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Carbon-13 NMR of Citrinin in the Solid State and in Solutions

R. Poupko and Z. Luz*
The Weizmann Institute of Science, 76100 Retdsrael

R. Destro
Dipartimento di Chimica Fisica ed Elettrochimica e Centro CNR, Golgi 19, 20133 Milan, Italy

Receied: February 20, 1997; In Final Form: April 29, 1997

Carbon-13 NMR is used to study the tautomeric equilibrium of citrinin in the solid state. The results confirm
earlier X-ray diffraction studies, which indicated that the compound crystallizes in a disordered structure,
with the p-quinone and-quinone forms in a dynamic equilibrium. Analysis of the NMR data yields the
equilibrium constanK(T) = [0]/[p] = exp(4.2R) exp(~1610RT) (whereR is in cal mol* K=%), which is
essentially identical to that determined by X-ray. The tautomerism is extremely fast on the NMR time scale
(>10° s). In methylene chloride solution citrinin also exists as a fast interconverting mixture of the two
isomers with an equilibrium constaKkt~ 0.7 at room temperature. However, the temperature dependence
of the carbon-13 and oxygen-17 chemical shifts gave conflicting results, thus preventing a reliable determination
of the thermodynamic parameters I§f In methanol and methanol/methylene chloride mixtures, citrinin
undergoes a nucleophilic, Michael type, addition. The reaction is reversible, and the equilibrium shifts toward
the normal cirtrinin form upon increasing temperature and in methanol/methylene chloride mixtures with
increasing methylene chloride fraction. Only normal citrinin is obtained on crystallization, even from neat

methanol.

Introduction On the basis of oxygen-17 NMR data Sankawa et al. also

N g e o . L _ suggested that the same situation applies to citrinin solutions.
G_g('glg'_?_z(fgeRntzrins)r:r’fﬂéggg(Sligyg::?é?/ %455 trzgth:)hcgﬂte The problem was taken up again by Destro, who performed
Py arboxylic 2 ' extensive X-ray measurements of crystalline citrinin in the
produced by the funguBRenicillium citrinumand by several PR
; ; . temperature range 20 K to room temperafifré? His results
Aspergillusspecies. It has attracted much interest because Ofshowed unequivocally that in solid citrinin both tautomers exist
its antibiotic activity and as a suitable system to study q y

biosynthetic pathways by isotopic labelitiif. The chemical n egumbrlum, which is temperature dependent, with t.he
structure of citrinin including the absolute configuration of its p-quinone f_orm favored at low temperatures. By calculating
asymmetric centers has been determined many years ago b ccurate dlf_ference glectron-densny maps for the h_ydroxyl
chemical and spectroscopic methd¥ Yet the problem of ydrogens involved in the tagtomenc .hydrogen.ts,h!ft, the
the tautomeric equilibrium between theguinone methide and following parameters for the-quinonep-quinone equilibrium
o-quinone methide forms in solution has, so far, not been constant

specifically addressed, although it is generally assumed to be

in favor of thep-form. K = [o] — g AHIRTASR @)
(Pl
i were determinedAH = 1.6+ 0.6 kcal/mol, AS = 4.5 + 2.2
_ euls
[
) In the present work we extend the study of the tautomeric

equilibrium of citrinin in the solid state using NMR spectro-
chy cn, cu, on scopy. _The NMR method is mqst suitable to st_udy tau_tomeric
I 10 equilibriat> and has been extensively used both in solutions and
in solid systemd® It is based on the fact that the chemical
shifts,d'a andd's of a particular nucleus, are different in the
two interconverting tautomers, A and B. When the intercon-
version rate is much faster than the chemical shift differekce,
> 27vo|0ia — O'g|, as is the case for solid citrinin, the NMR
spectrum will consist of a single set of peaks at the weighted
average chemical shift of the various nuclei,

p—quinone 0—quinone

The equivalent problem in solid citrinin has, however, exten-
sively been dealt with. The earliest study is by Rodig et‘al.,
who determined the crystal and molecular structure of crystalline
citrinin by X-ray diffraction. By considering the interatomic
distances in the molecule, they concluded that the compound
crystallizes entirely in th@-quinone form. This interpretation

