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polyquinane framework and (b) electronic weakening by perfectly 
coplanar alignment with the empty C2 p-orbital. More detailed 
information is expected from single-crystal X-ray studies on 6. 
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Recent X-ray crystal studies by Williard1,2 and Seebach3 provide 
the basis for the present determination of the heat of reaction, 
AHnn, for a uniquely well-determined aldol reaction (Scheme I). 
The lithium enolate of pinacolone (1) precipitated from a hy
drocarbon solvent is hexameric.1 Reaction of this enolate with 
pivalaldehyde (2) in pentane at 0 0C yields a clear colorless 
solution of the lithium aldolate product 3, whose crystal structure 
upon precipitation at -30 0C is tetrameric.2 Additionally, Seebach 
et al. have reported the crystal structure of the lithiopinacolo-
nate-THF tetramer.3 We have determined by vapor pressure 
osmometry and 2D heteronuclear Overhauser NMR spectroscopy 
(6Li-1H HOESY) that these solid-state structures are maintained 
in hydrocarbon solution and have repeated these reactions at 25 
0 C in a Tronac 1250 solution calorimeter operated in the 450 
isoperibol mode.4 

Ampules containing 0.25 mL of a 0.50 M solution of pival
aldehyde in hexane were broken into a 50-mL dewar-calorimeter 
vessel containing a 0.10 M solution of Hthiopinacolonate in hexane 
and those containing 1 equiv of the various basic ligands, tetra-
hydrofuran (THF), tetramethylenediamine (TMEDA), and di-
methoxyethane (DME). Clean, linear thermograms demonstrated 
that the exothermic reactions were complete and instantaneous. 

Results presented in Table I are the first known to us for the 
thermodynamics of a clearly defined aldol reaction in non-
hydroxylic media. Many complexities (e.g., reversibility, elimi
nation, polymerization) have precluded all save a few previous 
studies of rates or equilibrium constants under classical conditions 
with alkali bases in hydroxylic solvents.5 

The system was modeled to insure that the measured heat 
changes were actually for aldol addition reactions. One-half an 
equivalent of pivalaldehyde was added to each of the enolate 
solutions in hexane and silylated as described by House.6 Proton 
NMR spectra for each crude product showed only residual amide 
base (from the formation of Hthiopinacolonate) and silylated aldol 
product. 

Attempts to measure directly the enthalpies of reaction between 
the various basic ligands and Hthiopinacolonate hexamer were 
unsuccessful. The thermograms that resulted were long sloping 
curves which made precise A/frxn determinations difficult. Our 
colligative property measurements below provide further evidence 
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Table I. Heats of Reaction for the Aldol Addition of 
Lithiopinacolonate (1) to Pivalaldehyde (2) in Hexane at 25 0 C 

Iigand A#rX]1 Iigand AHrx!l 

added (kcal/mol) added (kcal/mol) 
none -30.19 ± 0.76 TMEDA (1 equiv) -20.85 ± 0.72 
T H F (1 equiv) -17.94 ± 0.36 DME (1 equiv) -19.05 ± 0.44 

" Errors are reported at the 95% confidence limit. 

Table II. Aggregation Numbers (n) for Lithiopinacolonate (1) and 
the Lithium Aldolate Product 3 in Cyclohexane at 37 0 C 

Iigand iigand 
added nb V nb 3C added «4 V n* 3 ' 
noiie 6\4 ~4A TMEDA 5̂ 2 4 ! 
THF 4.5 4.3 DME 5.5 3.9 
THFe 4.1 

"One equivalent of Iigand added prior to measurement. 
'Aggregation numbers carry a nominal 10% uncertainty. 
'Concentrations are 0.1-0.5 M unless noted. ''Concentration 0.1-0.7 
M. 'Prepared as crystalline 1-THF.3 

of an equilibrium between aggregation states of lithiopinacolonate 
in the presence of TMEDA and DME. 

Recent studies have shown that X-ray crystallographic struc
tures of molecules are not always preserved in solution.7 However, 
we have confirmed that in the present case, the solid-state 
structures of the reactants and products are maintained in a 
hydrocarbon solution and have determined aggregation numbers 
for those reactants for which no X-ray crystallographic data exist 
to date. 

