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The development of methods for the synthesis and spectroscopic identification of 2-O or 3-O carbon and
phosphorus derivatives of 5,6-O-isopropylidene-L-ascorbic acid (IAA) is reported. Noncrystallographic structural
identification has been established by pK, determinations based upon pH-dependent UV spectra and by *C
NMR spectra of phosphorus esters which show phosphorus couplings to C1, C2, and C3 for the O2 esters and
couplings to C2, C3, and C4 for O3 esters. UV spectra of O2 and 03 esters both demonstrate red shifts of near
26 nm upon ionization. The O2 esters absorb less intensely than their anions, but the reverse is true for O3 esters.
Infrared spectra are particularly useful for structural agsignments: O3 esters have bands for carbonyl stretching
near 1784 cm™ and olefinic stretching at 1700-1710 cm™; 02 esters have corresponding bands near 1778 cm™!
and 1680-1690 cm™, respectively. In compounds with a 3-O-acyl group, the carbonyl stretch is more intense
than the olefinic stretch but the reverse is true in compounds with a 3-OH group. The !H NMR spectra of H4,
H5, H6, and Hé’ indicate first-order ABCD coupling. A value of near 1 Hz has been found for the long-range
Jp-n4 in the phosphorus esters. The monoanion of IAA, which is generated in situ by reacting 1 equiv of IAA
with triethylamine, reacts in aprotic solvents to produce predominantly O3 esters. Reactions in aprotic solvents
with neutral IAA appear to give 2-esters, which can be prepared nearly quantitatively when 6-10 equiv of methanol

are present.

The structure and function of ascorbic acid (eq 1) has
been addressed in several recent publications.!® A par-
ticular problem has been the selective preparation of de-
rivatives and the proof of their structure.!>?® The ioni-
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zation in eq 1 has led to the frequent prediction, based
on the expectation that the anion will react, that reaction

OH OH o, OH

— ~-H e
— T e = e (1)

OHOHH © OHOHH ©

with an acylating agent will give the 3-acyl derivative, but
later work has demonstrated in some cases that the isolated
product was the 2-acyl derivative.>®!1"2 Both the 2-OH
and 3-OH are enolic and might be expected to be quite
reactive. Incisive spectroscopic evidence for distinguishing
2-0- and 3-O-substituted compounds has not been avail-
able. In this paper, we describe the use of acidity con-
stants, ultraviolet spectra, 13C, 'H, and 3P NMR spectra,
and infrared spectra to distinguish the point of substitution
in a series of carbon and phosphorus esters (2-15) of iso-
propylideneascorbic acid (1) (Chart I). We have utilized
compound 15 as a 3-ester for which there is crystallo-
graphic proof of structure.?

Experimental Section

Organic analytical reagent-grade solvents were distilled from
BaO under nitrogen and stored over molecular sieves. Deuteriated
solvents were used without further treatment and stored under
nitrogen atmosphere. Aqueous solutions were prepared with
deionized water.

Nuclear magnetic resonance spectra were recorded with Varian
XL-200 and XL-400 spectrometers. All frequencies were taken
from a digital output printer. Unless noted otherwise, all chemical
shifts were referenced to internal tetramethylsilane. Infrared
spectra were recorded with a Perkin-Elmer 1500 Fourier transform
infrared spectrometer using a 0.1-mm sealed NaCl cell and pro-
tonated or deuteriated chloroform as the solvent. Ultraviolet
spectra were recorded with a Hewlett-Packard 8451A diode array
spectrophotometer.
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Chart 1
OR;y OR,
A=
o
0,0 H
G'X!
R2 Ra
1 H H
2 H (CeH5)12P(0)
3 H &(CH3)2CHICH3) CICHg P(O)
4 H (CgH50)2P(O)
5 H CH3C(O)
6 H (CgH ) CIO)
7 (CgHg)2P(O) H
8 C(CH3),GH(CHZIC(CHaI,P(O) H
9 (CgHg0)P(O) H
10 CH3C(O) H
11 (CgHs)1C(O) H
12 CH3C(0) CH3C(O}
13 (CgHs)CIO) (CgHg)C(O)

14 -NO2CgH4C(O) 2-NO2CgH,C(O)
15 H (GHZCH20CHCH,N),P(O)

Determination of Acidity Constants. Buffered solutions
were 0.05 M phosphate and pH’s were determined with a Ra-
diometer pH Meter 26 fitted with a Beckman combination
electrode 39505. Samples of 1 to 2 mL of fresh buffer at 25 °C
were placed in cuvettes and reference spectra were recorded. Using
microliter syringes, an aliquot of stock solution of a compound
(ca. 0.015 M in acetonitrile or methanol) was injected into the
reference buffer sample to yield concentrations between 107 and
1075 M. The resultant solution was rapidly mixed and the ab-
sorbance spectrum immediately recorded from 190 to 360 nm.
The experimental absorption readings, to which we applied eq
2 and 3, were taken at the wavelength of maximum extinction
coefficient of the ionized compound. This wavelength varied from
260 to 268 nm depending upon the compound. In the case of aryl
esters, the underlying absorption from low wavelength bands was
subtracted by drawing a base-line absorption from minimum to
minimum in the spectrum; e.g., see Figure 3.

The equilibrium equation representing ionization is K =
[H*][B}/[A] where K is the equilibrium constant, A is the neutral
acid, B is the monoanion, and H* is the negative antilog of the
pH of the buffer. In our determinations of K, we were alert for
problems due to a second dissociation or instability at the buffer
basicity required to produce B. The experimental optical density
(a) as a function of the buffer pH is equal to the sum of optical
densities of acid and monoanion, a = a, + ag. Application of
Beer's law yields eq 2, which can be rearranged to give eq 3.3
Equation 3 was fitted to the data with a weighted linear least-
squares program from which ag and K are extracted; this method
is useful because ap need not be determined experimentally and
is determined from the intercept; a second ionization or base-
induced decomposition of substrate can make experimental de-
termination of ag uncertain.

