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ABSTRACT

Syntheses are described for tetra and pentadeutero indole-3-acetic acid
(IAA) labeled in positions 4, 5, 6, 7 or 2, 4, 5, 6, 7 of the indole moiety.
Polydeuterated IAA is proposed as an internal standard for gas chromato-
graphic-mass spectrometric analysis of IAA by selected ion monitoring.
Nanogram amounts of IAA may be assayed by monitoring the base peak
of IAA at m/z = 130 (134 for d4-IAA) and the molecular ion of the methyl
ester of IAA at 189 (193 for d4-IAA). Deuterium in positions 4, 5, 6, and 7
and, to only a slightly lesser extent, that in position 2 of IAA is retained
during alkali treatment, thus permitting use of these compounds as internal
standards for assay of IAA released by alkaline hydrolysis of ester and
amide conjugates. The use of polydeutero internal standards separates the
standards from the "isotope cluster" caused by the normal abundance of
heavy isotopes and also permits use of reduced mass resolution, thus
leading to a 10-fold increase in sensitivity.

Tetradeutero IAA was used as an internal standard for determining free
plus ester IAA in alkaline hydrolysates of Zea mays, and showed exact
agreement between estimates based on the molecular ion of the methyl
ester and those based upon base peak. Application of the method to
measuring free IAA in the upper and lower halves of geotropically stimu-
lated Zea shoots showed 61 ± 4% of the free IAA to be on the lower side.

Indolylic compounds, other than tryptophan, occur in plant (cf.
3, 4) and in animal tissue (cf. 23) in ylM amounts. Low tissue
concentrations of the indoles and their lability (16, 22, 24) make
assay by GC-SIM-MS4, with deuterated IAA as an internal stand-
ard, an attractive procedure. A number of procedures have been
described using side chain d2-indoles as standards for assay of
IAA and 5-hydroxy-IAA in plants and animals (1, 6, 10, 26).
However, plants contain most of their IAA as ester or amide
conjugates, conveniently assayed as free IAA, following hydrolysis
of the esters by 1 N NaOH and the amide conjugates in 7 N NaOH
(4). Alkaline hydrolysis precludes use of d2-IAA with deuterium
in the side chain, since these deuterium are lost during base
treatment. Deuterium in positions 4, 5, 6, and 7 is not exchanged
with hydrogen during alkaline hydrolysis. Even deuterium in the
2 position is only slightly exchanged. Thus, we report here a
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synthesis for 4,5,6,7-d4-IAA and 2,4,5,6,7-d5-IAA and use of these
compounds as internal standards.

In addition to alkali stability, polydeuterated compounds pro-
vide additional advantages as internal standards for GC-SIM-MS.
The ions generated by d4- and d5-IAA during MS are remote from
the ions of IAA and, thus, the background caused by the normal
abundances of heavy ions at I and 2 mass units above the IAA is
eliminated. Further, providing sample purity is adequate, mass
resolution may be broadened to ±+ amu (fat peak monitoring)
yielding a tenfold or more increase in sensitivity.

Pentadeutero IAA, labeled in positions 2, 4, 5, 6, and 7 has
recently become commercially available (Merck, Sharp and
Dohme, Isotopes Division Canada, Ltd.) and, although less desir-
able than tetradeutero IAA, its availability will facilitate the use
of the method here described.

MATERIALS ANDMETHODS

CHEMICALS AND APPARATUS

Apparatus. GC-SIM-MS was with a Hewlett-Packard 5985A
GC/MS/COM using a 3-m x 2-mm, 3% column of SP-2250 on
80/100 Supelcoport (Supelco), a He carrier gas flow of 26 ml
min-', electron impact ionization at 70 ev, the ion source 200 C,
and the separator at 250 C. Some spectra were obtained with a
Hitachi using a solid probe operated between ambient and 150 C.
IR spectra were obtained with a Perkin Elmer model 621.

Reagents. Reagent sources were as follows: Pentadeutero ani-
line, D20, and a-acetyldiethylglutarate (Aldrich); C2H.OD,
D3PO4, and 35% DCI in D20 (Merck, Sharp and Dohme); and
IAA (Sigma). Other solvents and reagents were of reagent grade
and not further purified. fl-Chloropropionitrile was prepared from
acrylonitrile and dry HCI (27, 36) and condensed with ethyl
acetoacetate (20) to form the ethyl ester ofa-acetyl--y-cyano butyric
acid. An ethereal solution of diazomethane was freshly prepared
by a microscale method (35).

