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Abstract—Methy! 4-methyl-5-oxo-hexanoate (4) and methyl 4-methyl-S-oxo-S-phenyl-pentanoate (5) yield mixtures
of cis and trans tetrahydro-5, 6-dimethyl-6-phenyl-2H-pyran-2-one (6 +7) on reacting with PhMgX and MeMgX,
respectively. Ratios 6/7 were measured for reactions performed in benzene, diethy! ether (with X =1I) and
tetrahydrofuran (with X=Cl). A comparison is made of the results obtained with those of methyl (2-oxo-
cyclohexyl)-propionate (1). It is suggested that the ester group and the keto group can interact in the transition
states of the reaction performed in the less polar solvent and that in polar solvents they are remote from
one another during the reaction. These conformational changes are believed to be responsible for the observed

stereochemical differences in the reactions.

It is well known that changes of solvent, reactant and
temperature may produce changes in stereospecificity
and steric direction in Grignard reactions.'™*

One of us* found that Grignard reactions on methyl
(2-oxo-cyclohexyl)-propionate (1) proceed with unusual
_changes in stereospecificity with varying reactant and
solvent. Thus lactones 2 and 3 were produced in the ratio
2/3=1.3 when benzene was the solvent and X =1,
whereas 2/3 = 14.4 when Grignard reactions were carried
out in THF with X = Cl. Identical changes in solvent and
reactant caused variations in the same direction, but
smaller, with all the other a-substituted cyclohexanones
we examined® and this is in agreement with other
authors.®

(:é/_\c MeMgX
CQMe
1
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This suggests that, with bifunctional, conformationally
mobile systems, changes in reaction conditions could
modify the interactions between functional groups in the

tWe thank the Consiglio Nazionale delle Ricerche for financial
support. .

$No bands at frequencies higher than 1750 cm™', characteristic
of the boat conformation of the 3-lactonic ring,* appear in the IR
spectra.

transition state with consequent changes in stereo-
chemistry.

&-Keto esters 4 and § differ from 1 and from each
other in their rotational freedom around bonds CO-C,
(see arrows) and the transition states of their reactions
can attain different conformations: the stereochemistry
of their reactions with Grignard reagents are studied in
the hope of gaining a better understanding of the factors
involved.

4 R,=Me R,=Ph when R, = Me
S R,=Ph R,=Me when R, =Ph

CbL?b + Ioloeq..z

rEsUL”

Grignard reactions on y or &-keto esters generally
yield y- or &-lactones.*” This was also the case for
compounds 4 and 5 when reacting with phenyl and
methyl Grignard reagents, respectively: the lactonic
fractions invariably showed P peak at 204 m/e (Experi-
mental for the complete fragmentation pattern). IR spec-
tra show normal lactonic bands at 1740 cm™'.% These
lactonic fractions resisted till now all our attempts to
separate 6 from 7 but NMR spectra (Figs. 1 and 2)
clearly show that they are present in variable amounts
depending on both the starting material (4 and S) and the
reaction conditions. Also NMR spectra allow quantita-
tive determination of 6 and 7.
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Fig. 1. NMR spectrum of a lactonic fraction deriving from
reaction of 4 with PhMgl in Et,0. (solvent CCL)

Ao i

A i i

i al
[, ] [}
Fig. 2. NMR spectrum of a lactonic fraction deriving from

reaction of 5 with MeMgl in C.H,. (solvent CCl)

Structures of lactones 6 and 7. Figures 1 and 2
represent the NMR spectra of the lactonic fraction
deriving from the reaction of 4 with PhMgl in Et,0 at 25°
and from 5 with MeMgl in benzene (same reaction
temp.), respectively.

A, COLANTONI ¢f al.

From the spectra it is evident that the lactone showing
the singlet Me signal at 1.735 shows the Me doublet at
0.855 and that the Me singlet at 1.588 and the doublet at
1.108 belong to the same lactone. Since both 6 and 7
might be equilibrium mixtures of 6a, 6b and 7a, 7b
respectively, we calculated the potential energies of the
above four structures and the pertinent interatomic dis-
tances at the minima in order to facilitate the inter-
pretation of NMR spectra.
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Potential energy calculations. The numbers in Fig. 6a
were assigned to the atoms (C, O) of all four structures
6a, 6b 7a and 7b in calculations of this section. In-
tramolecular potential energy E was computed as a
function of the angle ¢ around the C6-C10 bond.

