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Abstract: The conductances of lithium picrate have been measured at 25 0C as a function of salt concentration in tetrahydrofu
ran (THF) with and without small amounts (up to 0.01 M) of added hexamethylphosphoric triamide (HMPA), dimethyl sulf
oxide (Me2SO), and dimethylformamidc (DMF). The conductances of sodium picrate and of tri-/i-butylammonium picrate 
have been measured as a function of salt concentration in pure THF and in the presence of added HMPA. Values of ion pair 
dissociation constants, KD, for each of the salt-ligand systems have been derived from these data using estimated values of the 
limiting equivalent conductances, A0. The values of Kn increase linearly (except for NaPi-HMPA) with increasing addend 
concentration. These increases are interpreted as being due to cation-ligand complex formation. The equilibrium constants, 
K]+. for cation-ligand complex formation have been calculated and are found to be 17 000 M -1 for HMPA with Li+, 140 M - 1 

for Me2SO with Li+, 50 M"1 for DMF with Li+, 430 M"1 for HMPA with Na+, and 880 M-'J'or HMPA with Bu3NH + . In 
conjunction with other results in the literature, it is shown that the exchanges of one ligand for another on these cations are in
dependent of the surrounding solvent to a good first approximation. A strong correlation is found between the standard free 
energies of exchange of one ligand for another on a cation and the standard free energy of transfer of that cation from one li
gand as solvent to the other ligand as solvent. 

An important goal in electrolyte solution chemistry is the 
determination of those factors which to a large extent govern 
the thermodynamics of transfer of an electrolyte from one 
solvent to another. The formation of complexes of alkali metal 
cations with polar molecules in solution can serve as a model 
for one portion of the overall process of transfer of the alkali 
metal from one polar solvent to another.1"5 The present study 
is an extension of earlier work in THF solvent3 and in 2-bu-
tanone solvent.5 

We report here the results of a study of the effects of added 
hexamethylphosphoric triamide (HMPA), dimethyl sulfoxide 
(IVTe2SO), and dimethylformarnide (DMF) on the electrical 
conductivities of dilute solutions (~10~4 M) of lithium picrate 
(LiPi) in THF, of added HMPA on the conductances of so
lutions of sodium picrate (NaPi) in THF, and of added HMPA 
on the conductances of tri-n-butylammonium picrate 
(Bu3NHPi) in THF, all at 25 °C. These salts are extensively 
associated to form ion pairs in this solvent due to its relatively 
low dielectric constant, D = 7.39 at 25 °C.6 The ion pairs are 
in equilibrium with small concentrations of the free ions 

M+,X" M + + X - A-D = A A - (D 
where AA is the ion pair association constant. The increases 
in conductances of these salt solutions that are observed in 
THF upon the addition of the ligands above are interpreted3'5 

as being due to an increase in total ion concentration as a result 
of mass action involving the formation of the cation-ligand 
complex, M+ ,L. 

M+ + L ^ M + , L A 1
+ = [M+,L]/[M+][L] (2) 

There is, of course, a change in ion mobility upon formation 
of the complex, but it will be seen that here the mass-action 
effect is the predominant one. 

Experimental Section 

THF (Fisher Scientific Co., certified) was first refluxed for 0.5 h 
over copper(l) chloride to reduce peroxides and then distilled under 
nitrogen on a 2 X 30 cm column packed with glass helices. The dis
tillate (bp 65.6 0C) was collected in a flask containing sodium ribbon 
and benzophenone and then was refluxed until the deep blue color 
characteristic of the sodium ketyl appeared. The THF was then dis
tilled under nitrogen on a 4 X 40 cm column packed with glass helices; 
a middle fraction (bp 65.8-66.0 0C) was taken and immediately used 

in the conductance experiments. The specific conductance of the 
solvent ranged from 1 to 3 X 1O-10 Q - 1 cm-1. 

