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Reaction off3-methylglutaconic anhydride with NaOMe followed by reaction with methyl or phenyl
chloroformate gave the correspondi@gmethoxy (andO-phenoxy) carbonylation derivatives. Reaction
of the anhydride with MgGlpyridine, followed by methyl chloroformate gave C-methoxycarbonylation
at C3 of the anhydride. The produat) (was previously suggested by calculation to be the enol of the
anhydride5 and this is confirmed by X-ray crystallography (bond lengths:-GH, 1.297 A; C1C2
1.388 A; HO--O=C(OMe) distance 2.479 A) making it the first solid enol of an anhydride. In GDCI
CDsCN, or GDs solution it displays the OH as a broad signal at ca. 15 ppm, suggesting a hydrogen
bond with the C@Me group. NICS calculations indicate théats nonaromatic. With BD in CDCk both

the OH and the C5H protons exchange rapidly the H for D. An isomeric anhyBlaidé5 is formed in
equilibrium with4 in polar solvents. In solution, anhydride(s)/enol equilibria are rapidly established with
Kenol Of 6.40 (GDs, 298 K), 0.52 (CRCN, 298 K), 9.8 (CDd, 298 K), 22.8 (CDJ, 240 K), and
decreasindeno in CDCl3:CDsCN mixtures with the increase in percent of &IN. The percentage of
the rearranged anhydride in CRELCD;),CO increases with the increased percent of {g00. In DMSO-

ds and DMF4; the observed species are mainly the conjugated 4ased5a. Deuterium effects on the
O(*C) values were determined. An analogous C2-OH enol of anhyd&dsibstituted by 3-C@/e and
4-OCOMe groups was prepared. Its structure was confirmed by X-ray crystallography (CO bond length
1.298 A, O--0 distance 2.513 A)p(OH) = 12.04-13.22 ppm in CDG, THF-ds, and CQCN, and

Kenot = =100, 7.7, and 3.4 respectively. In DMSf9-enol 15 ionizes to its conjugate base. Substantial
upfield shifts of the appared(*OH") proton on diluting the enol solutions are ascribed to the interaction
of the H" formed with the traces of water in the solvent to givgCH, which gives the alleged “OH
proton” signal.

Introduction (MeO.C),-substituted cyclopentadienes,= 3—52 A large
number of amides, X NRR, were either observed in solution

In our previous work on enols of carboxylic acid derivatives o isolated as the solid specie€yanomonothiomalonamides
Y'YC=C(OH)X we observed or isolated derivatives with

different group X. An enol of carboxylic acid, X OH, was (3) (a) O'Neill, P.; Hegarty, A. FJ. Chem. SogChem. Commuri987,
observed byH NMR as an intermediate that was converted in  744. (b) Rappoport, Z.; Frey, J.; Sigalov, M.; Rochlin Fire Appl. Chem
a few hours to the more stable agi&nols of esters, X= OR, 1997 69, 1933.

. . . . Lo (4) Lei, Y. X.; Cerioni, G.; Rappoport, 2. Org. Chem200Q 65, 4028.
were observed as short-lived intermediates in solution in systems (s (3) Mukhopadhyaya, J. K.; Sklenak, S.: Rappoport.Zm. Chem.

Ar,C=C(OH)OR having bulky aryl substituentsand were Soc 200Q 122, 1325. (b) Mukhopadhyaya, J. K.; Sklenak, S.; Rappoport,
isolated as stable solid species or observed in solution in Z.J. Org. Chem200Q 65, 6856. (c) Lei, Y. X.; Cerioni, G.; Rappoport, Z.
J. Org. Chem2001, 66, 8379. (d) Lei, Y. X.; Casarini, D.; Cerioni, G.;

Rappoport, Z.J. Org. Chem2003 68, 947. (e) Lei, Y. X.; Casarini, D.;
(1) Presented in part in the 17th IUPAC Conference on Physical Organic Cerioni, G.; Rappoport, Z1. Phys. Org. Chen2003 16, 525. (f) Basheer,

Chemistry, Shanghai, China, August-180, 2004, Abstract book, P30, p  A.; Rappoport, ZJ. Org. Chem2004 69, 1151. (g) Basheer, A.; Yamataka,

162. H.; Ammal, S. C.; Rappoport, 2. Org. Chem2007, 72, 5297. (h) Basheer,
(2) Frey, J.; Rappoport, 2. Am. Chem. Sod.996 118 5169. A.; Rappoport, Z. Submitted for publication.
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gave simultaneously the enols and thioenols of carboxylic and (OH).»3 However, two X-ray determinations had shown that in

thiocarboxylic acid$" However, although calculations of the
relative Kenol (=—10g Keno) value of eq 1

Kenol

CH,COX== CH,=C(OH)X 1)

for derivatives of carboxylic acids gave for the anhydride where
X = OC(=O0O)H the lowestKeno value among heteroatoms® X
[B3LYP/6-31G** pKenoi values for X: OCHO, 17.6< Br, 18.7

~ Cl, 18.6 < F, 19.8< NMey, 21.2~ NH,, 21.3< OH, 22.0

~ OMe, 22.3; for X= ClI, Br the Keno values are slightly
lower than for X = OCE=O)H at MP2(full)/6-31G** and
CCSD(T)/6-311**P2 enols of anhydrides are rare species so
far. The literature claim for formation of #€=C(OH)OCOMe

as an intermediate has little eviderfdé was also claimed that
distillation of 2-phenylbutyric anhydride gave a mixture of the
anhydride and a mono- and a diefidbut we have shown
experimentally that the product is not the enol but a mixture of
ethyl phenyl ketene and-phenylbutyric acid, and that the enol
is computationally>13 kcal/mol less stable than the anhydfide.
Enols of mixed acetie sulfuric anhydride were also suggestéd,

but calculation suggested that the enol is highly unstable

compared with the anhydride.

Enols were also claimed to exist in the 5-methid-Ryran-
2,6(3H)-dione -methylglutaconic anhydride) systéehbut
calculations show that this is unlikehNMR data on the related
3-acetyl-H-pyran-2,6(3)-diones was interpreted in terms of
mixtures of isomeric enols and anhydridés.

The groups of An§ and Hansel have shown that 3,5-

the solid state3 is a bis-enol on the acetyl groups, hydrogen
bonded to the 4-CO grou.

CH, o “ﬁ CHy i) CHs o o N
c
C.) / \ \CH 9 / \ (‘) HsC \ / CHs
. A
~o o ° o o o o o o
1 2 3

Consequently, we conducted a computational search for
possible candidates of enols of anhydrides which will be formed
in preference over the anhydride, or of enols at other potential
tautomeric site€.The most likely candidate was the enbbf
3-(methoxycarbonyl)-&-pyran-2,4(81)-dione5, which accord-
ing to B3LYP/6-31G** calculation is 7.7 kcal/mol more stable
than5 (pKenol = —5.6), and which does not enolize at all on
the ester carbonyl group.
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The literature compound8a and its analogué&b have the
suggested skeletdfi,and the authors indeed identify them as
enols of anhydrides. In CDgthe enolic hydrogen signal &
in the 'H NMR spectrum is at 8.28 ppm, a value at a much

diacetyltetrahydropyran-2,4,6-trione appears in solution as ahigher field than that of the enols of carboxylic acid amides
mixture of several tautomers and rotamers of hydrogen-bondedand ester carrying twg-electron-withdrawing groups (EWGS.
enols. They include singly and doubly hydrogen-bonded mono- |n pMSO-ds where other NMR data are given, tdéOH) is

and dienols on the 3,5-acetyl group(s) to the 4-carbonyl, but not reported and presumably the OH is not observed. No X-ray
also specied and2 which should be regarded as an enol and structure for the compound is available.

bis-enol of anhydride, hydrogen bonded to the CO of the acetyl
group(s). This is noteworthy since the calculation indicates that
enolization on a ketone-CO group is several orders of magnitude o=

more favorable than that on an anhydride-€@n IR study
suggests thatl is the preferred species in the solid state.
Structurel is supported by théH NMR spectrum, which shows
two different Me and two different OH groups. The broader

0(OH) at 16.05 is ascribed to the more acidic and more readily

exchangeable C6-OH. The appearance of 2% of rotamer
2 is deduced from minor signals @t 2.76 (Me) and 16.55

(6) (a) Sklenak, S.; Apeloig, Y.; Rappoport, Z.Am. Chem. Sod998
120 10359. (b) For similar calculations see: Perez, P.; Toro-Labbé, A.
Phys. ChemA 200Q 104, 1557.

(7) Deno, N. C.; Billups, W. E.; DiStefano, R. E.; McDonald, K. M;
Schneider, SJ. Org. Chem197Q 35, 278.

(8) Hendon, J. E.; Gordon, A. W.; Gordon, Nl.Org. Chem1972 37,
3184.

(9) Rappoport, Z.; Lei, Y. X.; Yamataka, Hielv. Chim. Acta2001, 84,
1405.

