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- when tﬁe'atpm is nitrogen but only in the anions when the

.

ABSTRACT o 7
1H,'13C and, where appropriate, 31P NMR spectra for’
- A * . . b
th% series of compounds (CBHS)nXH3-n and (CGHS)nXHZ-nNa
(n =1, 2; X = N, P or As), have been recorded and assigned.

The results are consistent with the existence of a pwx-px

interaction between substituent and phenyl ring in all cases,

. . ‘ . .1
substituent ‘atom is’' phosphorus or arsenic. 3C NMR spectra

of-the compounds (CGHS)nﬁaﬂ and (C6H§)nGEH nNa as well as

4-n 3-
(p-CH3CGH4Y3GeM (M = H, Na) have also been-recorded and
assigned. Comparison of the chemical shifts demonstrated
that the extent of delocalization of the“negative charge is

significantly less in the phenylgermyl anions than-in the

.analogous gﬁgup 5B species. This corroborates the observed.

differences in the effect of phenyl-substitution on the

-acidities of main group.hydrides~as rationalized in terms of

u

hybridization at the adjohic centre and subsequent qégree of

. resonance delocalization., . —

The distribution of m-electrons in the mono-

-

substituted benzenes, whose substituents are anionic centres,

appears to be the result of the bal:nce'bS%ween mesomeric



and electric field effects. The latter effect producés a
polarization of the phenyi ring dependent upon the extent to
which the negativ% charge is Iocalized_dn the substituent
atom. The magnitudes of these effects depend somewhat on the
extent and nature of solute-solvent interaction, ion-pairing
and association in the solutions of these salts which, in
turn, are a function of the polarity of the solvent.

Adduct formation between cuprous iodide and both PH3
and CEHSPHZ ;as investigated. ACompa}ison with literature '
resu!té‘far compliexes of (CGHS)ZPH’ P(CGHS)3 or other -
"tertiary phosphines indicates that o-donor strength alone, as
opposed to m-acidity or steric bulk, is the dominant factor

influencing the s iIﬁFy of the coordinative interactions of

the smaller phosphines The structure of the complex

. 127
[CuI(CGHSPHz)z]2 is ‘reported.

I Méssbauer spectroscopy
was found to be .incapable of discriminating between different

iodine environments in such complexes.
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CHAPTER 1

INTRODUCTION

The term 'hydride' is formally used to indicate a
compound offhydrogen in which the hydrogen atom has a partial
negative charge. The same term however is also frequently
used to refer to any member of the entire spectrum of
hydrogen compounds regardless of the sign of polarization at
the hydrogen atom. It is in this latter sense that the word
'hydride' is used in this thesis.

Compounds of hydrogen can'be divided into four .
general classes of hydrides according to where the element,
to which hydrogen is bonded, occurs in the periodic table
(Shaw, 1967; Wiberg, 1971). First there are the compounds of
Hydrogen with the alkali metafs or alkaline earths, groups 1A
and 2A. These compounds are classed as 'ionic hydrides';
They are high-melting, salt-]ike solids, of M¥ or M2+ Wwith
H™, possessing structures similar to the analogous haiides.
These hydrides are denser than the é]ementa] metals from
which they are made. The hydrides of beryllium, magnesium
and aluminum are considered to be borderline between the
ionic and covalent hydrides (see below) and display
properties intermediate Petween the two. Sgcond, many

.
lanthanide, actinide or transition metals and their alloys

1
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absorb hydrogen under various conditions of. temperature and
pressure to form a class of compoﬁnds-which may be referred
to as 'metal hydrides'. .Unlik; the ionic hydrides these
compounds generally have lower density than the elemental
metals, These compounds are often non-stoichiometric and
frequently retain meta]Tic properties. Compounds of this
type have recently beef under investigation for use in
hydrogen storage systems (Sandrock, 1980).

A third class of hydrides includes molecular
transition metal comp]exés which contain hydrogen bonded to
the.metal atom. Thése are often volatile compounds and may
possess properties req} iscent of the main-grouﬁ-element
covaient hydrfdes (see below). The current interest in

transition metal cluster compounds, some of which contain

_encapsulated or interstitial hydrogen atoms {Bau, 1979) may

provide a bridge of understanding between molecular hydrides
and the 'metal hydrides' mentioned above.

The fourth general class of hydrides are those of the
main group elements, 38, 4B, 5B, 6B and 7B, These afe the
‘covalent hydrides' and the monomers characterfstica}1y are
molecular gases{Lr liquids. This thesis deals with hydrides
of this class. In these molecules the hydrogen atom may be
either slightly negatively or slightly positively charged
depending. upon the electronegativity of the element to which

it is bonded. The various covalent hydrides display

considerable diversity as a consequence of differences in the

*



valency, electronegativity and size of the central atoms,
however they méj show commgon features in their chemistry.
For example, almost all of the covalent hydrides can be made

!
to add across a multiple bond, e.qg.,

X H
\C—C/

f

- -

The conditions, pathway and se]ectiy}ty of such reactions
however, are dependent upon the polarity of the bpnd to
hydrogen in these combounds. A classic examptle of this is
the 'Markovnikov' or 'anti-Markovnikov' additions of
hydrobromination or* hydroboration respectively.

‘ Division of the covalent hydrides into two categories
based on their hydridic or protonic nature may be qualitat-
ively achieved by comparison of the electronegativities of
the elements with that of hydrogen itself. Thus it can be
seen that the hydrides of groups 3B, 4B and 5B are all, with
the exceptions of methane and ammoniﬁ, genuinely 'hydridié',
and are poor proton donorg but are good reducing agents.
Most of these hydrides are highly flammable and are
susceptible to quﬁtaneous oxidation in-air. The e1ectroﬁ
deficient group 3B hydrides can shoy Lewislacid behaviour,
forming dative bonds with donor bases. Thetgﬁis evidence
that some substituted group 4B hydrides can aTso show Lewis

~acid behaviour by valence-shell expansion, cf.
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CH_FCF SiH3-N(CH3)3 (Cook, 1966). However, this is not known

2 2
to occur for the simple binary hydrides'of this group.

The compounds of trivalent group 25 elements all
possess a formally 'non-bonding' pair of electrons and
‘therefore have the potential to act as Lewis bases. For the
binary hydrides of "the heavier elements, P, As, Sb, however,
simple basicity is weak, possibly because the non-bonding
pair of electrons may be non-directional. Evidence for this
is found in the fact that. the H-M-H bond angles are close to
90° -- PH

93,3°; AsH3, 91.8°; SbH 91.3° (Sutton, 1958) --

3 3°
indicative of the predominant use of p-orbitals for M-H
bonding thus leaving the 'lone-pair® orbita% with a high
degree of s-orbital character. .In fact, all of the binary
hydrides of both the groups 5B and 6B elements, . with the
exceptions of NH., and HZO,'have bond angles near 90°
{Gillespie, 1960, and references therein).

For the hydrides of the-elements which are more
e]ectronegalive than hydrogen'the H atoms are posftively
charged;' These compounds are.good- proton donors and can
display the feature of 'hydrogen bonding'. It is natural to
consider as acids only those compounds which are capable d?/
increasing measurably the concentration of oxonium ions dn
aqueous solutions. Normaily, pérhaps only the hydrides of’
the haldgens and chq@cogens would be considered as acids.
However, in non-aqueous media, under strongly basic

conditions even some of the more 'hydridic' compounds of



groups 4B and 5B may act as proton-doﬁors. It has become
increasingly important to know the relative acidities of very
weak acids in solvents of low acidity. Such measurements
h?ve most frequently been made, usually by spectroscopic
method;, by studying the equilibria established when two weak
acids compete for a limited amount of strong base (1.1).

- + -
+

AH + A AT+ A'H (1.1)

The rtelative equilibrium acidity of -AH relative to A'H, ApKa,

can then by given by (1.25

spKa = -loq (LA I[A'HI, (1.2)
CAHI[A' 7]

A great deal of-work of this general nature has been done to
establish an acidity scale for carbon acids (Stre1twieser,
1980 and references therein). This is largely because of the
importance of the role of carbanions in organic reaétion
mechanjsms. Much less work of this type has been done on the
h;drides of the other elements of groups 4B and 5B.

The protonic aciditieé of the s{mp1e binary hiﬁ?ides
of the main group elements are primarily a function of the
electroneqatﬁvities;of the_e1ements. toﬁsequent]y the
acidities of the_hydrides increase on proceeding across a
period 6f the periodic table from left to right, towar&s the

more electronegative elements. However, the acidities also

3



generally increase upon descending-a group dt,the periodic
table. Thus, for example, the acidities of the group 6B

hydrides follow the order TeH, > SeH, > SH, > OH

2 2 2 2°
opposes the trend in electronegativities and is a consequence

This

of_the heavier atoms forming weaker bonds to hydrdgen (Day,
1969). There have been a few investiqations of trends in
the acidities of hydrides and organo-hydrides of the heavier
group 4B and 5B elements (Birchall, 1966; Birchall and
Drummond, 1972; Issleib, 1965; Terekhova, 1982). Some of the
report;d pKa values are given in Table 1.1.

It has been determined by NMR spectroscopy (Birchall,
1966; Birchall and Drummond, 1972) that in NH3 solutions the

relative order of acidities for a1k!TgerTanes is GeH4 > GeH3R
> GeHsz > GeHRa. Substitution of germane (GeH&) with aryl
3 . .

groups also caused a decrease in acidity but to a.lesser
degree. This contrasts with the observation that phenyl-
substitution of methgne causes a considerablé increase in
acidity (Streitwieser, 1980). There éo notwappear to ha&e
been any relative acidity studies made on substituted silanes
and stannanes, however NMR parameters for some substituted
stannanes and their corresponding anions disptay similar
trends to those observed for the germanes (Birchall, 1975),
A1ky1—}ubstitution of arsine (A5H3) or phosﬂhine
(PH3) similarly was fouﬁ& to cause a reduction in their
respective acidifies (Birchall, 1966; Issleib, 1965). It has
been reported however that in THF solution phenyl-substituted

1
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Jable 1.1. Reported ‘pKa' values for hydrides and organohydrides
of some group 4B and group §§_elements.a a

Methanes (in DMSO) N Amines (in ﬁMSO)
.CH, ~ 58P NH ~ 4P
C d
CGHS(_IH3 42 . CGHSNH2 30.7e
(C6H5)ZCH2 32.2d (CGHS)ZNH 25.1 AR
(CHg) oCH 30.6

Phosphines (in THFY/uno"/omMsn )

(CHg) ,PH 33.7

. ‘ ‘ CoHy | PH, 32.3
PH3 ~29
CoHe (C,Hg JPH ‘ 27.5
CGHSPHZ 24,5 22.4
(CgHg ),PH 21.7 23.1
Germanes’ (in'ﬁa3) ' _ Arsines? (in THF)
C H GeH, 23.9 (C4Hg) AsH 31.0 j
" (CHg) 4GeH '23.2 AsH (~277)
(CGHS)ZGEH2 2l.4 - R CGHS(CZHS)ASH 23.5
GeH4 17.7 ) (CﬁHs)zASH 20.3
a

Direct comparison of 'pKa' values measured in different solvents may
be meaningless.since the equilibria may be influenced by ion pairing
effects, particularly for the less polar.solvent THF, and also because
the standards used are different and have been assigned on the basis
of different acidity scales. ‘

Mlgrim (1978)  © Bordwell and Algrim (1977) ¢ Bordwell (1977)

Lebedeva (1977) f Birchall and Nrummond (1972) 9 Issleib (1965)
Weston (1954) ' Yerekhova (1982)

assumed value; Issleib (1965).
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arsines and phosphines are more acidic tharL'AsH3 and PH%’"/
respectively (Issleib, 1965). The question therefore arises
as'to what causes the difference between phenyl-substitution
of germqne.(and perhaps other group 4B hydrides) and of those
hydrides of the lTower -group 5B ?}emgnts P and As, as well as
of methane and ammonia. |
Some of the conceivable means by which ;n organo-
substituent could decrease the stability of a bas: (anion)
relative to its cqnjugate acid (neutral hydride) and there-
-fore decrease the acidity of the substituted acid relative to
the unsubstituted acid are listed below: &'
| _ \
(1) inductive effect of an electron donating
sybﬁtituent (e.g., alkyl groups).
(ii) pw-dx donation of electragns from the substituént
(e.g. CcHe) into empty d-orbitals of the .qroup 48

or 5B element in the neutral hydride, i.e.

A

-GeH3 - =GeH3' - =GeH

4

- 3 ’
etc.
(i1i) decreased solvation energy with increased size of

-t
anion.

& .
(iv) greater steric croﬁding of bulky substituents in
the anion as a consequence of the large
stereochemical influence of the lone pair of

electrons.
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Conversely, two effects which could increase the 'stability of
the anion rdég{:ve to the acid thus causing an increased.

acidity upon substitution are:

(i) inductive g]ectron withdrawal of the organo-
substituent (aryl).
(ii) prw-dn delocalization of negative charge of the
anion into the m-system of the substituent, e.g.,
r—-'.
. ‘ NH
~

The decreased acidity of germane upon alkyl-

-

Euﬁstitution has been rationalized (Birchall and Drummond,
1972) in terms of inductive electron donation of the.subsfi~
tuents, decreased solvatioq~snergy for the substituted anions
and the stereochemical effect mentioned above. The'decreaSed
-écidity of germaﬁe upon phenyl-subsfitution has also been -
attributed largely to the so]yation aﬁd stefeocﬁemica1
effects: In this case however§ the iﬁflueﬁ%e of these
effects upon the acidity may be opposed by electron @ith-
drawal of the phenyl-groups. This would explain why phenyl-
.substitution has a smaller effect upon the acidity of germane
than does a]ky]-substitutfon. The results of photoelectron |
specfroscbpic studies of compounds of the qroup 4B and 58

elements have been interpreted as indicating some d-orbita)
. @ .

involvement in the bouging for elements of the third, ¥ourth

o

"
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and fifth periods (Debies, 1974 and references therein).