K = [H*]((a - a4) /(ag - @) (2
[H*(a - ap) = -K(a) + K(ag) 3

Solvents and amines were distilled from BaO under nitrogen.
Analytical grade solvents were further dried over molecular sieves.
Diphenylphosphinyl chloride, (CsH;),P(O)Cl (DPC), was prepared
by bubbling O, through a neat solution of freshly distilled di-
phenylchlorophosphine. The product distilled as a colorless liquid
at 140 °C/0.1 mmHg (1it.*? 135-136 °C/0.07 mmHg). Diphenyl
phosphorochloridate, (CsH0),P(O)Cl (DPP), was purchased from
Aldrich Chemical Co. and was purified by distillation, 125-130
°C/0.25 mmHg. 2,2,3,4,4-Pentamethyltrimethylenephosphinyl
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chloride (PTPC) was prepared according to a reported method3?
and recrystallized from petroleum ether, mp 70-72 °C. 5,6-O-
Isopropylidene-L-ascorbic acid (1) was prepared according to the
method of Ward and Tolbert® by using 2,2-dimethoxypropane,
93% yield. Carbon and hydrogen analyses were done by Mic-Anal
Organic Microanalysis, Tucson, AZ.

3-0-(Diphenylphosphinyl)-5,6-0 -isopropylidene-L-
ascorbic Acid (2). Under nitrogen, freshly distilled triethylamine
(2.6 mmol) was added dropwise from a syringe to 1 equiv of
5,6-O-isopropylidene-L-ascorbic acid in 20 mL of vigorously stirred
dry acetone at 22 °C. Addition of the amine solubilized the acid
and within moments caused the precipitation of the amine salt
of the acid. Diphenylphosphinyl chloride (1 equiv) in 5 mL of
acetone was added in one portion to this mixture by passing it
through a connecting L-shaped tube adjoining both flasks. The
mixing of the two solutions was continued vigorously by moving
the mixture between the two flasks for a period of 2 min. The
solution first became clear; then amine hydrochloride precipitated.
The mixture was filtered and the filtrate concentrated under
reduced pressure, yielding eventually a white powder which, after
drying for 24 h at room temperature, was washed in deionized
water to remove remaining hydrochloride salt; mp 108-110 °C.

Anal. Caled for C,Hy04P: C, 60.6; H, 5.08. Found: C, 60.4;
H, 5.06.

2-0-(Diphenylphosphinyl)-5,6-0 -isopropylidene-L-
ascorbic Acid (7). A mixture of 2.3 mmol of 5,6-O-iso-
propylidene-L-ascorbic acid and 1.0 equiv of 2,6-dimethylpyridine
was prepared in 20 mL of acetone at 22 °C under nitrogen.
Diphenylphosphinyl chloride (1 equiv) in 5 mL of acetone was
added dropwise and the reaction stirred for 2 h, at which time
6 equiv of methanol were added. After stirring overnight, solvent
was removed under vacuum. The oily product was dissclved in
chloroform and amine hydrochloride extracted with water. The
organic phase was then concentrated to a foam under reduced
pressure and converted to a powder by taking it up in methylene
chloride and precipitating with hexane. Crystals were obtained
from acetone, acetone—ethanol, and acetone-ether solvent mix-
tures; mp 80-81 °C.

Anal. Caled for CyH,0,P: C, 60.6; H, 5.08. Found: C, 61.3;
H, 5.38.

3-0-Benzoyl-5,6-O-isopropylidene-L-ascorbic Acid (6). A
mixture of 5,6-O-isopropylidene-L-ascorbic acid (1 equiv) and
triethylamine (1 equiv) was prepared in 7 mL of dry dimethyl-
acetamide at 22 °C under nitrogen. One equivalent of benzoyl
chloride was then added dropwise with a syringe; the reaction
was stirred for 2 min, after which triethylamine hydrochloride
was removed by filtration and the filtrate was concentrated under
reduced pressure. Addition of 0.4 mL of acetonitrile to this
concentrate and storage at 4 °C effected the crystallization of the
amine salt. The ester crystallized on evaporation of solvent as
a 1:1 mixture of ester/dimethylacetamide as demonstrated by an
'H NMR spectrum and analysis; mp 95-97 °C.

Anal. Caled for CyqHyN;Og: C, 58.96; H, 6.19. Found: C, 58.47;
H, 5.93.

2-0-Acetyl-5,6-O-isopropylidene-L-ascorbic Acid (10).
Acetyl chloride (1 equiv) was added slowly to a mixture of tri-
ethylamine (2.3 mmol) and 5,6-O-isopropylidene-L-ascorbic acid
(2.3 mmol) in 5 mL of acetone containing 1.1% H,0 at 22 °C
under nitrogen. After 2.5 min, triethylamine hydrochloride was
filtered and the filtrate concentrated under reduced pressure (0.01
mmHg). Addition of 0.2 mL of acetonitrile effected crystallization
of a mixture of ester (88.1%) and triethylamine hydrochloride
(11.9%) as indicated by 'H NMR; we had difficulty obtaining pure
ester by the methods used for other esters.