was questioned by Sankawa et‘alho suggested, on the basis [0'0=[A]0'y + [B]d'g ®3)
of similar experiments, that citrinin exists “as a resonance hybrid
between the two extreme structurggfguinone ana-quinone. Thus, if the chemical shifts of the isolated tautomers are known
(and recalling that [AH [B] = 1) the equilibrium constant can
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. directly be determined from the relation
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To study the tautomeric equilibrium in solid citrinin, we use
carbon-13 MAS NMR at high fields (7.05 and 11.74 T). We
find a single set of peaks with chemical shifts that are slightly,
but reproducibly, temperature dependent. We attribute this
temperature dependence to a shift in irgflinone]/p-quinone]
ratio, and we use it to derive thermodynamic parameters for 3
the equilibrium constant. We also report on the proton and UL,_
carbon-13 NMR spectra of citrinin in methylene chloride and
in methanol solutions. While in GJI&lI; citrinin appears to have

a similar structure as in the solid state, in methanol and in

methanol/methylene chloride mixtures it exists as an equilibrium -83
mixture of the normal form and a methardlitrinin adduct UJ
formed by a nucleophilic addition of solvent molecules. w -

Experimental Section CD2Clp T™S

68121 4a 5 87 3 4 109
abundance were recorded by the cross-polarization magic angle -0 ) ’ ’
spinning (CPMAS) method, using a contact time of 4 ms and )
arecycle time of 10 s. Two sets of experiments were performed e b e e
at 75.46 and 125.8 MHz using Bruker CXP300 (at the 200 150 6}00 50 0
Weizmann Institute) and ASX500 (at the Max-Planck-Institute ppm o
for Polymer Research, Mainz) spectrometers. The rotors in the Figure 1. _Top three traces: carbor_1-l:_% CPMAS spectra of solid citrinin
two spectrometers had diameters of 5 and 4 mm respectivelyat three different temperatures as indicated. The spectra were recorded

. o at 125.8 MHz at a spinning frequency of 8.5 kHz. Number of scans
and were packed with about 90 mg of citrinin. The rf power 750 “recycle time 10 s. The asterisks indicate spinning side bands.

corresponded ta/2 pulses of 5.s in the CXP300 and 3.6s Bottom trace: High-resolution, proton-decoupl&t; spectrum in a 3

in the ASX500 spectrometers. The final analysis of the results wt % solution of citrinin in methylene chloride at50°C, also recorded
was made on data collected on the latter spectrometer, becausat 125.8 MHz. Number of scans 220, recycle time 3 s. The scale for
of its higher resolution and better temperature control system. &l spectra is relative to TMS, and the peak assignment refers to the
We did not calibrate the temperature unit during the experi- "umbering system shown in text.

mental session, but from calibration performed subsequently on T k T

Carbon-13 spectra of crystalline citrinin at natural isotopic

a similar probe head, using Pb()@as referencé] we estimate F 6 ]
a temperature uncertainty of no more than®K. ‘80_‘128 ettet—
High-resolution spectra dH, 13C, and!’O in solution were ! o

0 = =
recorded by single-pulse excitation at, respectively, 500.13, 10, ,

125.8, and 67.8 MHz, using a Bruker AM500 spectrometer, 140 |— —o—s-s—ssee———
equipped with a BVT2000 temperature control unit. The [ s i
temperature uncertainty in these experiments was less than 2 [~ B
K. Various two-dimensional experiments were performed to &, ,—— —***** " |
confirm the proton and carbon-13 peak assignment, including s L 4 -
1H—13C chemical shift correlation, as well a8l and3C 2D wE— ol ;43//"/
exchange experiments. The solutions were prepared gravi- r 7 140 |- -
metrically and contained about-3 wt % citrinin (except for or [ N N R R
the solution used to record the oxygen-17 spectrum, which e L
contained 5 wt % of the compound). E * 1 s
20