Lithium picrate, sodium picrate, tri-ft-butylammonium picrate, 
HMPA, and Me2SO were prepared and purified as already reported.5 

DMF (J. T. Baker Chemical Co., GC-spectropholometric grade) was 
stored over Type 4A molecular sieve overnight and distilled on a 2 X 
1 5 cm Vigreux column (bp 53 °C, 17 mmHg). 

Solution preparation has already been described,5 as have been the 
conductance bridge, cells, and oil-filled thermostat. Conductance 
measurements were carried out at 1 kHz at a temperature of 25.00 
± 0.005 0C. 

Physical properties of THF at 25 0C have been reported:6 density, 
0.880 g mL -1: viscosity, 0.460 cP: dielectric constant, D = 7.39. 

Results 

The molar conductances A {9.~] cm2 mol - 1) as a function 
of salt concentration C (mol L - ' ) of LiPi, NaPi, and Bu3NHPi 
in pure THF and in the various solutions of ligands in THF, 
all at 25 0 C, are listed in supplementary Table III of the mi
crofilm edition of this journal. The experimental uncertainty 
in the salt concentrations is ±0.1% and in the molar conduc
tances ±0.1%. The concentrations of ligands are listed in 
millimolarity units. 

Values of the limiting molar conductances, A0, had been 
estimated earlier3 to be 100 molar conductance units. It is clear 
that all of these salts are highly associated to ion pairs at the 
concentrations used here. The Shedlovsky conductance 
equation, which is applicable when association is large,7 is 

1/AS = 1/A° + SAC> ±
2 / (A°) 2 A 0 (3) 

where 5 is the Shedlovsky function,7a y± is the mean ionic 
activity coefficient, taken to be given by a form of the 
Debye-Huckel limiting law.7 The systems studied here are all 
too highly associated to allow reliable extrapolation of the 
Shedlovsky equation to infinite dilution to obtain independent 
values of A0. In order to obtain values of KD from the slopes 
of plots of (1 /AS) vs. SACy± 2, we have estimated new values 
of A0 using more recent conductance data than that used 
earlier.3 Using the values of A0 90 for LiBPh4,8 86 for 
NaBPh4,8 103 for KPi,9 and 86 for KBPh4,10 we estimate that 
A0 in THF at 25 0 C is 107 for LiPi and 103 ft"1 cm2 mol"1 for 
NaPi. These are the values used to calculate the ion pair dis
sociation constants for LiPi and NaPi listed in Table I. There 
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Table I. Conductance Parameters and Cation-Ligand Association 
Constants in TH F at 25 °C 

ligand concn, mM A0" !O 8 /^ 6 K1
 + c 

LiPi 
none 
0.99 HMPA 
4.47 
6.86 
9.65 
2.40 Me.SO 
7.34 
9.30 
2.80 DMF 
5.1 I 
7.70 
9.92 

none 
1.39 HMPA 
4.69 
6.58 
9.47 

107 
100 
99.2 
99.0 
99.0 

107 
107 
107 
107 
107 
107 
107 

NaPi 
106 
104 
102.6 
102.2 
101.9 

1.00 
17.6 
79.8 

124 
178 

1.37 
2.43 
2.82 
1.16 
1.30 
1.48 
1.63 

1.05 
1.78 
4.13 
6.02 
9.27 

Bu3NHPi 
none 97.5 4.60 
2.10 HMPA 97.5 13.1 880 
4.66 97.5 23.8 
7.09 97.5 34.1 
9.49 97_5 442 

" Molar conductance units. Estimated as described in text. * In M - 1 

units. Estimated uncertainty in the absolute values of Ko is ± 10%. 
' In M - 1 units. Estimated uncertainty is ±10%. 

are no data available to make a similar calculation of A0 for 
Bu3NHPi, so that we assumed Walden's product, A0T?, where 
?7 is the solvent viscosity, to be the same in THF as in 2-buta
none;5 A0 is thus estimated to be 106 S7_1 cm2 mol - 1 . This 
value was used to obtain the ion pair dissociation constant listed 
in Table I for this salt. 

