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The electrophilie properties of 34 solvents have beerl 
characterized by  the Accepter  Number (AN) which has been de- 
rived from 31P-n.m.r. measurements of tr iethylphosphine 
oxide dissolved in the respective solvents. Relationships are 
found between the accepter  numbers and the Z-values, E~-  
values and Y-values, as well as the  free energies of solvation of 
anions and the redox potentials  of the hexaeyanofer ra te ( I I I ) - -  
hexacyanoferrate(II)  system in different solvents. The new 
parameter  p rovides- - toge ther  with the donor n u m b e r - - a  useful 
guide in choosing the most appropria te  solvent for a given 
reaction. 

1. I n t r o d u c t i o n  

According  to  the  eoord ina t ion  chemical  po in t  of v iew m a n y  chemical  
reac t ions  are p r imar i l y  de t e rmined  b y  coordination chemical in te rac t ions  
be tween  the  subs t r a t a  and  the  so lvent  molecules 1. Solvent  (S) a t t a c k  

3+ 3 -  
a t  a po lar ized  subs t r a t e  A - - B  occurs e i ther  nucleophi l iea l ly  a t  A or 
e lec t rophi l ica l Iy  a t  B l ead ing  e i ther  to  the  fo rma t ion  of a moleeu la r  
complex (which m a y  be s table  only  in solution) wi th  increased A - - B  
bond  length  or to  the  he te ro ly t ie  fission of the  bond  A - - B .  

8§ 8 -  
S - - ~ A - - B ~ S  

nucleophilie electrophilic 
action action 

(as electron (as electron 
pair  donor) pair  accepter) 

8+ 8-- 
(m + n) S + A - - B  .~_ [A 'Sn]  + + [B'Sm]-.  

The ex t en t  of the  r eac t ion  p r i m a r i l y  depends  on the  nueleophi l ic  or 
(and) e lec t rophi l ic  p roper t i e s  of the  solvent .  Consequent ly ,  quMita t ive  
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and even quantitat ive predictions on the thermodynamics and kinetics 
of the reactions are possible provided tha t  suitable quantities are avail 
able for characterizing the nucleophilic and electrophilic properties of the 
solvents 1-5. In  principle, all solvents are amphoteric, i.e. they may  act 
as nucleophiles and electrophiles simultaneously. A quanti tat ive measure 
of the nucleophilic properties of solvents is provided by the so-called 
"donor number"  or "donicity", DN, which has been defined as the 
negative A H-value for the 1 : 1 adduct formation between SbC15 and 
the solvent molecules in dilute solution of i~2-dichloroethane 6, v. Unfor 
tunate ly  no analogous quanti ty could be defined for characterizing the 
electrophilic properties os s~Nents. The latter have bee11 shown to differ 
considerably even within the group of the so-called "donor solvents" 4, ~, �9 
Thermodynamic quantities which represent a measure of the electro- 
philic properties of solvents are provided by  the single ion free energies 
of solvation of halide ions s, o and the half wave potentials for the polaro- 
graphic reduction of the hexacyanoferrate(III) ion 1~ Since these data  
are comparat ively difficult to determine and are available only for a 
limited number  of solvents it appears desirable to find suitable empirical 
solvent parameters  which allow an easy and rapid evaluation of the 
electrophilic properties of the solvents. Recently various investigators 
have demonstrated tha t  n.m.r, chemical shift data  can be successfully 
used for characterizing empirically t~he nucleophilic properties of solvents. 
For example, linear relationships have been ~ound between donicities 
and chemical shifts of 23Na, 19F and 29Si in solutions of sodium salts, 
CF3I and silanols, resp. n-is.  No systematic measurements however 
have been carried out so far for determining the electrophilic properties 
of solvents. As model substrate we have finally chosen triethylphosphine 
oxide, which, in a nearly ideal way, fulfils the following important  
requirements : 

a) The 31p nucleus is easily accessible for n.m.r, measurements. 
b) The probe nucleus is remote from the actual place of interaction, 

namely the basic oxygen a tom thereby eliminating theoretically ill- 
definable contact contributions to the chemical shift v~lues. 