Results and Discussion 3
ol v 1 b gt e e

A. Carbon-13 NMR of Solid Citrinin. Carbon-13 CPMAS 2000 1000 10 200 o 200000100200
NMR spectra of solid citrinin (Aldrich) were recorded as } ] ] )
function of temperature at both 75.46 and 125.8 MHz. Both Figure 2. Left: Plots of the chemical shifts of all carbons in solid

sets of results were essentially identical. but the accuracy of citrinin as function of temperature, derived from spectra of the type
Yy ! Y Ol shown in Figure 1. The full curves are calculated as explained in the

the higher frequency spectra, some of which are shown in Figureteyt. Right: Same as on the left diagram with a highly expanded
1, was considerably better. The peak positions of these spectravertical scale, for four of the carbons, which exhibit larger temperature
are very close to those observed in a methylene chloride solutiondependent shifts.

of citrinin, shown in the bottom trace of the figure. The peak

assignment of the solution spectrum is based on earlier stddies shifts of all carbons are plotted on the left side of Figure 2 as
and some further experiments to be discussed in the next sectionfunction of temperature and for some of the nuclei (those with
Because of the similarity of the two types of spectra, the the larger temperature dependence) also on an expanded scale
assignment of the solution spectrum was carried out to that of on the right side of the figure. The width of the various peaks
the solid. Although at first glance the solid state spectra appear (full width at half-maximum height) varied from 60 to 100 Hz

to depend very little on temperature, close examination of the (0.5-0.8 ppm), and the peak position could be determined to
whole set of data reveals systematic changes. The chemicabetter than 0.08 ppm. It may be seen that some of the peaks
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TABLE 1: Limiting Values of 6}, and 9}, for the Various Carbons of Citrinin in the Solid State?

carbon number 1 3 4 4a 5 6 7 8 8a 9 10 11 12
Op 163.43 8254 3351 139.54 122.96 184.31 97.21 174.24 106.04 17.61 19.32 8.82 173.56
do 164.46 84.30 35.82 142.43 122.63 183.93 100.28 178.52 109.91 20.13 19.38 9.97 174.74
AP 1.03 1.76 2.31 2.89 -0.33 —0.38 3.07 4.28 3.87 2.52 0.06 1.15 1.18

2The numbering system is as given in the text. The entries are in ppm relative to"TMS. 5, — Jp.

TABLE 2: Calculated 6ip and 6i0 for Gas-Phasep- and o-Citrinin, by ab Initio CSGT Using a 6-31G* Basis Set (Ref 19)

carbon number 1 3 4 4a 5 6 7 8 8a 9 10 11 12
Op 160.28 62.05 20.93 13196 119.02 181.82 96.07 173.87 95.94 13.21 14.22 751 164.85
do 163.92 61.80 21.03 140.31 108.65 179.86 96.14 178.92 100.75 13.07 14.22 6.88 165.10
AP 3.64 -0.25 0.10 8.35 —10.37 -—1.96 0.07 5.05 481 —0.14 0.00 -0.63 0.25

2The entries are in ppm relative to methah& = d, — Jp.

are barely affected by the temperature, while others shift by as derived independently by the X-ray diffraction methddAlso

much as 2 ppm over the temperature ran@® to +90 °C. the facts that the temperature dependence of the chemical shifts
Motivated by the X-ray results discussed above, we attemptedcould well be interpreted in terms of sigmoidal curves and that

to interpret these chemical shift changes in terms of a temper-the carbons which undergo the largest shifts are associated with

ature dependent dynamic equilibrium between phguinone the tautomeric center of the molecule lend strong support to

and o-quinone forms of citrinin. Since only one peak is the assumed model and to the procedure used in analyzing the

observed for each carbon, we conclude that the interconversionresults.

changes in the chemical shifts reflect a shift in their equilibrium \yhjch the limiting chemical shift values of Table 1 may be

ratio with temperature. In principle we should therefore be able compared. The differencedy = o\ — o', are quite small;

to derive the temperature dependence obtgeiinonep-quinone g5 me are positive, others are negactjive. Saviseare relatively

ratio from the average shifti(T), of the various carbons using  |3rge  even though they correspond to atoms which are further

eq 4, with A= p-quinone and BET o-quinone. The problemis 44y from the tautomeric center (e4f andA%) than others,

that the limiting valuesg, andd,, in the purep-quinone and  \yhich are close but show only a small effect (\§). Some

o-quinone forms are not known. It is also clear that they do support for the above results can, however, be derived by

