5816 J. Phys. Chem. A998,102,5816-5821

A Theoretical Study of C;H30ONa

Yi-Gui Wang,* Chang-Jun Sun, and Cong-Hao Deng
Institute of Theoretical Chemistry, Shandong Lémsity, Jinan, Shandong 250100, People’s Republic of China
Receied: June 3, 1997; In Final Form: August 27, 1997

The potential energy surface ofldsONa has been computed ab initio at the MP2/6-Gt level of theory.

The results indicate that,8;ONa has three types of isomers: sodium enolate (type A), acyl sodium (type

B), anda-sodium vinyl alcohol (type C). Type A isomers, for which the isomer withh@s the lowest in

energy, are the lowest local minima on the potential energy surface. Type B isomers are weakly bound and
have energies between those of type A and type C isomers. Type C isomers were found to have the highest
local minima on the potential energy surface. Energy barriers between these three types of isomers are very
high.

Introduction 250

The general formula §;0Na represents several types of 200 |
organic compounds, such as enolate ;€8H(ONa), acyl
sodium CH(C=0)Na, and the model molecule of unsaturated
a-sodium ether Ch=C(OH)Na. These compounds show 100 4
completely different chemical behaviors. Alkali metal enolates
have long been known to be intermediates of a very large
number of common and synthetically useful reactions. Different
alkali metals significantly influence the structures, the aggrega-
tion condition, and the reactivity of enolate$.Many attempts -50
have been made to change the polarity of carbonyl carbon
through metallization in order to obtain useful acylation reagents
(the “Grignard reagent” analogs), but acyl metals (except acyl -150 |
transition metals) cannot be used in synthesis due to their
instability and to the occurrence unavoidable side reacfidns.
However, unsaturated-lithium ethers CH=C(OR)Li are ) i ) i
widely used as acetyl anion equivalents by virtue of their easy Figure 1. Profile potential energy for £1:0M (M = Li, Na) (black
preparation and easy aftertreatmérft. On the other hand, line for M = Na, dotted line for M= Li).
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unsaturated:-lithium ether CH=C(OR)Li can react with R.i comparing the role of different geometries of €C(OH)Na

to replace the OR group by fRom the opposite site of the OR i reactions, we calculated the charge onuSing Mulliken,

group, which is a typical reaction only of carbenoid8. natural population analysis (NPAJ, ChelpG!4 and MK15
Given experimental interest in this area, little theoretical work methods. All the calculations were performed with the GAUSS-

has been done onBH;0M(M=alkali metals) except £130Li. IAN 92 progrant® on an SGI Power Challenge M-Series

CH,=CH(OLIi), the simplest enolate, has been briefly studied \yorkstation.

by Lyncht® and Lambeft and thoroughly by u& We also

have studied CH=C(OH)Li and CH—C(=O)Li in a previous ~ Results and Discussions

paperi2in which we gave the potential energy surface efig I. Potential Energy Surface of GH3;ONa. The optimized

OLi and compared the chemistry of different isomers. Because geometries of local minima and connecting transition states

it is very important to know how different alkli metals influence  connecting them are depicted separately in Figures 2, 3, and 5

the properties of these reagents, we investigate=€EH(ONa), for types A, B, and C isomers, respectively. Table 1 presents

CH,=C(OH)Na, and Ch—C(=0)Na in this paper. their total energies, zero-point vibration energies, and relative
All results are compared to those ofHzOLi. We have also energies. Corresponding values faHgOLi are also given for

made predictions for the £;0M (M = Li, Na, K, Rb, and comparison. Figure 1 shows the potential energy profile for

Cs) series. the MP2/6-3%#G* energies, corrected for ZPE.
) As Figure 1 shows, the potential energy profile gHgONa
Computational Methods at MP2/6-31-G* level of theory is divided into three sections

All equilibrium geometries and transition states (TS) have by three very high energy maxima at points 9, 18, and 19. The
been calculated using the restricted MgtiBtesset second-order  left section contains the isomers of sodium enolate-€€EH-
perturbation (MP2) method and 6-8G* basis sets. Vibration  (ONa) (type A). These have the lowest energies. The middle
frequencies, also calculated at the same level of theory, havesection contains the isomers of the molecule;€8BNa(OH)
been used to characterize stationary points and to obtain zero{type C), which have the highest energies. Acyl sodiumGH
point energy (ZPE) corrections. The numbers of imaginary (=O)Na (type B), for which point 6 is the only minimum, is in
frequencies for equilibrium geometries and transition states arethe remaining section. The sharp high points 9, 18, and 19 are
0 and 1, respectively. ZPEs were not scaled. Furthermore, fortransition states for interconversion of isomers of the different