(10) (a) Truce, W. E.; Olsen, C. H. Am. Chem. Sod 953 75, 1651.
(b) Montoneri, E.; Tempesti, E.; Giuffre, L.; Castoldi, A. Chem. Sog.
Perkin Trans. 2198Q 662. (c) Giuffre, L.; Montoneri, E.; Tempesti, E.;
Pozzi, V.; Rossi, FChim. Ind.(Milan, Italy) 1981 63, 85.

(11) Kagan, J.; Tolentino, L.; Ettlinger, M. Q. Org. Chem1975 40,
3085.

(12) (a) Tan, S.-F.; Ang, K.-P.; Jayachandran JHChem. So¢Perkin
Trans. 21986 973. (b) Tan, S.-F.; Ang, K.-P.; Jayachandran,JHChem.
Soc, Perkin Trans. 21983 471.

(13) Tan, S.-F.; Ang, K.-P.; Jayachandran, H. L.; Jones, A. J.; Begg, W.
R.J. Chem. Sog¢Perkin Trans. 21982 513.

(14) Hansen, P. E.; Bolvig, S.; Kappe, I..Chem. SocPerkin Trans.
21995 1901.
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6a: R = OMe
6b: R =Me 7

In the Cambridge Structural Data Base only one structure
may be regarded as a solid enol of an anhydride, i.e., compound
7 (nortetillapyrone) isolated from a marine sporigélowever,
there are questions regarding this structure. The enolic hydrogen
was not found, so that the compound is essentially ionic, and
although the two ring €CO bonds differ appreciably in length
(1.38 and 1.45 A), the two former anhydride carbonyl bond
lengths are identical at 1.23 A. No hydrogen bond is mentioned.
We do not regard this structure as an unequivocal structure of
a solid enol of an anhydride.

In the present paper we report studies on compodfidand
related species, both in solution and in the solid state showing

(15) (a) Jansing, J. A., Sr.; White, J. G. Am. Chem. Soc197Q 92,
7187. (b) Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli, GI. Chem. So¢Perkin
Trans. 21997, 945.

(16) Crombie, L.; Dove, R. VJ. Chem. Sog¢Perkin Trans. 11996 1,
1695.

(17) Watanadilok, R.; Sonchaeng, P.; Kijjoa, A.; Damas, A. M.; Gales,
L.; Silva, A. M. S.; Herz, W.J. Nat. Prod 2001, 64, 1056.
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SCHEME 1

CO,Et H Me

= 1. NaOH

2.HCl

MeONa
MeOH

that our predictions based on the calculations are fulfilled. We
describe for the first time the preparationdénd an analogue,

their spectroscopic properties, and crystal structures, which are
consistent with the suggested enol structure.

Results and Discussion

Synthesis -Methylglutaconic anhydride3 was prepared
according to the literatut&# ¢ by cyclization of anE:Z mixture
of f-methylglutaconic acids with acetyl chloride at rt. The acids
were obtained as a 40:&E mixture by the hydrolysis of ethyl
dehydracetate with NaOMde The sodium enolate was
obtained with methanolic NaOMe. Attempted acylation of C3
with phenyl or methyl chloroformates to obtadrdirectly, or5
which may be further converted t4, or the phenyl ester
analogue, led t@®-acylation giving the carbonatdé®aand10b
(Scheme 1). Three reagents in the presence of several base
were used to introduce the COOR group at C8.aivith methyl
chloroformate in the presence of Nat-BuOK, or LiH in THF
at rt either thed-methoxycarbonylation produtdbwas formed

+ P—

HOOC CH,COOH HOOC

CH,COOH
CH;COCI
——

CICOR 7
(R = Me, Ph) |
THF, RT
0 OR
10a: R =Ph
10b: R =Me

S C13

FIGURE 1. The ORTEP drawing of0Oa

TABLE 1. Selected Bond Lengths and Angles of 10a

Song et al.

or the anhydride8 was recovered. With LiH in HMPA at

—78 °C other products were obtained which, although not
identified, had'H NMR spectra resembling those BfandZ
B-methylglutaconic acid. With methyl cyanoformate, a reagent
used for C-alkylation of an enolate iéP? the anhydride was
recovered when the base was LiH in THF, and products with
spectra resembling th@-methylglutaconic acid were isolated
with NaH or LDA. With methyl 1l-imidazole carboxylate,
another reagent for C-acylatid® either a small amount dfob
was obtained with NaH in THF or the imidazole ester was
recovered with LiH in THF. More details are in Table S1 in
the Supporting Information.

The structures ofil0a and 10b were consistent with their
NMR spectra, which displaywo vinylic hydrogens in théH
NMR spectra ab of ca. 6.0 and 5.9 in CDgland with the MS
fragmentation peaks oi0Ob. Between 320 and 220 K the

bond length, A angle deg
o1c1 1.172(7) C102C2 116.7(5)
02C1 1.362(7) C103C7 117.7(5)
02C2 1.341(7) C204C3 121.0(5)
03C1 1.303(7) 01C102 124.9(6)
0O3C7 1.388(7) 01C103 129.6(7)
04C2 1.337(7) 02C103 105.5(6)
04C3 1.385(7) 02C204 112.2(6)
05C3 1.195(7) 02C2C6 124.6(6)
C2C6 1.319(8) 04C2C6 123.1(6)
c3c4 1.419(9) 04C305 116.5(6)
C4C5 1.340(8) 04C3C4 115.7(6)
C5C6 1.406(8) 05C3C4 127.8(7)
C5C13 1.479(9) C3C4C5 122.3(6)
C4C5C6 118.5(6)
C4C5C13 123.3(7)
C6C5C13 118.2(6)
C2C6C5 119.3(6)

spectrum ofLl0ain CDCl; changes very little, except for small
temperature-dependent shifts.

An X-ray diffraction of 10a confirmed unequivocally the
suggested structure. The ORTEP drawinglff is given in

1. The full crystallographic data are given in the Supporting
Information.

Synthesis and Structure of the Enol of Anhydride 4.A

Figure 1 and selected bond lengths and angles are given in Tab'%uccessful C-methoxycarbonylation of C3 was obtained by

(18) (a) Bland, N.; Thorpe, J. B. Chem. So¢Trans.1912 101, 856.
(b) Cornforth, J.; Hawes, J. E.; Mallaby, Rust. J. Chem1992 45, 179.
(c) Nangia, A.; Rao, B. M.; Prasuna, Synth. Communl992 22, 593.
(d) Feist, FANNn.1906 345 60. (e) Cawley, J. DJ. Am. Chem. Sod955
77, 4125.

enolizing 8 with MgCly/pyridine in CHCI».2°?* The Mg
presumably coordinates to the enol oxygen ®%fand the
coordinated species reacts with methyl chloroformate (Scheme
2). After purification, the'H NMR spectrum showed only traces

(19) (a) Mander, L. N.; Sethi, S. Aetrahedron Lett1983 24, 5425.
(b) Crabtree, S. R.; Mander, L. N.; Sethi, S.®tg. Synth1992 70, 256.
(c) Kondo, H.; Miura, K.; Seki, E.; Sunamoto, Bull. Chem. Soc. Jpn.
1985 58, 2801.
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(20) For a discussion of O- vs C-acylation see: Black, TOrg. Prep
Proced. Int.1989 21, 179.
(21) Rathke, M. W.; Cowan, P. J. Org. Chem1985 50, 2622.



The First Solid Enols of Anhydrides

TABLE 2. The 5, 5a, and 4 Distribution andKgne Values in
CDCI3:CD3CN Mixtures

CDCl3:CDsCN O(OH) @
(vIv) T, K %5 %5a %4 [5d/[5 Keof ppm
10:¢* 298 1.9 7.4 90.7 3.9 9.8 15.29
10:1 298 2.8 11.2 86.0 4.0 6.1 15.22
10:2 298 29 146 825 5.0 4.7 15.06
10:4 298 3.9 206 755 5.3 3.1 14.88
10:6 298 45 257 69.8 5.7 2.3
10:8 298 49 29.0 66.1 59 1.9
10:10 298 50 33.0 620 6.6 1.6 14.85
10:12 298 58 353 589 6.1 1.4
0:1¢° 298 7.3 581 346 7.9 0.52 1549
10:@ 240 0.8 3.4 958 4.3 22.8 15.37
10:1 240 16 85 88.9 5.3 8.9 15.17
10:2 240 14 108 87.8 7.7 7.2
10:4 240 1.7 141 84.2 8.3 5.3
10:6 240 21 186 793 8.9 3.8
10:8 240 18 178 804 9.9 4.1
10:10 240 2.0 178 80.2 8.9 4.1 15.15
10:12 240 2.6 28.7 68.7 11.0 2.2
10:14 240 29 311 66.0 10.7 1.9
0:1¢° 240 12 395 593 329 1.46

aPure CDC}. PPure CRCN. ¢Kenot = [4]/([5] + [54&]); based on
integration of the MeO signal€.This signal is broad, except in pure CRCI
at 240 K. Its integration decreases with the increase of the percents@\CD
from 0.92 to 0.97 in pure CDglto 0.36+ 0.1 in 10:4 (298 K) and 10:2
(240 K) CDCE:CDsCN.