In Table | are reported the coefficients of the
semiempirical potential* functions employed in the
generalized form: a.exp(~br)/i*—cr®, where r is the
atom-atom distance. In many cases these functions, suit-
able to describe van der Waals interactions, have been
successfully used in predicting the most stable confor-
mations of molecules, macromolecules, as well as in
solving the phase problem in crystals.” It should be noted
that the employement of a potential function for the Me
group, treated as an atom, reduces the degree of freedom
from three to one in the present case.

The choice of a starting model for calculations was not
straightforward, since the crystal structures of closely
similar compounds are lacking in the literature. The
geometry of the lactone ring, as far as the atoms O1, C2,
C3, C4, CS, C6, O7 are concerned, was assumed as it
results at the end of refinement of cis-oxa-1 trimethyl-7,
7, 10-decalinedione-2, 5'° (8), the lactone ring being a
fragment of this last compound. Torsion angles are

Table 1. Coefficients of potential functionst

Interaction alo? b c d
H-H 6.6 4.080 49.2 0
H-C M48 2.040 125.0 6
H-O 420 2.040 132.7 6
H-CH, 49.1 3.705 380.5 0
Cc-C 301.2 0.000 3272 12
Cc-0 278.7 0.000 23 12
C-CH, 1.1 1,655 981.1 6
o0 259.0 0.000 358.0 12
0-CH, ma 1.665 1026.3 6
CHy-CH, 2739 3.329 29420 0

tThe energy is in Kcal per atom pair if the interatomic distance
isin A,
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Table 2. Torsional angles () in

6 and 7 corresponding to the
lactone ring  geomelry
assumed in calculations
01-C2-C3-C4 14.6
C6-01-C2-C3  -153
C5-C6-01-C2 37.1
C2-C3-C4-C5 -3%0
C3-C4-C5-C6 55.9
C4-C5-C6-01 -56.2

defined according to the TUPAC rules."" Computed
values are shown in Table 2. Bond distances and bond
angles are in good agreement with standard values.

Me [0}
Me '
)

Me
o]

The coordinates of all other atoms were generated by
means of a program, Calcor,'? by assuming: C-H =
1.08 A, C-C =1.54 A, HCC and CCC = 109.5° in the lac-
tone ring and C-H=108A, C-C=1.40A, HCC and
CCC=120.0° in the phenyl ring. The starting position
was defined by dihedral angle ¢ C11-C10-C6-C5 equal to
0°. E values were computed by taking into account all the
interactions between atoms whose distance depends on ¢,
which was varied from 0° to 180°, taking account of the
phenyl ring symmetry, with increments of 5° The
behaviour of E as a function of ¢ is shown in Fig. 3 for
6a and 6b and in Fig. 4 for 7a and 7b. On inspecting the
corresponding curves, it is clear that conformers 6a and
7a are energetically favoured with respect to b and 7b in
the solid state. Table 3 summarizes the results of cal-
culations.

The distances from C9 to the plane and to the axis of
the benzene ring are practically the same in both éa and
7a. Then, the difference in chemical shift between the
two methyl singlets arises from their being axial and
equatorial, respectively, to the lactonic ring. We then
assigned trans structure 7 to the lactone with signals at
1.5868 (s) and 1.108 (d) and cis structure 6 to the lactone
with signals at 1.738 (s) and 0.858 (d).

Stereochemistry of Grignard reactions. Grignard reac-
tions were carried out (a) in THF with RMgCl at 6(°, (b)
in benzene with RMgl at 25°, and (c) in Et,O with RMgl
at 25°. R = Ph in reactions with 4 and R = Me in reactions
with 5. Conditions (a) and (b) are those for which the
extreme differences were reached in the stereospecificity
for keto ester 1.4t Reaction yields were determined using
a GLC standard (Exp. part) whereas ratios /7 were
determined by NMR. We found very reproducible 6/7
ratios, although reactions yields varied from run to run.
The sum 6 + 7 + starting product was always in the range
89-97%. Table 4 collects our results together with those

