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We present a new NMR method to clarify the dynamics of proton tautomerism in solid 9-hydroxyphenalenone.
Two 13C resonance lines influenced by the proton tautomerism have a chemical-shift difference between
them, which increases with decreasing temperature. To depict the precise potential curve of the proton
tautomerism, the chemical-shift difference when the proton tautomerism is completely frozen is necessary.
For solid 9-hydroxyphenalenone and its derivatives, the freezing temperatures are ofter-aQdeC.

When the freezing temperatures are below the temperature range in which standard magic angle spinning
NMR probes can perform a sample spinning, it is very difficult to obtain the shift difference. The NMR
experiments based on this new method are performed at a temperature significantly highet @8 at

which the proton tautomerism is still active. The new method yield$XBepin relaxation rates, the rates for

the proton tautomerism, and the populations of the two tautomers. Using the populations'@@cttiemical-

shift difference at that temperature, we determined the chemical-shift difference at the freezing temperature.
We also obtained several parameters characterizing the potential profile for the proton dynamics in solid
9-hydroxyphenalenone.

1. Introduction transfer. Figure 1 shows a schematic representation of the
L ) ) potential curve for the proton tautomerism. The dynamics of
9-Hydroxyphenalenone derivatives show dielectric responsesyhe nroton transfer is highly dependent on the shape along the
based on the tautomerism in crystals. The tautomerism is roqction coordinate. In general, the following parameters are
induced syn_c_hronlzmg Wlth the proton transfer. Recently_, the sed to specify the potential curve: the exchange ritend
phase transition behaviors have been reported by Mochida et, ., the energy differenc@\G, and the activation energhG'
3 . : 1, , .
al;*™* they showed that the dielectric responses of these 1, tautomers of 9-hydroxyphenalenone are depicted in Figure
derivatives were caused by the polarization reversing associated; \yhereas they are bilaterally symmetric, they have a potential
with the proton tautomerism. _ energy difference due to the difference in their crystallographic
An intra- or intermolecular hydrogen bond is one of the gnvironments.
important factors that produce the proton tautomerism in the | impach et al have studied the dynamics of the proton
solid state. For the 9-hydroxyphenalenone derivatives, the protontaytomerism of porphyrin derivativé&In their study !N magic
transfer takes place along an intramolecular hydrogen bohd.  angle sample spinning (MAS) NMR spectra were measured at
In addition, the molecules can be considered as isolated systemgeveral temperatures; the splitting widthy, of the two
having a hydrogen bond. They are, therefore, ideal systems t0resonance lines corresponding to the two kind$nfsites were
study the association between the proton tautomerism due tofoynd to decrease with temperature. They showed that the
the hydrogen bond and the dielectric responses. equilibrium constantK, for the proton tautomerism and the
Much attention has recently focused on tautomerism, becausepopulations of the two tautomers were determined by the
it has potential applications in molecular deviées.memory splitting width, ov, of the two resonance lines. The splitting
function device is a representative example of such devices.width, dv, at a given temperature can be writtef as
The 9-hydroxyphenalenone derivatives also have proton tau-

tomerism in their crystals. Thus, if we can control this _1-K
ghe_nomenon, they may be available as memory function 5V—1+KAV (1)
evices.

To properly control the proton tautomerism, we require where Av is the chemical-shift difference when the proton
detailed information on the potential profile of the proton tautomerism is completely frozen; in what follows, the term
“the stationary splitting width” is used to refer . Using
* Corresponding author. Tek-81 424 43 5730. Fax:-81 424 43 5501. this expression, they clarified the potential profiles (at several

e e ons temperatures) for tetraphenylporphyfin.
tThe Univem& of Tokyo. ' However, to employ eq 1, we have to know the stationary
8 Toho University. splitting width, Av. In the case of 9-hydroxyphenalenone, its
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Figure 2. 1D spin exchange NMR pulse sequence devised in this study
and diagram of*C magnetization vectors driven by this pulse sequence.
CP denotes cross polarization. A selective excitation is realized using

. . a soft pulse in this study. See text concerning the details of the
Figure 1. Potential curve for the proton transfer between two magnetization dynamics.

tautomers, | and Il, of 9-hydroxyphenalenorie.and k-, are the

exchange rates between the two tautomaf3! andAG' , denote the great deal of nitrogen gas. Furthermore, it is necessary to plot
activation energies; andG is the energy difference between the two the data points Corresponding to several exchange periods to
tautomers. determine the rate constants. This means that several 2D NMR
experiments have to be performed. For these reasons, it is
favorable that the spin exchange NMR experiments can be made
in a 1D scheme.

