and in the twentieth
century. Since then, both organic cyanide chemistry,
which has not been covered here, and inorganic cyanide
chemistry have become important fields with industrial,
biological and fundamental significance. Although cya-
nide compounds are mostly toxic, they have found their
way into modern industrial society. Despite all this, we are
still far from fully understanding the cyanide ion in its
compounds. For example, the oligomerization reactions,
cyclisation reactions or redox reactions are often still not
fully understood, as are such unusual reactions as the
isomerization of [As(CN),]” to an unusual cyclic cyanido-
arsenate ion of the type [AsC,N,] .

We are confident that further experimental research
also in basic research as well as improved computational
methods will further highlight the unique properties of this
very versatile two-atomic CN ligand.
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