Results

Isopropylideneascorbic acid, IAA (1), was used to pre-
pare acyl derivatives 2-15 in order to avoid interference
by the 5- and 6-hydroxyls of ascorbic acid. Structure has
been proved by crystallography for one 3-ester, 15,2 and
one 2-ester, 7.3
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Table I. UV Spectroscopic Data for IAA and Some Derivatives (¢s in (cm M)}, \’s in nm, pK,’s determined at 25 °C)®

10%1, M max 10%3, A2 max Ae AN
compd pK, (pH) (pH) (g — &) Mg =2y
1 2.E 3.95 10.4, 244 14.0, 268 3600 24
-Esters (2.15) (7.51)
7 2.35 6.9, 244 12.7, 260 5700 16
(2.07) (6.08)
8 2.76 9.2, 238 15.7, 260 6600 24
(1 N HC) 6.11)
10 2.68 11.6, 238 18.7, 256 7000 28
(1.54) (4.57)
2 3-Esters 574 17.6, 228 10.1, 266 -7500 38
(4.23) (7.41)
15 6.01 8.6, 238 7.5, 268 -1100 30
(1 N HC)) (8.03)
] 4.5 < pK, < 5.7
12 (diester) none 9.0, 224 9.8, 224 800 0
(1.54) (7.54)
previously
previously determined
determined pK,’s pK,’s
compd pK, ref compd pK, ref
L-ascorbic acid 4.2,11.6 33 15 6.22 23
L-ascorbate 2-sulfate 3.11 10 3-O-methyl-L-ascorbic acid 7.8 21
L-ascorbate 3-phosphate 3.40 17 3-O-acetylascorbic acid 3.6 29

3 Absorption from low wavelength bands was subtracted by drawing a base line from minimum to minimum.
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Figure 1. Ultraviolet spectra of 1 at various pH values,

pH-Dependent Ultraviolet Spectra. For IAA and the
acyl derivatives, there are absorption maxima for the
neutral compound and, at longer wavelengths, for the
anion at higher pH’s. Typical sets of spectra are shown
in Figures 1-4. Figure 1 demonstrates the effect of pH on
the spectra of the unsubstituted ascorbate with the ex-
pected red shift of the #>=* band as the neutral molecule
is converted to the oxyanion. Figure 2 demonstrates the
effect of acetyl substitution which we have determined to
be a 2-acetyl ester as the rest of the results in this paper
will demonstrate. The lack of a good isosbestic point
indicates some degradation of the ester, although we made
every effort to obtain these spectra very quickly after
mixing the solutions. Figures 3 and 4 compare the 2- with
the 3-diphenylphosphinyl derivatives. The 2-ester has a
good isosbestic point as we anticipated from other spec-
troscopic studies (vide infra), but the 3-ester shows some
deviation which is probably due to rearrangement to the
2-ester, a process which is also indicated by NMR and IR
spectra.®°

We did similar studies for all the compounds shown in
Table I and the indicated pK’s were determined by eq
3. The diacetyl derivative 12 gave no significant change
in spectrum between pH 1.5 and pH 7.5 in agreement with

Clem W)

WAVELENGTH (na)

Figure 2. UV spectra of compound 10 at various acidities.
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Figure 3. Ultraviolet spectra of 7 at various pH values.

the structural assignment since there is no ionizable proton
in a diester.

Table I gives the pK’s of the compounds for which
spectra of the type shown in Figures 1-4 were obtained.
We also present in Table I the absorption parameters for
both neutral and anionic materials. Both the positions of
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Figure 4. Ultraviolet spectra of 2 at various pH values.

Table II. IR Spectral Bands of Esters of IAA in CDCI, or
CHCI, (with bands in em™)

approx ratio
of carbonyl

double and double
carbonyl bond acyl bond intensities
compd stretch  stretch carbonyl of bands®
O; Esters
2 1784 1701 1.8
3 1781 1700 b
4 1790 1709 14
5 1784 1708 1733 1.6
6 1784 1704 1731 14
15 1785 1700 1.7
O, Esters
7 1776 1682 0.7
8 1777 1679, 88 b
9 1787 1688 0.5
10 1781 1687 1733 0.8
11 1778 1688 1729 0.5
0,,0; Diesters
12 1794 1711 1784 1.6
13 1784 1708 1759 1.8
14 1793 1711 1767 3.2
Unsubstituted
1 (IAA) 1754 1665 0.7
TAA-N(C,Hy)s 1728 1604 0.4

3 Ratio of «(C=0)/e(C=C). ®Compounds 3 and 10 are mixtures
of diastereomers.

bands and the relative extinction coefficients appear to be
useful for structural identification. In particular, the
comparison of the 2- and 3-diphenylphosphinyl esters (7
vs 2) should be noted.

The absorption maximum of the anion compared to the
neutral molecule (A in Table I) is much greater in 3-esters
than in 2-esters. This is largely due to the lower wave-
length absorption of the neutral 3-esters which makes sense
because the 3-acyl group diminishes the conjugation in the
3-0xy-2,3-unsaturated carbonyl system.

The comparison of extinction coefficients also appears
useful in structure determination. When extinction
coefficients of the bands are estimated by measuring the
peak intensity and subtracting the base due to other ab-
sorption bands, we find that the extinction coefficient for
the 3-oxyanion is greater than for the 3-protonated neutral
molecule, but the extinction coefficient for the 2-oxyanion
is less than for the 2-protonated neutral molecule. That
is, A¢ in Table I is positive for 2-esters but negative for
3-esters.

Acidity Constants. Ester pK, values are presented in
Table I; pK, values greater than 4 for esters are consistent
with O3 ester derivatives and the ionization of the 2-OH;
pK, values below 4 are consistent with ionization of the
3-OH and acylation at the O2 position. The pK, value,
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Figure 5. Infrared spectrum, 2000-1500 cm™, of 2 in CDCl,.
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Figure 6. Infrared spectrum, 2000-1500 em™, of 7 in CDCl,.

6.01, determined for compound 15 in this study agrees well
with the value of 6.22 determined previously.” The pK’s
of 2.35 for compound 7 and 5.74 for compound 2 demon-
strate the change in pK in structurally isomeric esters.

Infrared Spectra. We have found that the positions
of C==0 and C==C stretching bands in the infrared are
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Figure 8. Infrared spectrum, 2000-1500 cm™, of 12 in CDCls.

useful for distinguishing 2- and 3-esters. Typical spectra
are given in Figures 5-8 and all of the data obtained in our
studies® are summarized in Table II.