Figure 2 shows a pulse sequence devised in this study. The
two vectors under the pulse sequence represent the magnetiza-
tions for carbons C1 and C9. In what follows, the magnetizations
for carbons C1 and C9 are referred to as magnetizations A and
B, respectively; and the resonance lines for carbons C1 and C9
are called resonances A and B, respectively. Through CP, the
two magnetizations are generated in tkelirection in the
rotating frame. A hard 90pulse is applied to the carbon nuclei
just after CP. As a result, the two magnetizations flip back to
the+z or —zdirection depending on the phase of the hard pulse.
A frequency-selective soft pulSds then irradiated on resonance
B, and only magnetization B is moved on the transverse plane
(to the x-direction). Because a strong local field exists in the
exchange period, magnetization B disappears within a few

AG!

freezing temperature is less thafl00 °C. In addition, the
freezing temperatures for its derivatives are also often under
—100°C. If the freezing temperatures are below the range in
which standard MAS NMR probes can perform a sample
spinning, it is very difficult to obtain the shift differencéy.

In such cases, we cannot obtain the precise valutvafinless

a special MAS probehead, such as a Doty Super-VT MAS
probed is available; it is rare for us to find such a MAS
probehead in most NMR laboratories.

In this study, we present a new method to evaluate the
stationary splitting width,Av, on the basis of MAS NMR
experiments. We use a combination of the following two
methods: cross-polarization magic angle spinning (CP/MAS)
and one-dimensional (1D) solid-state spin exchange NMR. A
new pulse sequence to acquire the exchange ratesdk-,),
relaxation rates, and populations of the two tautomers will be

shown along with the detailed dynamics of i€ magnetization milliseconds. On the other hand, a part of magnetization A is

“ble lomperature above the lower mit. Soveral parameters a/2NSIErTed o magnetzation B in the exchange period owing

the temperature associated with the pc;tential profile for 9-hy- o the proton tautomerism. At the end of the exchan_ge_perlod,

droxyphenalenone will be obtained using this new NMR a nonselective 90pulse is applied to the carbon nuclei. Finally,
not only resonance A but also resonance B are detected.

method. When magnetization A is locked in th&z direction, the
2 Method z-component of magnetization A just after the exchange period
' is written a§912
The equilibrium constant, for the proton tautomerism is
given by’ ME+2(g) = 1Me°(1 + (- 1)E* + l-aMeq ek
Az 2 A 2 A(l)

K =Kky/k_; = x/x 2 1 K 7
Koy = %0% 2) éaMgf(lu)'e I (3)
where x; and x, are the populations for tautomers | and I,

respectively. Hence, the measurement of the two rate constants/1€7€, 7 iS the exchange period ard = 1/Tia, whereTua is

ki andk_1, or the determination of a population(i = 1 or 2) thee longitudinal relaxation time of magnetization W) and
gives the equilibrium constatt. The NMR method presented ~ Ma(,, are the equilibrium magnetizations corresponding to
in this study consists of the following steps: (i) bdthand resonance A; they come from tautomers | and I, respectively.

k-1 or x; are determined at a manageable temperature aboveMy’ is the total equilibrium magnetization for resonance A:
—100°C using a new 1D spin exchange NMR. (i) A CP/MAS ~ M3? = My}, + Mg, . An enhancement factar, which is due
experiment is performed at the same temperature to obtain theto CP, is given by

splitting width owv. (iii) After the rate constantss; andk-;, or

a populationx; is known, the stationary splitting widti\v, is ME,(0) = aMg? 4)
calculated from eq 1 using the splitting widibw.