SCHEME 2
Me OMe
Me
= 1. Pyridine/MeCl, 4 3 Xo
CH,Cl,, N,, 0°C 5 i
:
2. CICO,Me e 1 2 A
o o o o o o
8 4

of another compound with a MeO signal, but it is unclear if
this is the corresponding anhydride The NMR spectra are
consistent with structuré Most characteristic is a broad signal
at ca. 15.5 ppm in CDGJlascribed to the enolic OH that appears
at a similar low field to those of enols of other carboxylic acid
derivativest® The 6(OH) in CDCk, CD3CN, and CDCJ:CDs-
CN mixtures is given in Table 2 and it is at 15.26 ppm ¥bg

at 298 K. It is a broad signal at rt in all the solvents at 14.85
15.5 ppm, and due to this its integral is mostyL based on
the vinylic proton of4 as a reference. On cooling a CRCI
solution of 4 to 240 K the signal sharpens and its integral
becomes close to unity. However, in 1:1 CRCIDsCN at 240

K the signal remains broad. Also characteristic is'f@NMR
signal ato ca. 172.2 at 240 K ascribed tq, ©f the enol. Low-
field a-carbons were observed for other enols of carboxylic acid
derivatives.

On attempts to obtain the enol analoguetafith a CO:Ph
rather than C@Me, by an identical reaction with Mggll
pyridine, the reaction product, which was not identified, was
not the desired enol. Surprisingly tlephenoxycarbonylation
productl10ais obtained by the reaction with MgsJiEtsN.

Proton Exchange When a solution oft in CDCl; was shaken
with DO at 298 K and théH NMR spectrum was immediately
recorded, the signal at 15.48 disappeared immediately. The

JOC Article

SCHEME 3
Me OMe

Me OMe
g 0 ZIK O
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11a 11b
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bis-enol with high ring strain. Moreover, the exchange requires
the initial formation of the C5 carbanion, which will not be
substantially stabilized by resonance, if at all, with the ring
CO.R. It is more likely that this exchange proceeds via a
tautomer of4. The enolate ion oft is resonatively stabilized
(cf. 11a—d, Scheme 3) and proton or deuteron could return to
the C2 and C6 oxygens (cflaand11d) and to C3 and to C5
(cf. 11band119. Since4 is more stable than its isomers, the
anhydride5, and the rearranged anhydriglg it is preferentially
formed on H/D capture ofla As described below, return to
5and more tdais also observed in more polar solvents which
presumably promote ionization df (Table 2).

A control experiment had shown thg@tmethylglutaconic
anhydrideB also exchanges its Gnd=CH protons in CDGJ
D,0, most likely via the enolate ion.

Anhydride/Enol Equilibrium in Solution. The solvent effect
on thelH and3C NMR spectra indicates the presence of two
or three isomeric species: the anhydriflethe tautomeric
anhydrideba, and the eno#t. From integration of the Me and
MeO signals which usually do not overlap, the relative ratios
of 5, 5a, and4 given in Table 2 were determined.

In CgDg at 298 K only two species are observed. The enol
with singlets at 1.59, 3.06, 5.26, and a broad signal at 15.26
(Me, MeO,=CH, and OH, respectively) is the major species,
being 86.5%, whereas the rearranged anhydsaeith 6 1.08
(Me), 1.88 (2H, CH), and 3.40 (MeO) consists of 13.5%keno
= [4]/[5a] = 6.4022 In CD3CN at 298 K the three species are
observed:5 [0 2.06 (Me), 3.78 (OMe), 4.49 (CHCO,), 6.18
(=CH)], 5a [0 2.04 (Me), 3.60 (CH), 3.84 (OMe], and4 [
2.35 (Me), 3.93 (MeO), 5.67=CH), 15.7 (OH)]. The5:5a:4
ratio is 7.3(0.4):58.1(-0.1):34.6¢0.4), the errors quoted
reflecting the difference in integration of the Me and MeO
signals.Keno = 0.5222

From the coupled®C NMR spectra of this mixture the Me
and MeO signals 05, 5a, and4 are atd 20.0, 53.7; 19.5, 52.4;
and 22.5, 53.1 ppm, respectively. The £6f 5ais ato 36.9
and there are other signals éfat 6 87.5 and 104.

In 1:1 (v/v) CDCE:CD3CN at 298 K the correspondint
signals of5, 5a, and4 are at 1.85, 3.58, 4.21, 5.94; 1.85, 3.38,
3.63; and 2.14, 3.72, 5.43, 14.85 (br), respectively. 5ha:4
ratio is 5:33:62Kenoi = 1.6022 A few other small signals were
observed but not identified. At 240 K thievalue is shifted to
a lower field, the5:5a:4 ratios are 2.0£1.4):17.8(1.0):80.2-

Me Me

-

O O [¢]
11c

signal ato 5.70 decreased in intensity and it disappeared faster (10 5y Ko = 4.10+ 0.0722

at a higher concentration of,D. In the’3C NMR spectrum
the vinylic C5 doublet became a triplet and the intensity of the

signal ato 104.81 decreased significantly. The rapid exchange
of the C5 proton seems unusual if the exchanging species is

the enol4 since enolization on the C6 carbonyl will form a

The enol/anhydride ratio and th&,, values were investi-
gated in CDCJ:CDsCN ratios at 298 and 240 K and the data

(22) Kenol is defined in these cases as the ratio4jftp the sum of the
anhydrides §] + [5al.

J. Org. ChemVol. 72, No. 24, 2007 9155
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TABLE 3. The 5:5a:4 Distribution and Kenol Values in
CDCl3:CD3COCD3 Mixtures? at Room Temperature

CDCl;:CDsCOCD;

(viv) %5  %5a %4  [58/[5 Kenof
10:0° 1.9 7.4 907 3.9 9.8
10:1 2.1 85 89.4 4.0 8.4
10:2 2.7 107  86.6 4.0 6.5
10:4 3.3 146 821 4.4 46
10:6 4.0 181 77.9 45 35
10:8 438 213 73.9 4.4 2.8
10:10 5.7 237 706 4.2 2.4
10:12 5.7 258 685 45 2.2
10:14 6.1 280 659 46 1.9
10:17 37.2! 62.8 1.7
10:20 40.6' 60.0 15

0:10° 55.879 442 0.79

aThe integral of the vinyl proton decreases on increasing the percent of
CDsCOCD; and another broad signal is formed and shifts to high field at
more CRCOCD;. ® Pure CDC4, 6(OH) = 15.29.¢ Pure CRCOCD;. 9 Kenol
= [4]/([5] + [54]). Calculated from the integration of the MeO sigrfiabum

FIGURE 2. The ORTEP drawing of.

TABLE 4. Selected Bond Lengths and Angles of 4

of the percent @] + [5a)]). f Kenot Was calculated from the integration of bond length, A angle deg

tsh: Me signal9 The MeO signals o6 and 5a overlap the CH signal of c1C2 1.388(3) 01C102 111.6(2)
Cc102 1.297(3) oicic2 123.0(2)
c101 1.325(3) o2cic2 125.3(2)

are given in Table 2. Th&eno values decrease on increasing gigg iigg% giggg? ﬁ;i%

the CD;CN content. The overall decrease Kf;no(CDCb)/ C2C7 1:457(3) C3C2C7 127:19(19)

KenofCD3sCN) = 19 at 298 K and its extent becomes larger at C501 1.414(3) Cc4ac3c2 118.93(19)

240 K. Simultaneously, the5p)/[5] ratio increases with the C3C4 1.354(3) C4C3C6 118.7(2)

increased percentage of @ON from 3.9 in CDC} to 7.9 in €503 1.199(3) C2C3C6 122.36(19)
C704 1.236(3) C3C4C5 123.2(2)

CDsCN at 298 K and more so at 240 K. _ O2H 0.86(4) C3C4H4 118.4

The 6(OH) shifts to a higher field on increasing the percent H::-04 1.65(4) C5C4H4 118.4
of CDsCN. Its integration significantly decreases, and this is 02---04 2.479(3) O02H-04 160(4)

ascribed to an exchange with the increasing percent,6f ot
D20 in the C3CN.

The behavior in CDGICD;COCD; mixtures (Table 3)
resembles that in CDgFCDsCN. The percentage of de-
creases ca. 2-fold from CDglo CD;COCD;, and5 + 5a
become the major components in €IDCD; where Kenol
decreases 14.5-fold. Except for a smalt&aj{[ 5] ratio in CDCh
this ratio remains nearly constant at 430.2 from 10:1 to
10:14 CDC}:CDsCOCDs.

In DMSO-ds and DMF4; the spectra differ from those in
the solvents discussed above. A ca. 1 mol/L solutiod df
DMSO-ds at rt displays fourtH NMR singlets at 14.08 (1.1
H), 5.31 (1.0 H), 3.69 (5.2H), and 2.12 ppm (4.4H). When
diluted 4-fold they appear at 10.80, 5.19, 3.66, and 2.12 ppm
with integrals of 1.46H, 1.0H, 4.6H, and 3.8H, respectively.
For compound4 these will be ascribed to the OH, CH, MeO,
and Me signals, respectively, except that a similar dilution effect
in DMSO-ds on the “OH” signal of the enol of anhydridks is
ascribed to its ionization to the enolate (see below).