c) Triethylphosphine oxide is a very strong base (DN esti- 
mated  ~ 40). This together with the partial double bond character of the 
P - - O  bond assures a high sensitivity of the phosphorus resonance 
towards solvent change. 

d) The interaction between solute and solvent always occurs at a 

* Solvents which primarily act as electron pair donors owing to the 
presence of atoms with lone pair electrons have been classified as "donor 
solvents" ~. 
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well defined site, name ly  at  the oxygen a tom ; the remain ing  coordinat ion 
sites of the phosphorus a tom are blocked off by  iner t  alkyl groups. The 

incorporat ion of ethyl groups guarantees  efficient electronic shielding 
wi thout  sterie hindranee.  

e) Owing to the presence of ethyl  groups, t r ie thylphosphine  oxide is 
sufficiently soluble in  all kinds of solvents. I n  contrast ,  other phosphine 
oxides, are only par t ia l ly  soluble. 

f) Triethylp2~osphine oxide is ext raordinar i ly  stable. No decomposi- 
t ion was observed after several hours even in  solutions of s trong protonie 
acids. 

2. E x p e r i m e n t a l  P a r t  

N.m.r. spectra were recorded with a Jeol PS-100 spectrometer. Sample 
tubes were 8 mm Wilmad precision glas tubes with coaxial inner cells 
hlled with (C6I-I5)~POC1 as external reference. For each solvent chemical 
shifts were determined for at least 5 to 6 different eoneentrations, usually 
in the range 0.05 to 0.60 mole Et3PO/litrc. The stability of the field was 
eontrolled before and after each measurement by means of a standard 
solution consisting of EtaPS dissolved in benzene (0,50 mole/l) and 
(C6H~)~POC1 as external reference. For this test solution a constant 31F 
chemical shift of - - 9 . 4 5  =t= 0.03 ppm [versus (C~I-~)2POC1] was measured 
over a period of several months. All 3xp spectra were recorded with proton 
decoupling in order to obtain a maximum in accuracy and sensitivity. 
The chemical shift values determined versus (C6H5)2POC1 as external 
reference were subsequently corrected for volume susceptibility differences. 
Since reliable susceptibility data are available only for a limited number  
of the solvents listed in table 1, volume susceptibilities were determined 
by an n.m.r, spectroscopic method using two different reference liquids. 
The results of this study and a compilation of susceptibilities for the most 
common nonaqueous solvents will be reported elsewhere 14. 

Et3PO, NtsPS and (C6H~)zPOC1 were synthesized according to pro- 
eedures described in the literature 1~-17. Et3PO is very hygroscopic but  
can be dehydrated by repeated sublimation at room temperature in a 
high vacuum, The anhydrous white crystalline material melts at 51 ~ 

The t : 1  adduct between SbCI5 and EtsPO was obtained as white 
crystalline precipitate on mixing stoichiometrie quantities of the compounds 
dissolved in hexane. After recrystallization from 1,2-diehloroethane the 
following analytical results were obtained: C1, found: 41,03~o~ P, found: 
7,27~o ; tale. for EtsPO �9 SbC15" C1 40,92%, P 7,15%. 

The solvents were purified and dried by standard procedures is. Care- 
full drying is a prerequisite for obtaining reliable results. The residual 
water content was tested by .Karl JFischer t i trat ion and was always below 
5 )< 10 -4 mole water/litre. All operations were carried out in an inert gas 
atmosphere. 