Analytical Methods. TLC was on silica gel 60 (Merck, Darms-
tadt), and plate-, were developed with methylene chloride-acetone,
100:5 (v/v) for neutral compounds, or with ethylacetate-2-pro-
panol-25% aqueous ammonia, 45:35:20 (v/v) for acidic com-
pounds. Indole detection was with the Ehmann reagent (I1) with
2-carboxy-IAA, yielding a blue spot, whereas its ester yielded a
red spot.
'H-NMR spectra were obtained with a Bruker WH- 180 Fourier

transform NMR-spectrometer, at 180 MHz, using acetone-d6 as
solvent and tetramethylsilane as an internal standard. In analyses
for small aromatic proton peaks in deuterated compounds, quad-
rature detection was not used so as to avoid mirror images of
signals from the aliphatic region of the spectra. These small peaks
were integrated manually by enlarging the plot and cutting out
and weighing the peaks and a reference peak, small enough to be
treated in this manner but intense enough to be accurately inte-
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grated by the electronic program used for signals of the nondeu-
terated part of the molecule.

SYNTHESIS OF POLYDEUTERATED IAA

IAA Methylene-d2. IAA (100 mg) was dissolved in 2 ml 14%
(w/w) KOH in H20, then evaporated to dryness, and this proce-
dure was repeated twice using 1.2 ml of D20. The residue remain-
ing after each evaporation was dried in vacuo. Finally, the IAA
was dissolved in 2 ml D20, sealed into an ampule, and heated to
120 C to complete the deuterium exchange (18). This procedure
obviates the use of expensive KOD which is also readily contam-
inated by atmospheric HOH (2). The resultant d2-IAA was puri-
fied by ether extraction (5 x 5 ml with the ether discarded), then
diluted with water to 15 ml, acidified to pH 2.8, and the IAA
methylene-d2 extracted into ether (5 x 50 ml) to yield, after
evaporation of the solvent, 93.4 mg of white crystals, mp 169.5 to
171 C.
a-Keto-y-cyano Butyric Acid Ethyl Ester Pentadeuterophenyl-

hydrazone. Aniline-2,3,4,5,6-d5, 0.46 ml, was diazotized with 2 ml
20% (w/w) aqueous sodium nitrite, in 4.25 ml 4 N HCI using the
general precautions recommended by Putter (31) and modifying
procedures so as to minimize deuterium loss (13, 21, 34). The
aniline and the nitrite solution were added intermittently from
syringes in aliquots of about 0.03 and 0.13 ml, respectively, to the
well stirred HCI, always maintaining a slight excess of nitrite. The
diazonium salt solution was then added to a freshly prepared
solution of a-acetyl-y-cyano butyric acid ethyl ester, 0.875 ml, in
5 ml 95% ethanol and 5 ml 20% (w/w) aqueous NaOH (17, 20,
30). No homogeneous condensation product could be obtained
using a-acetyl-y-glutaric acid diethyl ester (21). The factors having
large effects on the purity of the final product were maintenance
of the reaction temperature at -15 3 C throughout, maintaining
a pH of 14 in the solution, and using a reaction time of 15 to 20
min for the dropwise addition of the diazonium solution with an
additional 10 minutes of stirring. The resulting suspension was

neutralized, filtered, and the bright orange residue washed with
water and dried to give 1.16 g of a-keto-y-cyano butyric acid ethyl
ester anti-pentadeuterophenylhydrazone, mp 144 to 151 C with
sintering above 140 C. Recrystallization from methanol, for NMR
analysis, gave orange-red prisms, mp 157 to 159 C. The deuterium
content in mol % in the benzene ring, determined for seven

samples of 20 mg/ml and 25 scans was 99.36 ± 0.113.
Deuterated 2-Carboxy-IAA Diethyl Ester. DCI gas was gener-