When a Lewis base forms a complex with a cation in solution 
in which the salt is principally in the form of ion pairs, there 
are two effects contributing to changes in the overall conduc
tance; the ion mobility of the salt changes as a result of the 
formation of the cation-ligand complex, and the conductance 
increases as a result of mass action leading to an increase in 
total ion concentration, eq 2 plus the reverse of eq 1. In a Ii-
gand-TH F solvent mixture of ligand concentration [L], both 
the apparent ion pair dissociation constant and the limiting 
equivalent conductance of a salt are changed. If a 1:1 cation-
ligand complex is the only ligand complex formed, it has been 
shown11 that the ion pair dissociation constant is given by 

A 0 = AD°(1 + K i + [L]) (4) 

where A-D0 is the ion pair dissociation constant in the absence 
of ligand, while the apparent limiting equivalent conductance, 
A.,0, is given by 

Aa° = (A0
0 + A,°tf , + [L])/( l + Ki + [L]) (5) 

where A0
0 is the limiting equivalent conductance in the absence 

of ligand and A|° is the corresponding value for the salt con
sisting of cation-ligand complex plus anion. The formation of 
cation-ligand complexes has been found to change the value 
of A0 by as much as 15-20%.5-'' 

The conductances of the salts in the presence of ligands were 
still too small to allow the use of eq 3 to extrapolate the con
ductance data to infinite dilution to obtain independent values 
of Aa° and A'D. Having values OfA1

0 in hand for several of the 
salt-ligand systems in 2-butanone,5 values of A|° in THF were 
estimated by assuming that Walden's product is a constant. 

Table II. Complex Formation Constants for Li+ and Na+ in 
Several Solvents at 25 0C" 

K]+ in solvent 
ligand PC AN17 MER7 TTTF 

H2O 5.4(1.2)* 4(2.6)*- 60« 
8.(1.8)'- 16(2.5)'' 

DMF 16(2.5) 50* 
DMA 24.5(3.7)' 65(5.3) (37)' 
Me2SO (5.5)' 49(6.0) 12 140* 
TPPO 250(18) 3500(25O)* 
HMPA 2100(29) 1500(37) 17.000(430)* 

" Values of Ki+ un M -1. Values in parentheses are for Na+; the 
others are for Li+. * Reference 1. Converted from molality to molarity 
scale. '' Reference 16. d Reference 17, unless otherwise noted. e Re
ference 18. ) Reference 5. £ Reference 19. * This work. ' Reference 
2b. J Reference 20. k Reference 3a. 

The following iterative procedure was carried out to estimate 
A11

0 and thus obtain values of A'D for the salts at each ligand 
concentration: an initial estimate of KQ was made by assuming 
that Aa° was the same value as A0

0. These values of AD were 
used to construct a graph of R (= A D / A D ° ) vs. [L], eq 4. The 
slopes of these plots yielded a first estimate of A j + for each 
ligand. These values of A i+ were then used in eq 5 to estimate 
values of A.,0 at each ligand concentration. These values of Aa° 
were then used at the beginning of a new cycle of calculations 
to obtain better values of AD from the conductance data using 
eq 3. The process was continued at each ligand concentration 
until the last value of AD calculated agreed with the previous 
value within 1%. The values of A1,

0, AD, and K\+ so obtained 
are listed in Table I. 

The final plot of R vs. [L] for NaPi with added HMPA was 
the only one of the systems studied here to show curvature, 
curving up as [L] increased. This is indicative that a 1:2 cat
ion-ligand complex may be forming in addition to the 1:1 
complex: 

M L + - I - L ^ M L 2
+ K2

+= [ML 2
+ V[ML + ] [L] (6) 

R = KD/KD° = 1 + A1
 + [L] + A 1

+ K 2
+ [ L ] 2 

with the result that a plot of {R - \ ) /[L] vs. [L] should give 
K1

+ as the intercept as [L] goes to zero. The value of A"| + 

shown in Table 11 for HMPA with Na + was obtained in this 
manner. We have not attempted to extract values of AS+ from 
the slopes of such plots, preferring to focus on what we believe 
to be the more reliable values of Ai + . 