3. R e s u l t s  

The results of the 31p chemical shift measurements  of Et3PO in  
34 solvents are listed in  tabie i .  Columns 2-7  give the chemical shifts 

79* 
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as obtained experimentally for different concentrations using 
(C6H5)2POC1 as external reference. The data show tha t  the variation 
of the chemical shift as a function of concentration is usually not negli- 
gible; the effect is most pronounced in hexane where ~ varies by  nearly 
2 ppm within a concentration range of only 0.06-0.30 mole EtaPO/litre. 
Since hexane is a non-polar and non-coordinating solvent, strong 
solute--solute interactions obviously occur even in dilute solutions. In  
general, the use of chemical shift data  as empirical solvent parameters  
requires an extrapolation to infinite dilution ! The latter vMues--referred 
to (C6Hs)2POCI--are listed in column 8. Extrapolat ion usually did not 
cause problems since in most cases ~ varies linearly with the concen- 
tration. M~gnitude and sign of the concentration dependence are 
characterized by the slope A 3/A c, given in column 9. Non-linear 
relationships found for a few solvents are indicated in column 9 by 
"eurv."  and the corresponding sign. The values ~corr listed in column 10 
represent the chemical shift values extrapolated to infinite dilution~ 
referred to hexane and corrected for the difference in volume suscepti- 
bilities between hexane and the respective solvents. All chemical shift 
values are considered to be reproducible to at  least • 0.05 ppm. 

4. D i s c u s s i o n  

4.1. Relationship between Electron Density at the Phosphorus 
and Electrophilic Properties o/the Solvents 

Table 1 contains the 3ip-chemicM shifts of Et3PO in different 
solvents. The largest shift difference observed of about 55 ppm (hexane, 
trifluoromethanesulfonic acid) appears to be the largest shift difference 
ever observed for a given compound in different solvents. As compared 
to hexane the resonance signals observed in other solvents are generMly 
shifted to lower fields corresponding to a reduction of electron density 
at  the phosphorus atom. The largest negative shifts occur in protonic 
acids. Large negative shif ts-- though smaller than in protonic acids--are  
observed for the hydroxylic solvents and solvents containing "acidic" 
C - - H  hydrogen atoms such as CH2Clm CHCI3, formamide or N-methyl- 
formamide. Numerically smMler shift values are obtained for aprotic 
solvents; even then the shifts  cover a range (hexane, NM) of nearly 
9 ppm. 

The influence of the nature of the solvent on the alp chemical shifts 
results from the polarization of the P - - O  bond induced by the interaction 
of the eleetrophile A with the oxygen atom. B~eduction in ~ bond 
character is probably accompanied by  a polarization of the a bond, both 
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effects leading to a decrease in electron density at the phosphorus which 
is related to the strength of interaction. 

- - P . - =  O-~ A. 
/ 

In  solutions of protonie acids HX one has generally to assume an 
equilibrium between the hydrogen bonded complex [I] and the fully 
protonated phosphine oxide [II]. 

EtaPO -§ I-IX ,~ [Et3POH]+ + X-. 

[I] In] 

The fact that  only one resonance signal is observed is due to a rapid 
exchange reaction between the two species, the observed resonance 
signal being the weighted average of the signals of the isolated species. 
Despite differences in acid strengths (Table 2) nearly the same shift 
values were measured for the two strongest acids, namely methanesul- 
fonic and trifluoromethanesulfonic acid, suggesting that  EtaPO is nearly 
exclusively present in the fully protonated form [II]. In  weak protonic 
acids (e.g. acetic acid), in solutions of alcohols and CH acidic solvents 
(CIt~C12, CHCls, formamide, NM.F) the predominant species are most 
probably the hydrogen bonded complex [I] and uncoordinated phosphine 
oxide. This interpretation is in agreement with the considerable line 
broadening observed in. trifluoroacetic acid solutions, which has an acid 
strength intermediate between those of acetic acid and methane- or tri- 
fluoromethanesulfonic acid, resp. (Table 2). In trifiuoroacetic acid both 
hydrogen bonded adduet and protonated phosphine oxide appear to be 
present in comparable quantities. The exchange process is sufficiently 
rapid to give a single resonance signal, but  is slow enough to cause line 
broadening. In all other solvents sharp resonance lines are observed. 