Figures 5 and 6 compare infrared spectra of the 3- and
2-diphenylphosphinyl derivatives, respectively, in the
double-bond and carbonyl stretching region. T'wo features
of these spectra are useful in structure identification: First,

Cabral and Haake

Table II1. Proton-Decoupled *C NMR Spectral Data of
IAA and Various Esters in CDCl; Referenced to Internal

Tetramethylsilane®
0O, esters, § (J) O, esters, 6 (J)
C no. TAA-N(C,Hg)s, & 7 8 15 2
C, 171.79 167.19 167.03 167.74 167.24
(6.3) (5.5)
C, 118.98 114.42 114.84 124.88 125.96
(7.8) (10.7) (4.3) (4.6)
C, 150.90 158.24 156.72 137.69 138.11
(4.4) (4.4) 6.4) (8.8)
Cy 76.23 74.70 74.54 73.88 74.13
(7.9) (5.9)
Cs 75.08 73.54 73.71 72.58 72.94
Cq 65.31 65.08 65.30 65.20 65.13
C, 109.90 110.15 110.37 110.53 110.32
Cq 26.07 25.54 25.85 25.73 25.62
Cg 24.59 24.19 25.60 25.68 25.51

aJs are due to $'P-13C., J values are in hertz.

the 2-ester 7 has an inversion of the normal intensity ex-
pectation; that is, in Figure 6 the carbonyl band is less
intense than the double-bond band in contrast to the
normal intensity ratio which is seen in Figure 5. Of course,
these vibrational bands are mixed so that it is not strictly
correct to speak about group vibrations, but for purposes
of structure identification, it is useful. This intensity ratio
which was first observed for compounds 2 and 7 has turned
out to be maintained for all of the esters that we have
studied as shown by the last column in Table II.

Second, there are useful shifts in frequencies of the
bands, especially for the double-bond stretching band.
Table II demonstrates that carbonyl bands of the O3 esters
lie near 1784 cm™! (Figure 5) whereas those of the O2 esters
lie near 1780 cm™ (Figures 6 and 7), a small shift but
expected because of the diminished conjugation in 3-esters.
This pattern was also found for a mixture of 2-O- and
3-0-bis(trimethylsilyl)phosphinate esters of ascorbate when
the other three hydroxyls are all protected with tri-
methylsilyl groups.?> Only the bands of compounds 4 and
9, the diphenyl phosphate monoesters, are at higher fre-
quencies than the corresponding bands of other esters.
Bands of 2,3-O-diacyl esters are at higher frequencies near
1790 cm™ and show multiple bands due to overlap of the
acyl and ring carbonyl stretching frequencies (Figure 8 and
Table II).

The lower wavenumber band shown in Figures 5-8 and
compiled in Table II, “the double bond stretching band”,
appears to be the most useful band for structure deter-
mination. The bands for the O3 esters are near 1700 cm™!
(Figure 5 and Table II) but the bands for the O2 esters
are at significantly lower frequency, near 1684 cm™ (Fig-
ures 6 and 7 and Table II). Individual double-bond
stretching bands of 02 and O3 esters were resolvable in
mixtures, which aided our synthetic work, since the bands
are sharp and sufficiently separated so that product com-
position can be estimated. When one ester is predominant
the band for the minor constituent still appeared as a
shoulder.

1BC NMR spectroscopic data for the JAA-N(C,H;)s
complex and four phosphorus esters in CDCl; are pres-
ented in Table III. Berger’s work was useful in assignment
of chemical shifts.?® Coupling of phosphorus is particu-
larly useful for structure determination in phosphorus
esters. In both O2 esters, 7 and 8, 3'P is coupled to C2,
C3, and C1. In contrast, the two O3 esters, 15 and 2, give
couplings to carbons 2, 3, and 4. Therefore, the 1°C NMR
spectra give a clear structural assignment which corrobo-

(35) Berger, S. Tetrahedron 1977, 33, 1581.
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Table IV. 'H NMR Spectral Data () for IAA and Esters (5 referenced to tetramethylsilane in CDCl; at 22 °C)

[
compd H4 H5 Heé Heé’ HS8 Hg acyl group
O, Esters
2 4.607 4.265 4,105 4.019 1.302 1.255
3 4.569 4.376 4,186 4.117
4 4.663 4.251 4,104 4.005 1.357 1.300
5 4.840 4.339 4.177 4.057 1.386 1.366 2.358
6 4.994 4.441 4.229 4,132 1.391 1.363
TAA-N(C,Hjy),
1 4.464 4.170 4.107 4,023 1.412 1.372
O, Esters
7 4.603 4.297 4.120 4,015 1.261 1.213
8 4.661 4.415 4,203 4,104 1.380 1.273
9 4,632 4.251 4.153 4.062 1.369 1.354
10 4.781 4.439 4.207 4.106 1.406 1.378 2.237
11 4,761 4.483 4.216 4.126 1.382 1.356
Diesters
12 5.148 4.394 4.196 4.104 1.394 1.359 2.278, 2.311
13 5.492 4.533 4.262 4,197 1.426 1.374
14 5.420 4.542 4.279 4.209 1.418 1.381
Table V. H-H Coupling Constants for IAA and Ester Derivatives. Couplings Are from Spectra Recorded in CDC]; at 22 °C
(in hertz)
compd *JuaHs 8Hs-Hs s e 2JHe-He SeHap “JHap
O, Esters
2 2,74 6.53 7.06 -8.34 1.48
3 347 6.88 6.35 -8.55
4 2.19 7.03 6.73 -8.38 2.19
5 2.84 6.80 6.53 -8.67
6 2.66 7.06 6.61 -8.47
0O, Esters
7 3.18 6.70 6.70 -8.60 1.27
8 3.03 6.70 6.63 -8.53 1.05
9 2.92 6.81 6.66 —~8.50 0.96
10 3.04 6.81 6.54 -8.48
11 3.31 6.74 6.54 -8.70
0,,04 Diesters
12 2.03 6.78 6.06 -8.48
13 2.5 6.75 6.08 -8.54
14 2.06 7.0 6.19 -8.77
TAA-N(C;Hj), 4.80 6.47 7.33 -8.33

rates the correlation of pK’s and infrared spectra with
structure. Although this method cannot be used for car-
boxylic esters, the data from phosphorus esters give us
confidence that the assignments based on pK’s and in-
frared spectra are correct for carboxylic esters.