not differ very much, and it would therefore be difficult to  comparison wittab initio quantum chemical calculations. Such
estimate their difference by chemical shift additivity rules. On g culations. for citrinin in the gas phase, are currently in

the other hand, the accuracy of the measurements and the 'arg%rogresés The main purpose of this study is to compare the
experimental data set allow us to perform an overall best fit optimized geometries and energies of feand o-forms of

analysis in which they, and thed;, as well asK(T), are  citrinin and to investigate possible transition states of the
parameters to be determined by minimizing a suitable error tautomeric equilibrium. We have used the optimized geometries
function. Combining egs 2 and 4 yields for ea(T) and electronic wave functions for the free citrinin molecule
‘ 1 , ‘ (using CSGT with a 6-31G* basis 48t from this study to
O'(T) = —=[K(T)0, + o] = calculate the carbon-13 isotropic magnetic shieldings for the
1+K(T) various atoms in both tautomeric forms. The results (in ppm

[1 +a exp(— ﬁ)]_l[a exp(— ﬁ)éi + 5i] (5) downfield from methane) are .summarized in Table 2. It may
RT, RT/™° P be seen that the calculated shielding constants for the para form
are indeed quite similar to those of the ortho. Moreover the
calculations give relatively larg&\ values for some of the
carbons which are remote from the tautomeric center as also

whereoa. = exp(ASR). There are 91 experimental points (13
measuredd’’s at 7 temperatures) to fit 28 parameters (13

0ps, 13 dy's, AS, and AH). In practice we first fitted the  fong experimentally (e.g\%3), although for others they predict
results for each car.bon to eq 5. The. values obtalneds-feb.r. much too high values (e.@\%). The deviations are, however,
andASfrom the various carbons, particularly those exhibiting \yithin the range of reliability of the methdd. We should also

relatively large temperature dependent shifts, were very close. oqq)| that the calculations are for the free molecules in the gas

Encouraged by these results we performed a global best fit jnaqe and do not include the effect of packing and of interaction
analysis by minimizing the overall error functigi{d'(T)e*P — with neighboring molecules.

i H | I
252:112ﬁze2h§1 'I\'/:tlylljgsl zcr)] dcigzagl:r?vggrbéi??it?ﬂgrri%o?;ﬁamic Before discussion of the solution spectra of c_:itrinin, a_short
parameters are ’ comment on the rate of t_he tautomeric process in the solid state
is in order. In principle it could be estimated from relaxation
measurements as function of temperature, but such measure-
ments were not carried out. A lower limit can be estimated

where the error limits are standard deviations obtained from from the fact that the widths of all lines are independent of
the overall set of the results. The actual uncertainty in these temperatures. This indicates that there is essentially no
parameters is probably much higher since the analysis does nogontribution to 1T from the proton exchange process. Setting
take into account possible changes of the chemical shift with an upper limit of 1 s* for this contribution yields a lower limit
the temperature due to effects other than tautomerism. SuchOf 10° s* for the rate, but it could be (and probably is) much
changes may be nonnegligible in comparison to the experimen-faster.

tally observed shifts, but we have no way to estimate them. B. Carbon-13, Oxygen-17 and Proton NMR of Citrinin

Our confidence in the interpretation stems from several facts, in Methylene Chloride Solutions. The carbon-13 NMR
the foremost being the close similarity of the results with those spectrum in methylene chloride (GOl,) was already shown