The comparison of table 1 and table 2 shows that  (with the exception 
of acetic acid) there is a correlation between chemical shift and pKa 
values. The deviation observed for acetic acid is almost certainly due to 
the strong association in the liquid state, by which the effective accepter 
strength of this solvent is reduced. The chemical shift values found for 
the alcohols and CH-aeidic solvents agree with the order of increasing 
accepter strength in the series CH2Cle < CHC13 < isopropyl alco- 
hol < EtOH < MeOH < I-I20, as obtained by spectroscopic measure- 
ments19, 20. Within the group of aprotic solvents, hexane (and other 
saturated hydrocarbons) as expected behave as extremely poor electro- 
philes. Surprisingly benzene and carbon tetraehloride which are non- 
polar and considered as inert solvents show definitely stronger electro- 
philie properties than the polar diethyl ether. This may explain the 
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formation of "pentahaloearbonate" complexes from carbon tetra- 
chloride and tetraalkylammonium halide e2. The extremely weak 
electrophilic properties of ether solvents which would not be expected 
from a consideration of their dipole moments, account for the high 
reactivity of bases (e.g. carbanions) in these media and hence for the 
usefulness of these solvents for electrophilic substitution reactions 33. 
Ketches behave also as comparatively weak electrophiles. The eleetro- 
philie character of earboxylic acid amides varies over a broad range. 
Solvents which are capable of hydrogen bonding such as formamide or 
N-methylformamide show acidities similar to the lower aliphatie alco- 
hols. Substitution of acidic hydrogen atoms by alkyl groups drastically 
decreases the eleetrophilic properties, the shift difference for formamide 
and DMA being approximately l l  ppm. Well developed electrophilie 
properties are exhibited within the group of dipolar aprotie solvents by 
DMSO, A N  and PDC. The fact that  these solvents at the same time 
possess appreciable nucleophilie properties and fairly high dielectric 
constants (Table 2) accounts for their increasing use in basic research 
chemistry and industry. Hexamethylphosphoric triamide is a partic- 
ularly interesting solvent. According to Table 2 it is a very poor electro- 
phile but  an extraordinarily strong donor. These unique properties 
together with a comparatively high dielectric constant make it. parti- 
cularly suitable as a medium for reactions involving strong and highly 
reactive bases such as alkoxides, earbanions etc. The combination of 
these properties of HMPA also accounts for the observation that  (as in 
liquid ammonia) alkali metals dissolve with formation of comparatively 
stable blue colored solutions containing "free" electrons and strongly 
solvated metal ions e3. The fact tha t  this reaction does not proceed in 
ethers is due to their much weaker donor properties (see Table 2). Nitro- 
methane, in contrast to HMPA, shows well developed electrophilic but  
only poor nueleophilie properties. 

In order to characterize the eleetrophilie properties of solvents it 
appears appropriate to introduce a new dimensionless quantity, which 
is proportional to the observed chemical shift vMues ~eorr. In view of 
the definition of the "Donor Number" DN as a measure of the nucleophi- 
lic properties of a solvent we propose to refer the chemical shift values 
~corr of Table 1 to the chemical shift value ~corr of the 1 : i Et3PO--SbC15 
adduet dissolved in 1,2-diehloroethane (see Table 1)which is arbitrarily 
taken as 100. The values thus obtained may be termed "AceeNtor 
Numbers", AN, and represent a measure of the electrophilic properties 
of the solvents*. The "Accepter Numbers" are obtained from the shift 

* The symbol AN should not be confused with the abbreviation used 
for the solvent acotonitrile. 
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values ~corr listed in Table 1 according to equation (1) and they are 
presented in Table 2. 