1Grignard reactions in benzene at 60° and 25° show very small
differences in the ratios 6/7 but those at 60° produce a more
complex reaction mixture containing variable amounts of un-
u‘mnted acids. This behaviour parallels the results for keto ester
1.
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Fig. 3. Intramolecular potential energy E vs dibedral angle ¢ for
6a and 6b.
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Fig. 4. Intramolecular potential enetgy E vs dihedral angle ¢ for
7a and 7b.
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Table 3. Distances of C8 and C9 to the plane and to the axis of the
benzenc ring for éa, 6b, 7a, 7b in conformations corresponding to
potential energy minima designated by ¢

Distances (A%)t to the

Ph plane Ph axis

formula ¢,() E

(Kcal) c8 c9 C8 c9

2] 50 24 104 168 5s44 356
6b 95 78 216 101 341 381
Ta 130 24 279 169 280 355
g 85 10.1 2.15 L 321 378

tComputed from the centre of hydrogen atoms on C8 and C9.

Table 4. Stereochemical product ratios for Grignard reactions of
keto ester 4 with PhMgX and of keto esters & and 1 with MeMgX

Ratios §/7 Ratios 2/3%
R,=Met  R,=Pht
Solvent X R, =Pht R; = Met
C:H, I 0.30 1.23 1.3
Et,0 1 0.35 0.83 25
THF Cl 0.48 0.70 144
1Eqn (2).
{Ref. 4.

relative to keto ester 1.* Each result is the mean value of
several runs.

tIn these conditions Grignard reactions on a-methyl and a-n-
propyl cyclohexanones are more stereospecific giving ratios
axial/equatorial = 4.6 and 3.4 respectively for the two isomeric
alcohols.’

$An analogous change in steric direction has been described by
Collins et al.' They attributed this change to different rotamers of
the rigid cyclic intermediate.

§If it is supposed, that in the hydrocarbon solvent the ester
group preferentially interacts with the keto group from the equa-
torial side it can also be explained why ketoester 1 gives less
stereospecific Grignard reactions than a-methyl-and a-n-propyl
cyclo-hexanones do in the same conditions.’

A. CoLANTON! ¢t al.

DISCUSSION

Compound 7, which is the main product in the reac-
tions with 4 has the two Me groups (i.e. the substituents
preexisting to the Grignard reaction) trans to each other.
The corresponding atoms in lactone 2, that is the two
methylene groups joining the lactone ring to the rest of
the molecule, are instead cis to each other. This com-
parison leads to the conclusion that 1 and 4 react with
largely opposite stereochemistry, which means that the
geometry of the transition state of Grignard reactions
from 4 is inacessible to keto ester 1 at least for reactions
in THF. Nevertheless, this comparison also reveals a
kind of continuity in the variations: stereospecificity is
low (%3=13) for reactions of 1 in benzene with
MeMglt, it increases when reactions are made in Et,0
with MeMgl (2/3 = 2.5) and again increases for reactions
in THF with MeMgC! (2/3 = 14.4). In the last solvent for
reactions with PhMgCl stereochemistry is reversed
(6/7=0.48) for keto ester 4, which reaches the maxi-
mum stereospecificity when reactions are performed
in benzene with PhMgl. Reactions in diethyl ether with
PhMgl lie in between. The results in general suggest a high
sensitivity to reaction conditions which excludes cyclic
transition states having both functional groups coor-
dinated by the metal atom; rather, this sensitivity in-
dicates less energetic intramolecular interactions varying_
with reaction conditions.

Inspection of models shows that owing to the distance
existing between the two functional groups of a §-keto
ester it is possible that they interact. When, as in our
case, with compounds 4 and § the molecules are not
symmetric this interaction can favour one of the two
diastereoisomeric transition states. We believe that this
applies to reactions in less polar solvents. In a polar
solvent the equilibrium might shift towards transition
states in which the two functional groups with their sol-
vent cage are remote from each other. For keto ester 1.§
Fig. 5 tentatively represents a way for this phenomenon to
occur in terms of equatorial (a)e2skew boat (b)eaxial (c)
equilibrium.

This conformational change is accompanied by an
enhancement of steric crowding on one side of the
molecule with respect to the other and, since the direc-
tion of preferential attack: remains unchanged (see
arrows), this turns out in a higher stereospecificity.