AH = 1.614 0.02 kcal morl* AS=424+09eu
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16 the temperature range 7 to 4T, none of the lines shifts by
15 more than 2.5 ppm, while from the equilibrium constants
‘\ |4 estimated from the carbon-13 results a shift~e40 ppm is
13| e predicted in the above temperature range for oxygens 13 and
14. Because of these discrepancies we withhold further
discussion of th@-quinoneb-quinone equilibrium in methylene
/ chloride solutions until the oxygen-17 chemical shift results are
‘ better understood.
, It is interesting to note that the carboxylic oxygens 15 and
16 give separate signals over the entire temperature range,
\ \Af\,\ indicating that on the NMR time scale, the carboxyl group does
T S not reorient about the £ C;2 bond. This reflects the strong
300 250 Sopm 200 150 intramolecular hydrogen bonds which fix the double-ring
) ) o structure of the carboxyl group. The proton NMR spectrum of
Figure 3. Oxygen-17 NMR spectrumfa 5 wt %solution of citrinin citrinin in methylene chloride is consistent with this observation.
g‘ lmsthy'e”e chloride at 37C. Number of scans 91 000, recycle time 1, 4\ cture is essentially the same as described by Barber et
o al32in CDClg; it exhibits one signal for each hydrogen, including
in Figure 1 (bottom trace). The assignment of the spectrum (at low temperatures) two sharp peaks at 15.4 and 16.4 ppm
was taken from the work of Sankawa et and Stauntoawho due to the “hydroxy” and “carboxy” hydrogens in the double
studied the NMR spectra of various biosynthetically enriched ring of the carboxylic group (see Table 3).
citrinin samples. The only change from Sankawa’s more recent C. NMR Spectra of Citrinin in Methanol and Methanol/
assignment is the switching of the labeling of peaks 10 and 11 Methylene Chloride Mixtures. When citrinin is dissolved in
as originally determined by Colombo et®l.This is based on  methanol or in methanol/methylene chloride mixtures, a dra-
our 'H—13C 2D chemical shift correlation experiment, making matic change in the solute NMR spectrum takes place.
use of the well-established proton peak assignments of BarberExamples of carbon-13 spectra of citrinin dissolved in neag-CD
et al® The carbon-13 spectrum in methylene chloride consists OD and in a 1:3 volume mixture GD/CD,Cl, at low
of a single set of lines, as in the solid, indicating fagjuinone/  temperatures+{55°C) are depicted in Figure 4. For comparison
o-quinone interconversion. The shifts are slightly temperature the spectrum in neat GBI, is also shown. Referring to the
dependent, ranging from1.7 to+1.2 ppm between-70 and spectrum in neat CEDD, two main effects may be observed:
58 °C, and in principle could be analyzed in terms of the (j) Each carbon exhibits two peaks with relative intensities of
o-quinonep-quinone equilibrium, as was done for the solid. ~1:2.5. (i) The peaks are shifted, some of them quite
Such an analysis yields similaH andASvalues to those found  considerably, from their position in the methylene chloride
in the solid, withK ~ 0.75 at around room temperature. solution. The peak position in methanol (@60 °C) as well
However, we refrain from presenting a full analysis of these as in methylene chloride (at70°C) are listed in Table 3. Note
data because of conflicting results from the oxygen-17 NMR in particular the large shift of carbon 1 by almost 70 ppm. Such
measurements described below. a shift can only be due to a chemical transformation of the
For this nucleus we expect to observe much larger changescitrinin molecule. We ascribe it to a-4, Michael type,
in the peak position upon changing the temperature. As is well- nucleophilic addition of methanol to the-quinone form of
known the resonance frequencies of the carbonyl and hydroxyl citrinin
oxygens differ quite considerably (bA® = 450 to 500

ppm)2122 Thus for ap-quinoned-quinone equilibrium constant _H., _H._ _H

. . . : (o) 0 o) 0 OMe
around unity, relatively large shifts are expected with temper- 1 I ,
ature for the resonance frequencies of oxygens 13 and 14 (and O/C 0 meon 07 °
likewise for oxygens 15 and 16). The chemical shifts of H = }
oxygens 13 and 14 (in an undisclosed solvent and presumably o "CH; o “CHg
at room temperature) were recorded edtlier biosynthetically CHy  CHg CHy  CHy

enriched sample of citrinin and found to fall at 279 and 179

ppm respectivley (relative to#¥0). Using eq 4 and the above  Such a process will strongly affect the chemical shift of carbon
estimates ob, andd, for carbonyl and hydroxyl oxygens, we 1, which transforms from an olephinic to aliphatic atom, as
find K = 0.9 and 0.45 from the resonances of oxygens 13 and indeed observed experimentally. The reaction shifts ghe