ated from 25 ml purified (29) benzoyl chloride which was dried
over Linde 4-A molecular sieve and then reacted with 1.7 ml of
D20 (9). The resultant DC1 was transferred, with a slow stream of
N2, through a water-cooled reflux condenser, then to a trap cooled
with dry ice-ethanol, and then to a second trap cooled with liquid
N2, as described (15). For reasons of safety, the apparatus was not
evacuated but rather flushed with N2, and the inlet and outlet for
the liquid N2 trap was reversed, to prevent clogging of the narrow
inner tube by solid DCI. On completion of DCI generation, the
trap containing solid DCI was isolated from the rest of the
apparatus, and judicious thawing permitted slow evaporation of
the DCI through all-glass connections into a solution of 835 mg
a-keto-y-cyano butyric acid ethyl ester pentadeuterophenylhydra-
zone in 10 ml 95% C2H40D-5% D20 and 0.2 ml of D20. These
proportions are critical (13). The rate of DCI introduction was
sufficient to cause an instantaneous change of the color of the
reaction mixture to dark violet, and an increase in temperature to
60 C within 5 min. The rate of DCI introduction was then dimin-
ished to to 2 bubbles/s, and the solution refluxed for 2 h. NH4Cl
separation occurred after 20 to 30 min. The brown suspension was
poured into 100 ml ice-cold 10%o (w/w) aqueous potassium car-
bonate and the slightly alkaline solution extracted five times with
150 ml chloroform. Removal of solvent and drying yielded 831
mg of a dark red tar. The crude product, dissolved in methylene

chloride, was chromatographed on an 80- x 2-cm column con-

taining 90 g silica gel 60 (Merck, Darmstadt), 0.063 to 0.2 mm,
equilibrated and packed in the same solvent. Methylene chloride
(900 ml) was used as the first eluent, and the column further
eluted with 202 ml methylene chloride-ether, 100:1; 204 ml meth-
ylene chloride-ether, 100:2; and 210 ml of methylene chloride-
ether, 100:5. Deuterated 2-carboxy-IAA diethyl ester was eluted
with 220 ml methylene chloride-ether, 100: 10. Evaporation of the
solvent gave 369 mg, 33%, of yellow crystals, mp 83 to 84 C.
Recrystallization, for NMR analysis, from water-ethanol, yielded
long yellow needles, mp 84 C. The deuterium content in the side
chain methylene group determined for three independently pre-
pared samples, with c = 10 to 15 mg/ml and 200 scans was: 0.70,
0.76, and 0.71 equivalents. The protium content (in mol %) in
specified positions of the indole ring, and for three samples (two
determinations/sample) was: H-4, 0.59 +0.10; H-7, 2.91 + 0.70;
H-6, 0.66 ± 0.21; H-5, 3.70 ± 1.10.

Deuterated 2-Carboxy-IAA. Deuterated 2-carboxy-IAA diethyl
ester (122.5 mg) and 0.5 g of KOH were dissolved in 10 ml
absolute ethanol, and the solution was stored in darkness at 25 C
for 48 h (14). Water (40 ml) was added to dissolve the precipitate
formed and the solution extracted with 3- x 50-ml portions of
ether. The aqueous phase was acidified to pH 2.8, extracted with
3 x 75 ml of ether which, on evaporation, yielded 103 mg yellow
crystals. These were dissolved in 1 ml 50% aqueous 2-propanol
and chromatographed on a 28- x 1.8-cm column of Sephadex
LH-20, equilibrated with and eluted with the same solvent. Off-
white crystals (96.5 mg; 98.5%) of deuterated 2-carboxy-IAA, mp
233 to 237 C (decomposition) were obtained.

4,5,6,7-Tetradeutero-IAA. Deuterated 2-carboxy-IAA, 96 mg,
was suspended in 0.43 ml I M KOH and 2 ml water, and heated
at 200 C for 2 h in a sealed tube inserted in a steel bomb,
containing water for pressure compensation (7). The resultant
dark brown suspension was diluted with water to 5 ml and
extracted with 4 x 4 ml ether, and the ether discarded. The slightly
yellow aqueous phase was diluted to 20 ml, acidified to pH 2.8,
and extracted with 4 x 50 ml ether, which, on drying and
evaporation, yielded 50 mg 4,5,6,7-tetradeutero-IAA as yellow
crystals, mp 165 to 167 C (sintering above 161 C) which darkened
on standing. Quantitative TLC, using a series of standards and
visual comparison of the spots appearing after spraying with
Ehmann's reagent (11), indicated the presence of about 2% of
deuterated 2-carboxy-IAA as an impurity. After 2 recrystalliza-
tions from D20, NMR analysis (c = 10 mg/ml, 200 scans) gave
the following protium content, in mol %: H-4, 0.77; H-7, 3.52; H-
6, 1.43; H-5, 5.57.