This particjpation is thought to take the-form of ‘'charge

equalization' by back donation of electrons from the ligands

into low-lying empty d-orbitals of the central atom. It is
not clear, however, whether or not such interactiﬁns could
lead to stapi]izdtions of phenyl-substituted germanes
relative to'théiriéﬁrrespondihg anions of enough magnitude to
significént]y affect the observed acidities. As indicated
above, however, the observed acidities can be rationalized
without recourse to d-orbital involvement. | ' .

| Jolly (1971) has:suggeﬁted that de]oca]izﬁtion of the
negative charg? of a phenylgermyl anion via pw-pn bonding
betyeen the ring and germanium will not occur because the
'forﬁally non-bonding pair of electrons on germanium will
ogcupy an orbital of predominqntly s character as a
consequence of the lérge.szpB.* qu promotion energy. This
pair of electrons will therefore not ‘have the correct
symmetry for w-bonding. Jolly cited a;-further support for
this rationale that no compounds having pn-pr double bonds

between germanium and carbon were known, It has been noted

however that the pentaphenyl-germole, “‘—“‘\\\\

C.H C.H

65/\65 |
C.H. ' B
5 6"s

CH’Ge\H"

65

C.H

6
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is about 106 times as acidic as triphenylgermane {Curtis,
1969). For such a.compound the structural restrictions *along
with the potential added stability of a 6m-electron ring in
the anion may make the necessary hybridization of the.'nona
banding' pair of electrons on Ge more favourable. Another
observation relevant to Jolly's theory is that the bond angle
in the GeHB' anion has been éstimated to be ~ 93° (Drummond,
1970), which is consistent with the predominance of p-
'orbita1s in the o-bonding.

A1Kyl substitution of phosphine and arsine causes a
decrease” in acidity for the same'reaséns as does a1ky1

substitution of germanes (Birchall, 1966; Issleib, 1965).
However the’gvidence (Issleib, 1965) that phenyl-substitution
increases the acidity_Pf the remaining protons of phosphine
and arsine may be aﬁtributed to resonanée stabilization of
the anions by delocalization of the negative charge iﬁto the
phenyl rings. Jolly (1971) notes that, whereas the ‘non-
bonding' pair of electrons in the phenylgermyl aﬁidn may be

b1e

essentially unavailable for n-bonding, there are two such
‘non-bonding' electron pairs in a phenylarside anion at least
one of which must have substantial p-orbital character.
Therefore a pr-pn interaction with the phenyl ring is more

feasible for the group -58 anions, e.q.
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This delocalization along with the inductive effect of the
phenyl group would presumably be sufficient to overpower the
other'influencés opposing increased acidity.

The above discussion shows how organo-substituents
can affect the acidities of some hydrides of the groups 48
and 5B elements. The possible rationale for the observeq
" trends have also been summarized. It is desirable to find
corroborative evidence for such rationale so as fo lend
weight to predictions based upon these ideas. The bulk:of
this thesis consists of a nuclear magnetic resonance
investigation of phenyl-substituted hydrides of groups 48 and
5B as well as of their mono-anions.

It should be pointed out that the labelling of a
mo]ecu]ﬁr fragment as a 'substituent' is somewhat arbitrary
and is a question of point of view. The %nterpretation of
the results of this study leans heavily upon discussions of
the effects of 'substituents' on the parameters of the
benzene ring whereas from the point of view of hydride
chemistry it is the effect of the phen}] ring on the main
group hydride which is of interest. It éan be seen that a
substituents-effect type of analysis is a two-way door in
which the influences of two molecular fragménts upon each
other should be complementary.' Thus the effect of a main
group element hydride 'substituent' on the NMR parameters of
the benzene ring, when correctly understood, should reflect

the effect which the phenyl group has on observable
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properties of the hydride, such as i.ts_ acidty. ~he NMR
parametersfof the CGHS r}ng in the compounds studied will be
discussed om the standpoint that these compoundg¢ are
monosubst1;>¢ed benzenes and therefore, in this confext, the
‘hydride' fragment of the molecule ﬁil]-frequently be
referred to as the 'substituent'.

Theoretical jugtification for the observed trends
could perhaps,be'fouﬁd in molecular orbital calculations of
energies and electron diftributdons of the §pecies involved,
It has been pointed out however (Libit, 1974) that, because
of the comp]éxity of such calculations, even when they yield
the correct answer ;he rationale for this answer may be
obscure. Libit and Hoffmann also point out that the concept
of substituent effects; which is of vital importance to the
practical chemist is not really approached well by these MO
ca]cula&ions since the& treat the molecule as a whole and “no
set of transferable prOpért{es assoéiated with a functional
group emerges". ’The wqu of Hoffmann and others (cf. Pross,
1981 and references therefn) has been dirgcted toward
|providing a-means of understanding substituent effects by Qsé
4Zf perturbat1on moTecular orbital theory and may result in
new sets of rules wh1ch the‘:on theoret1c1an can apply to the
prediction and interpretation of experimental results,
Unfortunately, while numerous calculations of substituted

-

benzenes have been made (Pross, 1981 and references therein),
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o
few of these have been jonic species and such treatments have
not yet been extended to include those compounds having
heavier-element substituents which are the subject of this

e

A secondary objective of this study was to examine

thesis.

the influence of the phenyl-substituent on the coordinative
abi}ity of phosphine. The basicity of phosphine, PH3, is
very low compahedAto that of ammonia (Henderson, 1960). This
could be, as noted above, largely a consequence of the ‘non-
directionality' of the lone pair of electrons on phosphorus
in PHy.  Molecular orbital 2;1cu1§tions,‘which show agreement
with observed binding energies for the 'non-bonding' orbitais
of NH

and PH3, indicate that the electron density of the PH3

3
lone pair orbital in the z direction is lower than that for
the éna]ogous Prbita] of NH3 over the entire range of radius
in which oﬁérlap with orbitals of acceptor species may occuf
(Hamnett, 1977).

_PH3 is a much poorer coordinating ligand to mFtal
ions than is NH3 (Shaw, .1967). A great number of "tertiary
phosphine complexes with electron rich transition metals are
known however. Théseliigands may display a greater degree
of hybri:ization of the s and p orbitals of phosphorus than

does PH3 and therefore the ‘non-bonding' pair of electrons

-
would have more p-orbital character and therefore be more
directed. By far the most commonly used phosphorus ligand is

triphenylphosphine (C6H5)3P. It has been suggested (Debies,

.-
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1974) that the higher basicity of phenyl substituted
phosphines compared to PH3 may arise from Hack donation of
electrons from phenyl p-ordbitals into empty d orbitals of
phosphorus. It should be noted however that alkyl phosphines
are even more basic than arylphosphines. In coordinative
interactions phosphine ligands may compensate- for théir
relatively low basicity by their high polarizability and low
ionization potentials (Goldwhite, 1981). Aiso; in theory at
Ieast; they have the po?entia] of accepting m-donated
electrons from the electron-rich metal atom into empty d
orpbitals (Emsley, 1976; Malatesta, 1974).

Relatively little work has been reported on complexes

of non-tertiary phosphines.



CHAPTER 2
EXPERIMENTAL SECTION

-*

A. Preparative Techniques and Apparatus

(i) Vacuum System

Most preparative chemistry in this work was carried
out using a Pyrex vacuum line with a[l grounﬁ-g]ass high-
vacuum stopcocks. A Toepler pump was included in the vacuum
system for the measurement of small amounts of gas produced
in the re&ctions. Connections were made to the vacuum system
with 9 mm }.d. ball-and-socket ground-glass joints. Joints
and valves were sealed and lubricated with Apieson N high-
vacuum grease. The vacuum was provided by a Welch Duo-éea]
vacuum pump and was enhanced with a mercury-diffusion pump.

Trap-to-t}ap distillations of the volatile hydrides
prepared were carried out in an all-Pyrex jointless section
of the vacuum system consisting of "U" tubes with reservoirs
(Figure 2.1).

Liquid hydrides, ﬁossessing sufficient vo1at1]it§ to
be readily distilled under vacuum, were stored in Pyrex
vessels equipped with Teflon Rotaflow vaives. Less volatile

hydrides were stored in glass-sealed Pyrex tubes until used.

16
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(ii) Inert Atﬁosphere;§ystem

~Many of the hydrides used, particularly those of
phosphorus and arsenic, and their derivatives are extremely
susceptible to air oxidation., Substances which were
insuffitient]y volatile to be easily transferred on the
vacuum line were haﬁdled in a dry-nitrogen Labconco glove-box
fittéd with a constant circulation liquid nitrogen cooled
drying system. Materials were transferred to the glove-box
via an evacuable port. The atmosphere in the glove-box was
supplied from the liquid nitrogen reservoir boil-off or froﬁ
cy]i&ders of "extra-dry nitrogen" provided by Specialty

Gases.

(iii) Reaction Vessels

Preparations of hydrides were carried out in standard
reaction apparatus consisting of a three-necked round-bottom
flask equippeh witﬁ magnetic stirrer, reflux condenser,
addition funnel with a gas-bypass and a system for flushing
dry nitrogen ;hrough the vessel and venting it, via the
condenser, through a mercury gas-bubbler.

Solutions of anionic species were prepared in a
vessel (Figure 2.2) styled on the Dean reaction vessel (Dean,
1974). Reactions involving more than one step were accomp-
.1isheq by making various attachments to the vessel, such as a
tube containing the second reagent connec§ed via a break-seal

(Figure 2.3). Standard Dean reaction vessels were used for
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Fiqure 2.3: Vessel with break-secal attachment for the

addition of non-volatile or premeasured
amounts o‘f hydrides



various other preparations requiring the exclusion of air.
Vessels were dried by flaming with a Bunsen burner while they

were under dynamic vacuum.

B. Solvents and Reagents

(i) Purification of Solvents

The two main soTQents used in this work were
tetrahydrofuran (THF) ‘and liquid ammonia. Tetrahydrofuran
(Fischer Scientific) was purified and dried, prior to use, by
refluxing under én atmosphere of ﬁry nitrogen for at lea%t
24 h over.sodium ﬁetal. The THF was then distilled. The
pure THF wa;‘st1rred over lithium aluminum hydride (LiAIHq)
for one day and stored over LiAlH4 in a sealed vessel
equipped with a Rotoflow stopcock and attached to the vacuum
line. Other ether solvents (diethylether, 1,4-ﬁaradioxane
and dfglyme) were treated in an analogous fashion. Liquid
ammonia was stored over sodium at -78.5°C until used. It 4
flso was transferred on a closed systemﬁby vacuum
distillation. _

Other solvents were used as provided bj the supplier
[ without further purification. Deuterated solvents, used in
NMR spectroscopy, included 020, DCC13, 026012, benzene-d_. and

6

acetone-ds.
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(i) Reagents for Synthesis

The foilowing reagents were used with no

purification: C6H5P012, (CGHS)Z

As, (CoHo)ySb, GeCl,, (C.H.),GeCl

PCY, (csﬂs)sp' CoHgASOH,,

(CoHe )y o0 (CH ) GeCl,
CGHSSiC13, LiA1H4, A]C]B’ NH481. Cu504, Nal, KI, Zn, Hg, Na
and K. Aniline (CGHSNHZ) was purified by vacuum
distillation. Diphenylamine ((CBHS)ZNH) was recrystallized
from ethanol. Phosphine (PH,) (prepared by I. Drumhoﬁd) was
purified by trap to trap distillation on the vacuum 11ne;
Germane (GeH4) (also prepared by I. Drummond) was used
without further purification other than routine transferal of
this gas on the vacuum line. Tetraphenylgermane ((CSHs)aﬁe)

was recrystallized from toluene.

c. Preparations

(i) deridesiand Precursors

The purity of all hydrides prepared was confirmed by
1H, 136 and where applicable 31P NMR spectroscopy. Al1l of
the hydrides were storeﬁ'in sealed vessels under vacuunf and
appear to be stable at room temperatire with the excepgion of
diphenylgermane. This compound decomposes slowly over a
period of weeks (Johnson and Hérris, 1957) and thérefore was'
generally used shortly after it was distilled or was'std}ed
at -78.5°C. Manipulations were carried out either by vacuum-,
line techniques or in a. glove box under dry nitrogen

atmosphere. Care was taken to exclude oxygen, especially in
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the cases of the hydrides of arsenic and phosphorus which are

particularly susceptible to oxidation. -

— ’ '
(a) Compounds of Group 58 Elemefts

Rhénylphosphine.(CGHSPHZ) Was prepared by the 1ighium
alTuminum.hydride redﬁction of dichldrophenylphosphine in '
diethylether {Wiberg and Néth, 1957; Wiberg and
Mbdritier, i957); It was purified by trap to trap.
distillation under dynamie vacuum. The phenylphosphine was

[

ol e -30°¢C.

Diphenylphosphine ((CGHS)ZPH) was prepared*by the
. " T :
reaction of chliorodiphenylphosphine with sodium in liquid.
aﬁhonia, followed by the addition of excess ammonium

chloride. The so]utidﬁ was then filtered and the ammonia /fﬁg

L4
T

removed undef vachuﬁ'at;—?8.5°c.. The diphehylphosphine‘was '
distilled under dynamic Jacugm at appro;imately 80°C and was
collected at 0°C. The yield was 50% baseJ on (CsHészC1.
Phosgh%ne (PH3) was available as a result of Ngrk
performed iﬁ this laboratory by I. Drummond (1870). ?he
pd}ity of the phosphine wés further ehsﬁ}ed by 3 trap-to trap

. & * Doy
distillation in which any less-volatile materials were

condensed at -111°C while the pure phosphine wgs trappedsat .

_196° | . {0
196°C. ‘% - | j -

Phenylarsine (CGHQASHZ) was prepared by the reduction

of benzenearsonic-agjid (CEHoASOH, ) with ;\nc-mercury amalgam

and concentrated hydrochloric acid (Tzschach, 1964). The
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product was extracted with diethylether and dried over

anhydrous calcium chloride. After evaporation of the . ether,

v

the phenylarsine was distilled under dynamic vacuum and was

collected at -23°C.

Diphenylarsine ((CGHS)ZASH) was prepared by the

reaction of triphénylarsine with sodium in liquid ammonia

. (Mann, 1965) foliowed by addition of excess ammonium

. chloride. After evaporation of the ammonia the product was

extracted with THF and this solution was filtered. The
solvent was then evaporated 'under vacuum and the
diphenylarsine was distilled at approximately 90°C under
dynamic vacuum into an ice-water-cooled trap. The yield was
70% based 6n triphenylarsine.