'H NMR chemical shifts and coupling constants of JAA
and a variety of esters in CDCl; are presented in Tables
IV and V. Most spin-spin couplings are first-order ABCD
for H4, H5, H6, and H6’. Spin simulations, which were
carried out with Varian XL-200 software, for 2, 7, 8, and
15 verify this pattern. All esters indicate that derivati-
zations deshield all H4 and H5 protons. This is also ob-
served for the majority of H6 and H6’. These gem protons
at C6 are coupled to each other with negative coupling
values as demonstrated by spin simulation (Table V). It
was also found that O3 esters have 3Jy, ys under 3 Hz
whereas those of O2 esters are above 3 Hz. The exception
to this trend is noted with compounds 3 and 8 for which
coupling values are reversed. Interesting long-range cou-
plings "Jp_yo were observed for both the O3 esters (n =
4) and the O2 esters (n = 5). These couplings range from
0.96 to 2.19 Hz; two such couplings are shown in Figures
9 and 10 for the 2- and 3-diphenylphosphinyl esters (2 and
7).

Discussion

Structure determination of acylated ascorbates has been
one of several problems in the chemistry of ascorbic acid.
There have been several syntheses of 02 derivatives that
originally were thought to be O3 derivatives.!®?® A major

!
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Figure 9. 'H NMR spectrum of H4, H5, H6, and H6’ of 2 in
CDCl; referenced to internal tetramethylsilane, at 400 MHz.
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Figure 10. 'H NMR spectrum of H4, H5, H6, and H6’ of 7 in
CDCl; at 200 MHz, referenced to internal tetramethylsilane.

focus of this research was the development of useful
methods for spectroscopic determination of structure of
02 and O3 derivatives. This has been achieved by a
combination of spectroscopic methods. The crystallogra-
phy on 7 and 15, the 1*C NMR spectra of the phosphorus
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esters, and the pK’s in Table I give unambiguous structural
assignments on which the other correlations are based.

Dissociation Constants. The pK,'s of ascorbic acid
are 4.2 and 11.6;% the second pK, represents ionization of
the 2-OH to form a dianion. The typical pK of 2-esters
(Table I) is approximately 2.6, a small increase in acidity
compared to 1 (pK = 4.0) and ascorbic acid (pK = 4.2);
this small effect is probably due to the electron-with-
drawing acyl group at the 2 position. In 3-esters, the 2-OH
has a typical pK of about 6, a large increase in acidity
compared to the 2-OH of ascorbate anion because of the
electrostatic difference between ionization to give a mo-
noanion from the ester and a dianion from ascorbate.?”

Based on these measurements of pK’s in 2-esters and
3-esters, the inherent difference in acidity of the 3-OH and
the 2-OH is about 10%4. That difference must be due to
greater delocalization of electron density in the 3-oxyanion
compared to the 2-oxyanion as would be expected (eq 1).

Our findings in Table I are consistent with the pK’s
previously measured and listed at the bottom of Table I.
The phosphate, sulfate, and acetate were thought to be
3-esters when first synthesized.!17202% The correct as-
signments of structure for 15, the phosphate, and sulfate
were made definitively by crystallography so there is no
question about the structure of these derivatives. The pK’s
of the sulfate and phosphate are somewhat higher than the
2-esters that we have synthesized, 7, 8, and 10. This is
undoubtedly due to the negative charges on the phosphate
and sulfate groups which inhibit ionization of a proton at
the 3-position. There is reasonable agreement between our
determination of the pK of 15, which we synthesized in
order to have an authentic 3-ester for comparison studies,
and the pK determined in the research in which the crystal
structure of 15 was also reported.

In a previous report, synthesis of the 3-acetyl ester of
1 and a pK of 3.6 were reported.?® Subsequently, ultra-
violet spectra demonstrated that it was a 2-ester.? In this
research, the ultraviolet spectra used to determine the pK
of 10 showed evidence of probable degradation due to
acid-catalyzed hydrolysis; Figure 2 demonstrates that there
is no isosbestic point unlike Figures 1 and 3. Our spectra
were taken with a diode array spectrometer which required
only seconds for each spectrum so there was minimum
degradation of 10 and the pK is fairly accurate. We believe
that the previously reported pK is slightly in error due to
hydrolysis during the titrations used to determine the pK,
that the correct pK is close to 2.7 (Table II), and that the
compound is definitely the 2-ester.5%% A pK of 2.7 or 3.6
is only consistent with a 2-ester;>?*% infrared spectra (see
below) support this assignment.

Infrared Spectroscopy. The positions of the carbonyl
and double-bond stretching bands (Table II) are a result
of the multiple effects of the ascorbate structure. It can
be expected that the five-membered lactone will raise the
frequencies and the conjugated double bond and the 2- and
3-OH groups will lower the frequencies.?:3?

As indicated by the data of Table II, the IR spectra of
TAA esters indicate that the spectral characteristics are
dependent primarily on the position of the ester group in
the structural isomers. Little dependence of the carbonyl

(36) Ball, E. G. J. Biol. Chem. 1937, 118, 219. Birch, T. W.; Harris,
L. J. Biochem. J. 1933, 27, 595.