2,4,5,6,7-Pentadeutero-IAA. A solution of a-keto-y-cyano bu-
tyric acid ethyl ester pentadeuterophenylhydrazone, 500 mg, in 15
ml of redistilled, dry pyridine was cautiously mixed with 20 ml
35% DC1 in D20, and 5 ml 85% D3PO4. The solution was refluxed
for 1 h (34) and then added dropwise to 100 ml cold 30% (w/w)
aqueous potassium carbonate. The neutral to slightly alkaline
solution was extracted with 6 x 100 ml ether and the ether
discarded. In a typical experiment, using unlabeled reactants,
evaporation of this extract gave 22 mg of a tarry residue, from
which 4.9 mg of indole-3-acetonitrile was isolated by preparative
TLC using methylene chloride-benzene, 1:1, and multiple devel-
opment. Identity was established by chromatography and by the
IR spectrum. The aqueous phase, remaining after ether extraction,
was acidified to pH 2.8 and extracted with 5 x 200 ml ether. After
evaporation of the ether, the residue was dissolved in 0.5 ml 50%
aqueous 2-propanol and chromatographed on a 28- x 1.8-cm
column of Sephadex LH-20 which had been equilibrated with and
was eluted with the same solvent. About 97 mg (28%) of brown
crystals, mp 150 to 155 C were obtained representing IAA deuter-
ated in the indole ring and, partially, in the side chain methylene
group and slightly contaminated with deuterated 2-carboxy-IAA.
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An aliquot of this sample (26 mg) was dissolved in 2 ml 14% (w/
w) aqueous KOH and heated, in a sealed tube, at 120 C, for 3 h.
The alkaline solution was extracted with 4 x 5 ml ether and the
ether discarded. The remaining solution was diluted to 10 ml,
acidified to pH 2.8, and the ether phase, after evaporation, yielded
25 mg (96%) 2,4,5,6,7-pentadeutero-IAA, as reddish crystals con-

taining traces of 2-carboxy-IAA as an impurity (Fig. 1).

GAS CHROMATOGRAPHIC SELECTED ION MONITORING-MASS

SPECTROMETRIC ASSAY

Quantitative Assay of Free and Esterified IAA in Corn (Z.
mays) Seedlings. Plants contain most of their IAA as ester or

amide conjugates (3, 4). Early quantitative studies utilized a

["C]IAA isotope dilution assay and required a week for a single
assay and at least a kg of tissue. The following assay is applicable
to 10 g corn shoot tissue, and four samples can be assayed in I
week.
To 75 ml of acetone in a homogenizer jar, 45,000 dpm (0.06 jig)

[14C]IAA, 3.1 fig d4-IAA, and 10 g fresh corn shoot tissue were
added and the tissue homogenized. Conditions for seedling growth
were as previously described (3). The [14CJIAA facilitates column
peak location and recovery determinations. The homogenate was

left overnight for isotope equilibration, then filtered, the residue
reextracted with 70%o acetone-water, and the acetone extracts
combined and reduced in volume to 10 ml. For measurement of
free plus ester IAA (4), the suspension was made I N in alkali by
addition of 2 N NaOH, reacted for I h at 25 C, then acidified with
2 M phosphoric acid to pH 2.5 and extracted twice with diethyl
ether.
The acid ether fraction was evaporated to dryness at 12 mm Hg

in a flash evaporator using a bath temperature of 50 C; the residue
dissolved in 0.2 ml 501% (v/v) aqueous ethanol and applied to a

2.5-ml bed volume DEAE Sephadex (acetate form) column. After
washing with 20 ml 50%7 ethanol, the column was eluted with a

linear gradient of 50% aqueous ethanol (100 ml in the mixing
flask) and 50%1o aqueous ethanol containing 5% glacial acetic acid
(100 ml in the reservoir). Elution of IAA was at 25 to 33 ml as