-t

Fig. 5. Newman projections along bond C1, C2 of keto ester 1 (R = (CH,),CO,Me).
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Fig, 6. Newman projections along bond C4, CS of keto ester 4 (R = (CH,),CO;Me).
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On the other hand, ketoester 4 (Fig. 6) has no restric-
tion to rotation about CO-C, bond imposed by the
existence of a ring so that in the polar solvent the lower
trangition state might correspond to conformation a with
a consequent change in steric direction of attack (see
arrows). In the hydrocarbon solvent again the two polar
groups tend to approach each other. Owing to Me/Me
skew interactions, conformations b and ¢ in Fig. 6 are
likely to be less energetic than those attainable from
conformation a by a clockwise rotation of the atom C4.
Thus no changes in steric direction are expected and the
stereospecificity can be higher, as observed, since one
side of the keto group is protected by the ester group.

If the above is a correct interpretation of the experi-
mental data, it is reasonable to think that lactone 2, at
least for reactions in THF with MeMgCl is mainly for-
med by axial attack to the axial conformer of 1.

Data pertaining to ketoester § (Table 4 R,=Ph, R,=
Me) show a change in steric direction with changing
reaction conditions. They can be interpreted much in the

tWe are suggesting structure 5a for transition state of reac-
tions in benzene since in these conditions, comformationally
mobile 5-ketoesters react faster, in Grignard reactions, than their
rigid analogues.'
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same way as before: in this case rotation about the
CO-C, bond is very restricted by the interaction be-
tween the aromatic ring protons and the C, alkyl sub-
stituents and this might be one reason for the change in
steric direction.

We believe that structures Sat and Sb can represent
the preferred conformations for transition states of § in
benzene and in THF respectively. Clearly, they predict a
change in steric direction of attack (see arrows).
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Table . Percentages of diastereoisomers obtained from Grignard reactions conducted in THF with RMgCl (A), in

Et,0 (B) and in benzene (C) with RMgl
STARTING ( PRODUCTS * n
COMPOUND

.

ISOMERS PERCENTAGE

M H
— A BC R=Me —
a
A CB R= n-Pr
[r— —
a
. A B¢ R = (CH,),CN
b
A B C R =(CH),0COMe
b
A c R =(CH),CO;t-Bu B
b A C
b - 2 cozﬁo
! Me M 2’:
N B — 4 -
COMe "
s Me
No oA ° — No e
CO Me T )

r»

.
d

*Ref. 5; *Ref. 13; “Ref. 4; *This paper.
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The present data, those of our previous studies** and
some yet unpublished results are summarised in Table $;
bere the left hand end of each thick line (A) represents
the percentage of the two diastercoisomers resuiting
from reactions in THF with RMgCl whereas the right
hand end limits (C) represents the percentages of the
same diastereoisomers from reactions in benzene with
RMgl. The intermediate mark (B) refers to reactions
conducted in Et,0 with RMgl. It appears that changes in
reaction conditions have parallel effects on all the sub-
strates examined so far with the exception of point B for
a-n-propyl cyclohexanone. On the ground of Table 5 it is
possible to deduce the following generalization: the per-
centage of the diastereoisomer in which the newly in-
troduced group and the hydrogen on the asymmetric C,
are trans increases in going from reactions performed in
THF with RMgCl to reactions in benzene with RMgl. (It
is likely that this generalization is not valid for reactions
with cyclic or dipolar models.)

This generalization could be useful when the struc-
tures of products from Grignard reactions are not easily
deduced from their spectral properties: lactones 6 and 7
represent a typical example of this kind.

EXPERIMENTAL

IR spectra were recorded using a Perkin Elmer Infracord 257
spectrophotometer.

NMR spectra were recorded on a Jeol INM-C-60 HL.

MS were recorded on AEI MS 12: the relative intensities of
the peaks (in parenthesis) are referred to the most intense one
taken as 100%.

GLC-MS were recorded on the same instrument (AEI MS 12)
coupled to a Varian 1400 gaschromatograph.

GLC analyses were carried out on a Carlo Erba Fractovap Gl
apparatus using a 2m, 2 mm i.d. column packed with 2% OV 17
on silanized Chromosorb W 80-100 mesh.

The GLC analysis conditions were Ty = Typy=230% N, flow =
26 mi/min; oven temperatures; initial linear program from 130° to
200° in 10 min in analysis of mixtures from 4; T,,.,=200" in
analysis of mixtures from 5.

