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The conformational preferences of the vinyl vicinal tricarbonyl reagent (VTC) and related triketones 
have been examined in the context of ab initio molecular orbital theory in order to better understand 
the properties of these reactive polyelectrophiles. The preferred conformation of the VTC methyl 
ester has been calculated to have the glyoxal unit twisted almost perpendicular to the plane of the 
ester unit. These results support the recent conclusions of Schreiber and co-workers on the activity 
of FK-506 and related compounds for inhibition of the rotamase enzyme. The origin of the enhanced 
reactivity has been examined via an analysis of the charge density distributions of the triketones and 
the corresponding hydrates. Electrostatic stabilization appears to be the main driving force for the 
stability of the hydrates. The energy of hydration for VTC has been calculated to be similar to that 
of activated aldehydes such as fluoral and chloral. Experimental values are also presented for the 
energy of hydration of chloral and VTC in acetone solution. 

Introduction 
Vicinal tricarbonyls have intrigued chemists over the 

years, and recently their value to organic synthesis has 
been enhanced with their use as synthetic building blocks 
and their presence in the medicinally important com- 
pounds FK-506l and rapamycin.2 The vicinal tricarbonyl 
unit as well as the vinyl vicinal tricarbonyl reagent (VTC) 

VTC (A) 

have been used extensively in the preparation of various 
natural p r ~ d u c t s . ~  The applicability of the vinyl vicinal 
tricarbonyl reagent to synthesis arises from its innate 
polyelectrophilicity and the exploitation of this electro- 
philic nature. 

The unusual reactivity of vicinal tricarbonyls has been 
under periodic investigation since the synthesis of 1,3- 

(1) Tanaka,H.;Kuroda,A.; Marusawa,H. H.;Hatanaka, H.; Kino,T.; 
Goto, T.; Hashimoto, M.; Taga, T. J. Am. Chem. SOC. 1987,109,5031. 

(2) (a) Swindells, D. C. N.; White, P. S.; Findlay, J. A. Can. J .  Chem. 
1978,56,2491. (b) Findlay, J. A.; Radics, L. Can. J. Chem. 1980,58,579. 
(3) (a) For use of vicinal tricarbonyls see: Wasserman, H. H.; Vu, C. 

B.; Pure Appl. Chem. 1990, 62, 1409. Wasserman, H. H.; Han, W. T. 
Tetrahedron Lett. 1984,25,3743,3747. Wasserman, H. H.; Han, W. T. 
J. Am. Chem. SOC. 1986,107,1444. Wasserman, H. H.; Lombardo, L. J. 
Tetrahedron Lett. 1989,30,1725. Wasserman, H. H.; Amici, R. J .  Org. 
Chem. 1989,54,5843. Wasserman, H. H.; Amici, R.; Frechette, R.; van 
Duzer, J. H. Tetrahedron Lett. 1989,30,869. Wasserman, H. H.; Kuo, 
G.-H. Tetrahedron Lett. 1989,30,873. Wasserman, H. H.; Kelly, T. A. 
Tetrahedron Lett. 1989,30,7117. Wasserman, H. H.; van Duzer, J. H.; 
Vu, C. B. Tetrahedron Lett. 1990,31,1609. (b) For application of vicinal 
tricarbonyl method to FK-506 synthesis see: Wasserman, H. H.; Rotello, 
V. M.; Williams, D. R.; Benbow, J. W. J. Org. Chem. 1989,54, 2785. (c) 
For use of the VTC reagent see: Wasserman, H. H.; Fukuyama, J.; 
Murugesan, N.; van Duzer, J.; Lombardo, L.; Rotello, V.; McCarthy, K. 
J .  Am. Chem. SOC. 1989, 111, 371. Wasserman, H. H.; Cook, J. D.; 
Fukuyama, J. M.; Rotello, V. M. Tetrahedron Lett. 1989, 30, 1721. 
Wasserman, H. H.; Cook, J. D.; Vu, C. B. J. Org. Chem. 1990,55, 1701. 
Wasserman, H. H.; Cook, J. D.; Vu, C. B. Tetrahedron Lett. 1990, 31, 
4945. Wasserman, H. H.; Henke, S. L.; Luce, P.; Nakanishi, E.; Schulte, 
G. J .  Org. Chem. 1990, 55, 5821. Wasserman, H. H.; Henke, S. L.; 
Nakanishi, E.; Schulte, G. J . 0 g .  Chem. 1992,57,2641. Wasserman, H. 
H.; van Duzer, J.; Murugesan, N. U.S. Patent Serial No. 4,929,751, issued 
May 29,1990. 
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diphenylpropane-1,2,3-trione over 100 years Pre- 
dictions of ground-state conformers by Calvin and Wood 
in 1940 were based on comparison of the UV spectra of 
2,3,4-pentanetrione with biacetyl and acetone.5 In the 
19708, semiempirical methods and photoelectron spectra 
were used by Kroner and Strack to predict a helical 
conformation of pentanetrione which was calculated to be 
lower in energy than the planar s-trans,s-trans structure 
by 21.8 kcal-mol-1.6 Following the work of Kroner and 
Strack, Wolfe and co-workers prepared PhC(Me)z- 
COCOCOPh in order to determine whether the stereo- 
mutation of vicinal tricarbonyls proceeds through a 
symmetric or asymmetric proce~s.~ The study indicated 
that the transition state for rotation about the carbonyl 
chain was lower in energy than that observable by NMR 
methods (Le., less than 7 kcal-mol-l). Wolfe's subsequent 
semiempirical study of mesoxaldehyde (1,2,3-propane- 
trione) suggested an asymmetric transition state structure 
for stereomutation with an energy of 3.90 kcal-mol-'. It 
has been recognized that force fields used in molecular 
mechanics calculations lack the proper parameters for 
vicinal carbonyls, and recently, Gleiter, Irngartinger, and 
co-workers have proposed a method using dipole momenta, 
while ignoring torsional and van der Waals potentials, to 
obtain minima close to those found experimentally.* To 
this date, though, there has been no extensive ab initio 
study of the vicinal tricarbonyl moietyeg 

It is interesting that the most potent immunosuppres- 
sant to date, FK-506, contains a vicinal tricarbonyl unit 
in which the terminal carbonyl has formed a hemiacetal. 
It has been proposed that the conformation of the keto- 
amide bond in the vicinal tricarbonyl region of FK-506 

(4) For reviews of vicinal polyketones through 1978 see: Rubin, M. B. 
Chem. Rev. 1975, 75,177-202. SchBnberg, A.; Singer, E. Tetrahedron 
1978,34, 1285. 
(5) Calvin, M.; Wood, C. L. J. Am. Chem. SOC. 1940,62,3152-3155. 
(6) Kroner, 3.; Strack, W. Angew. Chem.,Int. Ed. Engl. 1972,11,220- 

221. 
(7) Wolfe, S.; Berry, J. E.; Peterson, M. R. Can. J .  Chem. 1976, 54, 

210-217. 
(8) Gleiter, R.; Litterst, E.; Oeser, T.; Irngartinger, H. Angew. Chem., 

Int. Ed. Engl. 1990,29, 1048-1050. 
(9) A limited ab initio molecular orbital analysis of 1,2,3-propanetrione 

is included in the following: Kahn, S. D.; Agg, N. C.; Holmes, A. B., 
submitted for publication. 
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mimics the twisted amide bond transition state which is 
essential to inhibition of the rotomase enzyme.1° The use 
of vicinal tricarbonyls in organic synthesis and their 
presence in biologically active compounds requires a better 
understanding of this special moiety. The limited ex- 
perimental information on vicinal tricarbonyls can be 
bolstered by theoretical studies bearing on their preferred 
conformations, electron density distributions, and the 
source of their unique reactivity. 