~corr AN =- • 100 =- ~corr • 2,348 [1] 
~corr (SbC15 " EtaPO) 

4.2. Relationship between Acceptor Number 
and Other Empirical Solvent Parameters 

4.2.1. Basic Considerations 

A number  of empirical solvent parameters  have been proposed as 
a measure of "solvent polari ty" or "solvent ionizing properties" *, such 
as Kosowers "Z"-values 25, the "ET'-values  of Dimroth and Reichardt 26 
and the " Y " -  and "log /cl"-values of Winstein et al. 27, 2s. In  several 
cases it is possible to correlate spectral, thermodynamic and kinetic 
data  by use of these empirical parameters  39, 30. On the other hand there 
are many  examples of solvent dependent processes, such as the forma- 
tion of metal  ion complexes 31, the ionization of organometallic sub- 
strates32, a3, the formation of molecular adducts 3~ and many  redox 
reactions 35, which cannot be correlated to any of these parameters.  This 
is due to the fact, tha t  no clear distinction between nucleophilic and 
electrophilic contrib,utions to solute--solvent  interactions has been made 
in determining solvent parameters.  A more close consideration shows 
tha t  solvent parameters  such as Z-values or ET-values neither represent 
a general measure of the polari ty nor of the ionizing properties of the 
solvents sa. The frequent use of the terms "solvent polar i ty" and "ion- 
izing power" as synonymous expressions 29 is particularly unfortunate 
and misleading. As has been shown in a number of previous review 
articles1-5, 21 (compare also Table2)  no general relationship exists 
between solvent polari ty (that is the dipolar character of the solvent 
molecules--or more precisely, the distribution and polarizability of the 
charges) and ionizing properties (that is the ability of the solvent to 
heterolyse covalent bonds). The ionizing properties of the solvents 
primarily depend on their coordination chemical properties, i.e. their 
nueleophilic and (or) electrophilic properties. The ionizing properties of 
a given solvent towards a given substrate to be heterolysed may  vary  
considerably with its actual function displayed: it may  function as an 
electron pair donor or as an electron pair acceptor or it may  exercise 
both functions at  the same t ime 1-5, 21. I t  is therefore apparent,  tha t  a 
successful and general application of empirical solvent parameters is only 
possible if a suitable model substrate (such as Et3PO) is chosen, which 
is indicative for a specific solvent function. 

* A comprehensive survey on empirical solvent parameters has been 
given by Reichardt 24. 
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4.2.9. Z-, ET- and E-Values 

Kosower 25 proposed the so-called Z-value as a measure of :'solvent 
polarity" which represents the energy of the charge transfer band of 
the 1-ethyl-4-carbomethoxypyridinium iodide ion pair [III]: 

O-CH 3 O-CH 3 
I I 
C=O C=O 

I I 
C2H 5 C2H5 

[m] [Iv] 

As has been supposed from the structure of the ion-pair ~a, the Z- 
values show a definite relationship to the eleetrophilie properties of the 
solvents (Fig. 1). Interaction of the ground state [III] 'with the solvent 
occurs primarily by eleetrophilic attack at the iodide ion, the cation 
being eoordinatively saturated. As a consequence of electron transfer 
to the pyridinium system coordination chemical and electrostatic inter- 
actions necessarily play only a minor role for the stabilization of the 
excited state [IV]. Fig. 1 reveals the existence of an approximately 
linear relationship between aceeptor numbers and Z-values for solvents 
with dielectric constants above 10. For solvents with lower dielectric 
constants the Z-values generally exhibit negative deviations indicating 
that  dielectric polarization effects become important  owing to the 
highly polar character of the ground state complex. In this way the 
low Z-value of acetic acid as compared to water may be explained: 
H20 : z = 78,5, A N  = 54,8. CHaCOOH : z = 6,2, A N  = 52,9. 