D D D D

D NNH2- ---- D Wf

D ~~~ ~~~DD\

,cm
CH2
CHo

/ C'COCH3
6

COOC2"5

D D ,CH2

/ D m~"OOC2H5

0 D

D C(N.2COOC2H5 D X C1H.D2COAA

D [."I0 COON

H D

21 4

D

7 CCN.D)2CoOH

COON

D H

34

D$ CAOCOOH

D

D

Do CIA D2COOM

D H

1
D 3 CH2CooH

D H

7

777

determined by 14C monitoring with an over-all 14C recovery for
the extraction, partitioning, and column elution of 55%. The
[14C]IAA-containing tubes were pooled, evaporated to dryness at
12 mm Hg, and in a bath temperature of 50 C, dissolved in 100
,ul 50%17 aqueous ethanol, and applied to a 4.6-mm x 25-cm C,8-
reverse phase Partisil-10 ODS (Whatman) column. Elution with
30% ethanol in water, containing 1% acetic acid occurs at about 9
ml with the over-all recovery now at 39%. [14C]IAA-containing
tubes were pooled, dried at 12 mm Hg, dissolved in about 50 ,ul
methanol, and methylated with 100 t,l diazomethane in ether (35).
After dissolving in dry, peroxide-free tetrahydrofuran, the over-
all recovery of methylated IAA, from samples containing 300 to
1,500 ng IAA, was 20%.
The methylated mixture of IAA and d4-IAA was still contami-

nated by hydroxycinnamic (3) and dimethoxyhydroxycinnamic
acids (Schultz, Champman, and Bandurski, unpublished) so that
determination of IAA by UV and fluorescence assays was not
possible. Thus, the methyl ester mixture was injected into a gas
chromatographic 3.3-m x 2-mm column of 3% SP2250 coupled to
a mass spectrometer and monitoring masses, 130.2, 134.2 (base
peak for methyl IAA and d4-methyl IAA, respectively) and 189.2,
193.2 (the molecular ions for methyl IAA and d4-methyl IAA).
Both the molecular ion and base peak ratios are monitored so that
contaminant ions would be detected, since contaminants would
not affect both ratios equally. As can be seen from Figure 2, the
samples are almost free of contaminant ions except for a small
193.2 peak at a retention time of 7.4 min, substantially separated
from IAA at 8.1 min.

Since no d4-IAA was contributed by the plant, the following
computation may be made (Fig. 2). There are 200,188 counts at
mass (130.2 plus mass 134.2) with 143,814 counts at mass 134.2
= 71.8% at mass 134.2. There are 47,472 counts at mass (189.2
plus mass 193.2) with 33,900 at mass 193.2 = 71.4% at mass 193.2.
The mean amount of d4-IAA is 71.6%. The isotope dilution
equation (33) is Y = ([Ci/Cf] - I)X; where Y = amount of
compound in the tissue; Ci = the initial percentage of d4-IAA in
the internal standard (100 in this case, since no 130.2 or 189.2 is
found in the d4-IAA used as an internal standard); Cf = the
percentage of d4 found (71.6%); and X = the amount of d4-IAA
added (3.18 [sg as estimated at A22 (3), E = 6.06 x 103, multiplied
by the percent at 4 mass units above IAA (0.72) = 2.290 ,tg) and
corrected for the 89% of IAA ions occurring at 4 mass units below

193.2

189.2

134.2

130.2

A- 33920
7.ZD

.........

=13552

71.8% D4

A=143814

A=56374

--0 .- ..........

8
Min.

FIG. 1. Syntheses of IAA-4,5,6,7-d4 and 1AA-2,4,5,6,7-d5. Conditions
used for the indicated steps, were as follows: 1, DCI in C2H5,OD/D20, at

reflux; 2, KOH/C2H5OH, at room temperature; 3, 1 equivalent KOH, at

200 C; 4, DCl/D2O-D3PO4-pyridine, at reflux; 5, 14% aqueous KOH, at

120 C; 6, NaOH-50% aqueous ethanol, at -15 C.

FIG. 2. A graph of ion current at the indicated masses versus gas
chromatographic retention times. IAA of mass 193.2 and the fragmentation
at 134.2 is owing to d4-IAA added, whereas IAA at mass 189.2 and the

fragment ion at 130.2 is owing to IAA from the plant. Details are in the
text.
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the d4-IAA. Thus, for Figure 2:

0.89Y=-([100/71.6]- 1)2.29 Yg 91 tg/kg, and

0.01 kg

Y = 102 ug/kg

and this agrees with values for this lot of seeds obtained by ['4C]-
IAA isotope dilution applied to seedlings grown under similar
conditions (cf. 3, 5).