We have therefore completed an ab initio molecular 
orbital study of the vicinal tricarbonyl unit and our vinyl 
vicinal tricarbonyl reagent A. The reagent A is a stable 

8 
hydrate and has been used directly in reactions as a 
polyelectrophile.lc Equilibrium between hydrated and 
nonhydrated forms presumably provides the highly ac- 
tivated central carbonyl for reaction. For example, 
primary amines add to A by 2-fold addition to the central 
carbonyl and, in a conjugated manner, to the vinyl group. 
A hydroxypyrrolidinone carboxylate is then formed which 
can be utilized in further reactions presumably via 
pyrrolinium ion B. 

Methods 

All ab initio calculations were performed with Gaussian 
90," and geometries were completely optimized within 
the symmetry specified. The 6-31G*I2 basis set was used 
for all optimizations. In some cases MP2/6-31G* geometry 
optimizations were carried out, and here all electrons were 
correlated. Single-point calculations (designated single- 
point level//optimized geometry) a t  the 6-31+G** level 
were also carried out. Correction for electron correlation 
was performed with M~rller-Plesset perturbation theory 
through second (MP2) and third (MP3) orders. The 
frozen-core approximation was used for the single-point 
calculations. Some stationary points were characterized 
by analytical evaluation of the Hessian matrix in order to 
obtain the harmonic vibrational frequencies. The calcu- 
lated zero-point vibrational energy (ZPE) was scaled by 
0.9 in order to account for the overestimation of the 
vibrational frequencies at  the RHF 1e~el . l~  Electron 
density analysis was performed with the Atoms In Mol- 
ecules Package (AIMPAC)14 and, in particular,PROAIM.15 

(10) (a) Albers, M. W.; Walsh, C. T.; Schreiber, S. L. J. Org. Chem. 
1990,55,4984. (b) Van Dupe,  G. D.; Sandaert, R. F.; Karplus, P. A.; 
Schreiber, S. L.; Clardy, J. Science 1991, 252, 839. 

(11) Gaussian 90: Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; 
Foresman, J. B.; Schlegel, H. B.; Raghavachari, K.; Robb, M. A.; Binkley, 
J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; 
Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; 
Topiol, S.; Pople, J. A. Gaussian, Inc., Pittsburgh PA, 1990. 

(12) Hariharan, P. C.; Pople, J. A. Theor. Chin. Acta 1973,28, 213. 
(13) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 

Molecular Orbital Theory; Wiley: New York, 1986. 
(14) (a) Bader, R. F. W. Atoms in Molecules: A Quantum Theory; 

Clarendon Press: Oxford, 1990. (b) Bader, R. F. W. Acc. Chem. Res. 
1985,18,9-15. (c) Bader, R. F. W. Chem. Rev. 1991,91,893. 

(15) Biegler-Ktinig, F. W.; Bader, R. F. W.; Tang, T.-H. J. Comput. 
Chem. 1982,3, 317. 
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Table I. Relative Energies of 1,2,3-Propanetrione 
Conformers 

6-31+G**//6-31G*" 

6-31G* MP2/6-31G* freab ZPE IA RHF MF'2 MP3 
1 0.0 0.0 99.2 29.0 1.87 0.0 0.0 0.0 

0.4 83.9i 29.0 2.22 1.0 1.2 1.1 2c 0.6 
3 1.0 0.5 59.5 29.2 2.28 1.3 1.2 1.2 
4 8.2 6.3 48.8 28.9 4.35 8.4 6.6 7.0 

a Energies in kcal/mol, ZPE (scaled by a factor of 0.9) in kcal-mol-', 
p in D (at the RHF/6-31G* level). Lowest frequency at the 6-31G* 
level. This conformer (2) is a transition state (one imaginary 
frequency) at RHF/6-31G*. Scaled ZPE is included. 

Covalent bond orders were calculated with a modified 
version of BONDER.16 

Results 
In order to obtain a better understanding of the 

conformational preferences of VTC as well as ita energies 
of hydration and electron distribution, we have studied a 
series of vicinal tricarbonyls and their monohydrates. This 
investigation begins with the smallest vicinal tricarbonyl 
unit: 1,2,3-propanetrione. Next, the vinyl and methoxy 
groups are appended to the vicinal tricarbonyl system 
individually and then together to give our vinyl vicinal 
tricarbonyl ester, VTC. We shall discuss each system in 
turn. 

1,2,3-Propanetrione. Mesoxaldehyde (or 1,2,3-pro- 
panetrione) was prepared years ago and studied in the gas 
phase. It was found that it quickly polymerized.17 Four 
conformations of the trione (1-4) were examined a t  the 
RHF/6-31G* level. The planar conformers 3 and 4 were 

s-cis, s-cis 5-trans, s-trans s-trans, s-trans s-cis, s-trans 
Labcd, Lefcd = 149' 

found to be minima. The other planar conformer, 2, was 
found to be a transition state for the interconversion of 
the chiral conformers corresponding to 1. The latter was 
found to possess a helical twist with a torsional angle (0- 
C-(2-0) of 149' which effectively reduces the oxygen- 
oxygen repulsion of carbonyls 1 and 3 in 2.18 

Relative energies for the 1,2,3-propanetrione confor- 
mations at  RHF/6-31G* and MP2/6-31G* are given in 
Table I. The effect of correcting for electron correlation 
on the relative energies was small both a t  the MP2 and 
MP3 levels, and the effect of including diffuse functions 
at  carbon and oxygen (6-31+G**) also was small. Further, 
the relative energies of these conformers did not change 
significantly when the zero-point energy (ZPE) correction 
was applied. The twisted conformer 1 was found to have 
the lowest energy, and the planar structure 2 was - 1 kcal- 
mol-' higher in energy. The planar s-cis,s-trans structure 
3 was -1 kcal-mol-l higher in energy than 1, and planar 
a-cis,s-cis 4 was -7 kcal-mol-l higher. 

(16) (a) Cioslowski, J.; Mixon, S. T. J. Am. Chem. SOC. 1991,113,4142- 
4145. (b) Wiberg, K. B.; Hadad, C. M.; Rablen, P. R.; Cioslowski, J. J. 
Am. Chem. SOC. 1992,114, 8644. 

(17) Bernatek, E.; Straumsgard, K. A. Acta Chem. Seand. 1959,13, 
178-185. Harries, C.; Turk, H. Ber. 1905, 38, 1630-1636. Harries, C. 
Ann. 1910, 374, 288-368. 

(18) Geometry optimization at the HF/3-21G level found 2 to be a 
minimum and did not find conformation 1. This level of theory was 
found to be generally unsatisfactory for the compounds in this report. 
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Table 11. Comparison of Selected Geometrical Data for 1,2,3-Propanetrione, 1-4 

6-3 1 G* : 
1 1.187 1.182 1.182 
2 1.189 1.180 1.180 
3 1.184 1.185 1.182 
4 1.180 1.181 1.181 

1 1.228 1.221 1.221 
2 1.230 1.219 1.219 
3 1.225 1.224 1.222 
4 1.222 1.221 1.221 

1.213 1.209 1.216 

MP2/6-31G*: 

X-ray structure of 1,3-diphenylpr0pane-1,2,3-trione:~ 

a Reference 19. 