S1089-5639(97)01806-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 06/26/1998



Theoretical Study of ¢gH3;0Na

J. Phys. Chem. A, Vol. 102, No. 29, 1998317

TABLE 1: The Total Energies, Zero Point Energies (ZPE), and Relative Energies of g1;0M?2 (MP2/6-31+G*)

M =Li M = Na

geometries total energi&fau) ZPE (au)  A(E+ZPEY (kJ/mol) total energieE(au) ZPE (au)  A(E+ZPEY(kJ/mol)
1 —160.256 29 0.04658 —164.9 —314.635 89 0.045 16 —152.1
2 —160.260 65 0.04688 —175.5 —314.642 88 0.045 52 —169.5
3(TS1-2) —160.252 85 0.04597 —157.5 —314.635 18 0.044 75 —151.3
4(TS2-2) —160.222 62 0.04462 —81.6 —314.606 83 0.043 48 —80.2
5(TS2-2) —160.196 46 0.04426 -9.0 —314.585 37 0.043 34 —24.3
6 —160.226 26 0.04623 —87.0 —314.605 80 0.044 73 —74.2
7 —160.191 57 0.04479 0.3
8(TS6-7) —160.191 37 0.04439 —0.2
9(TS1-7)° —160.140 82 0.04135 124.6 —314.521 45 0.039 85 134.4
10 —160.191 48 0.04458 0 —314.576 54 0.04375 0
11 —160.142 89 0.03847 1115 —314.511 40 0.036 78 152.7
12 —160.181 94 0.04543 27.3 —314.568 16 0.043 94 22.5
13 —160.178 90 0.04547 35.4 —314.565 62 0.044 36 30.3
14(TS10-11) —160.141 47 0.03879 116.1 —314.510 16 0.036 88 156.2
15(TS 1012 —160.172 25 0.04404 49.1 —314.560 45 0.04312 40.6
16 (TS10-13) —160.178 13 0.04516 36.6 —314.564 65 0.043 92 31.7
17(TS1313) —160.160 48 0.04425 80.5 —314.547 94 0.043 28 73.9
18(TS2-13) —160.136 22 0.03980 132.6 —314.521 12 0.038 63 132.1
19(TS6-10) —160.114 06 0.03926 189.5 —314.499 89 0.038 30 186.9

aThe data for M= Li were taken from ref 12° The energy of geometrj0is taken as zerd.Because the geometiis not a stationary point,
the geometn® is regarded as the transition statelodnd6.

types.

5(Cs, TS2-2")
Figure 2. Local minima and transition states for @HCH(ONa).

24321
=.382
Nas 2180

different types of isomers are almost impossible.
Il. CH ,=CH(ONa) (Type A)

At the MP2/6-31-G* level of theory, there are two local
minima (L and2) and three transition states<8) (see Figure

Their heights indicate that interconversion among

2) on the potential energy surface of &+CH(ONa). Geometry
1is a planar structure in which the-®—Na group is nearly
linear (bond angle=168.2). Geometry2 is a nonplanar
structure with the sodium out of the-€—0O plane and nearly
equidistant from the oxygen and the terminal carbon. The
favorable energy (17.4 kJ/mol lower than geoméirindicates
that sodium enolates will exist in the form of geomeRy
provided that they do not aggregate. Geomedrnyis the
transition state for the two local minima. This is confirmed by
the single imaginary frequency of geome8y

In structure2, Na is a chiral center. Hence, this isomer is a
potentially useful template for asymmetric synthesis involving
chiral nucleophiles. TwdCs symmetry geometries} and 5,
are transition states betwe2rand its mirror structur@'. The
high barriers for isomerizatior(@and5 are 89.3 and 145.2 kJ/
mol higher in energy thad, respectively) show not only the
difficulty of internal rotation but also the high order of the-C
bond. However, geometi® can easily isomerize to geometry
1, which has no chiral character, through transition sdafehe
barrier for this reaction is only 18.2 kJ/mol. In practical
applications, therefore, this facile isomerization should blocked
by complexing geometr at Na or at O.