It is well-known that 2D exchange NMR experiments yield Note thata and My’ can be experimentally determined. The
the rate constants for chemical exchaf§eThe 2D NMR line intensity of resonance A is proportional :'Z“’(r).
experiments are, however, too time-consuming in general, so On the other hand, when locked in thez direction, the
that the experiments at a low temperature und&t @equire a z-component of magnetization A is given by
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- 1 kar 1 e
M 2(2) = SMATL — (@ + 1)e ™) — SaMR)y e — (ﬂb)
1 kgt
EaMeA((‘”)-e T (5)

The summation of egs 3 and 5 leads to Figure 3. Simple picture that represents tHE€ magnetizations just
after the exchange period. It is assumed that magnetization A was locked
M(AA,H)(T) + M(AA,—z)(T) — Miq(l _ e—kAT) (6) in the z (+z or —2) direction. Only the magnetizations for carbon B
Z z

are considered in this picture. Magnetization B is generated by the spin
relaxation of carbon B, and magnetizatiohi# brought about by the

Equation 6 can be rewritten as proton tautomerism (the proton transfer). The resultant magnetization
for carbon B can be considered to be the sum of the two magnetizations
MiQ.e‘kAf =M1 — MSQ2+Z)(T) — M(AA,’Z_Z)(T) (7) in this rough approximation.
Therefore, if we plot the natural logarithm of the right-hand 7(°C)

side versus the exchange period, we can determine the longi-
tudinal relaxation rateka = 1/Tia.

Next, we focus on resonance B. When magnetization A is
locked in the+z direction, thez-component of magnetization
B just after the exchange period is written as -245

-1.1

|\/||(3A,'Z+z)(77) = %Mia(l + (o — 1)e_kA'[) _ %aMi?l).e—kll .

1 "y -50.1
E(XMZ%,)'G o 8)
Subtracting eq 8 from eq 3, we obtain the following expression:
~70.6

ME @) — ME (@) =M e T+ M e (9)

where M1 = oMy, and M—; = aMgj,. Finally, a least-
squares fit of the experimental data (for the left-hand side of 977 C1)C9
eq 9) to eq 9 gives the exchange ratesandk-;. Oncek; and
k—; are known, the stationary splitting width can be calculated
from eq 1. — T T 1 T T T T
To determine the relaxation ratkg = 1/T1g, the 1D spin ) 200 160 120 80 ppm
exchange NMR experiment has to be performed as follows: a Figure 4. CP/MAS NMR spectra of 9-hydroxyphenalenone at the
frequency-selective soft pulse is applied to resonance B, anddn‘ferentlndlcated temperatures. The two resonance lines in the vicinity
S o of 180 ppm correspond to C1 and C9 carbons. The resonance lines for
after that the line intensities of resonances B and A have t0 be ) ang C9 are called resonance A and resonance B in this study,
recorded. The subscript “A” is changed to “B” in eqs B to respectively.
derive the expressions fod5; (z), MS, (r), andMgte e,
If we are in line with the procedure described in the preceding period becomes the sum of the two magnetizations. Thus, if
paragraph with these expressions, we can then obtain thethis picture is valid, the experimental results without the effects
relaxation ratekg. of the spin exchange can be obtained when the two results for
In general, a soft pulse on one resonance may affect the othelFigure 3a,b are added. In fact, the present figure is a fairly good
resonance. This problem leads to a slight change in the approximation for thé3C magnetization dynamics. This simple
enhancement facton, in egs 3-5, 8, and 9 in this section.  picture suggests that two different experiments for each
Then it can be considered thathas changed ta' in egs 3-5, magnetization are necessary to separately determine the relax-
8, and 9. Hence, this problem does not affect the rate constantsation rate and exchange rates.
obtained (i.e., the exchange rates and the relaxation rates).
F_urthermore, fr_or_n eq 7, it can be easily understood that the 3. Experimental Section
different CP efficiencies for resonances A and B do not affect
the relaxation rates obtained. When the exchange periods are The 9-hydroxyphenalenone compound was prepared accord-
small compared to the relaxation times, we also see from eqs 3ing to the reported procedut&The NMR spectra were recorded
and 8 that the different CP efficiencies do not exert an effect using a Bruker Avance 300 NMR spectrometer with a Bruker
upon the precision of the exchange rates obtained. MAS 4 mm probehead. The NMR experiments were performed
The new method presented in this section was developed fromat 75.43 MHz for'*C with a sample spinning speed of 9 kHz
a simple picture for thé3C magnetization vectors affected by and a CP time of 1 ms. The selective excitation of resonance A
the proton tautomerism. Figure 3 shows the picture for#3e or B was realized using a soft 9@ulse of 1025us. Temper-
magnetization dynamics. In this figure, it is assumed that a atures of the sample were detected by a thermocouple on the
selective-excitation pulse (a soft pulse) is applied to magnetiza- inside near the air inlet of the probe housing, which were
tion B. Just after the exchange period, magnetization B is corrected with the chemical shift of the carboxyl carbon of
brought back in the-z direction because of the spin relaxation. samarium acetat¢. For CP under a high sample spinning
In addition, a part of magnetization A locked in the or —z condition, we used the RAMP CP methBdThe TPPM
direction merges with magnetization B owing to the spin decoupling sequentewas employed for more effectiviH
exchange. Consequently, magnetization B just after the exchangealecoupling to yield the decoupling field of more than 75 kHz.
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Figure 5. Variation in resonances A and B with the indicated exchange
periods. These NMR spectra were measured#0.6°C using the 1D
NMR pulse sequence in Figure 2. THE magnetization for resonance
B was locked in thet-z direction after CP.

