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formylation gave 4b and 5b in 15 and 61% isolated yields, re­
spectively, and Wolff-Kishner reduction of 5b produced 
guaiazulene (6b, 51%) as a dark purple oil. 

Dienamine-fulvene cycloadditions (Scheme II) provided 
even more facile routes to 4-methyl-7-alkylazulenes, since the 
cycloadditions are completely regiospecific. The required 
pyrrolidine dienamines were prepared by reaction of the lith­
ium salts of the /V-cyclohexylimines of butyraldehyde or iso-
valeraldehyde (LDA, ether, 0 0C) with acetaldehyde at —70 
0 C, 1 4 followed by hydrolysis with oxalic acid and steam dis­
tillation, to give 2-ethylcrotonaldehyde (bp 130-131 0 C ) ' 5 and 
2-isopropylcrotonaldehyde (bp 142-144 0C) in 48 and 52% 
yield, respectively. Refluxing these aldehydes with pyrrolidine 
and K2CO3 in toluene gave the corresponding pyrrolidine 
dienamines (7a, bp 65-70 0C (2 mm) and 7b, bp 72-75 0 C (4 
mm)) as mixtures of geometric isomers. 

The cycloadditions of the pyrrolidine dienamines 7a and 7b 
to methylfulvene, prepared by the method of Hafner and 
Sturm,16 were carried out at room temperature in ether. 
Workup as described previously7 gave the dihydroazulenes 8a 
and 8b in 52 and 50% yield, respectively. These dihydroazu­
lenes were converted into the corresponding azulenes (2a and 
2b) in 17 and 35% yield, respectively, by refluxing with 5% 
Pd/C at 170 0C in triglyme. The azulenes prepared in this way 
are identical with the major isomers obtained from the thio-
phene dioxide cycloadditions, and could be converted as de­
scribed above into chamazulene and guaiazulene. 

Adaptations of these routes to the synthesis of hydroazulene 
sesquiterpenes are under investigation. 
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An 18O Isotope Shift upon 13C NMR Spectra and Its 
Application to the Study of Oxygen Exchange Kinetics 

Sir: 

Numerous examples of the effects of isotopic substitution 
upon the NMR resonance positions of various nuclei are 
known. The 2H-isotope effects on 1H NMR spectra and 2H-
and 13C-isotope effects on 19F NMR spectra have been known 
for some time.1'2 The 13C- and 15N-isotope effects on 59Co 
NMR spectra and the 34S-isotope effect on 13C NMR spectra 
have been characterized;3"5 the /3-deuterium (O-deuterium) 
isotope effect on 13C NMR spectra has been successfully-
employed in carbohydrate research.6 Most recently 180-isotope 
effects have been reported for 55Mn and 95Mo NMR spectra7 

and for 31P NMR spectra.8 The latter observation has already 
proved useful9"" for studying the exchange of phosphate 
oxygen from phosphate ion, and it is clear that a comparable 
technique would be of significant utility in carbon chemistry. 
Jameson12 has predicted an lsO-isotope effect on 13C NMR 
spectra, in particular an upfield shift in l80-labeled 1 3 C O T 
which is dependent on the number of 18O atoms in the mole­
cule. We have now observed such an isotope shift in ' 3C NMR 
spectra and it provides a very useful method for studying 
oxygen exchange kinetics. 

We find an upfield shift in the natural abundance 13C NMR 
spectrum of the hydroxyl carbon of tert-buty\ alcohol when 18O 
rather than 16O is bonded to the carbon. [liO]-tert-butyl al­
cohol was synthesized by passing dry HCl into 99 atom % ex­
cess [ l 80]water (Norsk Hydro, Oslo), adding tert-butyl al­
cohol to the acidic [18OJwater, and allowing the exchange 
reaction to proceed at 55 0 C for 60 h. The [180]-<w/-butyl 
alcohol was then isolated by addition of salt, separated, dried, 
and distilled. Mass spectral analysis showed it to contain 83.7% 
18O. All natural abundance 13C NMR spectra were recorded 
on a Varian CFT-20 spectrometer equipped with a 10-mm 
variable-temperature probe. A 5-mm internal diameter cap­
illary of D2O was used to provide an instrumental lock signal. 
A total of 50 scans, 200-Hz sweep width, 20.5-s acquisition 

CHEMICAL SHIFT ( ppm) 

Figure 1. Natural abundance 13C spectra of C-I of tert-bMy\ alcohol made 
from known concentrations of I18O]- and [l60]-rer?-butyl alcohol in 
water-deuterium oxide. An upfield shift occurs owing to 18O isotopic 
substitution at the hydroxyl carbon. The unlabeled hydroxyl carbon is 
arbitrarily assigned the value 0.0 ppm. The spectra were recorded on a 
Varian CFT 20 spectrometer. Curve A, 48% [,80]-/ert-butyl alcohol; 
curve B. 40% [180]-ferr-butyl alcohol; curve C. 31% [180]-fert-butyl al­
cohol. 
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Figure 2. The acid-catalyzed exchange of the hydroxyl oxygen of re/7-butyl 
alcohol as measured by 13C isotope shift NMR. ,sO-Labeled rm-butyl 
alcohol was dissolved in 0.16 N HCl solution made up using normal 
[ l60]water. The loss of 18O from the C-I position of the alcohol was 
measured as a function of time. By 810 min no further change was 
measureable. The 13C spectra were recorded on a Varian CFT-20 in­
strument at 65 ± 2 0C. 

time, 45° pulse angle, and 8 K data block were used to record 
the spectra in the Fourier transform mode. The exponential 
weighting for the free induction decay was 1.0 Hz and the 
resolution was 0.50 Hz. The shift separation was verified on 
Nicolet 150-MHz and Nicolet 360-MHz NMR instruments. 
Figure 1 illustrates the 180-isotope effect on the hydroxyl 
carbon resonance position. It shows 180-labeled tert-butyl 
alcohol diluted with known amounts of [160]-/err-butyl al­
cohol. The upfield shift is 0.035 ppm in water. The separation 
of the 13C resonance positions was 0.7 Hz at 20 MHz, 1.32 Hz 
at 37.7 MHz, and 3.17 Hz at 90 MHz. 