Discussion 

The extent of ion-pair dissociation as measured by the 
magnitude of AD is 5% larger for sodium picrate than for 
lithium picrate (Table II) and has been found to be greater by 
a factor of 9 for potassium picrate.9 These variations are to be 
contrasted with the more ordered increases in A"D found for the 
alkali metal dinitrophenolates3" where AD is four times greater 
for sodium than for lithium, 16 times greater for potassium 
than sodium, and twice as great for rubidium as for the po
tassium salt. Smid and co-workers6 had found that for the te-
traphenylborate salts A"D was 7% greater for the sodium salt 
than for the lithium salt but the value for potassium was 60% 
smaller than AD for the sodium salt. The balance between 
cation-anion interaction and ion-solvent interaction is a 
complex function of the cation radius and the nature of the 
anion. 

The values of A i + for the ligands HMPA, triphenylphos-
phine oxide (TPPO),3a and Me2SO decrease in that order in 
complexation with lithium cation in THF. We have found this 
same order of ligand complex forming strength with lithium 
cation in 2-butanone solvent' and with tri-«-butylammonium 



4098 Journal of the American Chemical Society / 101:15 / July 18, 1979 

Kigure 1. Free energy of transfer (kcal mol-1) of Li+ (closed circles) and 
Na+ (open circles) from water to other solvents at 25 0C vs. the reciprocal 
of the solvent dielectric constant D. The slopes of the straight lines were 
calculated using the Born equation and ionic crystal radii for Li+ (solid 
line) and Na+ (dashed line). 

cation in o-dichlorobenzene solvent.12 The value of A"] + for 
HMPA is greater than for TPPO in complexation with both 
sodium cation and tri-«-butylammonium ion in both THF (this 
work) and in 2-butanone solvents 

Figure 1 shows the shotgun pattern frequently obtained2" 
when one plots the free energy of transfer at 25 °C, AG°lr 

M+ (in H2O) — M+ (in solvent L) (7) 

vs. the reciprocal of the dielectric constant, \/D. Included here 
are values for lithium cation (filled circles) and sodium cation 
(open circles) being transferred to the solvents DMF, DMA, 
Me2SO, and PC.1-1 It is clear that these results do not follow 
the Born equation'5 for the free energy of transfer of 1 mol of 
ions of charge ze and radius R from a fluid of dielectric con
stant Di to a fluid of dielectric constant Dy. 

AG°Bom = (Nz2e2/2R)(l/D2 - 1/Z)1) (8) 

A coordination model has been applied1-2 to the transfer of 
cation M+ from solvent A to solvent B. 

M+,A„ + n B ^ M+,B„ + nA (9) 

In this model, the bulk solvent beyond the first coordination 
shell is presumed to have no influence on AG°tr, the entire 
free-energy change being attributed to the difference in the free 
energy of interaction of the central cation with the n solvent 
molecules surrounding the cation in the first coordination 
sphere. Clune, Waghorne, and Cox, using a coordination 
number of 4, have shown that AG° for the exchange of com-
plexing ligands is the same within experimental error as AG°lr 
from solvent A to solvent B for the systems Li+ (PC to DMA 
solvent), Na+ (PC to DMA solvent), and Na+ (PC to Me2SO 
solvent).2b Grunwald et al.1 have used this model to compare 
the AG°,r of Li+ and Na+ from H2O to PC with the values of 
AG0CX for the reaction 

M+,PC + H2O — M+,H20 + PC (10) 

in which one molecule of H2O displaces one specifically sol-
vating molecule of PC from the cations Li+ and Na+ in PC 
solvent. Their results indicated that between two and three 
molecules of solvent are exchanged in the transfer process. 