Starting materials. Compound 4 was syntesised using the
method of Baumgartc * and Eifert.' Compound 5 was syn-
thesised by the method described.'* Mg turnings (Grignard grade)
from Carlo Erba were used.

Purification of solvents. Ether, THF and benzene were dis-
tilled from Na wire and then from LAH directly into the flask in
which they were to be used.

Preparation of Grignard reagents. Grignard reagents in Et,0
and THF were prepared directly in these solvents in the usual
way from Mg turnings and the proper methyl or phenyl halide.

In the preparation of MeMgCl in THF the flask was equipped
with a dry-ice acetone condenser during the Mg dissolution and
MeCl was dried by passing it through a CaCl, column.

Grignard reagents in benzene were prepared by the solvent-
substitution method, ie. the ecther solns were cvaporated to
dryness and then an equal volume of dry benzene was added,
evaporated and added again.

Ppts were allowed to settle and the supernatant clear liquid
was titrated by the Zerewitinoff method' for methyl Grignard
reagents and by the acid titration method" for pheny! Grignard
reagents.

Aliquots of these stock solns were withdrawn and diluted (in
the dropping funnel) with the same solvent to 0.05+0.1 M con-
centrations just before Grignard reactions.

Grignard reactions. All reactions were carried out under pure
N,: those in Et;0 and benzene at 25° those in THF at 60°.
Typically: a soln of the Grignard reagent of the above mentioned

tJohnson and Riggs'® already described this shift of &-lactonic
band in going from CCl, solution to solid phase (Nujol).

A. COLANTONI ¢t al.

concentration (4.0 mmol) in the chosen solvent was added drop-
wise to a rapidly stirred soln of 3.0 mmol of 4 or 8 dissolved in 30 mi
of the same solvent.

Reactions in benzene and Et,0 were interrupted after 10 min
;nd those in THF after 60 min, both by adding a sat. soln of

H,CL

A weighed amount of n-heptadecane was added at this point as
GLC standard to the mixtures of 4. n-Hexadecane was used for
the same purpose in the reactions of 5. Reaction mixtures were
then extracted with diethyl ether; solns washed with water were
combined, dried over Na,SO,, filtered and evaporated. The residue
was analysed by GLC to measure the total material balance
6+ 7 + starting material and by NMR to determine the §/7 ratios:
for this purpose we measured the height of singlets at 1.738 and
1.588 which have the same half band width as measured at 108
cycles sweep width on a pure lactonic fraction.

Lactonic fraction isolation. 1g of a mixture from 4 was
chromatographed on silica gel (R=100) using hexane/diethyl
ether, 2:1 as eluant. 25 mi fractions were collected. Fractions
40-50 contained lactones § + 7 as a colourless viscous oil which
distilled at 95° (external temp.) at 0.1 mm Hg.

NMR spectra in CCl, (and in benzene-d,) showed the following
peaks 8: 7.31(7.14) sharp; 7.28(7.14) sharp: 2.65-1.90(2.5-1.9)
multiplet; 1.73(1.40) s; 1.58(1.27) s; L.10(0.60) d, J=69cps;
0.85(0.46) d. J = 6.9 cps.

MS spectra: mfe 44(31%); 56(93): TI(27); 84(41); 105(100);
121(52); 161(15); 189(21); 204(32); 205(4).

IR spectra showed v cm™": 3080 w, 3050 w, 3020 w, 2960 m,
2925 m, 2870 m, 1725 s (at 1740em™" in CCLY), 1600w, 1490 m,
1455sh, 1445m, 1415w, 1380m, 1370sh, 1345sh, 1325m,
1290 sh, 1250 s, 1210sh, 1190w, 1170sh, 1155 m, 1115 sh, 1105 m,
1085 m, 1060 m, 1030m, 1005m, 1000m, 975m, 915w, 05w,
890w, 875 w, 825 w, 790 w, 7655, 705 s.

Found: C, 76.2; H, 7.8. C;3H 0, requires: C, 76.44; H, 7.90%.

Similarly reaction mixtures from § (1g.) were purified by
chromatography on silica gel (R = 100) using benzene as eluant,
50 m! Fractions were collected. Fractions 28-43 contained 6 and
7 as shown by GLC, {R, NMR and MS comparison,
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