In the 1,2,3-propanetrione series, the dipole moments 
(Table I) are related to the energetic ordering of the 
conformers. Structure 4 has the highest dipole moment 
(4.36 D) and is the least stable, while structures 2 and 3 
have roughly the same dipole moment (2.22 and 2.28 D) 
and are close in energy. Structure 1 has the lowest dipole 
moment (1.87 D) as well as the lowest energy. This 
relationship between energy and dipole moment is ex- 
pected for these gas-phase calculations. 

Some geometrical parameters for the different con- 
formers of 1,2,3-propanetrione are listed in Table I1 along 
with the corresponding data from the X-ray structure of 
1,3-diphenylpropane-l,2,3-tri0ne~~ for comparison. The 
data are consistent for each conformer, and for the most 
part unextraordinary, with the exception of the C-C-C 
angle. Structure 2 with its 1,3 carbonyl oxygen repulsion 
consistently has a larger C-C-C angle than the other three 
structures. This greater C-C-C angle which pulls the 1,3 
carbonyl oxygens away from one another would help to 
stabilize the planar s-trans,s-trans structure resulting in 
only - 1 kcal-mol-l energy difference between the planar 
conformer 2 and the twisted s-trans,s-trans conformer, 1. 
The C=O bond lengths are calculated to be too short at 
the RHF/6-31G* level.12 This deficiency is corrected by 
electron correlation, and the MP2/6-31G* level gives C-0 
bond distances close to those of the X-ray structure.lg 
The outer C-0 bonds of the calculated triones are the 
same length by symmetry; however, the X-ray structure 
of 1,3-diphenyl-1,2,3-propanetrione has outer C=O bond 
lengths of 1.2086 and 1.2162 A. The difference in these 
distances in the X-ray structure is probably due to crystal- 
packing forces. 

The monohydrates of 1,2,3-propanetrione were exam- 
ined, and the relative energies for seven structures at the 
RHF/6-31G* level, as well as the lowest frequency obtained 
from vibrational frequency analysis and the ZPE (both at 
the 6-31G* optimizedgeometry) for the three lowest energy 
structures, are given in Table 111. 

Without the inclusion of ZPE at the 6-31G* level, the 
most favorable site for hydration appears to be the 

(19) (a) Kaftory, M.; Rubin, M. B. J. Chem. SOC., Perkin Trans. 2 
1983, 149. (b) Beddoee, R. L.; Cannon, J. R.; Heller, M.; Mills, 0. S.; 
Patrick, V. A.; Rubin, M. B.; White, A. H. Awt .  J. Chem. 1982,35,543. 
A gas-phase electron diffraction study of 1,2-diphenylpropane-1,2,3-trione 
ah0 has been reported (Schultz, R.; Hargittai, I.; Doemer, T.; Gleiter, R. 
Chem. Ber. 1991, 124, 1411) and gave essentially the same structural 
parameters for the trione portion of the molecule. 

1.524 1.524 1.090 1.090 119.7 
1.527 1.527 1.092 1.092 123.5 
1.521 1.534 1.090 1.087 118.4 
1.533 1.533 1.093 1.093 117.8 

1.520 1.520 1.106 1.106 120.3 
1.522 1.522 1.107 1.107 122.9 
1.517 1.531 1.105 1.101 118.2 
1.531 1.531 1.107 1.107 117.8 

1.523 1.522 117.3 

Table 111. Relative Energies. of lf,3-Propanetrione 
Hydrates 

6-31+G**//6-31Gle 
6-31G* frequency* ZPEc RHF MP2 MP3 

5 0.0 97.4 47.0 0.5 1.8 1.0 
6 0.2 82.8 46.8 0.0 1.4 0.7 
7 1.0 98.0 46.1 0.0 0.0 0.0 
8 2.0 
9 3.6 

10 4.7 
11 8.9 

6-31G* RHF MP2 MP3 
Energy of Hydrationd 

1 + 5  -18.1 -10.7 -12.1 -13.6 
1 - 6  -17.9 -11.1 -12.5 -13.8 
1 - 7  -17.1 -11.2 -13.9 -14.6 

a Relative energies are given in kcal-mol-'. * Lowest vibrational 
frequency at 6-31G*. ZPE, in kcal/mol, is scaled by a factor of 0.9. 
d Energies of hydration are given in kcal-mol-'. e Scaled ZPE is 
included. 

aldehyde. However, when the ZPE is taken into account, 
the hydrate a t  the central carbonyl is the most stable, 
albeit by a very small amount (less than 0.1 kcal). 
Correction for electron correlation (Table 111) plus the 
ZPE correction shows 7 to be more stable than 6 and 6 by 
nearly 1 kcal-mol-'. This effect of ZPE correction on the 
relative energies of the hydrates was notable throughout 
our study; however, the nonhydrated tricarbonyls have 
similar ZPEs, and thus the relative energies are hardly 
affected. In this case, the CZ symmetric structure (7) with 
hydration at  the central carbonyl has a considerably 
smaller ZPE than acetals 6 and 6. 

The energy of hydration (Table 111) was found to be 
-11.2 kcal-mol-l at RHF/6-31+G**//6-31G*+ZPE and 
-14.5 kcal-mol-' at MP3/6-31+G**//RHF/6-3lG*+ZPE 
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Table IV. Energies of Hydration for Some 

MP2/ 

Carbonyl Compoundsa 

6-31G* 6-31G* +ZPE 
1,2,3-propanetrione - 1-hydrate (6) -17.9 -19.2 -15.0 
1,2,3-propanetrione - 2-hydrate (7) -17.1 -19.6 -15.4 

acetaldehyde - acetaldehyde hydrate -10.7 -12.4 -7.3 
trans-malonaldehyde - hydrate -14.2 -17.3 -12.0 

acetone - acetone hydrate -6.6 -10.3 -5.7 

In kcal-mol-'. Geometry optimizations were carried out at the 
indicated theoretical levels. 

for the lowest energy conformations (1 + H2O - 7).20 
Structures 5 and 6 had energies of hydration of -13.5 and 
-13.8 kcal-mol-', respectively, at the MP3 level. As 
expected, the three preferred structures of 1,2,3-propane- 
trione hydrate (5-7) have an anomeric orientation of their 
hydroxyl groups.21 In fact, the anomeric orientation was 
found consistently in the lower energy conformations of 
all the hydrates studied. 

For a comparison of the energy of hydration of 1,2,3- 
propanetrione, we have calculated the energy of trans 
malonaldehyde in ita keto form and ita hydrate. It should 
act as a model of 1,2,3-propanetrione without the central 
carbonyl. The energies of hydration for ace- 
taldehyde," malonaldehyde (keto form), and 1,2,3-pro- 
panetrione at the MP2/6-31G* level are given in Table IV. 
With the ZPE correction, the energy of hydration for trans- 
malonaldehyde is -12.0 kcal-mol-' compared to -15.4 
kcal-mol-' for 1,2,3-propanetrione. Both acetaldehyde and 
acetone give considerably less exothermic hydrations, in 
part because they do not have the possibility for internal 
hydrogen bonding. Thus, as seen in this progression 
toward more exothermic energies of hydration, the elec- 
tron-withdrawing effect of the carbonyl group is an 
important factor in the driving force for hydration. 
2,3-Dioxo-4-pentenal. Vinyl vicinal diketo aldehyde 

C (2,3-dioxo-4-pentenal) does not appear to have been 
reported; however, as part of our study we examined this 
unknown compound by ab initio molecular orbital meth- 
ods. The relative energies of five conformations of 2,3- 

0 

0 i j c  

dioxo-4-pentenal at the RHF/6-31G* level are listed in 
Table V along with the three lowest energy conformers at 
the MP3/6-31+G**//6-31G* level. 