We wish to establish the reaction 

M+,L, + L 2 ^ M + , L 2 + L, (H ) 

wherein one molecule of L2 displaces one molecule of L| from 
the cation M+ as a model for one part of the overall process of 
transfer of the ion M+ from the solvent L; to the solvent L2. 
To be useful for this purpose, the equilibrium constants Kex for 

reaction 11 should be independent of the solvent; that is, the 
values of Acx should depend primarily on the relative affinity 
of M+ for the two ligands with changes in specific interactions 
between the four species in eq 11 and the solvent being of minor 
importance.-^ To examine this factor, values of cation-ligand 
formation constants for both Li+ and Na+ with a number of 
ligands at 25 °C in the solvents propylene carbonate (PC), 
acetonitrile (AN), 2-butanone (MEK), and THF have been 
gathered from several sources and appear in Table II. 

The values of K1
+ in Table II, together with the present and 

earlier12 values for Bu3NH+ with THF, TPPO, and HMPA, 
have been used to calculate values of Kcx for a number of li
gands with the cations Bu3NH+, Na+, and Li+ in several 
solvents at 25 0C. A listing of these values follows. 

Bu3NH+. For the displacement of THF by TPPO, Kcx is 
2950 in o-dichlorobenzene (DCB) and 2800 in THF; TPPO 
by HMPA, Kn is 3.9 in MEK, 6.1 in DCB, and 3.8 in 
THF. 

Na+. For the displacement of DMA by HMPA, A"cx is 5.5 
in AN and 12 in THF; TPPO by HMPA, Kcx is 2.1 in MEK 
and 1.7 in TH F; DM A by Me2SO, Kcx is 1.5 in PC and 1.1 in 
AN; H7O by DMA, Kex is 3.1 in PC,1 2.1 in PC,16 2.0in AN,18 

and 2.1 in AN.16 

Li+. For the displacement of MeiSO by HMPA, Kcx is 43 
in AN, 125 in MEK, and 121 in THF; TPPO by HMPA, Kcx 
is 6.0 in AN and 4.9 in THF; H,0 by DMF, Kcx is 4.0 in AN,18 

1.0 in AN,16 and 0.83 in THF; H,0 by DMA, Acx is 4.5 in 
PC,1 3.1 in PC,16 16.0 in AN.18 and 4.1 in AN;16 H.O by 
Me2SO, A"cx is 12.0 in AN,18 3.1 in AN,16 2.3 in THF, and 0.4 
in Me2SO.12 

To contrast the relative effects of solvent on A"i+ and on Acx, 
note that, for Bu3NH+ with HMPA as ligand, K1

+ is 220 M"1 

in MEK5 and 2.2 X 106 in DCB,12 and falls to 880 M"1 in 
THF solvent, while, for the displacement of TPPO by HMPA 
on Bu3NH+, K0x is almost the same in THF as in MEK and 
only 56% larger in DCB than in MEK. The values of Kcx listed 
above for a given pair of ligands display remarkably small 
changes from solvent to solvent considering the changes in the 
separate values of Ai + . The agreement between results ob
tained in different laboratories for the same solvent is in most 
cases satisfactory except for that involving Li+ with H2O as 
ligand in AN reported by Chantooni and Kolthoff;18 values 
of K0X. calculated using their value of AT,+ are clearly out of line 
with the other values of Kn in AN, PC, and THF solvent. We 
shall use the value OfK1

+ for H2O with Li+ in AN reported 
by Benoit'6 in the discussion that follows. 

Several general features emerge from an inspection of the 
values ofA"ex listed above; for a given set M+, Li, and L2, the 
values of A"cx in THF are very close to the values found in PC 
and MEK solvents, the values in DCB are slightly higher in the 
two instances available, while the values in AN tend to be lower 
by as much as V2 to V3. Variation of ligand activity is evident 
in the displacement of H2O by Me2SO in Me2SO solvent.21 

If we exclude this last result, the displacement of H2O by 
Me2SO from Li+ in Me2SO solvent, the changes in A"cx with 
solvent are small enough in the solvents utilized here for us to 
conclude that reaction 11 is, to a good first approximation, 
independent of solvent. 