Similar relationships are found if the ET-values are plotted versus 
the aeceptor numbers (Fig. 2). The former represent the energy of the 
lowest electronic transition of the pyridinium-N-phenol betaine [V]. 
Although [V] is a neutral compound with a large 7c-electron system 

| 

its behaviour is expected to be very similar to that  of the pyridinium 
iodide [III]. Solvent attack again occurs eleetrophilically at the highly 
basic oxygen atom which is sterieally fairly well accessible while the 
nitrogen is again coordinatively saturated. 
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A close relationship also exists between the acceptor numbers and 
the so-called "Y"-values  of Win.stein und Grunwald 27. The "Y"-va lues  
are defined by equation (2) 

Y -- log #so [2] 

where ]cs and/c s~ denote the first order rate constants for the solvolysis 
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R, elationship between Acceptor ~gumbers and Winstein---Grunwalds 
Y-values 

of t-butyl chlorid~ in a solvent S and the standard solvent S O 
(EtOH : H20 --~ 4 : 1 by volume). A complex [VIi 

RaC$ ~- Xe  
[VI] 

with a highly polar C - - X  bond may  be considered for the transition 
state. Since the ter t iary carbon a tom is usually strongly shielded towards 
solvent attack, stabilization of the transition state will essentially depend 
on the interaction with the halide ion, i.e. on the electrophilic properties 
of the solvent. A plot of :Y-values versus acceptor numbers (Fig. 3) 
shows, tha t  the former are in fact increasing with increasing AN-values. 
Two significant deviations arc observed: similar to fig. i, the rate in 
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acetic acid (s = 6.2) is much slower than expected, while the reaction 
is strongly accelerated in formamide (s ---- 109.5). In view of the rela- 
tively high donor strength of the latter (DN ~ 23, estimated) and the 
favourable size of the molecule, this phenomenon probably partly 
results from an additional stabilization of the transition state by simul- 
taneous nucleophilic attack at the carbon atom (pushpull mechanism). 
The possible occurance of such a mechanism in the solvolysis of ter t iary 
alkyl halides has already been pointed out by Ross and Labes 36. The use 
of "Y"-values for practical purposes is rather limited since (with the 
exception of DMF) reliable values are available so far only for a few 
hydrogen bonding solvents and several mixtures thereof 37. Attempts to 
correlate various other empirical solvent parameters such as ~-, F-, 
~-values, etc. (see footnote on page 1246) with acceptor or donor numbers, 
were usually unsuccessfull. Obviously, most of these parameters reflect 
the variable influence of different solvent properties on the processes 
investigated. 

4.3. Relationship between Acceptor Numbers, Thermodynamic Solvation 
Quantities and Solvent Dependent Processes 

In view of thermodynamic calculations, relationships between 
empirical solvent parameters and thermodynamic solvation quantities 
are particularly interesting. Free energies of solvation of various halide 
ions have been determined, mainly by Parker et al. s, 9, and have been 
successfully used (together with the solvent donicities) for the precal- 
culation of thermodynamic and kinetic data of various equilibria 5, as 
Fig. 4 shows that  a functional relationship exists between acceptor 
numbers and the free energies of solvation of the chloride ion. This 
offers an opportunity for the convenient and rapid estimation of free 
energies of solvation which are rather difficult to determine by experi- 
ment. A similar although less rigorous correlation exists (Fig. 5) between 
acceptor numbers and the half wave potentials for the polarographic 
reduction of hexacyanoferrate(III) to hexacyanoferrate(II), which 
represent an alternative measure of the eleetrophilic properties of 
solvents 10. In  Figs. 4 and 5 a/ree energy quanti ty is related to chemical 
shift data which most closely reflect the enthalpy of interaction between 
EtaPO and the solvent molecules. Deviations observed may therefore 
be due to variable entropy contributions. 

By applying acceptor numbers predictions may be made on the 
courses of many reactions which are predominantly influenced by the 
electrophilic properties of the solvents. The relationship which exists 
between acceptor numbers and rates of solvolysis of tert iary alkyl 
halides has already been mentioned in the preceding section. In Fig. 6 



A Quantitative Empirical Parameter 1251 

o 

-5 o 

A 
2 

0 
I 

L~-2 

-4 

-6 

-8  

~ 0 / 0 1 2  

10 20 30 40 50 60 
Acceptor Number (AN) 

Fig. 4. Relationship between Aeeeptor Numbers and free energies of solvation 
of the chloride ion referred to the solvent acetonitrile. Data A gsv(C1-) from ref. a 