(b)- Compounds of Group 4B Elements

> Phenylitrichlorogermane (CGHSGeC13) was prepared by an
A]CJ3 Eatalyzed ligand exchange reactton between tetrachloro-

germane and tetraphenylgermane in the ratio 3:1 (Rijkens,

'1964). ThE‘crude Eroduct from this reaction was used in the -

preparation of.phenylgermane without further purifica;idp.

Phenylgermane (CSHSGeHB) was prepared by the
reduction‘of-pheny]trichloroger@gpQ,with lithiﬁg aluminum
hydride ip diethylether (Kilhlein, 1967). The product was
purified by thp to trap distillation dnder-qyﬁamfc Q .

The phenylgermane was collected at -30°C,

-

\\Diphegy]germane ((CBHS)ZGeHZ) was prepared by the

‘lithium aluminum hydride reduction of dichlorodiphenylgerman ™
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in diethylether in a similar manner to that reported using
the analogous dibromide (Johnson and Harris, 1957). - The
product was purified by distillation under dynamic vacuum.
The diphenylgermane was c611ected at” 0°cC.

Triphenylgermane ((C6H5)3GeH) was similarly prepared

from chlorotriphenylgermane-(Johnson and Nebergall, 1957).
[t was.purified by recrystailization from methanol; m.p. 46-
47°C, literature value (« phase) 47°C (Johnson, 1951}.

Tri-para-tolylgermane (CH5C6H4)3GEH was available as

a result of the work of I. Drummond (1970} and was further

-4 b s

recrystallized from methanol.

Phenylsilane (CSHSSiH3) was prepared from trichloro-

phenylsilane by the lithium aluminum hydfide'féduction in
diethy]ether (Benkeser, 1952), The phenylsilane was purified
by trap-to-trap distil]atio;/&nder dynamic vacuum and was
collehtedlét -35°C.

L] » “.‘ \ - ‘ : N . > ) . N
D1Pheny1511ane ((C6H5)251H2) was ear11ertgpepared by

1.'Drummond'(Benkeser,-1952).

(i) Preparation of Sodium Salts of Hydrides

ATl.anionic species were prppared as_solutions of the
sodium salts in liquid ammonj r igxﬁther solvents. These
solﬁtions werg'manipu1ated/{:&::§ied essels undeé_vacuum as
they'are vepy sensitive to 6xidatioﬁ and hydro]ys{s. A1l NMR

samples of these anions were sealed under dynamic vacuum at

" -198°c. of
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(a) Anions of Group 5B Hydrides

Tetrahydrofuran. solutions of the monosodium salts of

the gy¢f+jes of ‘phosphorus and arsenic were prepared by the

reaction #f each -hydride with an approximate}y'soz excess of
sodium metal in THF at, or s]ighﬁly below, room temperature.
The apparatus.used to prepare thése s;?BfTong as'NMR samples
has been shown in Figure 2.2. In these reactions Qy&rogen
gas is evolved qnd brightly coloured solutions are formed.
The colours of the so]utioné.vary from yellow to orangz in
tﬁe_grder CGHSPHNa, (CGHS)ZPNa, CGHSASHNa, (CGHS)ZASNa' The

reiiyions giving rise to these species'are.komp1ete within 2

6r 3 hours as evidenced by the cessation offhydrogén gas

evolution. Thé reaction of PH3 withksodiﬁm.in THF proceeds
at a much slower rate. In this case hydrogen was still being
evolved after 24 h-at which timg the remaining PH? was .
removed under vacuum. The PHzNa solution is 1emoh~yellow in
colour.

The monosodium salts of aniline and diphenylamine
were prepared by the reacfionsﬁof these compounds with soﬁium
in liquid ammonia at room temperature in sealed vesse}s.
These reactions were found to be too slow in tetrahydrofuran.

THF solutions of these salt’s were prepared by allowing the
NH3 solvent to evaporate to dpyness under vacuum and then
condensing dry THF solvent into the vessel containing the

residual sodium salts. Solutions of these anions were only

&
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slightiy coloured. Tﬁé (CGHS)ZNNa solution was pale-yellow
and the CGHSNHNa solution was nearly colourless.
A11 of the above mentioned solutions were filtered
‘and sealed in NMR tubes under vacuum at -196°C. The

‘ -
solutions of the group 5B anions all appear to be relatively

1

stable for long periodslof time at room temperature. A trace
“of dark sediment was observed in some samples after a few
"days, but the amount of fhis sediment did nof increase after
storage fof se&era] months at-room temﬁerature and na changes
in the NMR spectra were noted. The sediment f{s perhap§
’finely d{vided sodium or insoluble salts whic}\ﬁ¥uded
filtration. It has been noted previously that THF solutions
of lithium diorganophosphides showed appreciable reaction
| with the solvent only after prolonged heating (Grim, 19?4).
The only solution to sth appreciable change on long storage
was that of CGHSASHNa. .After many months thfs solution
darkens to a deep red colour and a.crysgalline substance
precipitates. Thg nature of this decomposition was not_
invéétigaté@ however it is likely that it inyo]qes breaking
of the'remaining As-H bond in this anion perhaps in a
reaction with the THF solvent,
‘ The reaction of triphenylstibine ((C6H5)3Sb) with
sodium in THF at -63.5°C yields abdeep-red-colpured so]utiqn.
When warmed to;room temperature a black solid was déposi;ed

from the solution over a period of several hours. The red

o ¢

. L | '
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solution, it is Lhought, based upon its proton NMR spectrum,
initially contains the diphenylstibide anion (CGHS)ZSb'.

.in no Case was there evidence for the formation of
disodium salts in solution (see also Kosolapoff, 1972). The
amount of hydrogen gas eyolved fq reactions of CGHSPHZ with

large excess of sodium was consistent with equation 2.1.

. ' 1
CgHgPH, + MNa- + CoH.PHNa + Ly, (2.1)

/-
The NMR"gpectra for solutions of Ssalts prepared from all
species in which there was potentially ‘mére than one acidic
hydrogen showed that only one hydrogen atom per molecule is

displaced in these reactions. ’ ;

(b) - Anions of Group 48 Hydrides

Attempts to'prépare sodium salts of the organo-
germanium hydrides in tetrahydrofuran were unsuccessful. The
reactions are much too slow in THF and the tetrhhydrofuran
soLutfons of the sodium.sa1ts are not stable. 'Presumably the
anionic ;hecies react with this so1jﬁpbfﬁr with the neutrgl
starting mater?al. Solutions of the sodiup salts in liquid
ammonia, however, arequgapively staple (Birchall, 1670).
"These solutions were prepdred by adding the appropriate
germane via a bﬁeak-séa] (Fig&re 2,3) to a slight excess of

either sodium or sodium amide (generated in situ) ig liquid

" ammonia. The react1ons(§ith sodium amide appeared to bel
¥
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cleaner and in both cases solutions of the desired monosodium
salts were obtained. These solutions were all light yellow ‘
Ln colour once all of the sodium had been conswnéd. The
ammonia solutions were filtered into the NMR tubes which were
then sealed at --196°C. | "

Clean solutions of simple monoanions of either
phenyl- or diphenylsilanes could not be obtained By direct
metallation o{ these hydride;. Reaction of these hydrides
with sodium metal in THF is slow at r3om temperature and
initially yields radical anions (Wan, 1972) as evidenced by
the forhﬂ&igg/ﬁf‘a transient_green solution. After a period
of several days these solutions acquire a reddish-brown
colour, 1H—decoupled 13C NMR spectra of these solutions

:} indicate that sevefa] species are present. It is known that
»1in reactions of this kind exchange of phenyl-groups occurs
and a variety of species may be formed (Wan, 1972). A some-
what cleaner spectrum was obtained from a sample prepared by
a]waing diphenylsilane to interact briefNy with sodium in
liquid ammdria at approximately -40°C. The ammonia was then
removed on/ the vécuup line while maintéining the temﬁérature
below -25°C. The remaining‘residue was a resinous orange '
substance which faded to yellow with continuedtpumping over-
night. When THF solvent was condensed onto thi§ solid and
' a]iowed fo warm to room température‘the solid in the vessel

dissolved to give a bright green solution which quickly fadéd .
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to an amber-yellow colour while gas was evolved. Slower gas
evolution continued for sé;gra1 days.' When é]l gas evolution
had apparently ceased (si;{days) the THF solvent was removed
by vacuum distillation and replaced 'by condensing in fresh®
THF solvent to ensure that there was no residual ammonia.
The resulting solution was filtered and sealed in NMR tubes
under vacuum at -196°C. The major peaks in the carbon-13 NMR'
spectrum o} this solution can be assigned to a phenyl group

as follows: & = 146.2 ppm, & = 136.4 ppm, § =
N . Ca Csy |

127.5 ppm, 5c4 = 126.9 ppm. These resonances most likely
correspond to an anionic species as‘their chemical shifts are.
closely comparable with.ihose found for (CGHQ)331L1 in
tetrahydrofuran (Olah, 1980): 6c1 = 145.0 ppm, acz -

136.1 ppm, 6c3 = 127.5 ppm, 5c4 ;l128.4 ppm. Since it is
known that direct metallation of diphenylsilane in ethef
solvents Eésults in disproportionation and the formation of
more highly phenylated species (Nan; 1972), it is quite
possible that the predominant'species‘in the present solution
is (CGH5)3SiNa. Attempts to prepare anionic species by the
metallation of C6H551H3 produced only mixtures of products -
therefore further pursuit of this(ﬁatter was discouraged.

[

(ii1) Cuprous Iodide and Its Complexes With Phosphines :

(a). Cul was prepared by the addition of sodium
iodide solution to aqueous cbpper (I1} sulfate. The

insoluble Cul was filtered, ﬁashed and dried,
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(b) [Lcui-P(C ﬂ51314

Equimolar amounts of cuprous iodidé and triphenyl—.
phosphine were stirred at room temperature in dry, degassed

. THF in an evacuated Dean reaction vessel for several hou;s.
After approximately 1 h all of the Eolid diésolved to give a
clear solution. Hifh continued stirring the product
precipitated. [CuI-P(C6H5)3]4 is almost completely insoluble
and was washed several times with the solvent in the reaction
vessel by successive filtration and recondensation 6f the
solvent onto the solid product. Finally all of the solvent
-

was removed and the product was dried under dynamic vacuum.

M.P. 265°C; literature value 265-7°C (Costa, 1965).

-

(c) LEEleLﬁlEsﬂslglg was prepared by the reaction,
in ethanol, ?f‘CuI with three equivalents of triphenylphos-
phine. A mixture of products results from this preparatioq
(Costa, 1965) and the-desired product was separafed Ey
fractional erysta1lization from ethanol. M,P, 223°C;

literature value 223-6°C (Costa, 1965).

”~
,) (d)} CuI[P§C5ﬂ513l3 was prepared by the reaction of
excess triphenylphosphine with Cul in chloroform (Costa,
- “' . . )
1965). The product was recrystallized twice from ethanol/
chloroform. M.P, 153-155°; literature value 150-151°C .

- (Costa, 1965). ' a
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(e} [Culgcsﬂsgﬂzlzlz was-pﬁbpdred by condensing; via
the vacuum line, two equivalents of henylphosphine into an
evacuated Nean reaction vessel containing a susp;hsion of
cuprous jodide in ethanol; This mixture was stirred for four
hours at room teﬁperature by which time“a floculent Lream-
coloured solid h?d formed. The product was recrysta]lized_in
the reaction vessel by the addition of approximately 5% THF
to the éthanol solution, warming gently, filtering and ’
allowing the fiftrate to cool while slowly evaporating.
M.P. 62-64°C; observed density 1.8 g em™3 (flotation in
aqueous anrz). The crystals slowly decompose in air‘and

.smell of phenylphosphine. P

(TXSILCUL-CohPu,],"

Reaction of phenylphosphine with exqess Cul in THF
followed by filtration aﬁd evaporation of the solvent yielded
an amorphous, viscous residué. This mass of residue cEysta1-
lized slowly when immersed in diethylether solvent with
needle-like crystals growing out of the mass. These crystals

are also air sensitive but less so than [CuI(CGHSPH

bensityugliig cm"3. M.P. not determined,.

O ;

(g) NMR Samples of various stoichiometric ratios of

2)232'

phenylphosphine and Cul were prepared in THF.solution and
»

were sealed.at -196°C under vacuum. Similar NMR samples pf.
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PH3 with Cul in THF solution were prepared. When cooled
slowly to -76°C crystals of Cul precipitated from these

latter solutions.

D. Spectroscopic Methods

=
(1) NMR Spectroscopy

1y wMr were prepared by

(a) 1H NMR. Samples for
sealing solutions or neat liquids under vacuum at -196°C in
S-mmror 4-mm o.d. KMR tubes. When 4-mm tubes were used,
theée were inserted concentrically into 5-mm tubes containing
the lock compound. When I{quid ammonia was the solvent the
%galed NMR tube%,were warmed to at Teast 40°C in a water bath -
to ensure that the tube was capable of withstanding the
intefna1 pressure ;t the temperature of ,the NHE probe. The
" spectra were recorded at both 90 and 80 MHz using aAﬁarian
EM-390 spectrometer and. a Bruker WP-80 Fourier transform .
spectrometer respectively. When the latter was used the
spectré were 2H-locke_d to a_\c_etone-d6 contained in the outer
concentric NMR tube. The .spectra were accummulsied in 8 X of
memory at a spectral width of 1200 Hz (n.293 Hz/data point;
pulse repetition time 3.408 s)‘and with a pulse width of
3.5 us. Chemical shifts were measured‘relative to ;;at
tetramethylsilane as an external reference.