In the process of finding stationary points, both C, and 
C1 symmetric structures were considered; in nearly all 
cases, the initial C1 geometry was optimized to the C, 
symmetric geometry with the exception of the lowest 
energy conformer 12. Structure 12 displays a geometry 
similar to the twisted mesoxaldehyde conformer 1 with 
the vinyl group remaining in plane with the adjacent 
carbonyl. The enone and aldehyde carbonyl are twisted 
39O and 32O out of plane, respectively, with regard to the 

(20) For the RHF/6-31GZ geometry of water, the corresponding total 
energies are aa follows: RHF/6-31G*, -76.010 75; RHF/6-31+G**, 

-76.237 25 hartrees. The MP2(fu) geometry optimization gave-76.199 24 
hartrees. The scaled ZPE is 12.98 kcal-mol-'. 

(21) (a) Kirby, A. J. The Anomeric Effect and Related Stereoelectronic 
Effects at Oxygen; Springer: Berlin, 1983. (b) Wiberg, K. B.; Murcko, 
M. A. J. Am. Chem. SOC. 1989,111,4821 and references cited therein. 

(22) Wiberg, K. B.; Morgan, K. M.; Maltz. H., manuscript in prepa- 
ration. 

-76.031 14; MP2(f~)/6-31+G**, -76.232 60; and MP3(fc)/6-31+G**, 
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Table V. Relative Energies of 2,3-Dioso-4-pentenal 
Conformers (kcal/mol) 

A H  

a 0  e 0  O H  0 0  

L abcd = 141°, Lekd = 148' 

6-31G* RHF MP2 MP3 freab ZPEc ud 

12 0.0 0.0 0.0 0.0 47.0 49.5 2.33 
13 0.7 1.2 1.6 1.4 32.9 49.6 3.83 
14 1.7 2.5 2.8 2.5 70.7i 49.5 2.91 
15 2.4 2.6 39.2i 49.6 3.32 
16 4.2 76.41 49.5 3.45 

These energies include the zero-point energies. Lowest vibra- 
tional frequency at the RHF/6-31G* level. Zero-point energy in 
kcal-mol-' at the RHF/6-31G* level and scaled by a factor of 0.9.d p 
in D at the RHF/6-31G**//RHF/6-31G* level. 

central carbonyl which compares well to the 31' deviation 
from planarity found for the lowest energy conformation 
of 1,2,3-propanetrione, 1. The planar structures 14 and 
15 are transition states, while 13 is a minimum. Both 
structures 14 and 15 have a planar 1,3 interaction, and 
conformation 13 does not. In the case of 14, there is a 1,3 
carbonyl interaction, while in the case of 15, there is a 1,3 
ene-carbonyl interaction. It follows that structure 16 
should be a transition state as well due to its two 1,3 r 
interactions. This is also observed. 

From Table V, we can see a preference for an 8-cis enone 
(compare 13 and 15; 14 and 16) by -2 kcal-mol-'. This 
system parallels the unsubstituted 1,2,3-propanetrione 
system except that the s-cis,s-trans structure 13 is -1 
kcal-mol-l lower in energy than the s-trans,s-trans con- 
former 14, while their counterparts 2 and 3 in the 1,2,3- 
propanetrione series have the opposite preference by -0.4 
kcal-mol-' and are nearly isoenergetic as electron corre- 
lation is added (see Table I). The preference for conformer 
13 over 14 arises from relief of the 0-0 repulsion in 14. 

The monohydrates of 2,3-dioxo-4-pentenal were exam- 
ined, and the relative energies of five low-energy structures 
are presented in Table VI along with their lowest vibra- 
tional frequency and ZPE at  the 6-31G* level. Of the five 
structures presented, two have the hydrate a t  the aldehydic 
carbonyl, two have the hydrate at the central carbonyl, 
and one has the hydrate at the enone carbonyl. All 
optimized geometries were found to be minima by a 
vibrational frequency analysis, and all display an anomeric 
arrangement of the hydrate. 

The aldehyde hydrates 17 and 18, which differ in 
intramolecular hydrogen-bonding patterns, have the same 
relative energy at the RHF/6-31G**//6-31G* level with 
the ZPE correction. Hydrate 17 possesses a 6-membered 
ring hydrogen-bonding interaction, while hydrate 18 has 
a 5-membered ring interaction. Both structures are 0.3 
kcal-mol-' higher in energy than the lowest energy 
structure, 19, which has the hydrate on the central carbonyl 
and an s-cis enone conformation. Hydrate 20 also has a 
hydrate at the central carbonyl and differs from hydrate 
19 in the conformation of the enone portion which is s-trans 
for conformer 20. The s-cis enone 19 is 1.1 kcal-mol-' 
lower in energy than the s-trans enone 20 at  RHF/6-31G**/ 
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Table VI. Relative Energy of 2,3-Dioxo-4-pentenal 
Hydrates (kcal/mol) 

Henke et al. 

17 19 

20 21 

6-31G* RHF MP2 freqb ZPEe 
17 0.0 0.5 2.5 43.5 67.5 
18 0.4 0.2 2.3 41.5 67.2 
19 0.9 0.0 0.0 63.8 66.6 
20 1.9 1.2 0.7 76.3 66.7 
21 7.9 

These relative energies include the zero-point energy correction. 
Lowest vibrational frequency a t  the RHF/6-31G* level. Zero-point 

energy in kcal-mol-I a t  the RHF/6-31G* level and scaled by a factor 
of 0.9. 

Table VII. Energies of Hydration (AH, kcal/mol)a 

carbonyl 6-31+G**//6-31G* 
trione hydrate position RHF MP2 MP3 

1 7 central -11.2 -13.9 -14.5 
1 6 aldehyde -11.1 -12.5 -13.8 
1 5 aldehyde -10.7 -12.1 -13.5 

12 19 central -10.9 -14.5 
12 17 aldehyde -10.4 -12.0 
12 21 enone -8.1b 

22 28 central -11.9 -14.2 
22 29 aldehyde -9.4 -10.9 

34 35 central -11.1 -14.8 
34 37 enone -2.4 -6.6 

a Energies of hydration include the scaled ZPE of the optimized 
structure at 6-31G* except where noted. ZPE correction is not 
included. 

/6-31G*+ZPE. The ZPE correction, as seen above, is very 
important for the relative energies of the hydrates. 
Throughout this series, the relative energetic ordering does 
not change when electron correlation is included (see Table 
VI). However, the relative energies of aldehyde hydrates 
17 and 18 are raised to 2.3 and 2.5 kcal-mol-' a t  the MP2 
level relative to 19. As would be expected, the hydrate at 
the enone carbonyl, 21, is much higher in energy (-7 
kcal-mol-') than the hydrate at the central carbonyl, 19. 

The energies of hydration for 2,3-dioxo-4-pentenal a t  
the MP2/6-31+G**//RHF/6-3lG* level are given in Table 
VII. The most exothermic hydration occurs at the central 
carbonyl to give a AH of -14.5 kcal-mol-' (for 12 + H20 - 19). Hydration at  the aldehyde to yield hydrate 17 is 
exothermic by -12.0 kcal-mol-'. Hydration at  the enone 
would be less exothermic. 
l-Methoxy-1,2,3-propanetrione. The preparation of 

l-ethoxy-l,2,3-propanetrione has been reported recently 
in the literature, and it was isolated as the hydrate.23 

The results of the ab initio conformational analysis of 
l-methoxy-1,2,3-propanetrione (D) with geometries op- 
timized with the 6-31G* basis set are listed in Table VIII. 