1.5 

1,2 

IJJ 
0,9 

0,6 

03 

0,0 

-0,3 

- 06 

t8 0 0 2 / z 2 3 /  

7zO / 

11 

10 20 30 40 50 60 

Acceptor Number (AN) 
Fig. 5. Relationship between Aeeeptor Numbers and half wave potentials 
for the reduction of [BuaN]a[Fe(ON)6] in O,1M-BuaNClO4-solution [referred 

to bisdiphenylcl~'omium(I)iodide]. Data  E�89 from ref. 10 

Monatshcfte fiir Chemic, :Bd. 106[6 80 



1252 U.  Maye r  et  al. : 

1,0 

~ 

-1,0 

-2,0 

-3,0 

I0 

10 20 30 40 50 60 
Acceptor. Number (AN) 

Fig. 6. Relat ionship between Acceptor Numbers and logarithms of the 
second  o rde r  r a t e  c o n s t a n t s  for t he  r eac t i on  of  C t t s I  w i t h  r ad ioac t ive  iodide 

ions.  K ine t i c  d a t a  f rom ref. 89 

20 

u 
v 

15 

10 

28 

/ yo 5 

10 20 30 40 50 60 
Acceptor Number {AN) 

Fig.  7. R e l a t i o n s h i p  b e t w e e n  Accep to r  N u m b e r s  a n d  A r r h e n i u s  a c t i v a t i o n  
energies  for t h e  r eac t i on  of n - b u t y l b r o m i d e  w i t h  azide  ions. K ine t i c  d a t a  

f r o m  ref. 40. So l ven t  No.  35 : e thy leneg lyco l  c a r b o n a t e  



A Quantitative Empirical Parameter 1253 

acceptor numbers have been correlated with the logarithms of the second 
order rate constants for the reaction of methyl iodide with labelled iodide 
ions 39 : 

CHaI ~- *I- -> CH3I* + I-. 

Tabelle 3. Transition Energy /or the u--r:* Transition o/ Mesityl Oxide 
in Various Solvents 

Solvent A E [kcal/mole] 

isooetano 123.98 
A N  122.23 
DCE 121.30 
isopropyl alcohol 121.04 
EtOH 120.94 
CH3OI-]: 120.73 
H20 117.85 

Table 4. Transition Energies A E ]or Visible Absorption Bands o/ [IrBr6] 2- 
in Various Solvents 

A E [kcal/mole] 
Solvent band I I I  band IVb 

pyridine 47.02 52.56 
acetone 47.10 52.65 
DUE 47.33 53.24 
CHC13 47.49 53.54 
_Nl~r 47.81 53.64 
CH301-1 47.97 54.56 
/-IzO 49.04 56.17 

Since the donor strength of the iodide ion in the transition state complex 
[VIII is lower than that  of the free ion, 

I 
*Ie __> C--I  

/ \  
[VIII 

the starting products are increasingly stabilized (as compared to the 
transition state) with increasing "accepticity" of the solvent. As a 
consequence the reaction rates decrease with increasing accepter number. 

An excellent correlation was also found between accepter numbers 
and the Arrhenius  activation energies for the reaction of n-butyl bromide 
with azide ions (Fig. 7)which also proceeds via art S~2 mechanism a~ 
Rough correlations exist also between accepter numbers and various 

80" 
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spectroscopic quantities such as the ~ - - ~ *  transition energy of mesityl 
oxide 29 (Table 3) or the transition energies of the visible absorption 
bands of the hexabromoiridate(IV) anion 41 (Table 4). 

Particularly noteworthy is the relationship which exists between 
aceeptor numbers and the ~3C chemical shifts in the ~C=O-group  of 
acetone determined by  Maciel  and Natterstad 4~ in various solvents. The 
general trend (Fig. 8) is a shift of the 13C resonance signals to lower field 

E4 

- 4  

- 8  

! 2 

o o - ~  o 
20 24 ~ 2 7  

037 

Fig. 8. 