H), 3.68 (s, 3.10H, OMe), 2.21 (s, 3.08H, M&)240K), 5a
3.93 (s, 0.70H, CH), 3.84 (s, 1.14H, OMe), 2.08 (s, 1.06H,
Me). On the basis of the MeO signal, thé&:5aratio is 73:27.
The3C NMR data are given in the Experimental Section with
a tentative assignment.

Solid-State Structure of 4.Crystallization of compound
from CH,Cl,/CgHe gave crystals suitable for X-ray diffraction,
which was taken at 295 K. Selected bond lengths and angles
are given in Table 4 and the ORTEP drawing is given in
Figure 2.

The C102 bond length of 1.297 A corroborates the anhydride
structure. It resembles similar bond length in enols of other
carboxylic acid derivative$? It is closer to the single C101
bond length of 1.325(3) A and to the<© length of 1.333 A
in simple enol? than to the &0 double bond of 1.222(2)
A.23 Indeed, the C503 bond length of the non-enoclized
anhydride carbonyl is 1.199 A. Note that the C501 bond is
. - . I longer (1.414(3) A) and the difference between the two bond

Although 4 is less acidic thari5, we ascribe the dilution o, ihs'(as well as the shorter C1O2 bond) can be ascribed to
effect to a similar (at least partial) ionization to the anida—d the partial positive charges on O1 and O2.
and a proton that is solvated by thg traces of water in the solvent The C1C2 double bond of 1.388(3) A is longer than the C3C4
(see below). The spectra show sllgnals ascribefiltand 5a double bond of 1.334(3) but shorter than the C4C5 single bond.
and the apparent higher than 3H integrals of the MeO and Me Such elongation is typical for a puspull alkene, due to the

groups are due to their formation, coupled with the overlap of di I ;

. . polar contributing structure 0201€3C2-C7C3 to this bond.
the CH and OMe signals p5aW|th the MeO ofl1 at 3.69- It is less elongated than similar bonds in enols “activated” at
3.66 ppm and of the Me signals &fl and5a at 2.12 ppm. An Cs by two EWGs with a C1C2 bond of 1.4% 0.01 A%5 The
approximate calculation indicates that th&5a ratios are 66: O2H bond of 0.86(4) A is somewhat shorter than normal-O
34 and 78:22 at high and low concentration, respectively, the y s 1t determination of hydrogens at rt by X-ray diffraction

latter value resembling that in DMér at 24(_) K. ) involves a considerable error. The ®®4 nonbonding distance
The3C NMR signals are broad, and assignment is not easy.

In DMF-d; the 6(*H) signals are broad at rt, but sharpen at (23) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
240 K. (240K),11: 11.06 (br, 1.6H, “OH"), 5.35 (s, 1H, C5-  G.; Taylor, R.J. Chem. SogPerkin Trans 21987 S1.
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TABLE 5. 13C NMR Signals (in ppm) of a Mixture Containing 4 and Deuteriated 4 in CDCl; at Room Temperature?

A.51% D° B.91% ¥

signal 4-H 4-D SC(H) — 6C(D) 4-H 4-D S6C(H) — 6C(D)
Me 23.381 23.311 0.070 23.440 23.369 0.071
OMe 53.270 53.209
enolic C3 87.261 87.328
vinylic C54 104.740 (s) 104.461 (t) 0.279 104.850 (s) 104.572 (t) 0.278
ring C6 156.791 156.762
vinylic C4 157.464 157.380 0.084 157.465 157.380 0.085
CO,Me 172.052 171.887
enolicC2 172.280 172.201

aFor experiment (c) at 240 K, thé(4-H), 6(4-D), and 6(4-H) — 6(4-D) values were respectively: Me 23.893, 23.823, 0.070 ppm; C5 104.782(s),
104.490(t), 0.292 ppm; and C4 157.820, 157.725, 0.095 p@uL of DO was added to 55 mg of compou#dn 0.5 mL of CDCk. ¢ 100uL of DO was
added to 55 mg of compountlin 0.5 mL of CDCk. 9 The triplet signal of C5D partly overlaps the C5 signaKefl at 104.752. C5 displayed a triplet after
addition of 100uL of D,O and whose intensity decreased remarkably. Evidently, C5H exchanged »@theBulting inJcp = 26.5 Hz coupling® C6 is

converted from a doublet to a singlet due to the loss of CH coupling.

of 2.479(3) A is in the range ascribed to strong hydrogen
bonds?4 The hydrogen bond angle of 168hows that the bond
is not far from linear.

We conclude that the solid-state structure 4fclearly
corroborates its enol of anhydride structure, and in view of the
reservations concerning the structure dfthis is the first
unequivocal solid-state structure of such an enol.

Deuterium Isotope Effect on13C NMR Shifts. Hansen and
co-workerd* analyzed by deuterium isotope effects tHe
NMR chemical shifts of the tautomeric dienol species of the
formal 3,5-diacetyl tetrahydropyran-2,4,6-trione in CR&IThe
major speciedashows four large carbon isotope effectsF
0C(H) — 6C(D)] of 0.55, 0.51, 0.56, and 0.65 for C4, C7, C6,
and C9 at 300 K in CDGlwhere C(H) and C(D) are the

signals decreased and the corresponding intensity4-&f
increased on increasing the percent gODThe signals of the
ester CO and enolic C2 overlapped due to broadening at 240
K. (d) When 4uL of D,O was added to a saturated solution of
4in 0.75 mL of GDs, 59% of the OH and CH hydrogens were
deuteriated. The isotope effect shifts observed were again on
the Me, C5, and C4 at 22.410, 104.659, and 155.877 ppm, being
respectively 0.070, 0.281, and 0.086 ppm upfieldb. The
small differences in thé(13C) values in these experiments are
partially due to the small effect of the different concentration
of 4, but the differencéC(H) — 6C(D) is the same. The isotope
effects are similar in experiments (a), (b), and (d), and the trend
is the same in experiment (c).

The conclusion from Table 5 is that there is a small isotope

nonlabeled and the deuteriated forms. The tautomeric equilibria effect of the deuterium on the ring C4 and Me, and a higher

includelaand3, which is enolized on both COMe groups with
hydrogen bonds to the 4=€0, as well as other minor additional
forms14 It is calculated that3 is 3.3 kcal/mol more stable

than1.

10Me OH |ci
9¢ N
0/ ‘N 7 Me
| [ 8
' 6 2
H 1
o o o

1a

We conducted four deuterium exchange experiments with
compound4 and recorded the corresponding changes ind@e
NMR spectra at rt. (@) A sample of 55 mg 4fin ca. 0.5 mL
of CDCl; was shaken with 3iL of D,O. The immediately
measuredH NMR spectrum at rt showed OH and CH integrals
of 0.41 (vbr) and 0.49, respectively, and remains so after 24 h.
Evidently, an equilibrium mixture in which the OH and 5-CH
protons were partly exchanged by deuteron and dofth-H)
and its deuteriated derivativd-D) coexisted was established.
The 13C NMR signals of4-H and4-D are given in Table 5A.

(b) When 10QuL of D,O was added to the same sample, 91%
of CH and 5-CH were exchanged by the deuteron at rt. The
corresponding signals are given in Table 5B. (c) When 0.5 or
1.5ulL of D,O was added to 27 mg efin 0.5 mL of CDC}

at 240 K, 33% and 57% of compourd respectively, was
deuteriated. Only the intensity of the Me, C4, and Cdfl

(24) Perrin, C. L.; Nielson, J. BAnnu. Re. Phys. Cheml1997, 48, 511.
(25) Hansen had studied extensively the deuterium isotope efféé€on
NMR chemical shifts. For another example see: Bolvig, S.; Duus, F.;

Hansen, P. EMagn. Reson. Chem1998 36, 315.

effect on C5. Since the experiment was repeated several times
and a similar trend was observed for compodsdsee below)
we believe that the results are reliable. To our surprise we see
no significant isotope effect in thEC shifts of the carbons
around the hydrogen bond. Tentatively, this may reflect a weak
hydrogen bond.

IR Spectra. The IR spectra ofi-H and4-D were measured
on the solid samples in KBr pellet4:-H displayed few CG-H
absorptions at 29633087 cnt?, of which only that at 2963
cm~1 (ascribed to the Chj is shown by4-D, and at 1758 (&
O, vs) and 1629 (€C, vs) cnt?, which appear at 1756 (vs)
and 1627 (vs) cmt, respectively, fod-D. Unidentified signals
at 2360 and 2341 cnt appear for botht-H and4-D, and an
absorption at 2300 cm in 4-D is ascribed to the isotopically
shifted OH signal. A signal at 3483 crhin 4-H is assigned to
a weak to moderately hydrogen-bonded OH. This signal should
not be observed for the OD-containifgD and the signal
observed at 3479 cm is assigned to residudtH in 4-D. A
very weak signal at 2578 crhfor 4-H (but not for4-D) could
have been ascribed to a strong hydrogen-bonded enol¥¢-®H
but it is too weak and is in contrast with the signal at 3483
cm~! and the suggestion that the hydrogen bondtiis not
strong.