Routinely, it is best to measure X by adding d4-IAA to a known
amount of IAA, determine Cf on the methylated sample, and then
use the isotope dilution equation X = Y([Ci/Cf] - I)' to find X.
Determining X empirically obviates the need for corrections due
to normal heavy isotope abundances and to differences in frag-
mentation caused by deuterium.
The precision of determination of percentage of d4-IAA, mea-

suring both peak area and peak height, as determined by 20
experiments, each replicated twice, was 0.96 ± 0.83% of the mean.
Thus, computer and human variance in determining peak size or

peak height is less than 1%. The over-all accuracy of the entire
procedure for determining IAA, beginning with plant material, is
better than ±5%. For example, a series of 11 experiments using
two replicates/experiment, showed 61 ± 4 and 60 ± 3% of the free
IAA to be on the lower side of a geotropically stimulated corn
shoot as determined by peak area and peak height, respectively
(cf 37). Thus, errors involved in cutting plants in half and extract-
ing, derivitizing, and chromatographing IAA adds only an addi-
tional 2 to 3% variance. For geostimulation in these experiments,
4-day-old seedlings were pinned through the endosperm and
placed in a horizontal position on sheets of styrofoam. Geostim-
ulation was for 2 h at 25 C, 90%o humidity, and in darkness, and
the harvested tissue included the portion from the tip down to 1

cm below the coleoptile node.
Addition of an amount of d4-IAA approximately equal to the

IAA expected in the sample provides greatest accuracy. Further,
it is important that the GC column be "cleaned" after each sample,
particularly if the percentage of d4 in successive samples is widely
different. To accomplish this, the column is vented to the air and
injected with I ,ul of N,O-bis-(trimethylsilyl)-trifluoracetamide,
followed by two l-,ul injections of tetrahydrofuran. A blank injec-
tion of tetrahydrofuran now gives no ion current at the masses
and time of interest. Further, repeated injections of 25% d4-IAA-
75% IAA followed by repeated injections of 75% d4-IAA-25% IAA
do not show a memory effect.

RESULTS AND DISCUSSION

Isotopic Purity by Mass Spectrometry. We determined the
relative abundance of nondeuterated IAA and species containing
to 7 deuterium. These abundances, as determined by the molec-

ular ion, are shown in Table I. The data show that the most
abundant ions were, in fact, at the expected mass numbers with
intensities approximately 15% less than theory. Every preparation
of IAA-d2 contained detectable quantities of the unlabeled acid,
thus further decreasing its value as an internal standard. The ion
intensities at 178 to 180 amu were larger than expected, indicating
that the sample contains more than two equivalents of deuterium
and these must be in the indole moiety. Base-catalyzed ring
deuteration of IAA, although not unexpected (38), has not been
previously reported. Attempts to minimize this reaction, with
maximal side chain labeling, by varying the ratios and concentra-
tions of IAA and potassium deuteroxide, during the exchange
procedure, were not successful.
The predominant molecular ion of deutero-IAA obtained by

cyclization of the deuterated hydrazone in DCl/D20-D3P04-pyr-
idine, appeared at 181 and 182 amu. Table I shows a deuterium
content of 6 to 7 equivalents, so some deuterium must be in the

side chain. Since mass spectroscopic purity was not adequate for
use as an internal standard, the side chain label was removed by
base-catalyzed exchange in H20. The resultant product was

mainly IAA-dr,, m+ = 180 amu. Comparison of the lower mass
molecular ions, before and after alkali treatment, showed that a
small amount of deuterium from the indole ring was lost in this
step.

Isotopic Purity by NMR. In the 180 MHz'H-NMR spectrum,
four of the aromatic protons of the unlabeled hydrazone appeared
as an asymmetric doublet at 8 = 7.3 ppm, with the fifth proton as

a multiplet, possibly a sextet, at 6.9 ppm. The individual peaks of
these two signals were 4 Hz apart, and deuterated samples showed
small singlets at the same chemical shifts. The ratio of peak areas
was about 4:1, and their area corresponded to a protium content
of 0.5 to 0.8%. This accorded with the manufacturer's reported
isotopic purity of the aniline-d<, as greater than 99% D.
The indole ring proton signals were assigned according to (see

below) published data using '3C and 'H-NMR spectra of trypto-
phan in trifluoroacetic acid and D20 solutions (8, 25, 28). For our