(23) Ihmels, H.; Maggini, M.; Prato, M.; Scorrano, G. Tetrahedron 
Lett. 1991,32,6215-6218. 

Table VIII. Relative Energies for 
l-Methoxy-1,2,3-propanetrione (kcaI/mol) 

(Labcd,Lefcd) 
22 (180e,820) 6-31G' 23 24 

25 26 27 

6-31G* 6-31G* RHF MP2 MP3 freq" ZPEb 
22 0.0 0.0 0.0 0.0 0.0 22.9 49.7 
23 2.1 2.2 2.9 3.0 2.6 28.2 49.8 
24 c 
25 4.5 
26 d 
27 8.1 

a Lowest vibrational frequency a t  the RHF/6-31G* level. b Zero- 
point energy in kcal-molV1 a t  the RHF/6-31G* level and scaled by a 
factor of 0.9. e Geometry optimization a t  6-31G* level starting from 
the 3-21G optimized geometry gave structure 22. Although a 
stationary point was found at the 3-21G* level, it  was not found a t  
6-31G*. 

0 

H*. CH3 

0 0  D 

Selected single point calculations with electron correlation 
or better basis seta are also listed for the low energy 
conformers. 

Six possible conformers (22-27) of l-methoxy-l,2,3- 
propanetrione were examined at the 6-31G* level. The 
minimum energy conformation was found to be 22 in which 
the glyoxal and ester components of the tricarbonyl ester 
are orthogonal to one another with a torsional angle of 
82O. This result had initially surprised us, and the parallel 
to the twisted FK-506 keto-amide bond and its mode of 
rotomase inhibition is of special interest. Geometry 
optimization for conformer 24 led to 22, and conformer 26 
was found not to be a stationary point. 

The lowest energy conformer, 22, is more than 2 
kcal-mol-' lower in energy than the next lowest conformer 
s-cis,s-trans,s-cis-23. The all s-cis conformer 25 is 4.5 
kd-mol-' higher in energy than conformer 22b. Structure 
26 can be compared to the s-cis,s-cis-1,2,3-propanetrione 
(4), which is 8.3 kcal-mol-' higher in energy than the lowest 
energy conformer 1. When comparing these two systems, 
it is interesting to note that the C-C-C angle for the 
s-cis,s-cis conformation 4 of 1,2,3-propanetrione is 117.8'; 
while for the s-cis,s-cis,s-cis methoxy derivative 25, the 
C-C-C angle is a nondistorted 119.8O. 

The hydrates of the dicarbonyl ester, l-methoxy-l,2,3- 
propanetrione, were examined, and the relative energies 
for six structures at the RHF/6-31G* level, as well as the 
lowest frequency obtained from the vibrational frequency 
analysis and the ZPE, are shown in Table IX. 

The molecule with the hydrate on the central carbonyl, 
28, has two hydrogen-bonding interactions between the 
hydroxyl hydrogens and the adjacent carbonyl oxygens. 
Structure 32, which also has the hydrate at the central 
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Table IX. Relative Energies of 
l-Methoxy-l,2,3-propanetrione Hydrates (kcal/mol) 

29 30 

31 32 33 

6-31+G+*//6-31G*" 
6-31G* RHF MP2 freqb ZPEc 

28 0.0 0.0 0.0 62.1 66.9 
29 1.2 2.5 3.3 44.7 67.7 
30 1.7 2.3 3.3 40.5 67.4 
31 3.2 
32 5.4 
33 d 

a These relative energies include the zero-point energies. Lowest 
vibrational frequency a t  the RHF/6-31G* level. Zero-point energy 
in kcal-mol-' a t  the RHF/6-31G* level and scaled by a factor of 0.9. 

This was a stationary point a t  the 3-21G* level, but not a t  6-31G*. 

(kcal/mol) 
Table X. Relative Energies of VTC and Hydrates 

0 +'.., 
0 0  

34 

35 36 37 

6-31G* RHF MP2 freqb ZPEc 
34 22.3 70.2 
35 0.0 0.0 0.0 55.2 87.2 
36 1.1 1.1 1.5 53.8 87.2 
37 9.3 8.6 8.2 32.4 87.0 

a These relative energies include the zero-point energies. Lowest 
frequency a t  the 6-31G* level. ZPE in kcal-mol-' and scaled by 0.9. 

U 

Figure 1. CalculatedRHF/6-31G* geometry fortheVTC methyl 
eater (A). The  oxygen atoms are shaded for clarity. 

carbonyl, is 5.5 kcal-mol-' (6-31G**//6-31G*) higher in 
energy than conformer 28 and has a hydrogen bonding 
interaction between the hydroxyl proton and the methoxy 
oxygen. Three of the structures (29-31) have the hydrate 
a t  the aldehydic carbonyl carbon. The aldehyde hydrate 
conformers 29,30, and 31 have hydrogen-bonding patterns 
which involve a 6-membered ring interaction for 29 and 
a 5-membered ring interaction for 30 and 31. As seen 
previously with 5 and 6 of 1,2,3-propantrione hydrate and 
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17 and 18 of 2,3-dioxo-4-pentenal hydrate, the relative 
energies of 29 and 30 are very similar (-0.3 kcal-mol-'). 
The aldehyde hydrate 31 of l-methoxy-1,2,3-propanetrione 
has the same intramolecular hydrogen-bonding pattern 
as conformer 30 but an s-cis relationship between the 
central ketone and the ester, and 31 is 1.5 kcal-mol-' higher 
in energy than hydrate 30 a t  the 6-31G**//6-31G* level. 
Structure 33 with an s-trans (E) ester is very destabilized 
in comparison to 28. 

The energies for hydration of l-methoxy-l,2,8propan- 
trione are given in Table VII. The AH of hydration for 
the lowest energy conformer 28, which is hydrated on the 
central carbonyl, is -14.2 kcal-mol-' at the MP2 level in 
comparison to the lowest energy conformer 22. The AHof 
hydration for the aldehyde hydrate 29 a t  the same level 
is -10.9 kcal-mol-l. 

Vinyl Vicinal Tricarbonyl Ester (VTC). In search- 
ing for the lowest energy conformer of VTC (A), the 
preceding conformational analyses of 2,3-dioxo-4-pentenal 
C and l-methoxy-1,2,3-propanetrione D were considered. 
The s-cis (2) enone is favored over the s-trans enone in the 
case of 2,3-dioxo-4-pentenal, and the central ketone and 
aldehyde of the molecule tended toward a slightly twisted 
s-trans configuration. The conformational analysis of 
l-methoxy-l,2,3-propanetrione displayed a tendency to- 
ward an s-cis (2) ester which is orthogonal to the planar 
s-trans glyoxal unit. With this information in hand, the 
vinyl tricarbonyl ester (VTC) was studied, and relative 
energies at the RHF/6-31G* level are listed in Table X for 
the unhydrated and hydrated forms of VTC. The effect 
of electron correlation on the relative energies is also shown 
in Table X. 