Is 4 Aromatic? Since enol has two double bonds and an
oxygen lone pair in a pyran ring the question of its possible

(26) (a) Kopteva, T. S.; Shigorin, D. NRuss. J. Phys. ChentEngl.
Transl) 1974 48, 532. (b) Vener, M. V. IrHydrogen-Transfer Reactions
Hynes, J. T., Klinman, J. P., Limbach, H.-H., Schowen, R. L., Eds.; Wiley-
VCH: Wenheim, Germany, 2007; Vol. 1, p 273. (c) Bertolasi, V.; Gilli,
P.; Ferretti, V.; Gilli, G.J. Am. Chem. S0d.99], 113 4917. (d) Tayyari,

S. F.; Zeegers-Huyskens, Th.; Wood, J.S9pectrochim. Actd979 35A
1265.
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TABLE 6. Selected Bond Lengths and Angles for 5

Song et al.

bond length (A) angle deg
cic2 1.378(3) [1.378(2)] 01C102 111.55(18) [110.79(15)]
c102 1.298(3) [1.303(2)] 01C1C2 123.10(19) [123.50(16)]
c101 1.329(2) 1.327(2)] 02C1C2 125.34(19) [125.70(16)]
c2c3 1.431(3) [1.433(2)] c1c2c3 115.40(17) [115.16(15)]
c2cs 1.452(3) [1.456(2)] c1c2cs 116.52(18) [116.75(16)]
c3c4 1.341(3) [1.340(2)] c3c2cs 128.07(17) [128.05(15)]
O2H 0.86(4) [0.88(3)] c4c3c2 122.93(18) [122.89(15)]
H---07 1.74(4) [1.71(3)] C4C304 117.12(17) [116.97(15)]
02-H--07 2.513(2) [2.5217(19)] C2C304 119.90(16) [119.95(14)]
C503 1.195(2) [1.195(2)] C3C4C5 120.51(19) [120.55(16)]
C807 1.230(2) [1.223(2)] C3C4H4 119.7[119.7]
C5C4H4 119.7 [119.7]
02-H--07 147(4) [151(3)]

aThe data are for two independent molecules in the unit cell.

aromaticity arises. NICS(0) and NICS(1) valéesere calcu-
lated for the X-ray determined conformémwith a O—H-:-O=
C—0 hydrogen bond and for its 3.4 kcal/mol (ZPE-corrected
energy, B3LYP/6-311G*) less stable isomer with a-i@---
O—C=0 hydrogen bond® The values for the more stable
conformer were NICS(0¥ —2.1 and NICS(1F= —3.1, and
NICS(0) = —1.8 and NICS(1)= —2.9 for the less stable

conformer. These values show a small diamagnetic ring current,

smaller than in cyclopentadie® Consequently, we regal
as a nonaromatic compound.

Methyl 2-Hydroxy-4-(methoxycarbonyloxy)-6-oxo-61-py-
ran-3-carboxylate (15).In a search for additional examples of
enols of anhydrides we first looked for 2,5-dimethoxycarbon-
ylpyran-2,4,6-trionel2, which contains twice the skeleton of
4. Its 4-carbonyl can further activate the system for enol
formation, andL2 can also give a symmetrical dienol. However,
it may also enolize on the 4-carbonyl group.

Pyran-2,4,6-trioneld) is an enol in solution. Structures drawn
for it in the literature, e.g., enol on E40%%bor dienol at the
2,62%dor 2,4-positiong?ewere mostly with no supporting data.
In (CD3),CO its NMR spectra is that of its enol on the 4-one
group (4). Reaction with excess methyl chloroformate/pyridine
did not give 12 by C-methoxycarbonylation but gave the
carbonatel5, presumably via methoxycarbonylation on the
enolic OH group ofL4. Reaction with MgCl as a catalyst gave
12, and its various enolization reactions will be discussed
elsewhere. Structurg5 is based on théH NMR spectra and
the X-ray diffraction. The ORTEP is given in Figure 3 and
selected crystallographic data are given in Table 6. Full
crystallographic data are given in the Supporting Information.

The G=C, C—OH, O—H, and C-OCO bond lengths 015
differ by only 0-0.014 A from those o#, and the discussion
above applies here too, i.€.5 is another example of a solid-
state enol of anhydride. The differences are in the ca. 0.1 A
longer O--H distance, the slightly longer (2.513 A)-GO
distance, and the smaller bond angle of L## 15 than for4.
These values suggest a slightly weaker hydrogen boribin
than in4.

(27) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,
N. J. R.v. EJ. Am. Chem. S0d996 118 6317. See: Stanger, A. Org.
Chem 2006 71, 883.

(28) (a) Stanger, A. Unpublished results. (b) StangeiCAem. Eur. J.
2006 12, 2745.

(29) (a) Kozikowski, A. P.; Schmiesing, Retrahedron Lett1978 4241.

(b) Frandsen, E. Gletrahedronl978 34,2175. (c) Kaushal, R]. Indian
Chem. Soc1943 20, 127. (d) Files, J. R.; Challenger, . Chem. Sac
194Q 663. (e) Malachowski, RRocz. Chem192§ 6, 27.
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FIGURE 3. The ORTEP drawing o15.

Sincel5 is the 4-OCQMe analogue of the 4-Me end| it
can likewise ketonize in solution to the anhydritié and its
isomeric rearranged anhydridéa(Scheme 4). Thé(OH) and
KenoValues forl5/16ain several solvents are given in Table 7.
Small additional*C NMR signals to those df6aat ¢ 103.90
and 103.72%0 = 179.3, 179.4 Hz3) = 3.3 and 3.6 Hz) and
56.41, 55.71 and 54.09, 53.20 in THE-and CQXCN can be
due to a small percentage of the anhydride They were not
investigated further.

On shaking a solution of 50 mg df5 in 0.5 mL of CDC}
with 2 uL of D,O, the OH and CH signals decreased im-
mediately to 0.56H and 0.55H and after 24 h to an equilibrium
mixture with 0.63H and 0.46H. The C5 signal of the deuteriated
15-D overlapped half of the C5 doublet ©6-H. Thel3C shifts
of 15-H were atd 53.707 (CQMe), 56.217 (OCGQMe), 83.403
(C3), 96.887 (s, C5), 151.424 (O,), 156.642 (C6), 162.289
(C4), 169.498 (CF0), 172.631 (C2). Only three signals were
shifted in15-D: C3 by 0.014 ppm, C5 by 0.250 ppm, and C4
by 0.050 ppm. The C5 singlet d5-H becomes a triplett{cp
= 26.7 Hz) in15-D. After addition of 100uL of D,O to this
sample the OH and CH intensities were only 7% and 5%,
respectively. As with the endl, the absence of significant shifts
is surprising.

The IR spectrum in a KBr pellet df5-H (3441, 3100, 2969,
2360, 2341, 1774, 1647 cY resembles that af5-D, except
for an intensity decrease of the 3100 ¢hsignal and a new
isotope shift signal at 2311 crh No weak signals at the ca.
2600 cnt?! region were observed. The 3441 cthnband is
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TABLE 7. 6(OH) and Keno Values for the 15/16a System in
Several Solvents at 298 K

O0(0OH), % enol % anhydride Kenol =
solvent ppm 15 16a [15)/[164
CDClz 12.93 ~100 >100
THF-dg? 12.14 88.5 115 7.7
CDsCNP 12.04 77.1 22.9 3.4
DMSO-ds 13.22 ~100 (=100¥f

a Calculations of 15] and [16a] were based on the integration of the
vinylic CH of 15 and the CH of 16a ° CompoundL6 is probably present
in small concentrations (see text)f the signal is due td5~ (see text) the
meaning ofKenel is unclear.

TABLE 8. H NMR Data (ppm) for Different Concentrations of
15 in CDCl; and DMSO-ds at Room Temperature

[15], 6(OH), ppm O(CH), 6(OMe),
mg/mL (integraf) ppm ppm
in CDCl;

100 12.72 (1.31) 5.68 3.918, 3.909
50 11.72 br (1.03) 5.70 3.932,3.925
25 10.42 vbr (0.29) 5.71 3.937,3.931
125 5.71 3.940, 3.935

in DMSO-ds

170 14.02 (1.11) 4.80 3.72,3.47
85° 11.87 (1.37) 4,77 3.73,3.48
5m 11.00 (1.53) 4.77 3.74,3.48
42.% 9.65 (1.86) 4.76 3.74,3.48
21.3 5.89 (4.72) 4.74 3.74,3.48
10.6 4.71(8.72) 4.73 3.74,3.48

aRelative to an integral of 1.00 of the vinylic-CH85 mg of15in 0.5
mL of DMSO-gs. ¢85 mg of15in 1.0 mL of DMSO4s. 985 mg of15in
1.5 mL of DMSOds. €85 mg of15in 2.0 mL of DMSOds. f 0.25 mL of
sample in footnote and 0.25 mL of DMSGdgs were mixed.9 An additional
0.5 mL of DMSO#s was added to the 2-fold concentrated sample.

appear as the enols in CDQIr CDsCN solutions, are ionized

in DMSO-ds or in DMF-d; to the enolate ions which are the
observed speci@8.f We probed this question fol5 by
determining threé3C shift differences ofl5: between DMSO-

ds and CDC}, DMSO-ds and THF4dg, and DMSO¢gs and CLy-

CN. The values for C2, C5, the @30,Me, and the C3-CeMe
were all negative{3.24 to—4.15,—8.72 t0—10.09,—3.54 to
—4.53, and—1.99 to—3.16 ppm, respectively). The values for
C3(—0.21t0+0.26 ppm), C4 (1.121.83 ppm), and C6 (5.27

5.81 ppm) are positive. Ring positions C3 and C5 are expected
to be shifted upfield in aniod5-, with the smallest effect for
C3, whose charge is delocalized effectively by resonance into
the COQMe substituent (see analogug&$a—c in Scheme 3),
whereas C2 should be shifted upfield by induction of the
extensive negative charge on the geminal oxygen. The assump-
tion that we see in DMS@s the anionl5~ and notl5, and a
solvent protonated species@tl3.22, seems reasonable.