(37) Kirkwood, J.; Westheimer, F. H. J. Chem. Phys. 1938, 6, 506.

(38) Jones, N.; Humphries, P.; Dobriner, K. J. Am. Chem. Soc. 1950,
72, 956. Rasmussen, R.; Brattain, R.; Tunnicliff, D. J. Am. Chem. Soc.
1949, 71, 1068. Rasmussen, R.; Brattain, R. J. Am. Chem. Soc. 1949, 71,
1073. Jones, R.; Herling, F. J. Org. Chem. 1954, 19, 1252.

(39) Kovace, S.; Soclaniova, E.; Eglinton, G. Tetrahedron 1969, 25,
3617.

Cabral and Haake

Table VI. Distances of Some Bonds of Esters and
L-Ascorbic Acid (AA) (in 108 ¢m) Determined by X-ray

Crystallography®™
compd Rejeo, Rey—c, Repey
ascorbic acid® 1.216 1.452 1.338
calcium ascorbate® 1.233 1.416 1.373
15° 1.186 1.472 1.313
7¢ 1.176 1.480 1.331

°Reference 7. ®Reference 23 and Cambridge Data File. °P.
Haake, K. Kessler, and J. Springer, unpublished results; ref 30b.

and double-bond bands on the type of ester is indicated.
Diesterification of 1 and monoesterifications at O3 and 02
increase the carbonyl frequencies by average values of 91,
85, and 79 cm™, respectively, above the frequency in 1.
The double-bond bands are similarly affected by esteri-
fication; changes in frequencies, relative to 1, of 106, 100,
and 81 cm™ are displayed by diesters and 03 and 02
monoesters, respectively. These shifts to higher frequency
are sufficiently different for 2- and 3-esters so that the
double-bond band (Table II and Figures 5-8) can be used
for structure determination.

In addition, in all the compounds we investigated, there
is an unusual intensity inversion when the 3-position is not
esterified: the double-bond band is more intense than the
carbonyl band in contrast to the usual greater strength of
carbonyl bands.*® When the 3-position is esterified, this
normal ratio of carbonyl to double-bond band intensities
applies (Table II). Therefore, it appears that this intensity
relation for infrared intensities can be useful for rapid
determination of the point of acylation. We also found
that infrared spectroscopy enabled a rapid analysis of
reaction mixtures in order to determine whether the 2-OH
or the 3-OH reacted more rapidly under a given set of
conditions.

The shifts in frequencies of the carbonyl and olefinic
bands have precedence in known effects of polar groups;
it has been found that the frequencies of C—H bands,
C==0 bands, and C=C bands are strongly affected by
polar groups.®** Vinyl ethers give lower C—=C frequencies
than ethylene, but vinyl esters give higher frequencies.*?

Structural changes are in agreement with the changes
in position of the infrared bands as shown in Table VI.
The anion, with delocalization as shown in eq 1, has a
longer C1=01 bond, shorter C1—C2 bond, and longer
C2=C3 bond than ascorbic acid. The reverse effect is
found in esters because delocalization of 02 and O3 lone
pairs is reduced.

The carbonyl bond length order, based on crystal
structures, is anion > 1 > 02 and O3 esters, Table VI
Hence, it is expected that the frequency of carbonyl bands
of esters will be higher than the frequency for 1 and that
the frequencies for O3 esters and O2 esters will be similar
as is demonstrated by the data in Table II

13C NMR spectra were useful for structure determina-
tion of phosphorus esters due to Jp_¢ coupling constants
(Table III): both 2- and 3-esters gave two- and three-bond
couplings. Therefore, the C1 peak was a doublet in 2-esters
and the C4 peak was a doublet in 3-esters, a clear method
for distinguishing the structurally isomeric esters. Al-
though this method cannot easily be applied to carboxylic
esters, the unambiguous assignment of structure by pK’s
and *C NMR of phosphorus esters has enabled the de-
velopment of infrared spectra as a rapid and simple me-
thod of structure identification for all esters.

(40) Bellamy, L. J. J. Chem. Soc. 1955, 4221.
(41) Torkington, P.; Thompson, H. Trans. Faraday Soc. 1945, 41, 246,
(42) Davison, W. H. T.; Bates, G. R. J. Chem. Soc. 1953, 2607.
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The chemical shift data in Table III are interesting.
There is relatively little change in chemical shifts of C1,
C4, C5, C6 and the carbons of the isopropylidene group,
but the chemical shifts of C2 and C3 change considerably
and in complimentary directions: in the O2 esters, 7 and
8, C2 is shielded and C3 is deshielded, but in O3 esters,
15 and 2, the reverse is true. That is, esterification causes
deshielding at the carbon which is conjugated with the
ester oxygen. This would be expected from the effect of
esterification on enolic delocalization of electrons on 02
and O3. There is a stronger effect of esterification on the
chemical shift at C2 than at C3 as would be expected from
the very strong interaction of the O3 electrons with the
double bond because O3 is directly conjugated with the
2,3-unsaturated carbonyl system. Crystallography of as-
corbates demonstrates that the C1-C2 bond is shortened
compared to a pure single bond and the C2-C3 double
bom; gg lengthened compared to a pure double bond (Table
vI).%

The ascorbic acid-triethylamine complex was used in
order to improve the solubility of the ascorbic acid in
deuteriochloroform so that the amount of NMR instru-
ment time was not excessive. Carbons 1, 2, and 3 bear no
hydrogens so there is slow relaxation of these carbons
which necessitates a long delay time between pulses and
this results in a need to use a large amount of time for a
given number of pulses. We suggest that triethylamine
improves solubility by disrupting intermolecular hydrogen
bonding among ascorbic acid molecules. Because the as-
corbic acid is a weak acid, we expect that in deuterio-
chloroform there is an amine-acid complex but proton
transfer does not occur so that we are observing the spectra
of the uncharged ascorbic acid. This is supported by the
small changes in chemical shifts, compared to esters, except
at carbons 2 and 3.