Structure 34 was found to be a minimum for VTC (R 
= Me). The conformation consists of an s-cis enone which 
is in-plane with the adjacent central ketone and an ester 
group which is orthogonal to this keto-enone unit (Figure 
1). In Table X two hydrates on the central carbonyl and 
one hydrate at the enone carbonyl have been studied. The 
lower energy hydrate, 35, has two intramolecular hydrogen 
bonds between the two hydrogens of the hydrate and the 
adjacent carbonyl oxygens. VTC hydrate 36 has a 
hydrogen-bonding interaction with the methoxy oxygen 
instead of the carbonyl oxygen of the ester group and is - 1 kcd-mol-' higher in energy than hydrate 35. The third 
conformer 37 has the enone carbonyl hydrated and is -9 
kcal-mol-' higher in energy than the lowest energy 
structure 35. With electron correlation included, the 
energy differences change slightly, but the trends remain 
the same. The relative energies of hydrates 35,36, and 37 
are 0.0, 1.5, and 8.2 kcal-mol-' at the MP2/6-31+G**// 
RHF/6-31G* level. Thus, hydration of the central carbonyl 
group is preferred. 

Selected geometrical data for the VTC reagent and 1,3- 
diphenylpropanetrione are given in Table XI. The ge- 
ometry of the lowest energy VTC hydrate, 35, is very similar 
to that shown in the X-ray crystal structure of the hydrate 
of tert-butyl ester VTC, 39 (Figure 2). The hydrogen 
bonding in the crystal structure has been shown to be 
intermolecular instead of intramolecular as seen in the 
calculated  structure^.^^ The small difference in bond 
angles between the X-ray crystal structure 39 and the 

(24) The X-ray crystal structure of VTC (R = tert-butyl) ahowed 
intermolecular distances between the hydrogen atoms of the hydrate and 
the carbonyl (1.843 A) and hydroxyl oxygen (1.894 A) of an adjacent 
molecule in the unit cell within the range indicating hydrogen-bonding 
interactions. 
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Table XI. Selected Geometrical Data for VTC and lI3-Diphenylpropanetrione 9r-yo PO 0 

6-31G'optimized geometry 34 x-ray structure 30 

6-31G. optimized geometry 35 x-ray 5tructure 39 

38 1.2162 1.2086 117.25 120.29 114.06 
35 1.1879 1.1932 112.89 120.71 118.41 117.39 
39 1.1932 1.2045 109.87 122.46 118.00 121.37 

L(OSC~CI) T ( C 1 6 C l l C 7 0 9 )  T ( O g C 7 C i 0 2 )  ~ ( ~ 2 ~ 1 ~ 6 ~ S )  T(O8C6010C12)  

34 122.38 0.49 177.91 -84.87 -1.78 
38 114.82 1.44 107.39 123.26 
35 122.28 -5.62 -2.61 
39 123.87 -0.88 -3.19 

35 1.3724 0.9536 1.3749 
39 1.3709 1.0894 1.3953 

calculated structure of VTC hydrate 35 can be accounted 
for by the difference in hydrogen bonding and the 
difference between "crystal packing forcesn in the crys- 
talline environment of the X-ray structure a d  the gas- 
phase environment of the ab initio molecular orbital 
calculations. 

The torsional angles, OS-C,C~-OZ and O~-C1-CgOa, 
for the calculated, nonhydrated VTC structure 34 display 
the enone and central carbonyl as nearly planar (177.9') 
and the ester group as orthogonal to that keto-enone unit 
( -84 .9O) .  In contrast, the X-ray crystal structure of 1,3- 
diphenylpropanetrione, 38, has torsional angles which 
differ greatly from those of the calculated VTC structure 
34 and are reported at 107.4O and 123.3O. The inherent 
difference between those compounds (phenyl substituents 
as opposed to vinyl and methoxy groups) and the crystal- 
packing forces for structure 38 may account for the 
difference in carbonyl torsional angles. Crystal-packing 
forces are operative in structure 38 as is evident from the 
different lengths of the outer carbonyl C=O bonds (1.2162 
and 1.2086 A) in the X-ray structure. 

The energy of hydration for the vinyl tricarbonyl reagent 
is -13.7 kcal-mol-l at the RHF/6-31G**//6-31G*+ZPE 
level and -14.8 kcal-mol-' at the MP2/6-31+G**//RHF/ 
6-31G* level and can be compared to the energies of 
hydration for activated aldehydes (i.e., chloral, mesoxal- 
dehyde). 

The energies of hydration for the lower energy con- 
formers of all systems studied are listed in Table VII. It 
is interesting to note that the energies for hydration at the 
central carbonyl are all within 0.9 kcal-mol-' at  the MP2/ 
6-31+G**//RHF/6-31G* level: -13.9, -14.5, -14.2, and 
-14.8 kcal-mol-' for 1,2,3-propanetrioneI 2.3-dioxo-4- 
pentenal, l-methoxy-1,2,3-propanetrione, and VTC (R = 
Me), respectively. The vinyl substituent and the methoxy 
substituent do not have a substantial effect on the AH of 
hydration. The aldehyde hydrates, not surprisingly, also 
have values within a narrow range: -12.5 kcal-mol-1 for 
1,2,3-propanetrione, -12.0 kcal-mol-' for 2,3-dioxo-4- 
pentenal, and -10.9 kcal-mol-' for l-methoxy-1,2,3-pro- 

0.9527 63.86 

( a )  

70.59 

Figure 2. Comparison of (a) the calculated RHF/6-31G* 
geometry for the hydrate at the central carbonyl of the VTC 
methyl ester and (b) the X-ray crystal structure of the hydrate 
of the VTC tert-butyl ester. The oxygen atoms are shaded for 
clarity. 

panetrione. The central hydrate is the lowest energy 
structure in all cases and thus gives the most exothermic 
reaction. 

Experimental Results 
In order to obtain an experimental value for the energy 

of hydration (AHhy&&jon) of the vicinal tricarbonyl reagent 
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VTC, we have performed some lH NMR experiments as 
well as reaction calorimetry. The latter has been used 
successively in determining accurate energies for ketal- 
ization of carbonyl c0mpounds.~5 It was not possible to 
study the vicinal tricarbonyl reagent calorimetrically as 
the dehydrated VTC could not be isolated. Instead, trans- 
hydration experiments using hydrated VTC and non- 
hydrated chloral (CCl3CHO) were performed in order to 
determine the equilibrium constant for reaction (1). The 

VTC-H,O + C1,CCHO + VTC + Cl,C(OH),H (1) 

AH of hydration of chloral was determined by reaction 
calorimetry as chloral, and its hydrate could be easily 
isolated as pure compounds. Together, the methods would 
provide a reasonable value for the energy of hydration of 
VTC. 

The reaction calorimetry on chloral entailed the fol- 
lowing steps: 

CCl,CHO(l) + H,O(soln) - CCl,C(OH),H(aq) (2) AH2 

CCl,C(OH),H(s) + H,O(soln) - 
CCl,C(OH),H(aq) (3) AH3 

CCl,CHO(l) + acetone(so1n) - 
CCl,CHO(soln) (4) AH4 

CCl,C(OH),H(s) + acetone(soln) - 
CCl,C(OH),H(soln) (5) AH5 

H,0(1) + acetoneboh) - H,O(soln) (6) AH6 

CCl,CHO(acetone) + H,O(acetone) - 
CCl,C(OH),H(acetone) (7) AH7 

where AH7, the energy of hydration for chloral in acetone 
solution, is equal to A H 2  - A H 3  - A H 4  + A H 5  - AH6. From 
reaction calorimetry, the enthalpy values for reactions 2 
through 6 are -11 354 f 19,1026 f 12, -630 f 20,428 f 
10, and 900 f 20 cal-mol-l, respectively. Therefore, the 
AHhydration(Chlor81) in acetone solution is -12 222 f 37 
cal-mol-'. 