At

Simulation of the proton spectra were made using the
.-

iterative program Numarit (Worvill, 1975). Initially

estimates of the chemical shifts and coupling constants were
v
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made from the experimental spectrum and, where these were
difficult to obtain, fqom known qeneral values for mono-
substityled benzenes. When a simulated spectrum, which
closely re§em51eq the experimental spectrum. was thus
obtained if was then possible to assign many of the
transitions. The program then adjusted the initial estimates
for 'the coﬁpling constants and chemical'shifts by aﬁ
iterative process until a criterion for convergence {or
divergence) of the calculated and experiménta] line positions

¥

was satisfied. In all cases the default values for

%ere used and these were: (i) a maximum

convergehce criteria
fractional decrease of the rms (root mean square) deviation
of dine positions of 0.01, or (ii) a maximum rms deviation
for line positions‘of 0;01 Hz. In general the first
criterion applied. 1In sévera] cases the degree of resolution
of the experimental spectra and the small relative chemical
shifts of the different proton resonanées did not permit a
reliable evaluation of all of the 1H-lH coupling constants;
In these cases some of the smaller coupling constants were -
assigned reasonable. values which were not allowed to vary in
the iterative process thus allowing extraction of-reiiab]e
chemiba] shift values. In general the rms-deviation between
calculated and.asgjbned experimental line positions was

0.2 Hz or less. An example sﬁowing the ca]cu]ated and experi-
mental spectra for sodium anilide is shown ih'Figure 2.4,

y
1
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Figure 2.4:.

Experimental and simulated Iy nmer spectrum

of

C6H5

NHNA; 90 MHz; aromatic region
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(b) 'Efg_ﬂgg. Samples for 13¢"NMR were prepared by

sealing solutions or neat liquids in either 8-mm or 10-mm
o.d. ﬁZR tubes at -196°C under dynamic vacuum. Samples
containing liquid ammonia solvent were warmed to at least
40°C to ensure that the tubes could withstand the internal
pressure at the temperature of the NMR probe. When ld-mm
0.d. tubes were used CGDG was added as a lock compound. In
most cases, however, samples were prepared in 8-mm o.d. tubes
which ‘wera then inserted concentrically into a 10-mm o.d.
tube containing D

2
13

0 or (DBC)ZCO as the lock compound.
The C NMR spectra were recorded using a 2H lock, at

either 22.62 or 20.115 MHz using, respectively, a Bruger WH-

) 90 or a Bruker WP - 80 Fourier transform spectrometer. In

either case the spectra were accumulated in 8 K-of memory

using a spectral width of 6000 Hz (1 47 Hz/data point pulse

" repetition time 0.68 s) and pulse widths varying from-1.5 us
L5 .

to 3.0-us. Chemical shifts were measured'relatiye to neat

4

tetramethy1si1ane (TMS) as an fxterna1 references In general

the spectra/ﬁerz\ﬁroad-band decoupded in the 1H region. No

systematic investigation of 13C-1H coupling constants was

undertaken, however, undecoupled off- resonancg-lH -decoupled

and selectlvely 1H decoupled spectra were recorded to enable

the unamb1guous assignment of -all 13C resonances.

(c) ,31P NMR. Samples for 31P NMR were prepared in

13

the Jame,manner as the C NMR samples. The spectra were

. *



recorded at 36.43 MHz using the Bruker WH-90 Fourier trans-
form multinuclear spectrometer. Jhe spectra were 2H-]ocked
to acetone-—d6 or 020 eontained in the outer tube when concen-
tric tubes were used or to CSDG when a single 10-mm o.d. tube
-was_used. The spectra were accumulated in 8 K of memory
using Yspectral widths of from 8 to 25 kHz (i to 6 Hz/data
point; pulse repetifion time 1.02 to 0.16 s} and a pulse
width of 5 us. Spectra were recorded both preton coupled and
broadband decoupled. Variable mperature NMR spectra were
obtained using a Bruker temperature contcpiler and the
temperature was monitored ysinq a copper cdnstantan thermo-
couple which was inserted directly into the sample thember of
the probe. Temperatures could be controlled to within % 1°C.

as an

Chemicgl shifts were measured relative to 85% H3P04

external reference.,
"

L

(i4) Hbssbauer[&pecfroscopy
7 .
Ihe'Mﬁssbauer spectrometer and the technical

127

details involved in obtaining I gamma-resonance spectra

have been prev1ous1y described (Myers, 1982). Samples-

127, per em® were ‘prepared.

‘containing from 15 mg to 75 mg of
The air-staﬁTe compounds were finely ground and if necessary

—
1nt1matelv’ﬁ1xed with A1203

or with Apieson grease. The ajr-
sepsitivg samp1es were prepagid under dry nitrogen atmég-

phere. These samples were ed in a 20-mm i.d. threaded

Kel F sample holder and further sealed with Teflon tape.

;
/
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Spectra were recorded while hoth sample and source

—

were maintained at liquid helium temperature. The source of

127m

' gamma radiation was a 20 mCi In Te emitter prepared by .the

New England Nuclear Corporation. Count rates varied from

15-30 counts s'1

channe]'1 depending upon the composition and.
size of the absorber and upon the activity of the source.
Typical spectra were recorded in 24-54 h and genera11y
dfsplayéd.about 1% abéorption.

The 1271 Méssbauer spectrd wer;~computer
fittgd using a progrém which incorporates full transmission
integral procedures (Ruebenbauer,,1979). .Ih 511 cases the
source 1ineﬁidth was fixed at 1.27 mm s'l, the natural
1inei1dth, during fitting. The dimensionless absorber .
thickness, (TA)’ the absorber iinewid;h. isomer shift and
where appropriate the quadrdpole coupling constant and the
asymmetry pérameterl eta (n), were allowed to vary. The
criteria for goodness of fit employed in the fitting _
ﬁroceduréﬁﬁeﬁe x2 and the misfit value as defined, by Ruby
{1973). An Opfima11y fitted specfrum'has a value of

ledegree of freedom of one.

(iii) Infrared and Raman Spectroscopy

' (a) The laser Raman spectrometer and auxiliary
instrumentation has been fully described previously
(Gillespie, 1976). Spectra were recorded at room temperature

and at -19§°C while spinning the sample tube. The tubes wefe
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mounted vert1ca1]y with the angle between the\{?c1dent beam
i
and the sample at 45°. The Raman scattered radiation was

observed at 45° to the incident beam or 90° to the sample

N\

]

tube direction,

(b) The infrared spectra were recorded using a

Nicolet 7199 Fourierntrahsform infrared spectrometer.

Samb]es were prepared by pressing finely ground soljd between

3

" silver chloride windows.

(iv) X-Ray Crystallography .

Crystals of [CuI(péHsPHa)zj2 were grown by "slow
precipitation from ethano]/THF solution. The colourless
para]lelop1peds or needles are‘slightly air sensitive and may
be unstable to loss of pheny]phosph1ne Crystals were
mounted in dry Lindeman capillaries ‘which were sea]ed-uneer
an atmosphere of dry nitrogen. |

Alignment and zero layer precession X-ray photographs
'of the crystatls were taken. Instruéentation and.datal ‘
acquisit{gn technique for crystal strecture determinations
eave been extensively described.e]seuhefe (Turner, 1976).

'fbiffractometer data-collection was kindly performed by
'R. Faggiani, using a Syntex P21 automatic diffractometer.

Tﬁe theory and practice of single crystal structure

determination has been described in detail in various teit-'

books (Stout, 1968; Woolfson, 1970). The structure was
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solved using conventional hgavy-ato%\\fatterson and.Fourier‘

. synthesis methods ﬁith;thé program SHELX (Sheldrick, 1976).
‘Auxifﬁary'programs used were from the XRAY package

oﬁmeryﬁtél1égraphic programs-(Stewart, 1976). Scattgring

curves KCromer and Waber, 1214)_and anomalous dispersion

tcorrectfbns iCromer, 1974) for Cu and I were taken frombtﬁb_

'International Tables, for X-Ray Crysta]iodraphy'. Scatggriné

curves. for the other af&ms were included in the SHELX

program. All calculations were performed on a CDC 6400 or.

Cyber 170/730 computer. %

e



CHAPTER 3 7
NMR OF PHENYL-SUBSTITUTED HYDRIDES AND ANIONS OF
MAIN GROUP ELEMENTS L\h

A, Introduction

_The initjal 6bjective of this work was é? establish
the nature of the electroﬂic in;eracéions betweén the
-aéomatic rings and the main groum‘bubstitueﬁts in phenyl
hydrides of the elements of groups 4B and 5B and in their
corresponding monoanions. Furthermore it was hoped thét the
impqrtance of such interactions to the re1ativé thermodynamic
stabilities of these species might be inferred by comparison
of the NMR parameters with the kﬁown refative acidities of
the ;hydrides'. In particular, confirmation was sought of a
re]atidnship between mgsomeric effects in the anions and the
relative acidities of the corresponding neutral hydrides in
order to determine whether or not differences in-the effect
of phenyl-substitution on thé acidities of, for example,
arsines as opposed to germanes, could be accoqgted for by
differences in rééonance.stabilization of the anions. In
order to do this an-qnderstanding is required of How Ehanges
in glectroﬁ distribution in a molecule are reflected in its

NMR parametérs.

f
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Traditionally the idea of a relat{onship bet
electron density and the NMR chemical sﬁift has be
driving force in the interpreﬁation of NMR spectra. This
work is no exception, Thjs idea is founded in the concept of
electronic shielding, cadse . by induced cycling of éhe'
e]egtrons giving rise to di?fering.net magnetic fields at
different nuclei in a molecule. Simplistically therefore, an

increase in the electron density around a particular nucleus

would cause an increase in the shielding of that nucleus from

3

the external magnetic field thus causing it to resonate at-a
lower frequency. The formulation of chémical shift scales is
well known .(‘Becker, 1980) and will not be further discussed
except to state that the convention used throughout this work
is the commonigﬁgicepted one which defines a positive
chemical shiftl(é, ppm) as one to lower field strength
(deshgg;ded) or higher freqUéncy.

‘ In ;ctual fact tpe picture of electronic shielding
described above s a gross simp]ification'since-in general
nuclei in molecules are not surrounded by perfett]y spherical
e1ectron distributions and tﬁe magnetical{z’ﬁnduced cyc11nq
of these electrons is not necessari]y isotropic with respect S\\‘T¥
to d1fferent orientations of the mo1ecu19. A nore sophis- u\x\\ g
ticated description of shielding is requirgﬁ in order to )
arrive at a hetter understanding of the chémicq] significancg

of the chemical shift. Conceptually changes'in the shielding

cﬂ% be seen as arising from a number of different effects.
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!
First the breakdown of the shfelginq of a nucleus in a real
. -
molecule into its component contrfkution:ﬁgyll be considered

and then the spécific application of these C?SEE;ts to'lH and

v

139 chemical shifts in Qqnosg?stituted benzenes.

(i) ~ Substituent Chemical Shiftsf
[ 4

The absolute chemical shff&.fo? a2 particular nucleus
is seldom of chekﬁca] interest. Of more significance is the
change in chemical shift—;hap a change in the structure of a
molecule is.mgde.' The chemical shift difference between a
nucleus in a substituted mo1écu1e relative to the analogous#
nucleus jn the 'unsubstituted' parent compound is referred to
as_;he’?ﬁbstituent chemical shift (SCS), denoted by the
symbol S (ppm). )
r Raynes (1971) has pointed out that the often used- '
concepts of local and non-local contrihutions to the

shielding . of a given nucleus are perhfps mls1ead1ng because

some of the so-called non- 106&& dontributions operate by

.

~indirectly affect1d§‘the local distribution of val

electrons about the nucleus. In a sense aI] substituent
chemical shifts coqu be considered as ar1s1nq from a sum of
non-Tocal effects. Raynes preferred to divide these lnto
‘direct' cantributions -- those which contfibutq directly to
the shielding without affecting the 1oc$1 élecapon
distrfbutions -- and ‘indirect' contributions -- those which

cause a change in local electron distributions and thus in
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the shielding caused by the induced cycling of these

»

electrons.” A further subdivision of these classifications

was suggested to distinquish between contr?butiocs_from.

‘through-bond' or from 'through-space' effects.(Fjgure‘B.l);

(Ra;nes, 1971). Iﬂvﬁhis work it is of particular interest to
xﬂdent1fy the contributiops to the substituent chemical shifts

from resonance, inductive and e]eﬁfr1c field. effects. °

general intramolecular effects are of most importance buft
intermolecular efﬁegts can'also‘conpnibute to the observed
“chemical shifts.
~ Ramsey (1950) derived a theoretical express1on fo&
tﬂi/t&Fa1 shielding contribution arising from the local
distribution of Jrectrons about the nucleus. In practice
rigorous calculations based on this expression are not
generally feasible however an aQRroximate statement of
Ramsey's eqyation, first suggested by Séika and Slichter
(Saika, 18954), more readily permits a 'pﬁysica] under-
standihg"of how changes in local e]ectrog distribution
~ affect the shielding. Thus thjs expression may.sques;hor
fac11i;ate the explamation off correlations between expari-
qhente] chemical shifgs and other measuréb1e or calculable
parameter;.

I ' , A
The total sh}glding, ¢, may be giveh as the sum of
three terms (Saika, 1954} (3.1).

+ o + a ’ (3.1)
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* Through-bond: Through-space:
‘.
o -
Direct: Contact shifts? ‘Neighbouring group
= L magnetic anisotropies;:’
ring currents.
Indirect: Idductﬁve effects; Electric field effects’ '
S . Resonance effects. Van der Waals and

steric effects.

\

Figure 3.1:

Classification of Effects Contributing to
Substituent Chemical Shifts (Raynes, 1971)

. (s]ight]y.a]tenqq)

4

-




The diamagnetic contribution, cn]oc, depénds upon the

. 1) -
spherical electron density about the nucleus (Lamb, 1941)

[

(3.2} (Karplus, 1963).

wh
g 10C (e2/3mc2) 0_.‘)0‘1.'1) (3.2) °

i

: J
<r.'L> is the mean inverse distance of the ith

i electron from

the nuq]eus. The paramagnetic.term, op1°c, arises from non-

spherical electron distribution and as the naﬁe implies .

operates toienhance the external magnetfc field at the
——nugleus (3;3) (Karplus, 1963; Pople, 1962).

- cp]oc = -[e2h2/2m2c2(AE)] <r'3> L Q, —{3.3)"
Pg AB

AE is a mean value for the electronic excitation energies.