The utility of the l80-isotope shift effect on carbon was 
demonstrated by following the kinetics of the loss of label from 
a sample of [180]-ter?-butyl alcohol. The reaction mixture for 
the exchange experiment contained 0.16 N HCl and 1.88 M 
[l80]-rerf-butyl alcohol in 3.3-mL total volume. The vari­
able-temperature probe on the CFT-20 was equilibrated at 65 
± 2 0C for 1 h, while [l80]-r<?r?-butyl alcohol and glass-dis­
tilled water made acidic with HCl were equilibrated separately 
in a water bath at 65 0C for 30 min. The reaction was begun 
by addition of the [180]-?ert-butyl alcohol to the acid solution. 
Figure 2 shows the 13C NMR spectra of the hydroxyl carbon 
at five times during the course of the reaction. The disap­
pearance of the 180-labeled signal is readily detectable and 
quantitative changes are easily measured. 

13C NMR spectra such as those shown in Figure 2 were 
resolved using a Du Pont 310 curve resolver set for Lorentzian 
curves. A kinetic plot of quantitative data for the exchange 
experiment gave a pseudo-first-order rate constant of 5.18 X 
10-5 s-1, in excellent agreement with the literature value13 of 
5.33 X 10-5 s - ' obtained by conventional mass spectrometric 
methods. 

Thus, we have demonstrated the 180-isotope shift upon 13C 
NMR spectra and provided an example of its use. The tech­
nique should be widely applicable. The present study employed 
natural abundance spectra and a Fourier transform instrument 
operating at 20 MHz for 13C, so that instruments of very high 
magnetic field strength are not necessary for kinetic studies 

providing that curve resolution or electronic integration are 
employed. However, since the quantitative data obtained from 
the resolved spectra closely approximated those obtainable by 
peak-height measurements, it seems probable that the greater 
separation available with instruments of higher field strength 
should permit even more convenient quantitation. Further 
gains in sensitivity (thus providing in effect the possibility of 
following more rapid exchange reactions) can be achieved by 
measurements with 13C-enriched compounds. Typical among 
the uses to which these procedures should be applicable may 
be mentioned the measurement of oxygen exchange accom­
panying both enzymatic and nonenzyme-catalyzed reactions 
of carbonyl and carboxyl group derivatives. 
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Synthesis of Thymosin et\ 

Sir: 

Thymosin a\, an acetyl octacosapeptide, isolated from calf 
thymus gland by Goldstein et al.1 was reported to exhibit bi­
ological activities that are important for the development of 
thymus-dependent lymphocytes (T cells) in man and in ani­
mals.2 Its amino acid sequence was determined to be3 Ac-
Ser-Asp-Ala-Ala-VaI-Asp-Thr-Ser-Ser-Glu-lle-Thr-Thr-
Lys-Asp-Leu-Lys-Glu-Lys-Lys-Glu-VaI-Val-Glu-Glu-Ala-
Glu-Asn. In this communication, a solution synthesis4 of 
thymosin at is described. The synthetic product was found to 
be identical with the natural material, confirming the proposed 
structure of the polypeptide hormone. 

As outlined in Scheme I, Boc-IIe-Thr(Bzl)-Thr(Bzl)-
Lys(Z)-OH (3) was treated with 4 N HCl in THF to remove 
the Boc group and the ensuing tetrapeptide hydrochloride salt 
was coupled with Boc-Val-Asp(OBzl)-Thr(Bzl)-Ser(Bzl)-
Ser(Bzl)-Glu(OBzl)-HNNH2 (2) by the azide method5 to give 
the protected decapeptide Boc-Val-Asp(OBzI)-Thr(Bzl)-
Ser(Bzl)-Ser(Bzl)-Glu(OBzl)-Ile-Thr(Bzl)-Thr(Bzl)-Lys-
(Z)-OH (7): 76.2%; mp 268-271 0C. Anal. C1O6Hi33NnO24, 
C, H, N. Amino Acid Anal. Aspi.nj, Series, Glui,o9, ThT293. 
VaI0 9s, I Ie i oi, Lys, 06. Azide coupling between Ac-Ser(Bzl)-
Asp(OBzl)-Ala-Ala-HNNH2 (1) and 7 after removal of Boc 
group from 7 with TFA provided the protected N-terminal 
acetyl tetradecapeptide Ac-Ser(Bzl)-Asp(OBzl)-Ala-Ala-
Val-Asp(OBzl)-Thr(Bzl)-Ser(Bzl)-Ser(Bzl)-Glu(OBzl)-

0002-7863/79/1501-0253SO1.00/0 © 1979 American Chemical Society 