4. Results and Discussion

Figure 4 shows the CP/MAS NMR spectra for 9-hydrox-
yphenalenone. They were measured in the rar@e.7 to—1.1
°C. The splitting width of resonances A and B decreases with
temperature, but it is still visible at room temperature (the
spectrum at room temperature is not shown in this figure.).

Kuwahara et al.

18.2

18.0

17.8 u

In @M - MY, () - M5 P ()

18.4
18.0

17.6 Tem

1
10

-

In @M - ME (@) - ME ()
[ ]

6 8
7 (s)

Figure 6. Plot of the experimental values of ME* — M$;™(z) —

M, () and InMg? — M$; (1) — ME; (7)) vs the exchange
periodz. For the definitions of these symbols, see the text. The lines
drawn in the figure were determined by least-squares fits of the data.
Their corresponding slopes yielded the relaxation rates for magnetiza-
tions A and B: ka = 0.026+ 0.003 s* andkg = 0.0774+ 0.002 s*.
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Figure 7. Plot of the experimental values d¥1f, () — M$,"(2))/

9-Hydroxyphenalenone has a structural phase transition ataMg’vs the exchange periad See the text for the definitions of these

T. = —18.2°C1217|n the low-temperature phase, it has four
crystallographically independent molecules in the crysfals.
However, at—70.6 and—97.7°C, resonances A and B do not

symbols. A least-squares fit of the data to eq 10 produced the two
quantities,P and Q, in eq 10. On the basis of these values, the rate
constantk_;, the populationy,, and the equilibrium constar, were
calculated.

show site splitting; each resonance can be considered as a single
line. We can see from these results that these four molecules

have almost the same potential curves in the Iow-temperatureby the expression oo = 7 AvIv2, wherekeoy is the rate

phase.
When the equilibrium constarK, is equal to 1, the splitting

constant at a temperature when the chemical-shift difference
becomes zer® On the contrary, the formalism is not available

w!dth! ov, dogs not decrease with increasing exchange rate (i-e.,yhenK < 1. Therefore, it is necessary to adopt a new strategy to
with increasing temperature); the resonance lines gradually 3piain the stationary splitting width for 9-hydroxyphenalenone.
broaden with increasing temperature and finally coalesce into Figure 5 shows the experimentdC NMR spectra recorded
a single line’ For the NMR spectra measured in this study, the at —70.6 °C with the 1D NMR pulse sequence in Figure 2.
splitting width, v, decreases with temperature. The tWO The resonance lines for C1, called resonance A, gradually grow
resonance lines (i.e., resonances A and B) are not broadenegyecayse of the spin relaxation and proton exchange. Thus the
except for those at-50.1°C. The most likely explanation for \ariation in these line intensities are generally described in terms
the variation !név (_W|th temperatu_re) is as follows: ~ of rate constantsTya, Tis, 1k, and 1k_1. To determine these