<r'3>p is the mean of the cubed inverse of the distance of

the valence p electrons from the nucleus -- the expression

assumes the absence of valence d electrons. I QAB may be
. B

reﬁiiied to as the electron imbalance and depends upon the
hybridization about the nucleus under consideration (A) and

the bond orders to neighboutiﬁg atoms (B).
¥ loc- loc

Inlike cla Lo Sp

electron densityl For nuclei in a series.of,compﬁunds of

is not simply related only to

B

similar structure, however, the AE and I QAB terms may be
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nearly invariant (Karpfﬁs, 1963). For such series ap1oc may

dtsﬁféy a correlation with electron density based upon the

<r-3>p term in. the expression. An increase in electron

density would result in expansion of the valence p orbitals

thus reducing <r-3> . Consequent]y the dependence of 0P10c

P

on e1ectron density has the same sign as does that of UDloc.
Therefore for nuclei in a series of compounds of similar
structure it is n&t unreasonable td expect a_dependence of
the chemical shifffson charge density provi;;d the effegts of
neighbouring magnetic anisotropies are negqligible or can be
accounted for. These latter contributions are represented by
o' in equation (3.1). ' |

: The apparent depeﬁdence of certain chemical igj%ts_in

substituted benzenes on electron density has been p *
demonstrated by various correlations between 1H, 130 or 19F

chemical shifts in these systems with calculated charge

densities or with substituent parameters such as Hammatt .
. ' * .

o-values ({Ewing, 1978).

- The question now arises of how suﬂstituents affect

- -

- . . . . /
eleCQFQEHﬂghsities at ramote sites in a gfven molecule. of

particular interest to the present study re substituent

effects "in monosubst1tuted henzenes. ‘Even for these

L
It is unfortunate that the letter 'c' by common usage may
refer to either the NMR shielding constant, Hammett
subst1tue§t parameters .or to siqma symmetry as in o-bonds.
is used in all three of these meanings in this chapter
however the use of subscripts or superscripts as well as
the context should be sufficient to avoid confusion.

x
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These are a5 follows:

Z a8 "

extensively studied systems tMe problem of parameterizing the

effects of substituents is not a simple one. Topsom (1976) -

#

has descrﬁbed seven mechHanisms by which a substituent's

electron1c effects can be transmitted throughout a mo]ecule.-

(a) c-inductive effect -- a through o-bond effect which

rapidly diminishes with the number of bonds. \\' |

(b) field‘effeét -ifi thrdugh s%iﬁ§§b1ectrostatic

polarization oﬁho-bonds as a rasult of the polarity

introduced by the substituent.

-~

o1arization of =w

(d): fie d-indeed = effect -- direct 1al

electrons by the polar substituent.
(e) mesomeric or resonance effects (ch

de]oca]izﬁtion).

(f) m-induced ¢ effectg}- a redistibution of o-electrons

as a result of large[changes in the n-electron

distribution.
5 o

(g) m-orbital effect -- a redistriBution of wn-electrons

resditing from repulsions between the m-system and

.fﬁ11ed m-orbitals on the substituent. .

. -y\f/

o-induced m effect -~ a redistribution of ;electrons_
asN\a result of the changed c-elec n dis ributibd.'

N

1
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In general, as pointed ouf by Vorpagé1 et al. (1981),
these effects are not as yet completely separable and are
usggl]y divided into two b{oadly defined categories. ~The
first four mechanisms are grouped together as effects which
arise from the substituent's polarity and are called the

“'field' éffect or some%imes.'inducﬁivé' effect. . The second
category inc]udes.those effects which have their origin in
the sybstituents charge- transfer ability as in the

\ delocalizatiqn of ejectrong, This is genera]ly called the
(/H_‘ ‘resonance' effect. The ﬁ-orb1ta1 effect can be seen as.
J contributing partially to each of these two generaT effects .
: - ! s ' )
and is not usually considered separately.

-

The division of substituent effects into the field

Czssé:TJ ~and resonanqg éontributions has been .the basis for a great
. ' deal-iifiggedrgb and dis/q$s1on in physjcal orgqp } '
chemistry. This has led) to, 'dual substituent parameter'
o (DSP) analy?es (Ewing, ?gJB and_referentes fherein) of
" chemical Sh%ffS”Of nuclei in substituted aromatic molecules.
In these trea;ments the subﬁtituent chemical shift of a
particular nucleus is considered, to be equal to a linear.
combination of the 'inductive' and ‘resonance’ substitueht

-parameters as determined from Yinear-free—energyﬁL-‘

. oyl relationships (3.4). \\\“
_ . 6 s proy * psz;jk constant (3.4) .,

P
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~

If substituent,chemical shifts a;e used the constant
in_équation (3.4) sho:$}\he?¢(g;e to zFro,since the substi-
tuent constants for the -H substifuent are ¥ definigion
equal to zero. App]icatfon of the results of such analyses
t6 the molecules in the presénﬂkgtydy could, in principle,
_allow the determination of the magnitudes of reso;angs anid
P : - .
field effects of the substitents./ DSP analyses, however, are
sti]i the centre of controvergyohnd the qualities of the
correlations obtéine@ are such that eszfmation ;} new.,oI and.
%p parameters by'this-method may 4nvP1ve larqe-statisticai
er;ors. Also the relative and absolute values of the Ké
coefficients in equation (3.4)‘w111 be sﬁlvent dependent.

-

A more qualitative analysis may be acﬁievéd by v
consideration of the relative chemical shifts 6f the V
different nuclei within the same molecule. Fzgfjnstance, the
.substituent chemical shifts for nuEIei insthe meta position *_
ofﬂgisfmonosubstituted benzene wf11 have relatively little
.contributfon from resonance effects while those for nuclei in
the paré position will be dominated by resonance effects."
Contr1but10ﬁs to chem1caT"§hii§; arising from ;§n-
bonded interactions such as intramolecular van derls_hlaals
attractions (Schaefer, 1963) or steric reph]sioas (Grant,
1967) ma; also be considered as indirectly affecting-the
1oca1;e13§tron distributions (Figure 3.1) although chemists -
do not ysually think of these as ‘eleézi;hic,effecté'. These

influences may not #8 considered ﬁithin.the-appfox1mation of

. . . . - -
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. | R P
structural invariance.at the nhc]eui\;;kfuestion, so that

. v : . %
when mariations in the extent of clos§/non-bonded contactS'

are in effect the substituent chem1ca1 sh1fts will not .show ‘a
simple_dependence OQ\;lectron dens;ty.‘ Van der Waals
interactions‘are thought go have in general a deshielding
effect (Schaefer, i963) but in practice this effect is not
clearly separable from-accompanyipg steric and @agnetic

¥

anisotropic effects.

A brief summary of .the statpe of'understandingfpf

" substituent chemical shiffs\might be that for nuclei close to

the substituents the origihs of observed chemical shffts are
not ;et we]flunderstogq\elthough i;olated comparieons for
c]esely similar systems hay be‘attributed to one effect or
another. For nuclei more remote from the subshituent the

chemical shifts often display an apparent dependence upon

Fuctural

_ in similar

environments are being condNgere .. The local tro
densities will in turh‘depend pr dqminantly upon resonance
and e]echhic field effects.' ot
. —//(

B. L

Variationsn the local shielding for the W nucleus
depend predomvnant1y on . the d1amaqnet1c term in equation
(3.1). The paramagnetic term varies neqligibly in genera]

because of the re]at1ve1y 1arge va1ues of the excitation'

eyé?%}es (Rayne§, 1974) Thus the local shielding of the Iy

Y
2 5
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ndc{eﬁs is a function of the locaﬁ_electrpn density.
Substituents in a molecule may indirectly at’fect'an]oc by
causing an incéease or decrease in'the e]e&trén nsity at ‘
the proton in question either by 'field' or 'régonance' _
mechanisms which affect the etectron balance in th .-H bond.

For protons in contact with bulky substituents however, there

may be contributions to the Shieldﬁng resulting from changes
loc - ‘ A .

_Unfortunat;};\1ﬁ3~¢ange of H chemical shiffg caused

by chahges in anlpc is small so that direct contributions to
the net shielding from the substituents' group magnetic
anisotropies may be significant. MNirect solvent effgcts may

14 NMR (Emsley, 1965). These

also play a significant role in
effects are often minimized by measuring the chemical shifts

of the substrate at Qérious degrees of dilution in a 'non- "~
interacting' solvent and extrapolating to infinite dilution
(ﬁayamizu, 1969); When this is not practical the.1ess | ‘5\7‘
éatisfactqry method of usingfre1at1vé]y dilute solutions im a
common solvent is Bften-uéed when comparing 1H chemical

shifts for different species. This apprdacﬁ, e2P1oyed in the

! ‘

present stuwdy, aims to systematize solvent effects to some

. _ﬂ \. '

extent: and also eliminates the necessity of making -
<. ' ‘

corrections for solvent diamagnetic susceptibility when

~comparing chemical shifts of different molecules.

-
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(i) Monosubstituted Benzenes
1

H chemical shifts have not been used as extensively

19 13

: <
as- have F and C-chemical shifts in the quantitative study

/:;/subsfituent effects in monosubstituted benzenes (Ewing,

978). The.re&sons for this are tEP relative importances of
‘magnetic anisotroﬁies and direct soivent effects on.lH
chemical shifts mentiongd above., - Also, the proton spectra
are complicated by second order homonuclear spin-spin -
couplings- which make analyses of the spectra non-trivial.,

-The effects whichlare of major importance to the
substituent chemical shifts of the';%fferent ring-hydrogen
nuclei are summarized below. Figure 3.2 shows the comm&n

labels for the four‘poéitions of a phenyl ring.

\.“

{(a) Ortho Proton '. »\_,///

Substituent chemical shifts for ortho protons in

monosubstituted benzénes.aré the least well understood of the
phenyl proton chemical shifts. This is because not only are
resonance and inductive effects important at this position
but the'grodp magnetiﬁ anigotropy ;{.the substituent,
electric field effects as well as ‘steric and van der Waals
influences may all make significant contributions. There dg;
not appear to be any.good singIé Eorfé]aiions between oFthoj
1 . ; .

H SCS and either calculated electron densities or empirical

substituent parameters. bua] substituent parameter analyses
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7.
IpsoO

.ortho
meta

= para

.

nn

|
o
'm
P

Fiqure 3.2: Position Labels for a Monosubstituted Benzene
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appear to account reasonably well for the ortho proton

chemical shifts in téfﬁs of only ‘resonance' and ‘field’

contrjbutions"(Charfon,lIQTI) (3.5). , ' -

S(HO) = 0.64.0, + 1.27 o

I f 0.186 P (3.5)

L

uality of sugh correlations is much improved

R

However the

when bulky substh /

uents ar itted (Hi}amizu, 1969). It was

‘concluded in the later study (Charton, 1971) that steric

1

effects were not important in de

ermining the, artho-"H SCS

because inclusion of a steric papameter (van der Waals.radius’

of the substituent) in a tripl

i s
‘chemical shift did not improve the correlation. Consequentiy

arameter analysis of the

\¥§t/'j£ was decided that sub;tituent magnetic anisotropies largely
aﬁcount for deviations from the correiation. -Ip may be,
hﬁwiygr, that the simphe van der Naals-radius is not the best
parameter with ghich to quantify steric effects on the
chemical shift.

Another approach to the interpretation of ortho-lH
chemical shifts is based upon the observation of good
correlations with the semi-empirical parameter Q (Hruska,
1965) (5.6), for the series' of halogen—monosubsbﬁfﬂ{ed .
benzenes (C6H5x). - | |

L]

: Q = P/ird | (3.6)7

/
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P is the polarizability of the C-X bond; 1 is the first
ionization potential of X;'r is the C-X bond length. The
significance of this paéﬁmeter, 0, is uncertain although’it
wds originally intended to be reTat;;\to the paramagnetic
sh§e1dipa proQuced by the mixing of excited states of the
subsfituenf with the ground state electrons of the ortho C-H
gond. It may also reflect to some extent the magnetiﬁ
anisotropies of the substituents {Ewing, 1978). |

' Si‘Ee 3,6 can only be evaluated for hydrogen or the
halogen substituents, the parameter, ¢, has been estimated
from NMR ‘'data for most other substituents (Smith, 1§67);
Inclusion of this parameter along with ‘fiéld' and
'resonance’' parameters in triple paramefer-]inear analyses of
ortho-lH chemical shifts results in ‘a siqnificant_improvement

over correlations involving only the 'field' and 'resonance’

_par ér (Smith, 1970)}.. It is not yet clear whether such °®

treatments will be a”genuine aid in the separation of polar

..and resonance effects at the ortho positions. - Co

- . ¥

To summarize the ﬂepenﬂenciés‘of ortho-proton
chemical shifts it séemgﬁthht they depend comparably on
'resonance! and 'field' substituent effects but may also

(Y

depend significantly on substituent magnetic anisotropies and

“““contributions to the paragagnetic shield{nq as a consequence

of the proximity of this preoton to the substituent.

Therefore, great care must be taken in the interpretation of

~
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individual or relative ortho—lH SCS. In general this shift
is of doubtful use in determining the relative magnitudes of

polar "and resonance substituent effects.
J

§

(b} Meta Proton

The meta proton is sufficiently distant from the
substituent that its chemical shift will not.be influenced by
steric_éffgcts'or'diSpersTon forces associated w{th the size
of the'subStituent; Génuine.indﬁctive effects should be
neg]igib]F (TPpqu, 76) as these diminish rapidfy with
increasing nuﬁber é:4::§ds separating the site in question
from the substituent. Also, the effect of the magnetic
dnisotropy of the substituent should be considerab]y'reduced
at the meta Poéition. Contributions to the substituent
chemical shift. of the meta proton froh chaﬁ%es|in the
paramagnetic shielding term (3.3) appear not to be .
significant since there is no observed dependence of these
chemical shiftS on the sehi-empirica] parameter Q (Hruska,
1965) (3.6). - K

1f all pf the above effects are negligible then a
dual substthént parameter analysis of the meta-lH
substituent'cﬁémicaﬂ shifts may reveal the relative

: = | —
contributions of *field' and 'resonance' mechanjsms at this,
position. Such studies have bégzpcarried out {Qayamizu,

1969; Hehre, 1976) a sample correlation is shown in equation

(3.7) (Hehre, 1976).