We now wish to compare the free energy of transfer, AG°tr> 
for the transfer of Li+ (and Na+) from H2O to a series of polar 
aprotic solvents, with the free energy of displacement of H2O 
by the solvent as ligand from the cation, AG°ex (= — RT In 
A"ex). The solvents PC and AN can be added to the list of li
gands displacing H2O from Li+ and Na+ using a procedure 
to calculate A"cx and thus AG°ex similar to that outlined for 
Me2SO.21 On Li+, for the displacement of H2O by PC, A:cx is 
0.0161 and 0.011 ;16 for the displacement of H2O by AN, A:cx 
is 0.0033.16 On Na+, for the displacement of H2O by PC, A"cx 
is 0.071' and 0.047;16 for the displacement of H2O by AN, A x̂ 
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Figure 2. Free energy of transfer from water to other solvents for Li+ (filled 
circles) and Na+ (open circles) vs. free energy of exchange of a water 
molecule for a molecule of the other solvent at 25 °C in solution. Units are 
kcal mol-1 for both free energy changes. Solid line, least-squares fit for 
Li+; dashed line, least-squares fit for Na+ . 

is 0.021'" and 0.020.18 Values13 of AG°tr for the transfer of 
Li+ from H2O to DMA, Me2SO, DMF, and PC are plotted 
vs. values of AG°CX in Figure 2. The sizes of the circles for each 
cation-solvent system indicate the range in experimental values 
of AG°CX. The least-squares line drawn through the points for 
Li+ has a slope of 2.66 and a correlation coefficient of 0.97; 
that drawn through the points for Na+ has a slope of 2.34 and 
a correlation coefficient of 0.95. 

The correlations found between AG°tr and AG°ex for Li+ 

and for Na+ are high, indicating that AG°ex is a good measure 
of the relative magnitudes of the energy changes that occur 
when an alkali metal ion is transferred from one solvent to 
another. These correlations are very similar to that found by 
Grunwald and co-workers1 for the transfer of ions from water 
to PC. Applying the coordination model of ionic solvation2 (eq 
9) to these systems, we would expect the slopes of the A6°, r 
vs. AG°CX lines to correspond to the number of solvent mole
cules bound to the ions in the first coordination sphere, eq 9, 
provided that the energetics for the formation of the second 
and subsequent bonds between M+ and A (or B) are not too 
different from the energetics for the formation of the first bond. 
The slopes obtained here thus indicate that between two and 
three molecules of solvent are exchanged in the transfer of Li+ 

and Na+ from one solvent to another. Similar values were 
obtained by Grunwald et al.1 Clune, Waghorne, and Cox, using 
a coordination number of 4, have shown that AG0 for the ex
change of complexing ligands, eq 11, is the same within ex
perimental error as AG°lr from solvent A to solvent B for the 
systems Li+ (PC to DMA solvent), Na+ (PC to DMA solvent), 
and Na+ (PC to Me2SO solvent).25 We take the fact that the 
slopes we find here in the AG°tr vs. AG°ex plots yield n values 
less than 4 to mean that the values of Kex, eq 8, deviate to some 
extent from the simple statistical relationship to the overall 
equilibrium constant for reaction 9 that one would expect if 
only electrostatic interactions were involved between ligands 
and cation. 

Popov has found the 23Na NMR chemical shift, ACT, of so-
di um tetraphenylborate in solution to vary with solvent in a 
manner suggesting that the shifts depend on ion-solvent in
teraction.22 Comparisons with the 23Na chemical shift show 
that both AG°,r and AG°ex increase as Aa increases but there 
is a large amount of scatter (correlation coefficeint of 0.86 for 
AG°ex with Ac). It is possible that factors other than the en
ergetics of ion-solvent interaction are involved in the chemical 
shift results. Gutmann has shown that his donor numbers, DN, 
are related to a number of measures of ion-solvent interac-

Figure i. Free energy of transfer of Na+ from water at 25 0C to other 
solvents vs. the Gutmann donor number, DN. for the solvents. The least-
squares straight line has a correlation coefficient of 0.94. The curve does 
not indicate a fundamental relation, but is a freehand drawing. 

tions.23 We find a strong but nonlinear correlation between 
AG°trand DN, Figure 3, a type of behavior previously noted23 

between free-energy changes and donor numbers. 