14 respectively. Although the average valdes 0.67, is close quinonep-quinone equilibrium toward the-quinone form and

to that determined from the carbon-13 resuKs=t 0.75), the the doubling of the signals is ascribed to the two epimeric forms
fact that the two oxygens gawevalues differing by a factor of ~ with the OMe group either cis or trans to the methyl-10 group
2 is disturbing. Even more puzzling is the observation that the at carbon 4 as indicated by the wiggly bond. The spectra shown
oxygen-17 chemical shifts are essentially independent of tem-in Figure 4 were recorded in GDD and CROD/CD.CI,
perature. We have recorded the oxygen-17 spectrfusrbowt mixtures. When spectra are recorded inzOB or CH;OD/

% solution of normal (unenriched) citrinin in methylene chloride CD,Cl, mixtures an additional pair of peaks is observed at
over the temperature range 7 to Z3. (Below 0°C the lines around 55 ppm as shown by the insert in the bottom trace of
are too broad to measure due to enhanced relaxation.) TheFigure 4. These peaks are ascribed to the methoxy carbons
spectrum at 37C is shown in Figure 3. The peaks due to bound to carbon 1 in the adduct. Their signals insOD are
oxygens 13 and 14 at 278 and 179 ppm are readily identified, apparently too weak to observe, due to the lack of Overhauser
as is also the peak due to oxygen 2 at 149 ppm (on the basis ofenhancement and excessive splitting by the three methyl
ref 4). We can also safely identify the peaks at 255 and 222 deuterons of the OC{group.

ppm with, respectively, oxygen 15 and 16. The extra feature The addition reaction is reversible and shifts toward free
at 284 ppm and the structure of the 179 ppm peak (both of citrinin with increasing temperature and/or the fraction of
which are not affected by proton decoupling) are not clear. In methylene chloride in mixed methanol/methylene chloride
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TABLE 3: Carbon-13 (Top) and Proton (Bottom) Chemical Shifts of Citrinin and the Citrinin —Methanol Adduct in Methanol
and Methylene Chloride Solutions, Respectively

solvent 1 3 4 4a 5 6 7 8 8a 9 10 11 12 Cy

CDsOD (—60°C) Jn 95.77 69.64 38.04 147.76 114.67 160.58 97.95 156.91 11348 20.54 19.10 1245 173.14 5517
O 95.46 74.02 36.05 146.35 114.14 160.26 98.65 157.89 111.34 22.30 19.10 10.02 173.32 55.28

CD.Cl, (—70°C) 164.96 82.49 34.47 140.13 123.02 184.00 100.00 177.02 107.03 18.26 18.69 9.98 175.07
CD,D"(—60°C)  da 550 3.87 2.67 134 117 202 3.51

OB 542 408 2.80 132 118 205 3.54
CD.Cl* (—70°C) 8.40 490 3.08 135 121 202

a A and B refer, respectively, to the more and less abundant isomers of the methanol adduct. The shifts are in ppm relativeltoatidiBon
two pairs of peaks at (A) 10.74, 11.12 and (B) 11.13, 10.96 ascribed to the hydroxy and carboxyl hydrogens in the two isomers are observed in
CH;0OH and CHOH/CD,CI, mixtures at low temperatures. The chemical shifts quoted are for a 1:1 methanol/methylene chloride set&ént at
°C. ¢In addition two peaks at 15.29 and 16.36 due to the hydroxy and carboxy hydrogens in the double-ring structures of the carboxylic group are
observed? These peaks are only observed in solvents containingdOHor CHOH.

CDz0D/CD2Cl2 t/7°C ols
o 0 4
57 :
ChoCly 4 " | !
6812 4a 5 8a7 13 J
6812 |l 4 5 8 7 3 . AT

|

1
J oy
0
T T | D o L
10 b
[
0 D0 4 o ™S 1
12 4a 5 81 7, 3 30 I
o9 I A I | B
b A : 2 s|jio
| 1 1 1 | 1 1 | 1 | L L L ! | [ L 1 -60 6840 5i8a 7|l 3 4 I
150 100 50 0 I \ ‘ }
Sfppm il - | L
Figure 4. Carbon-13 NMR spectra of a saturated solution of citrinin I 15'0‘ —— 1(‘)0 e 5'0 —
in neat methanol (bottom), in a 1:3 volume mixture of 0D/CD,- 8/ppm

Clz (2.1 wt % citrinin) (middle) and in neat GiCI, (3.0 wt %) (top), ) . . L
at—55°C. The assignments in the top spectrum are as in the bottom Figure 5. Carbon-13 NMR spectra in a 2.1 wt % solution of citrinin
trace of Figure 1 and correspond to the normal form of citrinin. The N @ 1:1 volume mixture of CEDD/CD,CI; at the indicated tempera-

assignments in the bottom spectrum correspond to the A and B isomersiures. The peak assignments are as in Figure 4.