" solvent. The relative importance of o, to the meta-

r

~ observed relation (3.7) might be rationalized on the basis of

-

-

>
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S = 0.24 0, + 0.44 oy (3.7)

It must Be pointed out that the coefficients of such
correlations\are strongly solvent dependent. The relat%on
shown (3.7} was found for shifts extrapolated to infinhite
dilution in the 'inert' solvent carbon tetrach]oride. The

transmission of electric field effects as reflected by ths

=

coéffi;iént“bf o in particular depend upon the nature of the

1
. . R H
shielding may seem surprising since one would expect the
’ L .

field contribution to be dominqnf at this position. The .

the n-induced ¢ effect as described by Topsom (1976) or from
an inherent weakness in the dual substitqeng parameter model.
One such weakness may be that the wm-interaction bétween the
substituent and the phenyl ring may have a significant effect
on the magnitude of the 'ring current'; Substituents which
interact strong]j with the w-orbitals of the ring diminish
the ring current and thus have a partiai shielding effect
which is of approximately the same value at all ring protons
(Yamdda, 15703. .Therefore, unless-the magnitude éf'this
change in the Fﬁng-current_is known for eachrsubstituent,‘
differences in the gHemicaﬁ'shifts between different protonsa

within tﬁi/fame species will have more significance with

regard to electron distribution effects than the individual

—



substituent chemical shifts. Yamada has shown that this

ring-current diminution can be reasonably accounted for by a

term proportional to the absolute value of the resonance
substituent parameter, |o“| (Yukawa, 1965), in a correlation

of "the meta-lH SCS with the .Hammett substituent parameter, %

(3.8).

slH. = -0.511 0 '+ 0.509 [o| gbpm)“)(3.8)

meta
2

Apparently no attempt has been made to account for
this effect in the dual substituent parameten‘ena]yses

involving oy and °n parameters mentioned above. However,

é .
Hehre et. al. (1976) have compared the results of their

analysis (3.7) with a similar correlation of the calculated
o-charge at the meta- proton (3.9).

w»

sa " = 0.017 o7+ 0.006 o,° (3.9)

-

Y

Comparison of (3.9) with (3.7) shows that the charge, Aqam-H.'

has relat{vely little dependence on the resonance parameter

compared to the substituent chemical shift, S1 . The
’ ‘ Hmeta
difference between the two relations is undoubtedly due to

m

the ring-current effect. -

)
\
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{(c) Para Proton

Qﬁigs - For the.para-prdton substituent chemical shift the
main:contributions will be from the electron density at the
para position and also from the ring-current effect mentioned

above. That this chemical shift is highly dependent on the

-

electron density at the para carbon atom is demonstrated by

the existencd”of good correlations with substituent para-

meters such as op+, with 1?Cpar$ chemical shifts-and with the

-analogous 19F chemical shifts in fluorinated compounds.

para
The varijation Zn electron density at the para position is

. 'd ’
dominated b e resonance effect of the substituent as
exemplified by the dual substituent parameter relation shown

below (Hehre, 1976).

+ 1.25 9p° . (3.10)

-

s = 0.27 o

para
NIt must be remembered, however, that the coefficient of aRO

conceals a contribution from the changes in.the ring-

v . :

current.
“'To_a first app}oximation the magnitude of the
~ resonance effect may be inferred:from the sﬁbstituent‘_
chemical shift of the para proton. Further refinement may

involve comparison of this shift with that of the meta proton

s
for which the effects of substituent polarity and of changes

s

in the ring current are of comparab]e'magnitpde to those at

A . ‘
. . . .
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the para position but the effects due to resonance are
&

considerably reduced. It has been shown that the calculated
charge at both the meta and para protons can be rélated to
their substituent chemical shifts bj inclusion of a term

proportional to the total =:charge transferred to, or from,
L4

the ring by the substituent (Hehre, 1976) (3.11). .

S @ 4q - 0.14|2Aqn| {3.11)

h)

This s somewhat analogous to 'amada's treatment of -the

—

dependence of $ on o_ and |
: H m T

meta
in (3. 11) accounting for the effect of the change in the ring

(3.8) -- ?the |EAq | term

\Current. If such a relat1onsh1p holds in general then the
ifference between the para proton chemical sh1ft and that of‘
the meta-proton should be proport1ona1 to the difference in

c-charge densit1es at these protons since the ringvcurrent

effect is cancelled out. SiﬁiIar1y the algebraic differenc
between equations (3.7) and (3.10) should afford the relative
debendence of this charge density difference on.'fiel
‘resonance’ mechanisms. Comparison of these two equations

shows that (61 -51 ) is 'almast exclusively dependent -
para Hmeta
on 0°R with 1ittle contribution from g5- This suggests that

polar effects are of comparable magnitude at the meta and

pagsa protons and that the difference (8, -6 ) is a
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better medsure of the substituent's resonance effect than

62

S alone, ' ) »
1H .
para

<
(ii) Results and Discussion

It has been shown that deprotonation of phenngehﬁaﬁe
(Birchall, 1970) or triphenylstannane {Birchall, 1975}
results in increased shielding of the meta ahd para protons .
while the ortho protons were deshielded in each case. This

result was interpreted (Birchall, 1970} as signifying that
; .

~ the dominant effect of the anionic ring substituents in these

cases was to polarize the n-electrons of the phenyl group
rather than to delocalize the negative charge int‘iihe ring.ﬂ o
This in?erpretafion was consistent wiih the observatiofn that~
phen}l-substitution of germane did not increa;e the acidity
of the remaining protons (Birchall, 1966) because ‘the anions
are noﬁ'stabilized-by resonance delocalization of the .
negative charge. In the preﬁent study the phenyl-substituted
hydrides of the group 5B elements are similarly investigated .
to see }f the obse;ved increase in acidity of tﬁe_hydriaes
(Issleib, 1965)‘upon phenyl substitution may be related to a
resonance Helocaliza;ion in the anions. .%. =

"In a preliminary experiment (55H5)é5Na was genera{éd
in THF solution by the reaction of (CGH§)3P with sodium,

1

metal. The 90 MHz "H NMR spectrum showed, Eeéides a single

line attributed to benzene, three complex multiplaets, the

fine structure of which could ﬁgiqif resolved, (Figqure 3.3) .-

-
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possibly becad%e of Wgne-broadening due to the presence of
paramagnetic species or suspgnded solids in these dark-

coloyred solutions. A simp]QV\c\)\mongc‘iear decoupling
expé?imeiﬁzﬁshown in the figure, reveals that the low-field —
multiplet must be assigned to the ortﬁ% protons beqause it (

does not display a large Eoupling to the multiplet at highest
field-strength which i$ clearly/attributable to the para

s
proton because \ﬂfsrfiﬁative ™ sity. The relative. areas

i ;
under these multip s 1Vq under the benzene peak are

-
completely consistent with the reaction given by equations
(3.12) and (3.13) 7 . /\ N
(C6H5)3P + Nai+ (CGHS)ZPNa + CSHS (3.12)
&
CeHe  + Solven; * CgHg + gSo1vgnt - H) (3.13) |

‘\hr

A,§qmilar‘experiment m‘th'(c6 Sb did not yield a

Hs )3
stable anion at room temperature (see Chapt@r 2). However
the 1H NMR spectrum of the THF sq]ution, shortly aﬁger i
preparation .at rqduced temperature, revealed the presénce of

a species whoﬁe 1H“NHR spectrum bore close resemblance’to o
that of CGHgGeHzNa (?irchaII, 1570) in the aromatic regig#.

The spectrum of the stibide was not fully analysed because of

- low resolution and the presence of other unidentified'

aromatic species. However, therresonances which can !
reasonably. be attributed to (C.H) S:;;j?ndicate that the
. o ‘ 6|? 2 -
. Lt
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a
b
e
| 1 ]
= 8 7 6
_ \_ . ppm
M r\\ j
. | | oy
Q SR , K
Fiqure 3.3:. Ar zatic Region of ."H NMR -Spectrum of
(C 5)2PN3+ CGHG' ' . .
a) Fully coupled spectrum; ' .
b) Decoupler frequency centred.on the low-field
multiplét., - B
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|
ring protons in this species haye chemical shifts at:
-0.{%’ppm (HZ,G)’ +0.5%2 + +0.§0‘ppm (Hj'5 and H4? re1ative¢to ,
benzene,
_ The similar relative positions of the ring-proton

resonances in these group ‘5B anions compared to those found

for'CGHséeHz' (Birchall, 1970) suggested that the electronic

_1nteract}pﬂs of the substituents with the phenyl rings in the

group 5B anions might not be significantly different from
those in aﬁa]ogous group 4B anions. However it was noted
that the para-broton substituent chemical shift of (CGHS)ZPNa

occurred at somewhat higher field than that of CSH GeH .Na

2
sdggesting that there is possibly greater delocalization of

-negative charge to the para position in the formef species.

It is more approprigte, of course to compare the

gérmanium species'with-analogous arsenic compounds since

~-these elements belong to the me period. Conséquent]y the

’

complete series of phenyl- and diphenylamines, -phosphines

and -arsines along with their respective monosodium sé]ts

were studied by 1H/NMR as 71M tetrahydrofuran s@iutioné. The

spectra of the anions, pre red by reak%ion-of the hydrides

e - ) & ¢ e

with Na, displayed greatly i oved resolution over those of
_ ; ,

the anigﬁ?k repared froqtrqﬁctioq,of the triphenyl-compounds
IS 4

-

with Na as the reactigns of the hydrides appear to E:oceed

. L C 4 '
quite cleanly with th%‘production of H2 gas -and with no Sidﬁ<f:;
N . A - ’ R ~=t o L .

L _\ N R - ’

eactiogs. o7 . _ , :
.“.A - .vt. * . ] ‘ ’

F] . . -
; 2 ont! 4 7. ) \ - q
l./ ‘ oL e : .

) ' o . . aw " .

\."' . ‘ . 4 ..
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The aromatic regions of these spectra were computer
siﬁulgted and the best fitsrtb the experfmental spectra were
obtained. An example of such ; sfmulaﬁion was shown in
Figure 2.4. The 1-H-lH and y-31p cbuﬁling constants were
found to be in the normal ranges for monpsubstituted.benzenés
(Becker, i980; Parr, 1978). Variations in the'de}ived n
coupling constants from compound to compound, however, were:
found to be only of comparab]e magnitude to thejr 1ndj§1dua1
standard deviatioqs as obtained from the iterative program
NUMARIT (ﬁorvi]j. 1975). Therefore, théadiscussion in this
section sﬁa]] be confined ﬁainly to the experimental chemical

31 1

shifts, P-

131,

H spin-spin couplings w111 be discussed in the

P NMR (section "3’(d))
1

section on @

‘The 80 MHz NNa in THF 15'

H spectrum of.(C6 5)z
included -here (Figure 3.4) since it is an interes;ing;ekample
of a 'deceptive]y simple' spectrum (Becker, JQBQ).' For this

> sample the besbnénces of the ortho and meta protons-toincfdé

)and the spectrum appears't be 1ndependent of the coupling

i cgist;ki\;beﬁyéen thgse protons.. Also, the qbserved pleudo-
f1rst order sp!itting in the spectrum is the average of the

. orth?-para coupling end the:mgta-para coupling:\ A simulated
spectruT which agrees ¢105e1y‘w1th fhe observed spectfum'is

Ade own in Figure 3.4,.-Y Because of th\?—fv@res mentioned
. g .
‘ bofsz owever, not much reliance should be placed on the

coupb}ng consta4t§ tained because they rely to a 1arge

A}

extent r spec:ulat@ assignments of the. we'aké'ﬁ poorly %
. ) ”~

v ~ . -

<

il et s =

e 1t e A SR i i g ¢ o ek b

3

an

‘\.

e i B e 4 i b e BT et B A S —— =

) .
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SODIUM DIPHENYLAMIDE 80 MHZ

VR

are

V] NaNHCH,  SHIFTS» HZ.
1 568.69
2 568445

4.
H 3 514.33

COUPLING
-1 -

5

l_
2 -
l—

N LN -
. :
’ a3 .9
..‘—.

1
. F ] ' )
_ - - .
Figure 3.4 Observed (upper) and simulated (lower) 1y nmMR
c ;ﬁectra for (CgHg)oNNa in THF: recorded at 80
. r . .

N @O
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,1;rgﬁp charge sep ton.- These effects may be illustrated
: A . _

. . . i

68 " !
;

i

r;::>ved peaks in the spectrum. Thus using a range of

/. . -
different values for some of these couplings very similar
spectra can be simulated.

The 1

' H chemical shift data for.the series of qom-
%ounds_studied is summarized in Tabl S.i. Figure 3.5 shows, }
schematically, fhe chemical_fhifts of the aromatig~protons

reiative to benzene. Recentl} published data (Berestova,

1982) for the lithium salts of the phenyl- and diphenylamines

and -phosphines in DMSO solvent display the same Frends as

observed here for the sodium.salts_in THF.- The data for
rphenylgerméne and sodium pheny]éermji (Birchall, 1970) ;re'
included fn Table 3.1 and Figure 3.5 fbr comparison. These,

latter data were measured using solutions 1ﬁ\gc14 and NHh

3
respectively, therefore caution is requifed when compﬁring_;

. these data with those for the compogpds in the present work

where tetrahydrofuran was used'a5~tHe solvent in al¥ cases.

For Ahe neutral hydrides the differing abifities of the

teractions i . >
solvents to form H-bonded interactions involving the .

'hydridé‘ hydrogen atoms (i.e. the hydrogen atom bonded

‘directly to the variable main group element) of the solute

are important. A[so; more polar solvents wiTl favour ‘

contgibutions from resonance forms q/(the solute having -
f o -

N

by a comparison, of the chemical ;aifts,of the aromatic
| . - .. i
protons of ani]inéﬁ)relative_to that af benzene) in the

solvents CCl, (5% solution) (Spiesecke, 1961) and THF(~1M). .
' " CA S ¢
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& ' Table 3.1:
1

o

H Chemical Shifts® (p.p.m.)