We initially desired an experimental value for the energy 
of hydration of chloral in the gas phase. While there is 
a published value for the heat of vaporization of chloral 
hydrate,26 we are quite skeptical of its accuracy since chloral 
hydrate wi l l  not be stable in the gas p h e .  We have 
therefore resorted to comparing the experimental hydra- 
tion energies in acetone solution with our ab initio values. 

We have also calculated the ab initio energies of 
hydration for fluoral (CF&H0)27 and The 
resulting AHhy&ation(flu0d) at  the RHF/6-31+G** and 
MP2(fc)/6-31+G** levels (with the inclusion of the scaled 

(26) (a) Wiberg, K. B.; Squires, R. R. J. Am. Chem. SOC. 1979, 101, 
6612. (b) Wiberg, K. B.; Squires, R. R. J. Am. Chem. SOC. 1981,4103, 
4473. (c) Wiberg, K. B.; Martin, E. J.; Squires, R. R. J. Org. Chem. 1986, 
50, 4717. 

(26) Stephenson, R. M.; Malanowki, 5. Handbook of the Thermo- 
chemistry of Organic Compoundu; Elsevier: New York, 1987. 

(27) The RHF/&31G* geometry for each compound was wed. The 
total energies for fluoral are BS follows: RHF/6-31+G**, -449.602 861, 
and MP2(fc)/6-31+G**, -460.463 647 hartrees. The total  energies for 
fluoral hydratearem follows: RHF/6-31+G**, -626.669 117, and MP2(fc)/ 
6-31+G**, -626.713 342 hartrees. The scaled ZPE are 20.9 and 38.6 
kcal-mol-' for fluoral and fluoral hydrate, respectively. 

J. Org. Chem., Vol. 58, No. 10, 1993 2837 

ZPE correction at the RHF/6-31G* level) are -11.1 and 
-12.3 kcal-mol-', reSpeCtiVely, while AHhy&ation(chlod) are 
-6.9 and -9.6 kcal-mol-', respectively. The calculations 
suggest that the energy of hydration for fluoral and chloral 
are not the same (contrary to the.usual assumption). 
Indeed, the hydration of these aldehydes seems to be 
dominated by the greater electron-withdrawing effect of 
the CF3 group and perhaps also the larger steric bulk of 
the CCh group. While our calculated, gas-phase *hydration 
for chloral can not be compared directly with the exper- 
imentalvalue in acetone solution (-12.22 f 0.04 kcal-mol-'), 
both values are in reasonable agreement. 

'H NMR trans-hydration experiments between VTC 
tert-butyl ester hydrate and chloral were performed in 
dry acetone-&. The equilibrium constant (K,) was 
obtained for eq 1 from the peak integrals for all of the 
components. AH was then obtained as a function of 
temperature (T(OC),K,,: 8.65,3.52; 24.85,2.72; and 41.25, 
2.17) from a least-squares analysis (r 0.999 92) of In (K,) 
vs 1/T, a line whose slope is -AHIR. For the trans- 
hydration reaction (l), the experimental AH was found to 
be -2.6 f 0.1 kcal-mol-l, and therefore, chloral is prefer- 
entially hydrated over VTC in acetone-d6. 

Therefore, the PHhydration of VTC tert-butyl ester is -9.6 
kcal-mol-' in acetone solution which compares to our 
theoretical resulta for the VTC methyl ester (-14.5 
kcal-mol-' at the MP2/6-31+G**//6-31G* level) in the gas 
phase. Thus, while there are insufficient data for best 
comparison of the experimental AHbbtion to the calculated 
value (for example, heats of fusion and vaporization), our 
calculated values do show the correct trends. The heats 
of solvation of VTC and its hydrate are neglected, but we 
anticipate that the solvation effect will not be the only 
factor responsible for the difference between the calculated 
and experimental values. Our theoretical and experi- 
mental studies do show, however, that the hydration of 
the VTC reagent is very exothermic and on a similar scale 
as activated aldehydes such as fluoral and chloral. 
Origin of the Differences in Hydration Energies. 

A unique feature of the tricarbonyl compounds is that 
they prefer to hydrate at the center carbonyl in preference 
to an aldehydiccarbonyl. Although the preference is often 
not large, it should be remembered that aldehydes are 
normally hydrated in preference to ketones by about 2 
kcallmol. 

We were interested in examining the reasons for the 
differences in hydration energies that have been uncovered 
in this investigation. It seemed likely that the changes in 
charge distribution would play a role in determining the 
relative energies. Therefore, we have investigated the 
charge distributions for both the carbonyl compounds and 
their hydrates making use of Bader's theory of atoms in 
 molecule^.'^ Here, one first locates the bond critical points 
(the points having the minimum charge density along the 
path joining pairs of atoms). Startingat one of these points, 
rays are developed perpendicular to the bond path for 
which the charge density decreases most rapidly. The set 
of such rays provides a surface separating the pair of atoms. 
This is done for all bonded atom pairs, and the set of 
surfaces thus produced serves to separate the molecule 

(28) The RHF/6-31G* geometry for each compound was used. The 
total energies for chloral are ae follow: RHF/&31ffi**, -1629.688 291, 
and MP2(fc)/6-31+G**, -1630.433 666 hartrees. The total energies for 
chloral hydrate are m follows: RHF/6-31+G**, -1606.637 683, and 
MP2(fc)/6-S1+G**, -1606.688 792 hartrees. The scaled ZPE are 17.7 
and 36.2 kcal-mol-' for chloral and chloral hydrate, respectively. 
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Table XII. Change in  Carbon Charge on Hydration. 

Henke et al. 

transfor- 
carbon type mation C(keto) C(hydrate) Aq 

aldehyde 1 - 5  1.311 1.402 0.096 
center 1 - 7  1.157 1.313 0.156* 

aldehyde 1 2 4  17 1.312 1.402 0.090 
center 12- 19 1.162 1.317 0.155* 
enone 12- 21 1.221 1.314 0.093 

aldehyde 22- 29 1.295 1.406 0,111 
center 22- 28 1.236 1.370 0.134* 

center 34- 35 1.230 1.369 0.1391 
enone 34-37 1.198 1.299 0.101 

a. 1,2,3-propanetrione 

b. 2,3-dioxo-4-pentenal 

c. l-methoxy-1,2,3-propanetrione 

d. VTC 

The preferred site of hydration is shown by an asterisk. 

into atomic regions. The electron population in eachregion 
is obtained by numerical integration of the charge density. 

The populations may be converted into charges by 
subtracting them from the atomic number of the atoms 
involved. These charges have been obtained for the atoms 
of all of the compounds in this study and are available as 
supplementary material. The most interesting changes 
in charge on going from a carbonyl compound to its hydrate 
was found at the carbonyl carbons, and these data are 
summarized in Table XI1 for the formation of the hydrates 
from the more stable tricarbonyl conformers. The charges 
may at first seem large, but it must be remembered that 
the oxygens withdraw charge from the carbons via both 
the c and ?r systems, and this results in a large charge shift 
from carbon to oxygen. 