0OCOMe OMe -

15

A study of the concentration effect &b on thed values of
the OH, CH, and OMe signals was undertaken. Table 8 shows
how a gradual 8-fold and 16-fold decrease ib][in CDCls
and in DMSOds, respectively, decrease tidevalues of these
signals. In both solvents the changesdi{CH) or in 6(MeO)
were negligible and the effect ai{OH) was upfield and large.

ascribed to hydrogen-bonded OH. Hence, the hydrogen bondin CDCl; a 4-fold dilution causes a significant 2.3 ppm shift

in 15in solution is not very strong.

Concentration Effect of 15 on the Chemical ShiftsEnolate
Formation in DMSO-ds. In CDCk, THF-ds, and CQCN
solution at 298 K, the enal5 is the exclusive or the main

component of the mixture. The previously observed trend of

decreasindleno for enols of carboxamidés on increasing the

and increased broadening, with a consequeemdller integral,
and on an 8-fold dilution the signal disappeared. In DM&O-
the effect is larger, by 9.3 ppm and an 8-faldtreasein the
integral for the full dilution.

The upfield shift of the “apparent OH proton” on dilution
could be ascribed to intermolecular erenol association in

polarity of these solvents was found here also. However, the the relatively concentrated solutions % (0.05-0.41 M in

apparentcomplete enolization in DMS@g is in strong contrast

CDCls (Table 8)). This cannot be the explanation in DM8©-

to the previous behavior, and requires a revised evaluation of where the “OH” integral increases enormously on dilution, while

the species formed in this solvent.

other chemical shifts remain the same. However, ionization of

In a previous work it was suggested that amides activated the enolic OH in the polar solvent, which is corroborated by

by Y, Y' = CN, COR or a Meldrum’s acid residue, which

the NMR data, accounts for all changes (see below).
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TABLE 9. 'H NMR ¢ Values of a Constant Concentration of 15 in TABLE 10. *H NMR of 15 in CDCl3 and DMSO-ds before and
Different Ratios of CDCl3:DMSO-ds at Room Tempearture? after Addition of Et 3N at Room Temperature?
CDCl3:DMSO-ds O(OH), ppm O(CH), 6(OMe), O0(OH), ppm o(CH), o(OMe),
(vIv) (integraP) ppm ppm solvent (integral) ppm ppm

pure CDC}¢ 14.18 br (0.91) 5.71 3.95,3.94 CDClz 14.19 (br, 0.98H) 5,68 3.92,391
4:1 CDCE:DMSO-ds 12.38 (1.42) 5.47 3.91, 3.82 CDCl3+ 100uL of EtzN 9.07 (sh, 1.15H) 491 3.71, 3.50
3:2 CDCE:DMSO-ds 11.21 (1.73) 5.13 3.85, 3.67 DMSO-ds 14.19 (sh, 1.04H) 4.80 3.72,3.47
2:3 CDCE:DMSO-ds 10.84 (1.72) 4.92 3.81, 3.60 DMSO-ds + 100uL of EtzN 8.11(sh,1.20H) 4.76  3.75,3.50
1:4 CDCE:DMSO-ds 9.84 (1.96) 4.83 3.78,3.54 DMSO-ds +150uL of EtzNP 7.98 (sh, 1.23H) 4.76 3.75,3.50
pure DMSO#gd 9.97 sh (1.82) 4.77 3.73,3.48

20.1 mL of a 500 mg/mL solution df5in DMSO-ds was added to 0.4
mL of CDClz:DMSO-ds mixture, giving a final concentration of about 100
mg/mL (0.41 M). TMS was used as a standd@rRelative to the integral of
1.00 for the vinyl-CH.© 50 mg of the sample was dissolved in 0.5 mL of
CDCls. 90.1 mL of a 500 mg/mL solution of5in DMSO-ds was added
to 0.4 mL of DMSO¢.

Reaction in CDCl3:DMSO-ds Mixtures. To eliminate the
concentration effect thé values were determined at a constant
concentration of 0.41 M ofl5 while changing the CDGi
DMSO-ds ratio (Table 9). On mixing v/v of the two solvents
the total volume change is negligible. Both the “OH” and the
MeO signals shift significantly and slightly, respectively, to a
higher field and the difference between the tf@Me) values
increases on increasing the percent of DM&OThe change
in 6(“*OH") is systematic, except on the change to a pure DMSO-
ds. In CDCl; the signal at 14.18 ppm is broad, but after addition
of the first portion of DMSOds, it becomes sharp and the
relative intensity of the signals also increases. No other
anhydride was observed. Tid¢CH) decreases monotonously
and significantly with the increase in the percent of DM&§{-

In THF-dg and CIXCN, the anhydridd6awas also observed.
A similar trend, with nearly similad(CH) andd(MeO) values,
but with less extensive differences in th@OH), was observed
for 0.28 M of 15.

Similar trends were observed in CIDMSO-dg mixtures
formed by addition of increasing portions of one solvent to a
constant volume of the other, i.e., when the concentration of
15decreased. Th&CH) andd(MeO) values changed similarly
to those in Table 9, and those 6{OH) were changed more
strongly.

These results indicate again that the species observed in

DMSO-ds is not the enol, but its conjugate base, derived by
ionization of the OH group. The “OH" signal is indeed agQ4
signal, formed from the Hand the traces of ¥D in the DMSO-

ds. The'H and13C signals are those of the enolate ion. This
suggestion is further corroborated by the following experiments.

(@) When a sample of 5L of CFsCO,H in 0.5 mL of
DMSO-ds was diluted by DMSGQds the “Ht” signal at 15.89
ppm shifts to 14.16, 13.29, 12.65, and 7.21 ppm on dilution by
2-, 3-, 4-, and 8-fold, respectively. Both tli¢“H*") and its
shifts on dilution resemble the behavior of the “apparent OH”
signal derived from compount5 (Table 9).

(b) When 1, 3, 6, and 10L of H,O were added to a solution
of 62 mg of15in 0.5 mL of DMSO4#s (0.5 mL), the “apparent
OH” signal shifts upfield and the integration increases from
13.91 (1.09H) to 9.30 (2.21H), to 7.83 (3.14H) and 6.16 (6.41H)
ppm, respectively. On adding 35 mg b5 to the most dilute
solution, the signal shifts downfield to 6.96 (4.98H) ppm. No
H,0 signal at 3.33 ppA{ was observed and(CH) or 5(MeO)
remained unchanged. These results suggest ionizatidsto

(30) Gottlieb, H. E.; Kotlyar, V.; Nudelman, Al. Org. Chem.1997,
62, 7512.
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256 mg and 82 mg ofl5 were dissolved in 0.6 mL of CDgland 0.5
mL of DMSO-ds, respectively? Part of the EfN does not mix with the
solution and stay in the upper layer.

and H", which forms HO™ with the water present in or added
to DMSOds. The reversal of the upfield shift by increasing
[15] at a constant volume is in line with the position of the
signal being a weighted average of those¢f"-DMSQ) and
0(H20-DMSO0)

(c) () When 100uL of EtzN was added to 56 mg df5 in
0.6 mL of CDCE, the rt'H NMR spectrum showed that the
broad 0.98H OH signal at 14.19 became sharp and shifted to
9.07 with 1.15H integration. The CH signal shifted frons.68
to 4.91, and the two MeO signals @i3.92 and 3.91 shifted to
3.71 and 3.50. Except for th&(CH) value, the rttH NMR
spectrum resembles that &5 in DMSO-ds (Table 10). (ii) To
the solution of 82 mg 015in 0.5 mL of DMSOds was added
100uL of Et3N with shaking. The rtH NMR spectrum showed
that the sharp 1.04H signal at14.19 shifted to 8.12 (1.20H),
the CH signal ab 4.80 shifted to 4.76, and the two MeO signals
ato 3.72 and 3.47 shifted to 3.75 and 3.50 (Table 10).

The3C NMR spectra are recorded in Table 11. Addition of
EtsN shifted upfield the MeO, C5, CiMe, and C2 signals which
carry a negative charge on the anion (cf. Scheme 3). It did not
affect C3, and caused a downfield shift of th€QyMe, C6,
and C4 signals. These shifts were remarkably similar to those
of 15 in DMSO-ds, to which addition of BN did not cause
significant shifts. We conclude that wherelsis little or not
at all ionized in the relatively low-polarity CDglbut ionizes
in the presence of the base, it is already completely ionized in
the polar DMSOds even without an added base.