. 1{X-H) 2,6 3,5 "4
. (ortho) (meta) (para)
{P,—-QEHSNHZ 4.23(br)  6.52 ,6.98 6.52
2. CeHPH, 3.90 . 7743 7.21 7.21
3. CkﬁsAsH2  b e 1.47 7.20 7.21
4.  C_H_NHNa 2.75 ) 6.20 6.65 5.77
. 65 \‘
5.. CAH PHNa® 2.23 7.18 6.58 6.29
. 6. csusAsHNa‘ 1.18 7.36 % 6.59 - 6.43
739 (CgH),NH  (5.29)€
8.  (CeHc),PH 5.17

9. (CgHg),AsH  4.89
10. '(cﬁus)zuua

11, (CoH,),PNa

12. (CSHS)ZAsNb ‘

13. ColGen,? T a.29

. e
14, CSHSGeHZNa 3.30
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-

Footnotes for Table 3.1

(a) Unless otherwise indicated, chmical shifts ﬂ’b.OI ppm.)

-

" are for THF solutions, ~ IM; ﬁeasured relative to neat
" mxternal TMS, and corrected-empirical1y to the value
retative to internal TMS; the benzene resonance occurs

s at 7.31 ppm. relative to internal TMS in THF.
. ;

/ ‘ .
(b) Peak obscured by solvent signal (3.4 + 3.7 ppm.).

(c) Peak not observable because of' broadening in THF

‘solvent; the value given was measured in COCl1, relative

3
to benzene; benzene assigned 7.31 ppm. - \

(d) Birchall, f?bo; Chemical shifts measured in CC]4 - ",
solution (1M) relative to benzene; benzene assigned

- 7.31 ppm. : : ‘ .

A ~~—

1 Al

(e) Birchal}, 1970; Chemical shifts measured in NH3
_ -— )
(IM) rélative to benzene; benzene assigned 7.31 ppm.

so]utjon

O S .

-
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In CCl4sz3\chemical shifts are: -0.76 ppm; H

HZ,S’ 3,%°

-0.20*ppm;'H4, -0.63 ppm; whereas in THF they are slightly .
different: H2 6° -0.78 ppnm; H3 5 -0.32 ppm; Hq. -0.78 ppm..

For the THF solution the meta and para 1H resonances have

1

shif to higher field strength relative to the orthe "H

rescnance so that in THF the ortho and pafa resonances

coin idé. These differences -are most likely partly due to
greateryébility of the tetrahydrofuran solvent molecules
to form hyd og;n bonds witw the ﬁ-H protons. This is further
et}dgnce 'y, the lcw-fiéld shift‘qf the N-H proton resonance

in THF relative to the same resonance in C 14 (Ryan, 1965).(

- It is also observed that the N-H resonance bf anilide in THF
-is quite broad {~ 17Hz) wh1le that of diphenylamine is so
} ﬁ-broadened as to hq!not,observed in this solvent. In solvents
such-as chloroform or carbon tetrachloride these same
resonanées are relatively sharp (~1Hz); This Brdadening

]
effect is undoubted]y due %f the nuclear quadrupole moment on

J4N and the differing quadrupo]an~relaxat1on rates in the

different solvents. Hydrogencbonded interactions with the .
solvent are less 1ike{y<€3’;igzmportant for the hydrides*:L -
_ phosphorus anngggénic pompared to_those of nitroéen. For

Ve <%éamp]e the ha]ﬁ-height linewidth of the As-H proton

//~{Ej§nance fqrM

(1.3Hz) despite the fact that 75% js -1.00% abundant and/has & gH

: ‘ s Ve
’ ~ large uadrupo]e moment, : : ' e

. . Fs
iphenylarsine in THF 1s relatively narrow
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- //‘

g For the a;ionic species the abi]it} of the solvent te !
separate the ion pairs must be cons1dered (0'Brien, 1976).
More polar solvents such as NH3 w111 favour an increased
proport1on of so]vent separated pairs thus permitting the
effect of the anionic charge to be brought to bear more fu]l%,

on the electron distribut1ons in the phenyl rings,.

(a) Protons directly bonded to the group 5B element:
TN I

~

The-interpretatjon of the chemical shift changes
observed for the eretons diﬁectly attached to the group 58
efement appears to be relatively stra1ghtforward Successive
replacement of the hydrogen atoms of the. YH3 (Y=N,P,As)
compounds by phenyl groups results in shifts of the Y-H
resone;bes to lower field strengths. This is as expected
since the-pheny] group may potentially withdraw electron
density from Y either inductively or by resonance thus
desh1e1d1ng the remaining protons. In addition there is the
deshieldlng effect of the ring current- asseciated with the
‘pheny1§r1ng. The effbctive change in sh1e1d1ng that the
eﬁenyl group‘introduceg\at therremaining protons ef a sub-
stituted hydride h been shown IRyép;l19§5)1to have a crude

dependence on the e1eftnohegativity df the substituted

element;' Therefore th Fe]ative'va1ues for tRis shielding,‘

from 'one compound to the next, may reflect the abilities of

thes%.element&*fﬁfiransm : e inducti foeqt*gT-the phenyl
, r .
group. . N Voo ‘ .
\

r
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ﬂﬁen the phenyl substituted hydrides are deproto-
- nated, there is an upfield shift of'the resonance of ﬁj?
remaining proton of 1-2 bﬁh because of the increased
.shielding introduced b} the negative chafge. It is of
intereﬁt %o note that the magﬁ:tude of this shift increases
as group 58 is descended. This may reflect either the
.differences in electronegativities of these elements or the

~

varying J%ﬁdencheslof the anions to form ion pairs with the
cation Nat. Perhaps more important however ;re the relative -
abilities of the group 5B elements to participate fin é pY=p¥
interastiggﬁwith the w-system of the pheﬁyl~ring thus
allowing reso;;nce delocalization of ﬁhe_negativg charge of
the anions. Uﬁfortunately a comparison with the analogous
shift upon deprotonation of pheny!qermane (81?;ha11 1970) is
rendered of doubtful significan%e because of the use of
different solvents in this earlier study.

. o - 2

(b). Ring Protons

The conclusion that delocalization of neqative charge,

e

from gepmanium into the phenyl_ring does not occur fqn

2' (Birchall, 1970) was based upon the fact that the

0 protons resonated to lower field strength of the

[

-ben ene resonance whereas both the meta and tim. para protons
sonated at higher f1e1d strength thus indicating that the

qpminant'effect was the polarization of the phenyl ring
. ) | . | R
caused by the anionic charge being localized on germanium.

'S L
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The 1H chemical shift trends for the series of campounds
shown in Figufe 3.5, ag well as those for the 13C resoﬁénces
(see below}, t}ssent1a11y confirm this conc1us1on but the
,reasons for itSperhaps need clarification, It is apparent

-

that there are large contributions to t{e proton shifts which
are not directly relaté;\to the charge densities at the sifés
in questioh: . _\f— _
The cﬂgmicaI shif; of the ortho proton in particular
‘is influenced-by a variety of competing factors: inductive;
résdnanée.‘magnetic anisotropy and electric field effects as
well as dispersion forces and steric effects as a result of
the pfoximity of‘bu1ky substituents; Most of these effects

will be much qull?r for the ‘meta proton whi]e resonance 1s

usually“-the dominant efféxt for the para proton .,
ka“ls has been mentioned,

shift shows, in general a'good correlation with the .

‘the para:IH chemical

analogous .13C chemica‘shift (Stothers, 1972}, Two such
corre?at1on§, -~ one for the dqtafin'the present study and

another for 11 ure data for .some common monosubstituted

"

benzenes (Wayamizu, 1968; Stothers, 1972) -: are shown in
F4gure 3.6, The fact that these correTations are not greqt]y'

LY
diverqent sugqests that for the aniong, as well as for the

’ \_// )

.-neutral -species, th para-lH sdﬁstituent chemical shift is an

dicator of the_eléctron density at the para-ca

-

2l he relative1y smqll d1sp1acement of the data in the asent

study from the Sljtion of’the literature data can be

I 4 " e - . ‘
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7 5 pArA-1H{ . -

| - (PPM)

Fiqure 3.6: Plot of the qara 130 substituent chemical shift
' T versus para-‘H substituent chemical shift; the

numbered. points refer to the compounds listed
in Table 3.1 the solid circles represent

4,

literature data for some common monosubstituted l

benzenes (Hayamizu, 1968; Stothers, 1972);
"the upper line represents the best linear fit
to the numbered data {slope = 14.888, intercept
= 1,434, r = 0.9756); the lower line represents
-the best linear fit to the literature data
{slope = 16.497, intercept = 0.217, :
r = 0. b093), 11near regression ana]ysis of al1
points gives: slope = 14,316, intercept =
0.374, r = 740. . .

-
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~N - : _} ¥

attribgted in part to the use of po]ar'solvents (THF for

: compounde 1-12, NHé‘for compound 14) whereas the Jiterature

data correspond in general to 6014

!

solutions. This will have

a more marked effect on the 13

H data then on the C data.

To a first approximation the Ségébf theTaara.protens
might be considered to'depend predemiﬁantly upon the change
in wn-electron-density at the para carbon as a result of
resonance with the substituent. ;Using this ﬂpproxﬁmation it -
can be seen that the bhenylarside anfon exhibits greater
delocalization of negative cherge go the para carbon at;m
than Hoes the anion’of phenylgermane. The fact that a more
polar solvent, 3, was used for the latter case only serves.
to enhance this conclusion. The extent of resonance
de]oca11zat10n 1n the anions appears to 1ncrease further on
going from As to P to N as wou]d be expected based upon the

degree of overlap possible between ‘the 2p(w) orbital of C,

_and the 4p, 3p or 2p orbitals of the group 58 lements,

respectively. It is also apparent that for the neutral
hydrides only the nitrogen containing compounds. display a
significant resonance effect. (See Figure 3.5)

. ?

The fe]ative]y large substituent chemical shifts of

the meta protons in the anions suggest that the polar effects

‘of the anfonic substituents are, as previously concluded

(Birchall 1970), contribut1ng to the observed proton. chemica]
shifts as gre, also, the ring current effects. Therefore a

better estimate of the actual fesomance effect of the

-
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{ eubstituent may be more truly reflected by the relative
T chemica] shift of the’EE*gband meta protons. 'The so-called

"inductive' -substituent effect is Uswally considered to be .of

Ineat]y equal magnitude at both the méta and para positions
< and ca]cd]attons conf1rm tﬁis<(Vorpage1 19817. }t*may-a]éo
be noted that in the dual substi uent‘parameter equations

(3.7) and (3.10)"the coefficiepts of 9 are of comparab1e

-
magnitude.

™ -
- TQe trend in the chemical shift difference

(61 -8, ) for the series of compoungs listed. in
para Hmeta : ) '3
Table 3.1 is essentia]]y the *same as the trend for- 31
- H

4 _ ' Jpara
<a1ozz therefore the: same conc]usions can be reached usinq

[

this 'correction' to thé para proton <fiemical shift. 'Adqu,;

©

1nformation obtained is that despite the relative]y large - -

va1ue for 8 for 66 5GeHQNa the actuaﬁ resonance intér-

1
Hpara

action 1n this anion is 11ke1y to be small considerinq the

*

closely comparab]e substituent chemica1 shifts for the meta

and para: protons i this species. s

1
. Hpara
brouqht into question, however, whern it is observed that

_’ " unlike the para-lH chemical sh1ft§, the meta 1H chemical

shifts show nofcorre1ation with t8e analaqous }3C chem1ca1

from changes ) ‘ghe maqnetft anisotropy assogiated with the

*

L

The‘ﬁalidity of the above correction to s L js

' ‘ [} . ‘
shifts (Figure 3.7}. This s due. in part, to the-fact that
4 -
the.proton-ch al shifts 1nc1ude a siqnif{cant co\Eribution
Py .

Yo S S U . | | .
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'ring current' which may be disrupted by substituents which
interact strongly with the sx-system of the. ring. °if the
nitrogen substituted compounds are excliuded, a crude N
correlation exists which shows that for the other anionic
species the effect of the substituent's polarity dominafes

the 1

H meta SCS. In general however, chemical shifts of
meta-lH have not been found to correlate well with eitﬁef
calculated ‘electron densities or empirical substituent
parameters unless corrections for the ‘ring curfent' effect
are made. (Ewing, 1978; Yamada 1970; Hehre, 1976). Such
corrections require independent measures of 'resonance’
substituent patrameters whicﬁ are not available for most of
the species considered here.

Although the ortho proton substituent chemical shifts
of"monosdbstituted benzenes have not been found in general to

correlate well with the analogous 13

C SCS (Nelson, 1976}, the
data collected in this study appear to show a rough
correlation, Figure 3.8 (r=0.896; n=14). In particular, the
correlation is codsiderably 1mp{3159’w;en only_fhe monophehyl
derivatives are considered (r=0.987; n=8). This apparently
reasonable correlation is no doubt heavily weighted by the
fact that thepg_iska large separation between the data points
for the nitrogen containing derivatives and the other data
points. When the pointé for aniline and sodium anilide are

excluded the correlation is somewhat worse (rf0.936; n=6).

This correlation is perhaps co1nc1denta1,‘but it is of



S META-13C
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Fiqure 3.7:

a0
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S META-1H

(PP M) -

Plot of the meta-13C substituent chemical shifts
versus the meta-"H substituent chemical shifts
for the series of compounds listed in Table 3.1,
The line represents the hest straight line fit
to the data excludiag the nitrogen containing
compounds -- points 1, 4, 7 and 10; n = 10,

r = 0.976.
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-interest to note that the relative order of C_H_GeH., to

6 5 3
1 13

CsHsGeHzNa in terms of both "H and C data is reversed from

the orders observed for the neutral species and anions of the
group 5B comp;;qu.

Although there is considerable uncertainty_as to the
exact significance of the 1H substituent chemical shifts it
is apparent that theré 12 5 considerable change in the nature
of the m-interactiom between ring and substituent for the -
phenylgermyl' anion and thosé of the group 5B compounds. Jﬁis
differénce is most easily rationalized in terms Qf the -

differences in resona%ce delocalization in these compounds.
3

Consideration-of the C data for these compounds will gqive

. . . / .
more conclusive evidemnce for this.

k-
C. 13C KMR
Substituent chemjcal shifts of c nuclei occur

ﬁver a much'w@der range thando e analogous 1H-SCS. This
is attributed to the fact that 13C-SCS result mainly from
changes in the larger paramagnetid term in Ramsey's equation
for local electéonic shielding (Nelson, }976). A cqnsequehce
of this large range of SCS is that \the effects of magnetic
anisotropies ére relatively unimportant and therefore 13C SCS
may be more readily related to changes in the local
electronic environment of the nucleus in question. 13C NMR
spectra, which are usually recorfded with 1H broadband

decoupling, more easily yield pxact chemical shifts than do
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S ORTHO-1H .