Two differences are noteworthy when €+HCH(ONa) is
compared with Ch=CH(OLI): (1) Geometry2 becomes more
stable than geometr¥ (i.e., sodium has more tendency than
does lithium to bridge O and the terminal carbon). (2) The
energies o#4 and5 become lower. This means that geometry
2 is more flexible, which in turn implies that the interaction
between the positive sodium ion and the negative<€EH—

O~ becomes weaker, making the resonance
© Na®

o ®
A N

more effective.

The above trends may extend to Cs. In the sequence of
substituents Li to Cs, geometBbecomes progressively more
stable, while the €C bond gradually loses its double-bond
character.

lll. R-C( =O)Na (Type B)

Calculations show that there is only one minimum (geometry
6) on the potential energy surface of g@&{=0)Na (Figure 3).
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Figure 3. Geometries for CEC(=0O)Na and acetaldehyde.

Geometry7, which is a real carbene, is not a local minimum at
the MP2/6-3%#G* level of theory. Rather, it is a point on the
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Figure 4. The energy surface along the angle NaOC.

weaker G—C; and Na-C bonds. As a prediction for GHC
(=O)M (M = Li, Na, K, Rb, and Cs), acyl metals will show
weaker and weaker bond character (except@ bond) in the
sequence from Li to Cs.

IV. CH ,=C(OH)Na (Type C)

A. Geometries and Isomerization. There are four local
minima (10-13) on the potential energy surface of,E&(OH)-

Na at the MP2/6-31G* level of theory. Three transition states
(14-16) connect 10 to 11, 12, and 13, respectively. Geometry
17 is the transition state fot3 and its mirror imagel3 (see
Figure 5). As an aid to comparing the role of different
geometries in reaction, the dominate parts of the FMO for local
minima (10-13) and for vinyldiene (GHC:) are given in Table

3.

The carbor-oxygen-bridged isomeflO contains a three-
membered ring, in which Nanot only interacts with anionic
C, but also interacts with the lone pair on oxygen. The
calculations suggest that geomet§has a considerably longer

flat potential energy surface along the angle of CONa (see FigureC,—O bond (1.4715 A) than does vinyl alcohol (1.3722 A).

4). Compared with acetaldehyde, both the @ and C-O
bonds in geometrg are elongated, reflecting the weak bonding

The nonbridged geometrd2, wherein sodium is bound to the
anionic carbon atom but not to oxygen, is 22.5 kJ/mol higher

character of this isomer. Similar, even greater elongations arein energy thanl0. The short NaC, bond (2.3046 A), the

found in the carbene (geomet®. Thus, the resonance

CH: —C ==0<—>CH:—C——0°Na®
Na®

may still contribute to the stability of acyl sodium GHC(=
O)Na, though structur@ is not a local minimum according to
our calculations.

Through transition stat®, a 1,2 H-migration can change
geometry6 into geometryl. However, the barrier is very high
(208.6 kJd/mol).

Compared with acyl lithium, acyl sodium has an even longer
C;—C, bond (1.5176 A for Na species and 1.5079 A for Li
species), while the £-O bond is shorter (1.2741 A for Na

nearly classicallNaGC; (101.5), and the shortest£ O bond
(1.4078 A) among all four geometries indicate that geometry
12is a classical structure. Geomettg, with the sodium ion
bound only to thex-oxygen atom, is stabilized by an interaction
between the lone pair of oxygen and NaGeometryl3 also
has a relatively longer £-O bond (1.4956 A) than that in vinyl
alcohol. GeometriL1, an unsaturated metallocarbenium isomer,
is rather energy-rich (152.7 kJ/mol abot6). The existence
of geometryl1 strongly indicates electrophilic character of the
C, carbon atom. Geometrie$4, 15 and 16 have single
imaginary frequencies and are transition states for converting
structurelOto 11, 12, and 13, respectively. This assertion is
confirmed by the analysis of the imaginary frequency modes.
GeometrylQis the most stable structure, and there is no doubt

species and 1.2807 A for Li species). Natural orbital population that it is the equilibrium geometry of GHC(OH)Na under

analysis shows that the GHyroup possesses more negative
charge £0.119 for acyl sodium ane-0.090 for acyl lithium)
while the metal possesses a little more positive chat@eq19
for Na and+0.911 for Li). That means acyl sodium has a

general conditions, provided that GHC(OH)Na does not
aggregate. Geometridsl and 13 are not likely to exist, for
they can very easily change into struct@@through transition
states14 and 16, which have energy barriers of 3.5 and 1.4
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Figure 5. Local minima and transition states for @HCNa(OH). Geometries for vinyl alcohol and vinyl alcohwiC anion.