The shielding effect of the 2- or 3-OH groups is even
stronger in the esters than in the ascorbic acid based on
the chemical shifts of C2 an C3 in Table III. The largest
shielding effect is at C3 in the 3-esters, 15 and 2. This
indicates that the 2-OH is more strongly conjugated with
the double bond when O3 is esterified than when 08 is an
OH and strongly conjugated with the double bond.

H NMR spectra were useful in purification of products
but not definitive for structural identification (Table IV).
Derivatization of IAA at either the O3 or the 02 causes
an upfield shift in the methyls of the 5,6-O-isopropylidene
group. These shifts are especially large for 2 and 7, sug-
gesting a shielding effect by one of the benzene rings of
the (CgHg)oP(0) group. The difference in chemical shifts
of H8 and H&’ has been used to distinguish between threo
and erythro isomers when the hydroxyls are protected with
isopropylidene groups.*® The threo configuration at C1
of glycerol generates an isopropylidene ring which has
chemical shift differences of <0.05 ppm. The erythro
configuration generates a ring which has the difference
value of 20.05 ppm. The 5,6-O-isopropylidene group of
1 and its esters is a terminal ring of a molecule with chiral
C4 and C5. The differences of signals H8 and H8 vary
from 0.015 to 0.107 ppm in our compounds; therefore, our
results do not follow the earlier correlation of chemical
shifts. 4

The proton chemical shifts of the O3 and O2 esters
indicate that substituents at these positions significantly
deshield H4 and H5 (Table IV). The H6 and H6’ chemical
shifts are less affected. For example, compound 13, the
2,3-O-dibenzoyl ester, has H4 deshielded by 1.028 ppm,

(43) Ashry, E. J. Chem. Soc., Chem. Commun. 1986, 1024,
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whereas the deshielding of H5, H6, and H6’ are 0.372,
0.155, and 0.174 ppm, respectively. As reported above, the
methyls of 5,6-O-isopropylidene of IAA are also different
from those of the esters.

The steric effects on the structure of the compounds can
be investigated through calculations of the average dihedral
angles, at C4, C5, and C6, with a modified Karplus relation
as applied successfully previously.4* We used Abraham’s

a <120°% J,, =k;cos’a (4)

a 2 120°% Jyene =
Yo (kg cos? (120 + a) + k; cos? (120 -~ a)) (5)
constants,* k; = 11.3 and k, = 11.8, because of the
structural similarity to the compounds he studied. The

determined dihedral angles indicate, approximately, the
extent of rotation about a C-C bond:

dihedral angles, deg

COmpd H5"C§"C5—H6 H5—C5—Cg“Hsf H4—C4—CE—H5
1-NET, 41 144 49
2 (3-ester) 41 142 61
7 (2-ester) 40 140 58

These results demonstrate little effect of esterification
on the ring or rotation about the C5-C6 bond but signif-
icant effects (2 and 7 vs 1) on rotation about the C4-C5
bond as would be expected due to interactions between
the ester group and the isopropylidene ring.

Synthetic Methods. In addition to the methods de-
scribed in the Experimental Section, a large nhumber of
reactions were run and assayed by infrared and NMR
spectra.®® Particularly useful were the 4-H signal and the
isopropylidene signals in the NMR spectra and the car-
bonyl and olefinic stretching bands in the infrared spectra.

Generally, short reaction times at room temperature
were most effective in producing the 3-ester. Rapid mixing
of the acid chloride with a mixture of amine and IAA,
stirring for a brief time, followed by workup, gave maxi-
mum yields of 3-ester and minimum contamination with
2-ester. It was very important to have dry solvent; delib-
erate contamination with water or methanol led to 100%
2-ester and no 3-ester: Either acetone or THF could be
used in these experiments, although there was always more
residual starting material (IAA) with THF than with
acetone.

We compared triethylamine with 2,6-lutidine in this
reaction with acetone as the solvent. Lutidine always
produced 2-ester; triethylamine was required to produce
3-ester. Our hypothesis for this result involves the state
of ionization of the ascorbic acid when it is exposed to the
acid chloride: since triethylamine is a stronger base, it will
produce more anion than lutidine.* There is experimental
evidence in support of this: when lutidine is added to a
slurry of IAA in acetone, it causes the IAA to become
soluble, but when triethylamine is added, the initial sol-
ubilization is followed by an abundant precipitate which
we presume to be the triethylammonium ascorbate salt.
Therefore, the product distribution supports the concept
that one needs to acylate ascorbate anion in order to
produce a 3-ester.

Our results, then, indicate that ascorbate anions will
react preferentially at the three position but neutral as-
corbic acids react preferentially with acid chlorides at the
2-position. We have done a preliminary ab initio calcu-

(44) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Altona, C. Tetrahedron
1980, 36, 2783-2792.

(45) Haake, P.; McNeal, J. P. J. Am. Chem. Soc. 1968, 90, 715.