(a) The ratioK, is less than 1 in the temperature range in rate constants, some methods have already been proposed in
which the CP/MAS measurements were performed. the field of liquid-state NMR however, for the solid-state

(b) The exchange ratels, andk-1, increase with temperature,  NMR, there have been few efforts to separately measure these
and the difference gradually approaches zero. rate constant&:12

(c) As aresult, the ratidk, approaches 1 with temperature.  Qur new method is similar to that by Connor ef‘&lThe

(d) Hence, the splitting widthyv, decreases with temperature |atter method utilizes the chemical-shift difference to realize
according toov/IAv = (1 — K)/(1 + K). the situation where only one magnetization survives after a few

As for the broadening at-50.1 °C, we must admit a still dozen milli-seconds from the starting point of the exchange
incomplete understanding of the observatidimmay arise from period. It should be noted that the method by Connor.ataai
the coexistence of different phases. be applied only to the case in which the two exchange rétes,

If the equilibrium constantK, is equal to 1, it is easy to  andk-;, are the same (i.e., the potential curve is symmetric)
determine the stationary splitting width. The widthy;, is given and in which the two relaxation ratég, andkg, for two different
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resonances are the same. The parameters dealt with in thé&. Conclusion
method arekex (ki = k-1) andkreiax (=ka = kg). In addition, In this study, we tried to obtain detailed information on the
the magnetization enhancements due to CP (hence, the differpotential curve for the proton tautomerism in solid 9-hydroxy-
ence in the CP efficiencies for the protonated and nonprotonatedphena|enone_ The proton tautomerism had a significant effect
carbons) are not considered in the method. on the!3C chemical-shift difference between resonances A and
For many 9-hydroxyphenalenone derivatives, the potential B (C1 and C9). The most important factor for attaining the
curves are asymmetric. In such occasions, the exchange ratespbjective of this study was to acquire the stationary splitting
ki andk-4, are different from each other. In addition, the two width (i.e., thel3C chemical-shift difference when the proton
resonances generally have different relaxation r&geandkg. tautomerism is completely frozen.)
Therefore, a new method to separately determine these four rate First, we presented a new NMR method to separately
constants is essential. The NMR method presented in this studydetermine the rate constants for the spin relaxation and proton
can meet this demand; therefore, it is a new technology for the exchange. Using this method at70.6 °C, we obtained the

study of proton tautomerism in the solid state. exchange ratek 1, and populationsx, and x;, related to the
Plots of In(V$? — MX\':Z)(T) _ MSAA’;Z)(T)) and In(gt — proton tautomerism. The stationary splitting width was then

calculated by using the equilibrium constalit,and the shift
difference,ov, at —70.6 °C.

It is particularly worth noting that the stationary splitting
width was found at a relatively high temperature where the
tautomerism is still active and where a stable and fast sample

squares fits of the data points, which are represented by theSPinning is feasible. The stationary splitting width determined

dotted curves, yielded the two relaxation rates for magnetizationsby this method seemed to be very close to the estimate for
A and B: i.e.ka = 0.026+ 0.003 s andks = 0.077+ 0.002 9-hydroxyphenalenone. Therefore, our new method will be of
51 Y great utility for research aimed at important tautomers such as

In our previous study? the splitting width,dv, was found to the 9-hydroxyphenalenone derivatives.
asymptonically approach 11.5 ppm with decreasing temperature. Acknowledgment. A part of the experimental work was
Because)v at —70.6°C is 7.26 ppm, if the stationary splitting ~ carried out at the Hosei University Research Center for Micro-
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