Aggregation numbers for 1 and 3 in cyclohexane are presented 
in Table II. VPO data were obtained at 37 0C with a Wescor 
5500-XR vapor pressure osmometer operated totally under argon 
in a Vacuum Atmospheres HE-43-2 drybox with a HE-493 pu
rification system. Several literature results8 were duplicated with 
this technique. 

Solution structure studies of the key lithium enolates and al
dolate product also employed Schleyer's 6Li-1H HOESY NMR 
technique for the determination of short Li-H distances in or-
ganolithium aggregates in hydrocarbon and other nonpolar sol
vents.7'9 NMR spectra were recorded on a General Electric 
GN-500 spectrometer. HOESY parameters used were based upon 
those of Schleyer,9 and the phase cycling was that of Yu and 
Levy.10 Figure 1 shows the 6Li-1H HOESY spectrum for 6Li-
labeled lithiopinacolonate-THF in cyclohexane-^2 at 12 0C. This 
was prepared as described3 using [6Li] lithium hexamethyldi-
silylizane-2THF.n'12 The only cross-peaks detected were those 
predicted from the crystal structure. We have also obtained9 a 
HOESY spectrum for 3 which provides further evidence that this 
solid-state structure is preserved in hydrocarbon solution. 

At the urging of one referee, we wish to emphasize that our 
data say nothing about the nature of the reactive intermediate(s) 
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Figure 1. 6Li-1H HOESY spectrum of [6Li] (I)-THF (6Li = 95%) (~0.25 M) in cyclohexane-rf12 at 12 0C: References; 1H, residual C6H12 = 1.38 
ppm; 6Li, 2 M LiOH/D20 (external) = 0.00 ppm. Total measuring time was 11 h. 

that lie closest to the product-forming transition state(s). It is 
clear that the many mechanisms13 which assume a free monomeric 
enolate ion or chelate as the true reaction intermediate are at 
hazard until the necessary kinetic studies to elucidate the mech
anism are complete. Although the reaction of lithiopinacolo-
nate-THF tetramer to yield the aldolate product 3 tetramer lends 
credibility to Seebach's postulated chelated transition state,14 the 
nature of the hexamer 1 to tetramer 3 transformation has not yet 
been demonstrated. The present report deals only with initial and 
final states, and so is moot about mechanistic details. 

The large exothermicity reported here is consistent (in Ham
mond postulate terms) with the nearly instantaneous rates of aldol 
addition reactions at low temperatures in nonpolar solvents. 
However, it contrasts with the near thermoneutrality inferred by 
Noyori15 from the failure of the putative "naked" enolate anion 
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to react with benzaldehyde in THF at -78 0C unless excess 
trimethylsilyl fluoride was added to capture the aldol product. 
Guthrie5a found an enthalpy change of -9.84 kcal/mol for the 
formation of aldol from acetaldehyde by an indirect thermo-
chemical estimate from tabulated data. His subsequent studies5b,c 

confirm that several hydroxide-catalyzed reactions in hydroxylic 
media are reversible with only modest driving force. 

A crude estimate of the energetics of Scheme I can be made 
from standard tabulated bond energies.16 Ignoring all of the 
special aggregation or chelation effects known to exist in the 
reactants and products, one may estimate the overall change to 
be AHrm = -20 kcal/mol from the formation of two C-C bonds 
(2 X 84 kcal/mol) and the loss of one C = C bond (148 kcal/mol), 
which is very close to the observed value in the presence of THF. 
The difference between this value and the 30 kcal/mol observed 
in hexane may be the result of replacing a weak bond from lithium 
to the II system of the enol in the hexameric reactant with a strong 
bond to the aldolate oxygen in the tetrameric product.17 The 
hexamer to tetramer reorganization energy is presently unknown 
for enolates.18 Clearly, large contributions from energies of 
aggregation and chelation play an important part in the overall 
driving force for the modern aldol reaction. 
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