0 10 20 30 h0 50 60 

Acceptor Number (AN) 

l~elationship between Acceptor l~umbers and 13C=O chemical 
shifts of acetone. 13C chemical shifts from ref. 42 

with increasing acceptor number, indicating an increasing polarization 
of the C = O  double bond. The sensitivity to solvent change is much 
lower than  is found for Et3PO; irregularities ~re presumably due to the 
fact, tha t  the sp ~ hybridized carbon atom is less shielded towards contact 
interactions than  is the phosphorus a tom in Et3PO. 

5. S u m m a r y  a n d  C o n c l u s i o n  

Based on the 31p chemical shifts of triethylphosphine oxide measured 
in solution, a new quanti ty has been defined, the so-called acceptor 
number (AN) which represents a quanti tat ive and sensitive measure for 
the eleetrophilie properties of solvents. Owing to the  unique solubility 
properties of Et3PO, acceptor numbers are available for all types of 
coordinating and noncoordinating solvents. The ~vaiIabili~y of acceptor 
numbers in addit ion to the previously defined d0noi" number 1, ~ now 
allows a separate characterization of'~he eteetr0philic ~nd nueleophilic 
properties: resp. of the solvents. As has been shown for a few selected 
reactions 5, it seems possible to evaluate semiquanti tat ively or even 
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quantitatively the solvent influence on the thermodynamics and kinetics 
of many reactions. 

Solvent dependent processes which are primarily influenced by the 
eleetrophilie properties of solvents, such as substitution reactions of 
primary alkyI halides, have been correlated with the accepter numbers. 

The approximate relationships found between accepter numbers and 
various empirical solvent parameters, namely the Z-values of Kosower, 
the ET-values of Dimroth--Reichardt and the Y-values of Win- 
stein--Grunwald provide an understanding of the physical-chemical 
significance of these parameters. Apparently Z-, E~,- and Y-values 
most closely (but not exclusively) represent a measure of the electrophilic 
properties of the solvents and therefore necessarily fail when applied 
to reactions which are influenced or mainly controlled by the nucleophilic 
properties of the solvents. 

Close relationships have been found to exist between accepter 
numbers and thermodynamic quantities such as the free energies of 
solvation of halide ions s , ,  or the redox potentials of the hexacyanofer- 
ra te(I I I )~hexacyanoferra te(II )  system 1o. Such relationships are impor- 
tant  for estimating thermodynamic quantities (needed for thermodyna- 
mic calculations) by simple n.m.r, measurements. 

The results of this study suggest tha t  accepter numbers are partic- 
ularly useful in characterizing the acidities of hydrogen bonding solvents 
and protonic acids which otherwise may be difficult to obtain. 

Several years ago it was discovered that  many standard organic 
reactions proceed much faster in dipolar aprotic than in conventional 
hydroxylic solvents or solvent mixtures ~3-46. I t  is obvious that  this 
phenomenon is due to the high reactivity of the bases involved in these 
reactions in solvents of low accepter numbers. Accepter numbers are 
therefore particularly important for the organic chemist, since they 
provide a quantitative measure of the reactivity of bases such as halide 
ions, alkoxides or carbanions in a given solvent. The consideration of 
both donor and accepter numbers provides a guide in choosing the 
most appropriate solvent for a special synthetic problem. 

Work is in progress to determine accepter numbers for aqueous--non- 
aqueous and nonaqueous--nonaqueous solvent mixtures. This data 
will hopefully give a better insight into preferential solvation pheno- 
mena and will be particularly interesting for the interpretation of 
kinetic results available in mixed solvents. Apart from that  we intend to 
test the use of anionic bases such as the fluoride ion or the phosphate 
ion as alternative probes for the electrophilic properties of solvents. 

Support of this work by the "Fends zur FSrderung der wissenschaft- 
lichen Forschung" through project Nr. 2277 is gratefully acknowledged. 
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