Comparison of Kenoi @and 6 Values for 4 and 15.Enols4
and15 differ by the 4-substituent, which is a Me #and the
more electron-withdrawing OC@Ie in 15. As expected, the
electron-withdrawal increas&sno and at 298 KKeno(15)/Kenor
(4) = 6.5 in CDsCN. Kenol is also higher in CDG| but an
accurate ratio is unavailable sinigno(15) > 100, whereas the
Keno(4) in CDCl3 is 9.8. That in DMSQOds 15 is completely
ionized, and4 is at least partially ionized, indicates a severe
limitation to enol formation by using powerfy8-EWGs. It
should be kept in mind that in highly polar solvents the observed
species may be the enolate ion rather than the enol.

Thed(OH) values in solution are at 2.3 (CDgand 3.4 ppm
(CDsCN) upfield for4 than for15. This is in contrast with the
enols of amides where the enol with the higkgfo has a lower
value of 6(OH).45 This may reflect a weaker intramolecular
hydrogen bonding in solution, observed also in solifi
compared with solidt where the @ -O nonbonding distances
are 2.513 and 2.479 A, respectively.

Experimental Section

B-Methylglutaconic Anhydride (8). (a) Reaction of ethyl
isodehydroacetate with NaOH gave a £& mixture of 5-meth-
ylglutaconic acidg8¢ H NMR (DMSO-ds, 298 K), E-isomer: 6
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TABLE 11. 13C NMR of 15 in CDCl3; and DMSO-ds before and after Addition of EtsN at Room Temperature

solvent OMe C3 C5 GO:Me C6 C4 COMe C2
CDCl2 53.75, 56.20 83.32 96.75 151.41 156.74 162.30 169.69 172.69
CDCl3+ EtzN (100uL)b 50.35, 55.05 83.36 88.30 152.03 163.30 164.76 165.43 167.48
DMSO-dg? 50.59, 55.80 83.58 86.66 152.33 162.36 164.13 165.24 168.54
DMSO-ds + EtzN (150uL) Pe 50.39, 55.61 83.22 86.61 152.30 162.48 163.97 165.25 168.39

a|dentical samples to the corresponding ones in Table’ 568.mg and 82 mg ofl5 were dissolved in 0.6 mL of CDgland 0.5 mL of DMSOds,
respectively ¢ Part of the EfN does not mix with the solution and stay in the upper layer.

2.09 (s, 1H), 3.12 (s, 0.7H), 6.84 (s, 0.3H), 12.24 (s, 1H);
Z-isomer: 6 1.89 (s, 0.6H), 3.63 (s, 0.4H), 6.93 (s, 0.2H), 12.24
(s, 1H).

(b) Anhydride8 was prepared by cyclization of tl&Z mixture
of B-methylglutaconic acids with acetyl chlorid& ¢ Anal. Calcd
for CeHgOs: C, 57.14; H, 4.76. Found: C, 56.98; H, 4.98.NMR
(CDCl;, 298 K) 6 2.08 (g,d = 1.1 Hz), 3.44 (g, = 0.6 Hz), 6.08
(9,J = 1.5 Hz);'3C NMR (CDCh, 298 K) 6 22.12, 36.26, 114.64,
155.52, 159.77, 164.76.

Reaction of -Methylglutaconic Anhydride with Methyl
Chloroformate. (a) Sodium (0.12 g, 5 mmol) was added to
methanol (20 mL) with stirring until complete dissolutigitMe-
thylglutaconic anhydride (0.63 g, 5 mmol) in methanol (10 mL)

1H NMR (CDCls, 298 K) 6 2.21 (d,J = 1.1 Hz, 3H, Me), 5.96
(d,J = 1.1 Hz, 1H, ring-CH=), 6.02 (t,J = 1.1 Hz, 1H,=CH),
7.24 (m, 2H, PR-H), 7.31 (m, 1H, PhH), 7.43 (m, 2H, PkH).
13C NMR (CDCh, 298 K) 6 21.76 (qdd,J; = 129 Hz,Jy= 4.7
Hz, Jg2 = 3.9 Hz, Me), 95.31 (dm]y = 174 Hz, ring-CH=), 110.18
(d of quintets J; = 171 Hz,Jquinet= 5.6 Hz,=CH), 120.47 (ddd,
J; = 165 Hz,J, = 8.1 Hz,J; = 4.0 Hz, PR-C), 126. 91 (dtJq =
163 Hz,J; = 7.6 Hz, Ph-C), 129.73 (dd,J; = 164 Hz,J, = 9.0
Hz, Ph-C), 148.87 (br, PhCjps,—0), 150.42 (qJ = 6.1 Hz,=
CMe), 154.44 (COO0O), 158.10 (m, COOPh), 159.74 Jd+ 5.6
Hz, COOCH=). TheH and*3C NMR spectra in CGlresemble
those in CDCY, except that a few signals appear at a higher field
than in CDC}.

was then added dropwise and the mixture was stirred at rt for 24  3-Methoxycarbonyl-4-methylglutaconic Anhydride (4).To a

h. Evaporation of the solvent gave the sodium Sadts a yellow
solid. 'H NMR (DMSO-ds, 298 K) 6 1.78 (s, 3H, Me), 4.43 (s,
2H, 2CH).13C NMR (DMSO-ds, 298 K) 6 21.22 (qt,Jq = 126 Hz,
Me), 86.14 (d of quintets)y = 163 Hz, Jyiinet = 5.0 Hz, CH),
159.19 (C-Me), 165.98 (CO).

A suspension of the sodium salt in THF (40 mL) was stirred for
24 h, after which methyl chloroformate (0.94 g, 10 mmol) in THF
(10 mL) was added dropwise and stirring continued for an additional
24 h. The NaCl (ca. 0.25 g) formed was filtered, the solvent was
evaporated, and purification of the residue by TLC (2:3 EtOAc/
petroleum ether) gav&0b as a yellow liquid.*H NMR (CDCls,
298 K) 4 2.21 (t,J= 1.0 Hz, 3H, Me), 3.94 (s, 3H, MeO), 5.86 (d,
J=1.1Hz, 1H=CHCOO), 6.01 (tJ = 1.7 Hz, 1H, CH=C(O)O—
COMe); *H NMR (CCl4, 298 K) 6 1.41 (t,J = 1.0 Hz, 3H, Me),
3.14 (s, 3H, MeO), 5.01 (q] = 1.1 Hz, 1H, CH-ring), 5.10 (¢J
= 1.1 Hz, 1H, CH=). 13C NMR (CDC, 298 K) 6 21.65 (qdd J,
= 128 Hz,J4; = 5.2 Hz,J4, = 3.6 Hz, Me), 55.13 (¢J = 149 Hz,
MeO), 94.41 (dmJq = 176 Hz, ring-CH=), 109.87 (d of quintets,

Ja = 170 Hz, Jquineet = 5.3 Hz,=CH), 150.74 £CMe), 155.08
(COOMe), 157.21 (COO0), 158.48 (COO). MS (70 eV) 184 (20%,
M), 140 (7%, M— CO), 112 (93%, M— CO, — CO), 97 (100%,

M — Me — CO — CO,), 53 (93%).

(b) To a solution off3-methylglutaconic anhydride (1 g, 7.7
mmol) in a 15% KOH solution (3 mL) was added dropwise a 30%
KOH solution (10 mL). The precipitated potassium salt was filtered,
washed with a small quantity of ethanol, and dried in vaccuo to
give 1.2 g of the K salt 0. 'H NMR (DMSO-ds, 298 K) 6 1.77
(s, 3H), 4.41 (s, 2H)}*C NMR (DMSO-ds, 298 K) 6 21.25 (qt,Jq
= 126 Hz,J, = 5.0 Hz, Me), 86.11 (d of quintetdy = 163 Hz,
Jquintet = 4.7 Hz, CH), 159.17 (CMe), 166.03 (COO).

The reaction of the potassium salt with methyl chloroformate

heterogeneous suspension of dry Mg@90 mg, 2 mmol) in dry
CH,CI; (5 mL) was addeg@-methylglutaconic anhydride (252 mg,

2 mmol) under nitrogen. The mixture was cooled t¢@© and
pyridine (316 mg, 4 mmol) was added. After stirring for 15 min,
methyl chloroformate (198 mg, 2 mmol) was added and stirring
was continued fo2 h at 0°C, and overnight at rt. After cooling to

0 °C, 2 N HCI (20 mL) was added. The solution was extracted
with CHCI; (3 x 20 mL), the combined organic extracts were dried
(MgSQy), the solvent was evaporated, and the residue was washed
with ether, giving 80 mg (22%) of a gray powder&fmp 124-6

°C. Anal. Calcd for GHgOs: C, 52.17; H, 4.35. Found: C, 52.31;
H, 4.44.*H NMR (CDCls, 240 K) 6 2.37 (s, 3H, Me), 3.97 (s, 3H,
MeO), 5.69 (s, 1H=CH), 15.49 (br, 1H, OH)*3C NMR (CDCk,
H-coupled, 240 K) 23.85 (qd,Jq = 130 Hz,J; = 5.9 Hz, Me),
53.72 (q,Jcn = 149 Hz, OMe), 87.32 (m, C3), 104.81 (diy, =
172.5 Hz,J;= 5.8 Hz,=C5), 157.24 (dJcn = 5.9 Hz, C6), 157.69
(g, o = 6.1 Hz,C4), 172.22 (s, C2), 172.27 (q or iEO,Me).