(46) Parker, A. J. Q. Rev. Chem. Soc. 1962, 16, 163. Parker, A. J.
Chem. Rev. 1969, 69, 1.
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lation at the STO-3G level and find that neutral ascorbate
has a higher electron density at O2 than at O3. An ex-
perimental indication comes from consideration of the
dianion; in the dianion, it is clear that O2 is about 4 powers
of 10 more basic than O3. There is synthetic evidence that
in the dianion, reaction at O2 is more rapid.®

It is also clear that long reaction times or addition of
protic solvents results in high yields of 2-ester. A reaction
mixture which was predominantly 3-ester was converted
to 2-ester if methanol was deliberately added. Therefore
there is evidence that one reason for production of 2-esters
is that a 3-ester can be initially produced but converted
to a 2-ester.?47
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Rongalite (sodium hydroxymethanesulfinate or sodium formaldehydesulfoxylate) reacts with organic halides
in a variety of ways depending on the structure of the organic compound. Benzyl and other alkyl halides give
sulfones in generally good yields; but in several cases, reduction (2,4-dinitrobenzyl bromide, phenacyl halides)
or coupling (p-nitrobenzyl bromide under basic conditions, phenacyl bromide or iodide) of the halide occurs.
Addition of sodium iodide to the mixture of Rongalite and phenacy! chloride changed the reaction from one of
complete reduction to acetophenone to one of mainly dimerization to 1,4-diphenyl-1,4-butanedione. The amount
of acetophenone from phenacyl bromide depends on the water content of the reaction mixture, more dimer being
formed when little water is present. Diphenacyl sulfone is formed from phenacyl bromide and Rongalite in the
presence of excess sulfur dioxide. The intermediate 8-keto sulfinate is believed to normally lose sulfur dioxide
very readily to give the enolate anion, which either is protonated to give acetophenone or reacts with phenacyl
halide to give the butanedione. In the presence of excess sulfur dioxide, the loss of sulfur dioxide from the sulfinate
is suppressed, allowing sulfone formation to occur by reaction of the sulfinate with phenacyl halide. 0-Xylylene
dibromide gave o-xylylene, trapped as the Diels-Alder adduct with norbornene, along with the expected cyclic
sulfone and cyclic sulfinate ester (sultine). A convenient synthesis of the sultine in 78% yield is achieved by
treatment of «,a’-dichloro-o-xylene with Rongalite and sodium iodide. Treatment of Rongalite in DMF-H,0
with sulfur dioxide gives the blue anion radical complex (SO,)(SO,"). Anion radicals are produced from

p-dinitrobenzene and p-nitrobenzoate ion when they are treated with Rongalite.

Introduction

Reduced species of sulfur dioxide such as SO,*~ and
S0,% are formed by the interaction of sulfur dioxide with
the dihydropyridine coenzyme NADPH? and also with
1-benzyl-1,4-dihydronicotinamide,® a model for the im-
portant pyridine nucleotide coenzymes. The production
of these anions by the interaction of sulfur dioxide with
biological reducing agents may be significant with respect
to the toxic effects of this common pollutant on plants and
animals, particularly since SO,*'" is said to be formed in
an aqueous medium.*® While the reaction of sulfur di-

(1) (a) Reported in part at the 189th National Meeting of the Amer-
ican Chemical Society, Miami, FL, April 1985; Abstract ORGN 51. (b)
Taken in part from the Ph.D, Thesis of W. F. Jarvis, Syracuse University,
1988.

(2) Gause, E. M.,; Greene, N. D.; Meltz, M. L.; Rowlands, J. R. Bio-
logical Effects of Environmental Pollutants; Lee, S. D., Ed.; Ann Arbor
Science: Ann Arbor, 1977; p 273.

(3) Jarvis, W. F.; Dittmer, D. C. J. Org. Chem. 19883, 48, 2784.

(4) Eickenroht, E. Y.; Gause, E. M.; Rowlands, J. R. Environ. Lett.
1975, 9, 279.

(5) Aqueous solutions of sulfur dioxide consist of hydrated sulfur
dioxide. There is no evidence for the hypothetical sulfurous acid: Purcell,
K. F.; Kotz, J. C. Inorganic Chemistry; Saunders: Philadelphia, 1977;
p 345. Steudel, R. Chemistry of the Non-Metals; English Ed.; Nachod,
F. C.; Zuckerman, J. J., Ed.; de Gruyter: Berlin, 1977; p 222.

oxide with organic compounds has been widely investigated
and while much significant and fascinating chemistry has
been discovered,® there has been relatively little attention
paid to the organic chemistry of reduced species of sulfur
dioxide.”® The potential biological significance of these
species is one reason for the study of their reactivity with
organic compounds. In addition, these anions may be
useful intermediates in organic chemistry.

In a search for a more accessible laboratory source of
reduced species of sulfur dioxide (other than sulfur dioxide

(6) For examples, see: (a) Burgess, E. M.; Zoller, U.; Burger, R. L., Jr.
J. Am. Chem. Soc. 1984, 106, 1128, (b) Masilamini, D.; Manahan, E. H.;
Vitrone, J.; Rogic, M. M. J. Org. Chem. 1983, 48, 4918. (c) El Sheikh, S.
1. A.; Smith, B. C.; Soebir, M. E. Angew. Chem., Int. Ed. Engl. 1970, 9,
308.

(7) Reactions of electrochemically reduced SO, (a) Knittel, D. Mon-
atsh. Chem. 1982, 113, 37. (b) Wille, H. J.; Knittel, D.; Kastening, B. J.
Appl. Electrochem. 1980, 10, 489. (c) Knittel, D.; Kastening, B. J. Appl.
Electrochem. 1973, 3, 291. (d) Kastening, B.; Gostisa-Mihelcic, B.; Di-
visek, J. Faraday Discuss. Chem. Soc. 1973, 56, 341. (e) Knittel, D.;
Kastening, B. Ber. Bunsen-Ges. Phys. Chem. 1978, 77, 833. (f) Knittel,
D. Monatsh. Chem. 1986, 117, 359.

(8) (a) Gibson, H. W.; McKenzie, D. A. J. Org. Chem. 1970, 35, 2994,
(b) The kinetics of the decomposition of Rongalite to SO,% and reduction
of an azo dye has been investigated: Polenov, U. V.; Labutin, A. N.;
Tsareva, A. A.; Budanov, V. V. Izv. Vyssh. Uchebn. Zaved., Khim. Khim.
Tekhnol. 1987, 30, 63; Chem. Abstr. 1988, 108, 130843.
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