TABLE 2: Net Charge on C, of Equilibrium Structure of
CH,=C(OH)Na and Vinyl Alcohol a-C Anion
(MP2/6-31+G*)

geometries
10 11 12 13 21
Mullicken —0.412 -0.229 —-0.238 —0.484 —0.547
NPA —0.151 +0.160 —0.190 -—0.101 +0.350
CHelpG —0.753 +0.082 —-0.642 —0.747 -—0.688
MK —-0.845 +0.105 -—0.834 -0.830 -0.751

kJ/mol, respectively. However, GHC(OH)Na may exist in
the classical form o012, for geometryl2is not much higher in
energy (22.5 kJ/mol higher that0) and is rather difficult to
convert into10 (the barrier is 18.1 kJ/mol).

Geometriesl], 12, and13 can be regarded as the products
of breaking either the €0, the G-Na, or the Na-C bond of
the three-member ring in geomettY. Because the energies
decrease in the order df4, 15, and 16, it is reasonable to
conclude that the €0 bond is the least likely to be broken in
the reactions ofy,5-unsaturatedr-sodium ether.

Compared with CH=C(OH)Li, geometry 10 of CH,=
C(OH)Na is easier to change into structut® but is more
difficult to convert into11. As a prediction, the trend may
continue down to Cs.

B. Interconversion of CH3C(=0O)Na and CH,=C(OH)-
Na. When the H on O in geomet}3 moves toward the central
carbon G and passes the transition stdi8 geometry?2 is

C. Mechanism for CH,=C(OH)Na To Serve as an Acyl
Anion Equivalent. Geometryl3is a special structure for two
reasons: (1) FMO analysis (see Table 3) shows that the HOMO
of geometryl3 has the largest electron density op tough
C, in 10 and 12 also have obvious net negative charge (see
Table 2). (2) Geometri3 has a bare £that is favorable for
the attack of electrophiles. Howevés can very easily change
into 10 via 16 (the barrier is only 1.4 kJ/mol), which meah3
is just a transient reactive intermediate. Thus, the reaction
proceeds as follows:

N
I
10
Na\ H H
13 E

Geometryl3is obtained from geometr{0 by the rotation of
Na through transition states. The attachment of electrophiles
(E) to the bare anonic £produces the primary product that
retains the configuration at,C

Furthermore, geometr§3 has chiral character. It is very

obtained. This process is called Wittig rearrangement if the H difficult for geometry13 to change into its mirror imag&3
is replaced by an alkyl group. Because the barrier (101.8 kJ/ directly via transition stat&7 (the barrier is 43.6 kJ/mol), but

mol) is very high, the migration of H from O toGs highly
unfavored kinetically.

When the H on O in geomet}0 moves toward the terminal
carbon G and passes the transition stdi® geometry6 is

13 can change intd0 fairly easily through transition states
(the barrier is 1.4 kd/mol). Since geomel§has no chirality,
this kind of reaction has little stereoselectivity unless oxygen
is complexed with and stabilized by some group to make the

obtained. Neither the reaction nor the back reaction is easy tosecond process difficult.

fulfill, becausel9is 261.1 and 186.9 kJ/mol higher in energy
than6 and 10, respectively.

D. Mechanism Enabling CH,=C(OH)Na to React as a
Carbenoid. Geometryll needs more attention regarding the
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TABLE 3: Energies (au) and Dominate Parts of FMO for CH,=C(OH)Na and CH,=C:

geometries orbital types orbital energies FMO (only dominant parts given)
10 HOMO —0.280 +0.406C(1)(2p + 0.336C(1)(3p + 0.301C(2)(2p
LUMO —0.009 —0.761C(1)(s)y 0.905C(2)(s)}+ 0.653Na(s)} 0.192Na(3s)
+0.255Na(4p + 0.175Na(p) — 0.276Na(2p — 0.261Na(p)
11 HOMO -0.315 +0.5960(2sH 0.4480(3p) + 0.1570(R)
LUMO —0.002 —0.380C(1)(R) + 0.386C(2)(2p + 0.372C(2)(3p + 0.724C(2)(p)
12 HOMO —0.270 +0.402C(1)(2p + 0.345C(1)(3p
LUMO —0.017 +0.312C(1)(s)-0.375Na(4p) + 0.512Na(s)
13 HOMO —0.292 —0.468C(1)(s)- 0.373C(2)(2p + 0.375C(2)(3s)+ 0.767C(2)(s)
LUMO —0.013 +0.740C(1)(s)y- 0.554C(2)(s)}+ 0.596Na(s} 0.419Na(4p
+0.257Na(p)
CH~=C: HOMO —-0.411 +0.397C(1)(2p) + 0.310C(1)(3p + 0.380C(2)(2p + 0.226C(2)(3p
LUMO +0.053 —0.401C(1)(p) + 0.323C(2)(3p + 0.834C(2)(p)