work, acetone-d6 was the best solvent. Since solvent and concen-

tration effects on the indole 'H-NMR spectrum are possible (19,
32), the chemical shifts reported for tryptophan in trifluoroacetic
acid-di and D20, and the values observed for IAA in alkaline
D20 and acetone-d6, are compared in Table II. The two downfield
signals appear at closely corresponding 8 values and can be
assigned to H-4, lower field, and H-7, higher field. The remaining
signals in the IAA spectrum were identified by homonuclear
double-resonance experiments. For 2-carboxy-IAA diethyl ester,
there were no differences with regard to H-4 and H-7 resonances,
whereas the H-5 and H-6 signals were shifted to lower fields and
did not overlap.
The 'H-NMR spectra ofthree samples of2-carboxy-IAA diethyl

ester showed an average protium content in the benzene portion
of the indole ring of 1.3 to 2.4%, with the largest amount being in
position 5. The side chain of the ester contained 0.7 to 0.8
equivalents of deuterium derived, by acid-catalyzed exchange,
from the C2H5OH/DCl used in its synthesis. MS showed that
hydrolysis of the ester caused some loss of label from the side
chain. Quantitative NMR analysis was not possible because the
free deuterated 2-carboxy-IAA did not contain a completely pro-
tonated position usable as a reference. Decarboxylation of this
compound to IAA-d4 was accompanied by complete dedeuteration
of the side chain, and the protium accumulated in the indole
moiety could be monitored by NMR. No deuterium was present
in position 2. The protium content in positions 4 to 7 had increased
to an average level of 2.8%, its distribution being roughly the same
as in deuterated 2-carboxy-IAA diethyl ester.
The NMR spectrum of IAA-d5, prepared by side chain dedeu-

teration of IAA-d6,7 with KOH, showed the presence of a small
amount of protium in position 2 of the indole ring. This position,
again, contained the majority of deuterium which entered the
indole ring during side chain labeling of IAA with potassium
deuteroxide. Thus, the slow, base-catalyzed deuterium-protium
exchange in the indole ring, shown by the mass spectrometric data
(Table I) mainly, involves position 2.

Correlation of isotopic purity of IAA-d4 as determined by 'H-
NMR and by MS was attempted since the IAA-d4 mass spectrum
is relatively undistorted by deuterium isotope effects. The presence
of contaminant protium in any of the four positions distinguish-
able by NMR contributed to only one IAA-d3 ion in the mass

spectrum. Its predicted abundance calculated from the NMR data
given in the experimental section is, therefore, 0.77 + 3.52 + 1.43
+ 5.57 = 11.29%, which is in excellent agreement with the 12%
ion abundance at 178 amu in the mass spectrum of this sample
(Table I).

Stability of the Label in Deuterated IAA during Use as an
Internal Standard. The susceptibility of deuterated IAA to hydro-
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Table I. Ion Abundances of Deuterated IAA in % of Cumulative Ionization in the Molecular Ion Region

m =
Sample

175 176 177 178 179 180 181 182 183 184

IAA-methylene-d2
Theoretical 89 10 1
Observed 1 6 75 15 3 1

IAA-4,5,6,7-d4
Theoretical 89 10 1
Observed 2 12 72 12 2

IAA-2,4,5,6,7-d5
Theoretical 89 10 I

Deutero-IAA obtained by cyclization
of the phenylhydrazone with
DCI/D20-D3PO4-pyridine 1 1 1 6 26 56 8 1

IAA-2,4,5,6,7-d5 obtained by treatment
of the above sample with aqueous
KOH 2 2 9 74 10 2

Table II. Deduction of the Chemical Shifts of the Ring Protons of IAA and 2-Carboxy-IAA Diethyl Esterfrom
Corresponding Valuesfor Tryptophan

Chemical Shifts (8) Relative to Tetra-

Compound Conditions methylsilane for the Protons

H4 H-7 H-2 H-6 H-5

Tryptophan after Norton and TFA-d
Bradbury (28) 220 MHz 7.58 7.43 7.25 7.30 7.17

Tryptophan after McDonald and D20, pD = 6.5
Leigh (25) c2 = 25 mm

220 MHz 7.7 7.5 ND' ND ND
IAA D20 + 2 eq Na2CO3

C2 = 10o mM
180 MHz 7.62 7.49 7.22 7.18

IAA acetone-d6
c = 100mM
180 MHz 7.61 7.40 7.30 7.01c 6.93d

IAA acetone-d6
c = 15 mM
180 MHz 7.64 7.42 7.32 7.09h

2-Carboxy-IAA diethyl ester acetone-d6
c= 65 mM
180 MHz 7.61 7.40 7.29 7.07

a ND, Not determined; h not resolved; c irradiated at H5s; d irradiated at H6.