(PPM)

Plot of ortho-13¢ substituent chemical shift
versus ortho-"H substituent chemical shift for
the compounds listed Yn Table 3.1. The
straight line-represebts the best linear fit
to the data for the monophenyl-compounds only
(i.e. excluding points 7-12).
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1H spectra since the low natural abundance of 13C (1.108%)
eliminates the complicating factor of homonuclear spin-spin
;oup11ng. The paramagnetic term for local shielding,
however, is not as readily related to local electron density

as is the diamagnetic term.

(i) Monosubstituted Benzenes
13

In general C chemical shifts do not correlate well
with either calculated electron densities or to experimental
paramete@s which are related to electron densities {Nelson,

1976). However for 13

C nuclei which belong to a series
having closely similar environménts such correlations may'be
observed. Karplus and Pople (1963) have presented a
theoretical rationale for such observations in series of sp2
hybridized carbon atoms in conjugated molecules. Consider-
ation of their approximate expression for oploc (3.3) will
demonstrage how this rationale may be applied to the
individual carbon nuclei in monosubstituted benzenes. Ewing
'(1979) has summarized the current understaﬁding of 13C SCS in

monosubstituted benzenes and has presented a nearly compre-

hensive list of published chemical shifts for such systems.

(a) Ipso Carﬁon ,’ﬁp

The carbon atom which is directly bonded to the

variable substituent shows the largest range of substituent

chemical shifts. These shifts do not correlate well with
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charge density although certainly the charge density is a

loc . -3
P via the <r >2p
term. It has been suggested that significant contribution to

13

major contributing factor, iAfluencing o
- ipso C-SCS may arise from local changes in the average
excitation energy term in equation 3.3 {Lynch, 1977). Changes

in EUAB are also likely to have an effect as a result of
B

varyipg C-X bond orders. Contribution by all of these

factors complicate the interpretation of the ipso 13C SCS.
It has been shown that after making an empirical

correction for what was loosely termed ‘magnetic anisotropy'’

the «ipso 13

C chemical shift showed a linear correlation with
the e]ectronegativ{ty of the substituent afom for neutral
.monosubstituted Eenzenes (Spiesecke, 1961). Both ipso and
ortho 13C SCS show considerable dependence on the semi-
empirical parameter Q (Hruska, 1965) discussed earlier with

regard to ortho,

H SCS. Triple parameter correlations
involving ¥, resonance and field substituent-parameters-havé
also been formulated (Smith, 1972). The significance of

these.correlations is uncertain although Q may be related to

1 loc

efther the AE™" term if the expression for op or to an

alternating through bond inductive effect. '(EW1ng; 1978)

(b) Ortho Carbon

™ L

Ortho 13C substituent chemical shifts cover a smaller
range than the ipso 13C SCS. The absence of good single

correlations of S13 " with charge density or substituent
Cortho

parameters again suggests that contributions to the AE'1 and

P
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ZQAB terms in the expression for ap1°c are significant

A ,

although presumably less so than for 813 . This is
Cipso

exemplified by the: smaller magnitude of the coefficient of @

in the triple/parameter correlation for S with field,
ortho

resonance and 0 -parameters (Smith, 1972) than for the

13C

analogous correlation of S The suggestion that the

13 *
. ' Cipso
inclusion of the Q parameter represents an alternating

through-bond inductive effect arises from the observation

that S13 has a reversed dependence on Q than either
Cortho

S or S (Ewing, 1978). The magnitude of
13C 1H
ipso ortho

k]
contributions to aploc as a result of close non-bonded

contaéfs between the ortho C-H group and the variable
substituent is undetermined but may be con§1derable. The
observed substituent chemical shifts are ;pparently a result
of these competiﬁg influences and thus there is no simple
interpretation'for these values, Isolated comparisons of
relative SCS may, with caution, be attributed to one effect

or another. -

{c) Meta Carbon

The chemical shifts of the meta L3

C resonances of
monosubstituted benzenes always occur within a few ppm of
that of benzene. This is consistent with the expectation

that variations*in the charge density at this position as a
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result of the substituents' resonance effects will be
minimal. The approximation that AE'l is invariant is reason-
able for meta carbon. Simi]ariy changes in the electron
imbalance term are likely to be small in most cases'(Karplus,

1963), but given the small total range yof S this term

: : 13Cmeta
may still be an important factor. This might account for the
apparent lack of correlations of this parameter with either
calculated charge densities or with subStituent g-parameters.
This lack of correlations may also be becéﬁse of inherent
weafknesses in the charge density calculations and in the
uncertainties associated with empirical substituent para-
meters. Changes in charge density at the meta carbon arise
mainly from the overall polarization of the n-system.

Consideration of the meta 13

C SCS for the anions studied in
this work as well as for other anionic and cationic species
from the literature (Ewing, 1§79). confirm that there is a
major dependence of this parameter on the intrinsic polariz-

ation of the n-system of the given monosubstituted benzene.

{(d) Para Carbon

AN .
Para carbon substituent chemical™shifts occur over a

wide range (~60ppm). As for the meta carbon. changes in the

1 P1°C are expected to be negligible. Similarly

AE”" term of o
contributions to the electron imbalance term will be small in
comparison to the efféct of changes in wn-electron density

(Karplus, 1963). There is considerable experimental support
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for a direct relationship between the para carbon chemical
shift and the charge density at this carbon atom as evidenced

by numercous correlations of Sli with Hammett s-values,
c

para
calculated charge densities as well as 1H para and 19F para
chemical shifts (Ewing, 1979). It is apparent that the
dominant effect is the change in the n-electron density and
that the variations that result are mainly from resonance
with” the substituent on the ring. Therefore S is

13
cpara

frequently taken to be a measure of the substituent's

resonance effect.

““:‘A.further refinement may be considered in an attempt
to sepaﬁate the resonance contribution to this chemical shift
from the generally smaltler field effects. Maciel and
Natterstad (1965) observed a small improvement in tﬁe

correlations of (513 -513 ) with Taft's a

' -Cpara meta
constants as compared to correlations involving §

!

R

13
: cpara
alone. Their assumption was that field, and any other small
effezésu should be of comparable magnitude at the meta and
para positions., It was concluded that the difference between

13 13

the meta C chemical shifts was a better

C and para
indication_of the change in n.electron density at the para
position resulting from resonance with the substituent. More
recent studies involving substituents known to have
effectively no resonance effegt but considerable polarity
(Ewing,hand Toyne, 1975) ha shown that the resultant SCS

for the para carbon is. appi®ximately twice that for the meta
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carbon. This is consistent with an overall polarization of
the phenyl »-system as the dominant mechanism for trans-
mitting the field effect of the polar substituent to the

atoms in the ring. The 'correction', S -25 » may
13C i3
para meta

.therefore be 3 truer estimate of the substituent's resonance
effect especially for highly polar substituents which possess

only limited ability to conjugate with the ring. In general,

13 » 83 - 813 ,

para cpara meta
13 are considered the conclusions regarding

regardless of whether S or

S -25
para meta

the extent of electron delocalization to, or from, the pheny]

13

ring are essentially the same because the values of 513

Cmeta

are so smail. There are perhaps two practical advantages to
the simple difference & -8 : {i) it serves as a
: : 13C 13c .
- para meta
kind of internal reference when comparing literature data and
(i1) semantically it serves as a reminder that in some cases
the field contribution to the para chemical shift may be

LY
[

significant.

(ii) Results

_ P
(a) Phenylhydrides of Group 5B and their Anions

The same series of compounds (~1M sofutions in THF)
as were examined by 1H NMR were also analysed by 13C NMR.
The chemical shifts are listed in Table 3.2 and are shown
schematically relative to that of benzene in Figure 3.9.
Similar data for the lithium salts of the phenyl- and

diphenyl-nitrogen and phosphorus compounds have been
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recently published {Berestova, 1982) which are consistent

13C-31P coupling constants

31

with the results reported here.
will be discussed in the section on P NMR.

A sample spectrum is shown in Figure 3.10. Becauﬁe
of their relative inteﬁsities. it was comparatively easy to
assign the resonances of the ipso and para carbon atoms,
Assignment of the ortho and meta carbon resonances was made
on the basis of observed trends of these values from
literature data (Ewing, 1979) -- mainly upon the fact that -
the resonance of the meta carbon is generally within a few
ppm of that of benzene., In a few cases additional
confirmation of the assignments was made by selective proton
decoupling experiments. An example of such an experiment is
shown in Figure 3.11 for C_H_NHNa. Similar experiments were

65

gPHNa, C H AsH, and (C.H ), AsNa.

In the case of phenylphosphine the ipso carbon

carried out for CGH

resonance was obscured by the resonances of the meta and para
carbon atoms. An 1H-coupled-spectrum was recorded so that
when the meta and para resonances Were further split by the
oﬁe-bond H-1 C coupling the ipso carbon resonance was

revealed. An off-resonance experiment (Levy, 1980) was also

performed to reduce the lang-range 13C-lH coupling constants

apd thus reveal the splitting caused by the one-bond 3*@-13c
coupling (Fiqure 3.,12). The resonances in this spectrum are
still somewhat broadened because of residual long range

coupling however further increase in decoupling power would
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3¢ NMR  Chem. Shifts  (ppm.)
i * m o
PhNHz (. 3 [l
PhPH, e
PhAsH, ¢ _iffp
PhNHNa | i it
o!
PhPHNa 2T B
[+]
PhAsHNa \ R L
P i m po-
Ph_NH N, * L : 1 I
2 ~o ;
. ID mf
Ph,PH Tl
o mp
Ph,AsH LJ___g |
- L4 . H
i m o p
Ph,NNa | - T P 8
2 : )
i om
Ph.,PNa | TR
2 :
i o m
thAsNa L i ri‘
170 160 150 140 130 120  110.
L] '
benzene

Schematic diagram of pheny1-13c chemical shift
of group 5B phenylhydrides and anions:

i = ipso; other abbreviations as for

Figure 3.5.

Figure 3.9:
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Table ¥.2: r ’
136 Chemical Shifts® (p.p.m.) 0£~;;0u0.§§ Phenyihydrides and Anions
.
o %2 8¢3 Sca
) : . (ipso) (ortho) (meta) (para)
. L M, 149.22 117.55 © 129.71 115.21
2. CHPH, 129.16 ~ 135.45 129.19 128.80
3. CoH AsH, 130,20 136.36 129,34 128.54
4 CH NN 167.16 115.54 129.78 106.50
= 5. CoHgPHNa *  159.98 130.18  137.15 117,28
6. CcH AsHNa 157.70 133.22 127.05 118.53
© 7o (CeHg)HNH 144,93 118.13 129.84 120.87
8. (CgHg),PH 135.85 134.64  129.23 129.05
9. (CeHe ) AsH 137.46 '135.26 129,42  © 128.83
10 (CoH),Nha 159.49 118.98 129.71 113.33
1L {(CHe ), PNa 155.45 - 130.81 127.79 120,21
12. (CcH),AsNa — 156.37 133.35 127,50 120.68

(a) Chemical shifts (* .04 p.p.m.) are relative to neat external
TMS; all solutions are approximately IM in THF; the benzene
resonance oceurs at 128.91 p.p.m.
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réguft in the ipso resonance again being obscured. Pheny]-
phosphine presented a further problem regarding chemical
.shift assignments in that the resonances attributed to the
meta and para carbon atoms occur as three nearly equally-
spaced eqﬁal-intensity peaks in the broadband decoupled
spectrum -- the meta resoﬁance being split by the three-bond
31, 13. coupling. It was not immediately obvious how these
three Tines should be assigned. However, since typical

31P 13 31

three-bond -"7C couptings for “"P substituted benzenes are

-7 Hz and the meta carbon resonances are usually close to
129 ppm the assignment was chosen which most closely agrees

with these values (Table 3.2). This assignment was-later

13

confirmed by a ~~C specfrum of phenylphosphine recorded at

higher frequency (100.6 MHz)_ani field strength, and is in

agreement with a recent literature assignment (Parr, 1978).

13

The effect of the choice of solvent upon the C

substituent chemical shifts may be noted by comparison of the
values for aniline in CCl, (5%) (Spiesecke, 1961) with those

L

obtained here for aniline in THF (~ 1M), The former values

(ppm; relative to benzene) are: S = 19,2; S = -12.4;
© €2
S> = 1.3; § = -9.5; compared to S = 20.2; S = -11.5;
€3 g - 1 €2
Y = 0.71; § = -13.8 for the THF solution. In THF the

para carbon resonance is shifted to higher field strength
from that of the ortho carbon. This shift is analogqous to
that observed for the para proton resonance for aniiine in

the same pair of solvents, and is in agreement. with the
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1H-decoupler
positioned at:

100 Hz ' l
—_ para H

50~ (ppm) 100

Fiqure 3.11: 13¢ NMR spectr:\:} CeHgNHNa in THF

demonstrating selective 1H-decoupling -- to
confirm assignments of ;36 resonances.
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suggestion that the chénge of solvent aq}u&f]y affects the

electron distrj ;in the phenyl ring, probably via

interactions such ydrogen-bonding between the solvent and

-
]

the -NHé protons. Such effects are likely to be less

significant f the phenyl hydrides of phosphorus and

I
" _arsentc. For instance it is found-that there is not a

significant difference between the 13C chemical shifts of
phenylarsine in THF solution {(Table 3.2) and those of neat

phenylarsine: ¢ = 130.73; ¢ = 136.65; § = 129.49; §
€1 - €2 €3 Cq

= 128:68 (ppm; relative to external neat TMS).

A change of solvent for the anions will have a more
important effect. For example, the chemical shiftwof the
para carbon resonance of CBHSPHNa shifts from 117.28 ppm in
THF solution to 114.13 ppm (relative to external TMS) when .
measured 1in NH3 solvent. This indicates an increase in
electron density at the para position in the latter solvent.
Presumably this arises-becaﬁse of a greater-degree of solvent
separation of jon pairs in the more polar NH3 solvent. As
w