study of the mechanism enabling &+IC(OH)Na to react as a

carbenoid because of two reasons: (1) Net charge analysis (se

Table 2) indicates thats positively charged only in geometry
11 (2) FMO analysis shows that geometiy is the only

structure whose LUMO is similar to that of unsaturated carbene
It is reasonable to assume that

(CHy=C:) (see Table 3).
geometryllis either the exact reactant or the structure similar
to that of the transition state. However, because geonidiry
is 152.7 kJ/mol higher in energy than geomel and the
energy required fofl1 to turn into 10 is just 3.5 kJ/mol, it is
more likely that nucleophiles react wittD and not with11.

e " e

OH R® /Na,
E Na _\R

Typical reaction

Tvoi '
ypical reaction only of "carbenoids’

of "carbanion”

Unsaturatedx-sodium substituted ether prefers reacting with
electrophiles (E) to reacting with nuclephiles (such a$.®n

the one hand, the first reaction occurs by the attachment of
electrophile (E) to the £of geometryl3 to produce product

Furthermore, FMO analysis indicates that a large part of the that retains the £configuration and shows little steroselectivity.

electron density resides on Na in the LUMO of geomeitty
Thus, the reaction process will be the following:

The attachment of nucleophile’Ro Na in geometryi 0 forms
a complex. Then, theOH group is replaced by Rthrough a
transition state such as geometty to give a product with
reversion of configuration at £

E. Comparison of the Two Different Mechanisms. Ge-
ometry 10 is the starting isomer for both reactions as shown
above. Because geometty) has a larger barrier (156.2 kJ/
mol) for isomerization intall compared to its isomerization
into 13 (31.7 kJ/mol), CH=C(OH)Na is more likely to react
as an acyl anion equivalent than to react as a carbenoid.

Conclusions

The conclusions of this work may be summarize as follows:

(1) C;H3ONa has three types of isomers where sodium enolate

CH,=CH(ONa) (type A) occupies the lowest position of the
PES, acyl sodium C§C(C=0)Na (type B) comes in the middle,
anda-sodium vinyl alcohol ClH=C(OH)Na (type C) takes the

highest position. Barriers to interconversion among these types

of isomers are very high. (2) For sodium enolate,&&H-
(ONa), the nonplanar structuiz has the lowest energy and

would be a useul reagent in stereoselective synthesis. (3) Acyl
sodium CHC(=O)Na has weak bond character. A resonance

form of carbene isoméf may contribute to the its stability. (4)
Acetyl anion equivalent Ch=C(OH)Na has dual reactivity:

On the other hand, the second reaction occurs through the
replacement of attachment 0OH group by nuclephile (such
as R’) from the opposite site via a transition state like geometry
11 The product of the second reaction reverses@hfigu-
ration. (5) After comparing &430Na with GH3OLi, we give
the following predications for §1;0M (M=alkali metals)
series: From Li to Cs, (a) the-&C bond order of alkali metal
enolates decreases, (b) acyl alkali metals have increasingly
weaker bond character, and (c) &-(OH)M becomes easier
to react with electrophiles, but becomes increasingly difficult
to react with nucleophiles.

We do find a transition state at RHF/6-BG* level for
reaction of CH=C(OH)Na and ChH as follows:

£ 11-842
=593

Loz H -
o 10&
11011 =

(

H
1

H L’ 25451
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.
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1) 12963 CZ‘_ 27259
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The transition state can clearly show the breaking of Gs (7) Stang, P. JAcc. Chem. Re4.97§ 11, 107.
bond, the configuration inversion of central carbon &hd the (8) Schdlkopf, U. Angew Chem., Int. Ed. Engl97Q 9, 763.
connection and movement of the electron-rich ;Cgtoup. (9) Boche, G.; Lohrenz, J. C. W.; Opel, Aithium Chemistry: A

Detailed information concerning this reaction is to be published. Theoretical and Experimental@rview, Spase, A.-M., Schleyer, P. V. R.,
9 P Eds.; John Wiley and Sons, Inc.: New York, 1995; pp 2035.
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