gen exchange reactions was checked under conditions encountered
during the isolation and purification of plant IAA and the hy-
drolysis of its bound forms. The data show that deuterium in the
side chain is more labile and, thus, the stability of ring-labeled
IAA was tested under conditions that led to hydrogen exchange
in the side chain deuterated acid.
IAA decomposes in strong acid, and thus the only "acidic"

conditions tested were: chromatography on Dowex 50-X2 in the
sodium form (12), with elution with aqueous 2-propanol, and
binding to DEAE (A-25) and QAE-Sephadex in their acetate
forms, and eluting with 2 or 5% acetic acid in 50o aqueous 2-
propanol. These experiments were performed with IAA-d2, and
no loss of deuterium was observed. Thus, moderate acidity, such
as used in chromatographic procedures, can be tolerated with
IAA-d2.

Alkaline conditions are used to hydrolyze bound forms of IAA.

The inositol and glucose esters are hydrolyzed by I N KOH, at
room temperature for 1 h (3), and amide linked IAA is hydrolyzed
with 7 N KOH for 3 h at 100 C (4). Partial, side chain dedeuteration
of 2-carboxy-IAA diethyl ester (see above) occurs during hydrol-
ysis in ethanolic KOH at room temperature, probably enhanced
by the greater basicity of the ethoxide anion. We chose to study
deuterium incorporation into the unlabeled acid as a means of
measuring exchangeability of the IAA side chain hydrogen in
weakly alkaline medium at elevated temperatures. The changes in
abundance ofthe molecular ion caused by heating IAA in buffered
D20 are shown in Table III. Deuterium incorporation occurred
even at pH 8. Since deuterium-protium exchange is reversible,
except for snmall isotope effects, a comparable amount ofdeuterium
would be lost from IAA-d2 and its esters when heated in H20
buffered at the same pH values.
The influence of hydrolysis with 7 N KOH at 100 C (4) on the
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Table III. Incorporalion of Deuterium into the Side Chain of IAA

Ion Abundancesh in % of Cumula-
tive Ionization in Molecular Ion

Treatmenta Region m+ =

175 176 177

None, theoretical abundances 88 11 1
None, experimental values 86 11 3
Na3PO4/D20 (pH 8.0) 78 19 3
Na2B407/K2C03/D20 (pH 9.5) 77 19 4
NaHC0:,/K2C03/D20 (pH 10.1) 74 22 4
K2CO:3/D20 (pH 10.7) 75 22 4

a 100 mg of IAA was dissolved in the following solutions: 2 ml of I M
K2C03, 2 ml of 0.5 M NaHCO3 + 0.7 ml of I M K2CO3, 2 ml of saturated
aqueous Na2B407 + 0.4 ml of 0.5 M K2CO:j, 2 ml of 1.5 M Na:,P04. Further
procedures were as described for the preparation of IAA-methylene-d2.
The pH values were determined after the exchange reaction and are
uncorrected values read on a pH meter equipped with a glass electrode.

h Arithmetic mean from two to three determinations.

Table IV. Loss of Deuterium from Side Chain and Ring Deuterated IAA
in 7N KOHfor 3 h at 100 C

Ion Abundances in % of the Cumulative Ioni-

Compound zation in the Molecular Ion Region m+ =

175 176 177 178 179 180 181 182 183

IAA-methylene-d2a be-
fore alkali treatment 4 65 24 5 1

IAA-methylene-d2 after
alkali treatment 79 15 6

Unlabeled IAA theoret-
ical abundances 89 10 1

IAA-2,4,5,6,7-d5 before
alkali treatment 2 1 2 2 9 70 10 3 2

IAA-2,4,5,6,7-d5 after al-
kali treatment 3 2 5 4 12 59 10 3 3
a Not the same sample used in Table 1.

abundance of the molecular ion of IAA-d2 is shown in Table IV
and, as can be seen, the sample was almost completely dedeuter-
ated. These conditions also influenced the mass spectrum of ring-
labeled IAA-d5, since the abundance of the nominal molecular ion
decreased by about 10%. Based on results shown above, it is
certain that this loss of deuterium was from the indole position 2.
IAA-d4, which does not contain deuterium in the pyrrole ring,
should therefore be the best internal standard.
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