13C NMR (DMF-d7, 240 K) 0 (47): 21.98 (qd,Jq =128.8 Hz,J4

= 5.4 Hz, Me), 50.92 (qJ)q = 146.5 Hz, OMe), 92.74 (m, C3),
95.23 (dm,Jy = 168.0 Hz, C5), 167.53 (d or d,= 4.2 Hz, C3-
CO ?);6 (58): 19.55 (q,Jq= 128.9 Hz, Me), 36.99 (tq}, = 132.6

Hz, J, = 3.7 Hz, CH), 52.46 (g,Jq = 148.1 Hz, OMe), 120.07
(m, C3). Other signals at 164.91, 164.56, 163.99, 159.14, and 158.98
are not easy to assign.

Many attempts to crystallizé&from CH,Cl,, EtOAc+ petroleum
ether (46-60 °C), benzene, THF, and THF benzene had failed.
Finally, the compound was dissolved in a vial in &H, and
benzene was added just until a precipitate started to form. The vial
was capped with a lid having a small opening. The,Chl was
evaporated slowly and after a few days appropriate crystals for
X-ray diffraction were formed. The X-ray data are in Figure 2,

followed the same procedure as for the sodium salt and gave theTable 5, and the Supporting Information.

same result.
Reaction of the Sodium Salt of3-Methylglutaconic Anhydride

Pyran-2,4,6-trione (13). 13was prepared from acetone dicar-
boxylic acid and acetic anhydride according to Meltzer et al.

with Phenyl Chloroformate. Dry THF (40 mL) was added to a  The NMR showed it to be the enald. Anal. Calcd for
solution of a freshly prepared sodium salt from Na (0.23 g) and CsH4O4: C, 46.89; H, 3.15. Found: C, 46.71; H, 3.28 NMR
B-methylglutaconic anhydride (1.26 g)-Na*). Phenyl chlorofor- ((CD3),CO, 298 K)o 3.68 (s, 2H, CH), 5.33 (s, 1H,=CH),
mate (3 mL) was added and the mixture was stirred for 24 h. The 11.0 (s, 1H, OH)13C NMR ((CDs).CO, 298 K)¢ 33.88 (td,J; =
formed NaCl was filtered, the solvent was evaporated, and the 133.1 Hz, C5), 89.63 (dtly = 169.3 Hz,J; = 3.0 Hz, C3), 161.68
residue was dissolved in dry ether to which petroleum ether was (d, J = 3.1 Hz, C2), 164.54 (t)J = 7.3 Hz, C6), 170.57 (tdJ
added. The red solution was kept for 16 h-at6 °C and the =8.1 Hz,Jy = 2.9 Hz, C4). In DMSOds at 298 K6(OH) = 12.38
precipitate formed was filtered to afford 2-phenoxycarbonyl-3- (s, 1H).

methylglutaconic anhydridé0a mp 96-8 °C. Anal. Calcd for

Ci3H100s: C, 63.42; H, 4.09. Found: C, 63.27; H, 4.28. The X-ray
data are in Figure 1, Table 2, and the Supporting Information.

(31) Meltzer, P. C.; Wang, B.; Chen, Z.; Blundell, P.; Jayaraman, M.;
Gonzalez, M. D.; George, C.; Madras, B. X Med. Chen2001, 44, 2619.
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Methyl 2-Hydroxy-4-(methoxycarbonyloxy)-6-oxo-64-pyran-
3-carboxylate (15).To a suspension df3 (1.28 g, 10 mmol) in

Song et al.

1H, CH), 12.14 (s, 1H, OH)) (16a): 3.78 (s, CGMe), 4.01 (s,
2H, CH;), the OCQGMe signal probably overlaps that &b.

CHCI (35 mL) was added pyridine (3.20 g, 40 mmol) and methyl  13c NMR (tH-coupled, THFés, 298 K) & (15): 52.58 (i) =

chloroformate (2.2 g, 23 mmol). The mixture was stirred overnight 1490 Hz, CQMe), 55.33 (q,}J = 148.8 Hz, OCGMe), 83.82 (br,
at rt. The solvent was evaporated, the residue was washed withcg), 95.38 (d2J = 175.8 Hz, C5), 151.35 (4] = 4.0 Hz, GCO,-

ether and then suspended in ChI@O0 mL), and 32% HCI solution
(40 mL) and ice (60 g) were added. The CH{alyer was separated
and the aqueous phase was extracted with GHZIx 60 mL).

The combined organic phase was dried (MgE5@e solvent was

Me), 156.55 (s2J = 3.2 Hz, C6), 163.01 (s, C4), 168.78 @O,-
Me), 171.78 (s, C2)b (164): 33.83 (1,1 = 135.8 Hz, C5), 51.93
(g, 1 = 148.1 Hz, CGMe), 55.83 (q,1J = 149.4 Hz, OCGMe),
112.23 (t, C3), 150.07 (g, CO.Me), 157.27 (s, C2), 160.72 (q,

evaporated, and the residue was washed with ether, giving a yellowco,me), 161.01 (t, C4), 161.52 (2] = 9.3 Hz, C6);d (16,

powder (0.87 g, 36%), mp 16910 °C. Light yellow crystals
suitable for X-ray diffraction were obtained from GEl,.

Anal. Calcd for GHgOg: C, 44.27; H, 3.30. Found: C, 44.61;
H, 3.30.'H NMR (CDCls, 298 K) 6 3.90 (s, 3H, Me), 3.91 (s, 3H,
Me), 5.67 (s, 1H=CH), 12.93 (1H, br s, OH)!3C NMR (CDClk,
298 K) 6 53.75 (q,J = 149.3 Hz, C@Me), 56.20 (q,J = 149 Hz,
OCOMe), 83.32 (d,Jg = 5.3 Hz, C3), 96.75 (dJq = 176.3 Hz,
C5), 151.41 (qJ = 4.1 Hz, GCO,Me), 156.74 (d,J = 3.2 Hz,
C6), 162.30 (dJ = 5.0 Hz, C4), 169.69 (g] = 3.6 Hz,CO,Me),
172.69 (s, C2}.H NMR (CDsCN, 298 K)o (15): 3.89 (s, 3H,
Me), 3.91 (s, 3H, Me), 5.73 (s, 1H, CH), 12.04 (br s, 1H, O&1);
(163): 3.82 (s, CQMe), 3.98 (s, 2H, CH), the OCQGMe signal
overlaps that ofl5; 3C NMR (*H-coupled, CRCN, 298 K) ¢
(15): 53.72 (g1 = 149.7 Hz, Me), 56.16 (q,}J = 149.3 Hz,
OMe), 83.79 (d,2J = 5.1 Hz, C3), 96.45 (d'J = 176.4 Hz, C5),
151.41 (g,%J = 4.0 Hz, GCO,Me), 157.09 (d2J = 3.2 Hz, C6),
162.87 (d,2J = 5.0 Hz, C4), 169.77 (q3J = 3.7 Hz, CO,Me),
172.62 (s, C2)p (164): 34.37 (t,'J = 136.2 Hz, C5), 52.76 (§]
= 148.7 Hz, CQMe), 56.66 (g,"J = 149.8 Hz, OC@Me), 112.15
(t, C3), 149.89 (q3J = 4.0 Hz, QCO,Me), 157.85 (s, C2), 160.92
(d or g,COMe), 161.52 (t2J = 7.9 Hz, C4), 162.16 (£ = 9.4
Hz, C6).6 (16, tentative): 54.69 (small, Me), 56.09 (small, Me),
103.90 (small, dd}J = 179.4 Hz,%J = 3.3 Hz, C5).H NMR
(THF-dg, 298 K) 6 (15): 3.873+ 3.866 (2s, 6H, 2Me), 5.68 (s,
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tentative): 53.20 (small, Me), 55.71 (small, Me), 103.72 (dds
179.3 Hz,%J = 3.6 Hz, C5).

IH NMR (DMSO-dg, 298 K)o (15): 3.48 (s, 3H, CGQMe), 3.74
(s, 3H, OCQMe), 4.76 (s, 1H, CH), 13.22 (s, 1H, “OH™C NMR
(*H-coupled, DMSOds, 298 K) 6 (15): 50.59 (q,}J = 145.7 Hz,
CO;Me), 55.80 (g,'J = 148.3 Hz, OC@Me), 83.58 (s, C3), 86.66
(d,¥J=171.0 Hz, C5), 152.33 (¢4J = 4.1 Hz, CCO,Me), 162.36
(s, C6), 164.13 (s, C4), 165.24 @) = 3.8 Hz,CO,Me), 168.54
(s, C2).
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