In each case, the change in charge at the carbonylcarbon 
on hydration is given, and it can be seen that the largest 
increase in charge is correlated with the most favorable 
reaction. In the hydrates, there is an advantage in having 
as large an increase in carbon charge as possible, since this 
leads to a large stabilizing internal coulombic interaction 
with the two attached oxygens having partial negative 
charges. This type of stabilization has been found in many 
other cases, such as with heterosubstituted allyl anionsF9 
acetyl derivatives?O and polyfluorinated alkanes.31 

A general discussion of the factors that control hydration 
equilibria will be given at  a later time when we present our 
experimental and computational results for the hydration 
of a number of carbonyl compounds. 

Conclusions 

In summary, our theoretical calculations have revealed 
some interesting conformational preferences for these 
trione systems. The s-cis (2) enone was found to be favored 
over the s-trans (E) enone in calculations of 2,3-dioxo-4- 
pentenal by -1.4 kcal-mol-1 at  the RHF/6-31+G**//6- 
31G* level. The s-cis ester was favored over the s-trans 
ester in l-methoxy-1,2,3-propanetrione by -8 kcal-mol-' 
at the RHF/6-31G* level. The lowest energy conformer 
for l-methoxy-1,2,3-propanetrione 22b was found to be a 
structure bisected, as such, into planar s-trans glyoxal and 
s-cis ester components which are twisted 82' relative to 
one another. This suggests a stereoelectronic relationship 

(29) Wiberg, K. B.; Breneman, C. M.: LePage, T. J. J. Am. Chem. SOC. - 
1990, 61, 61. 
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(30) Wiberg, K. B.; Hadad, C. M.; Rablen, P. R.; Cioslowski, J. J. Am. 

(31) Wiberg, K. B.; Rablen, P. R. J. Am. Chem. SOC. 1993, 115, 614. 

of this structure to the tricarbonyl section of FK-506 which 
incorporates a similarly twisted amide-ketone bond. 

The regiochemistry for hydration in the model systems, 
1,2,3-propanetrione, 2,3-dioxo-4-pentenal, and l-methoxy- 
1,2,3-propanetrione was found, in all cases, to favor the 
central carbonyl at  the RHF and MP2/6-31+G**//6-31G* 
levels with ZPE correction. It is interesting to note that 
in the case of 1,2,3-propanetrione and 2,3-dioxo-4-pentenal 
hydrates, energies considered without the ZPE correction 
favored hydration at  the terminal aldehyde carbonyl over 
hydration at  the central carbonyl; however, energies 
considered with the ZPE correction favored the central 
carbonyl hydrates. The l-methoxy-1,2,3-propanetrione 
hydrates remained in the same relative energetic order 
with and without ZPE correction. The 6-31+G** basis 
set gave slightly greater differences in relative energies 
than the 6-31G** basis set. Electron correlation increased 
the energy differences between conformers to an even 
greater extent, but the relative trends at the HF level with 
ZPE correction were unchanged (see Table VII). 
Analysis of the charge density distributions of the vicinal 

tricarbonyls has shown that the driving force for hydration 
is the large electrostatic stabilization that is created in the 
hydrates when the (positively charged) hydrated carbon 
is flanked by two large negative oxygen charges. Hydration 
of the ester unit is less favored as two negative charges 
stabilize the ground state, and less stabilization is gained 
on going to the hydrate. This stabilization may also explain 
the geometric distortions in VTC, and analogously FK- 
506. The ester unit is well stabilized electrostatically by 
itself, and as a result, it is twisted nearly perpendicular to 
therest of the carbonyl system. The hydrate at  the central 
carbonyl is favored over the others as a larger positive 
charge at the central carbonyl carbon is generated upon 
hydration, and therefore, a larger degree of electrostatic 
stabilization is created. 

The hydration process for VTC has been found, by 
calculation, to be highly exothermic and on the scale of 
activated aldehydes such as fluoral and chloral. Calori- 
metric results for the hydration of chloral has yielded an 
experimental mhydrat ion of -12.22 * 0.04 kcal-mol-' in 
acetone solution. Our calculated htihydration(g) for fluoral 
going to fluoral hydrate is -12.3 kcal-mol-' at  the MP2/  
6-31+G**//6-31G* level (with ZPE), while the calculated 
PHhydration(@ for chloral to chloral hydrate is -9.6 
kcal-mol-'. These are in reasonable agreement with the 
experimental value obtained for chloral hydration in 
acetone solution. Trans-hydration experiments between 
VTC tert-butyl ester and chloral in acetone showed that 
VTC tert-butyl ester has an experimental energy of 
hydration which is 2.6 * 0.1 kcal-mol-' less exothermic 
than chloral. Thus, VTC tert-butyl ester has a ihHhydration 
of -9.6 kcal-mol-' in acetone solution, while our gas-phase, 
calculated AHhyhation is -14.6 kcal-mol-' at  the MP2/6- 
31+G**//6-31G* level for the VTC methyl ester. 

Experimental Section 
VTC tert-butyl ester was prepared according to ref 3. Chloral 

hydrate was obtained commercially from Fisher and used without 
further purification. Chloral wm prepared by shaking the hydrate 
with concentrated sulfuric acid, separating the two layers, and 
then d i ~ t i l l i n g . ~ ~  The calorimetry stock medium was deionized 
with distilled water or dry acetone. Water used for calorimetry 

(32)  Merck Index; Windholz, M., Budavari, S., Blumetti, R. F., 
Otterbein, E. S., Eds., Merck and Co.: Rahway, 1983. 
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ampules was distilled once more. Acetone-ds was dried over 4-A 
molecular sieves and used without further purification. p-Tol- 
uenesulfonic acid monohydrate was dehydrated by heating under 
vacuum. 

Purity of all compounds was determined on a Hewlett-Packard 
5890A analytical gas chromatograph equipped with a crosslinked 
methyl silicone fused silica capillary column (50 m X 0.20 mm 
X 0.33 pm). All compounds used for calorimetry and NMR 
experiments were found to be >99.5% pure prior to use. 

The automated calorimetry system has been described pre- 
~ i o u s l y . ~ ~  Chloral and water were yacuum transferred into 
preweighed spherical ampules, flame sealed under vacuum, and 
then reweighed. Chloral hydrate was crushed to a fine powder 
and added to the ampule via a small funnel. A Mettler analytical 
balance, reproducible to O.OO0 005 g, was used for weighings. In 
each calorimetry run, 100 mL of stock solution was placed in the 
cell, and one ampule was placed in the sample holder. After 
equilibrium was reached, the ampule was broken. The temper- 
ature, measured to O.OO01 OC with a quartz probe, was recorded 
every 10 s starting roughly 10 min before initiation of the reaction 
and until the reaction was complete (nominally an additional 30 
min). An electrical calibration directly followed each reaction 
run. Each calorimetric reaction was performed five to six times 
to ensure reproducible results. 

Solutions for NMR experiments were prepared by adding a 
weighed quantity (-0.01 g) of VTC-Hz0 into a 1-mL volumetric 

(33) Wiberg, K. B.; Squires, R. R. J.  Chem. Thermodyn. 1979,11,773. 
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flask, followed by a weighed quantity (-0.3-0.4 g) of acetone-&. 
Chloral was added by volumetric microsyringe (5-10 pL), and 
the solution was transferred to an NMR tube containing 1 crystal 
of anhydrous p-toluenesulfonic acid. The solution was then 
degassed and sealed under vacuum. lH NMR spectra were taken 
on a Bruker 500-MHz NMRspectrometer at temperatures around 
10,25, and 40 OC. Temperatures were calibrated with a MeOH 
standard using the equations of Ammann, Meier and Mer- 
ba~h .3~  The receiver delay was set to 10 s to ensure proper 
relaxation of all signals in order to have accurate integrals. 
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