Conclusions 

It is shown that the ligand exchange equilibrium constants, 
eq 11, are dependent principally on the nature of the cation and 
the two ligands involved and only to a small extent on the na
ture of the surrounding solvent. Using this result, it has been 
shown that there is a strong linear correlation between the free 
energy of ligand exchange and the free energy of transfer of 
an alkali metal ion from one ligand as solvent to another. A 
further study of a wider range of ligand exchange equilibria 
may furnish some greater insight into the relationship between 
molecular structure and solvating ability. 
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Abstract: Tricarbonyl(cross-conjugated dienyl)iron cations have been generated from precursor alcohols in strong acid solu
tions and studied by NMR spectroscopy in the temperature range 0 to -50 0C. The 4-a«n'-methyl cation (11) coordinates re-
versibly, but slowly, with fluorosulfonate ion to give the adduct 12. Broadening of 1H and '3C NMR signals in the region -40 
to - 9 0C demonstrates rotation about the C2-C3 bond of 11. The observations exclude 12 as an intermediate in the rotation 
process. Relief of steric strain associated with the 4-anr/-methyI enhances the driving force for FSO3 coordination and lowers 
the barrier for C2-C3 rotation. The 4-yn-methyl cation (15) does not give a fluorosulfonate adduct and fails to exhibit NMR 
signal broadening caused by C2-C3 rotation at temperatures below 0 0C. Neither cation coordinates with carbon monoxide. 
Lack of evidence of coordinative unsaturation and the substantial barrier to C2-C3 rotation rule out the r)3-allyl type structure 
predicted by the simplest, (one interaction) frontier orbital model. 

Introduction 

A simple frontier orbital model which treats bonding in 
terms of dominant frontier orbital interactions enjoys con
siderable success when used to predict structures of metal ir 
complexes of ligands which offer several nonequivalent coor
dination sites.' The title cations were conceived to make a se
vere test of a simple (one interaction) frontier orbital model. 
If spatial overlap for donation of electrons from an occupied 
frontier orbital of the Fe(COh fragment to the LUMO of the 
dienyl cation is maximized (1), the )?3 or "allyl" structure, 2, 

"allyl" structure 

Fe 
(CO), 

4 
"trimethylenemethane" 

structure 

will result. However, this structure can be achieved only at the 
expense of several other potentially important frontier orbital 
interactions and by sacrifice of a filled metal valence shell. The 
Fe(COb fragment possesses a degenerate pair of low-lying 
frontier orbitals occupied by a single electron pair.2 Only one 

of these orbitals (see 1) finds a suitable partner on the dienyl 
ligand in this structure. Alternatively, two coordinatively 
saturated structures, 3 and 4, can be written for which 
?74-diene-3 and *;4-trimethylenemethane-4'5 Fe (CO^ com
plexes offer structural precedent. The characteristics which 
should distinguish a cation of structure 2 from one of structures 
3 or 4 are coordinative unsaturation and facile (almost free) 
rotation about the C2-C3 bond. 

Trimethyl-substituted (cross-conjugated dienyl)tricar-
bonyliron cations, 5, have been generated in strong acid media, 
and formation of isomerized quench products (e.g., 6) has 
demonstrated that C2-C3 rotation occurs (Scheme I).2a The 
possibility that rotation could occur during quenching owing 
to reversible formation of 8 led to a search for less ambiguous 

Scheme I. Chemistry of the Tricarbonyl(l,l,3-trimethyl-cross-
conjugated dienyl)iron Cation in Liquid Sulfur Dioxide 

H 0 — \ / 
N / FSO,H/SO 

Fe 
(CO),, 

H2O, low temp 

0002-7863/79/1501-4100S01.00/0 © 1979 American Chemical Society 