O D s o Sl e rd 9% detected. In the latter specta, however, the signals are
55.0 ppm (larger ticks in the inserted scale). The middle spectrum Proadened by the fast reversible methanol addition. This
exhibits peaks due to both normal citrinin and its methanol adduct.  indicates the presence of a finite concentration of adduct even
at the higher temperatures, but because of its low concentration
solvents. This may be clearly seen in Figures 4 and 5. In the and correspondingly broader peaks its signals are too weak to
middle trace of Figure 4, which corresponds to a;OD/CD,- observe. We have not studied the interconversion kinetics
Cl, mixture of 1/3 at—55 °C, two sets of peaks are observed quantitatively, but from the line widths of the signals at room
due to the adduct and the normal citrinin form. In fact the temperature in the 1:1 GOD/CD,CI, mixture a life time of
assignment of the adduct signals was established by a 2D12 ms for the normal citrinin form can be estimated.
exchange experiment performed on this solution-80 °C The same general behavior is also observed in the proton
(using a mixing time of 4 s). For each signal of normal citrinin  NMR spectra of citrinin. In CRCl, a single signal is observed
two cross-peaks were observed with the corresponding signalsfor each hydrogen, while in methanol and methanol/methylene
of the cis/trans isomers of the adduct, thus providing an chloride mixtures at low temperatures the spectrum is doubled
assignment for the spectrum of the latter. The experiment alsoand shifted from that in CECl,. The low-temperature chemical
provides a time scale for the interconversion rat@.6 s at shifts in both solvents are included in Table 3. Again the largest
—30°C). shift is exhibited by hydrogen 1 (from 8.4 ppm in gL}, to
Figure 5 depicts spectra recorded in a 1:130D/CD.Cl, ~5.5 ppm in methanol). When the spectrum is recorded ig-CH
mixture as a function of temperature. They show the gradual OH or CH;OD two additional peaks at 3.51 and 3.54 ppm are
shift of the equilibrium from the adduct to the normal form of observed due to the methoxy hydrogens of the two adduct
citrinin with increasing temperature. At60 °C there are only isomers. When CEDH (or CD;OH) is used as solvent, two
signals due to the adduct; at30 and 0°C two sets of peaks  pairs of low-field peaks are also observed which are ascribed
are observed due to the adduct and the normal form, while atto the hydrogens in the double ring of the carboxyl group in
15 and 57°C predominantly signals due to normal citrinin are the two adduct isomers. As for carbon-13 the proton spectra
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too show a shift in the adduct/normal citrinin equilibrium as a temperatures the concentration of the adduct dominates. The
function of the temperature and the methanol/methylene chloride adduct is, however, only stable in solution. Crystallization from
ratio. Also dynamic line broadening due to exchange between neat methanol yields free citrinin with the same crystal structure
the two forms of critinin was observed with increasing tem- as that obtained by crystallization from ethanol, used in the
perature. However, we have not studied these effects quanti-X-ray measurementg: 14

tatively. .

The sensitivity of carbon 1 toward nucleophiles is consistent _Acknowledgment. We thank Professors H.-H. Limbach
with an earlier observatidain which citrinin was reacted with ~ (Berlin) and Charles L. Perrin (UC San Diego) for proposing
alkali to cleave the dihydropyrane ring. Such a reaction involves the formation of the adduct in the methanol solution and many
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the charge density in citrini the chemical reactivity of site ~ We also thank Professor H.W. Spiess and Dr. S. Koebler for
1 toward nucleophiles is confirmed by the shape of the allowing the use of their ASX500 spectrometer. This work was
molecular reaction surface. partly supported by a grant from the United States-Israel
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