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ABSTRACT: Using high-resolution solid-staféN cross-polarization magic angle spinning NMR techniques, the

proton transfer thermodynamics and dynamics and the proton locations in polycrystalifebeled porphycene
were studied. Whereas at room temperature only a sifitjleesonance is observed, indicating an equivalence of all

nitrogen atoms arising from a quasi-degenerate fast proton transfer, four signals are observed at low temperatures
exhibiting temperature-dependent line positions. Their analysis is consistent with the presence of either (i) two
different molecules A and B in the asymmetric unit, each of which is subject to a quasi-degenerate correlated double
proton transfer, or (ii) a single molecule exhibiting all four possible near-degenerate tautomeric staties)$vend

two cis-tautomers, interconverting by fast single proton transfers. The average rate constants of the proton transfer
processes are found to be in the nanosecond time-scale. These constants were obtained between 228 and 355K |
analysis of the longitudinal 9.12 MHZ’N T, relaxation times, which exhibit a minimum around 280 K. The
relaxation analysis was performed in terms of a quasi-degenerate two-state proton transfer process which modulates
the heteronucleejrl—i—15N dipole—dipole interaction. From the value Bf in the minimum, the crystallographic NN
distance of 2.63 Aand the hydrogen bond correlation for N—HN hydrogen bonded systems, the twe-NH
distances of 1.10 and 1.60were obtained, i.e. a hydrogen bond angle of°18ich are significantly different from

the corresponding values of 1.03 and 2.2&Ad 116 found for porphyrin. The analysis of the temperature
dependence of the rate constants indicates tunneling as a major reaction pathway, involving a barrier of about
32 kJ mol ™. The finding of a larger NH distance and a smaller barrier for proton transfer as compared with porphyrin

is rationalized in terms of the stronger intramolecular hydrogen bonds in porphycene. A strong coupling between
these bonds would indicate that the proton tautomerism in porphycene corresponds to a correlated double proton
transfer, in contrast to the stepwise transfer in porphyrin. Finally, a relation between the irfihhsitemical shifts

of porphyrinoids and the N-H distance was found, which might be useful for estimating geometries of
porphyrinoids. Copyrighfl 2000 John Wiley & Sons, Ltd.
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INTRODUCTION tures in the solid state in such a way that one or more

protons can be transferred either between different

The proton tautomerism of heterocyclic compounds is a molecules such as pyrazofesr inside molecules such
topic of continuing interest because of its intimate as porphyrind or tetraazaannulendsThe barriers for
relation with the problem of the structure of this class proton transfer depend strongly on the molecular
of compounds. One challenge in this area of research is structure and the strength of the hydrogen bonds.
to design molecules exhibiting hydrogen-bonded struc- Therefore, these molecules serve as reaction models to

test various proton transfer theories and also theories of
*Correspondence toH.-H. Limbach, Fachbereich Biologie, Chemie, kinetic isotope effect$:>

(Pag?:nngiile, Freie Universtt®8erlin, Takustrasse 3, D-14195 Berlin, In the electronic ground StateS, degenerate or near-
TDedicatéd to Professor J. Elguero on the occasion of his 65th degenera_'te taUtor_ne“C processes of heterocycles are
birthday. _ preferentially studied by NMR spectroscopy. As most
gggggm 233;:223 E:‘)gfi‘gf ﬁg}e?ﬂj‘es';?]u'g’e?n?;m“y- proton transfers of heterocyclic compounds occur to and

. y y . . 15 . . .
Contract/grant sponsorDeutsche Forschungsgemeinschaft. from nitrogen,™N NMR is especially suited to study
Contract/grant sponsorFonds der Chemischen Industrie. these reactions; because of the spin 1/2°Nf problems
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Figure 1. Tautomerism of porphycene in the crystalline state
according to Ref. 3b. (a) Exchange model involving two non-
degenerate correlated double proton transfers in two
different molecules A and B in the asymmetric unit, each
characterlzed by slightly different equilibrium constants K;,*
and K;,%. (b) Exchange model involving single proton
transfers between four tautomeric states 1-4

associatedwith the quadrupole moment of “N are
avoided®® Therefore, some of us have exploited in
recentyearsthe use of solid-state™®N NMR underthe
conditionsof cross-polarizatioffCP), protondecoupling
andmagicanglespinning(MAS) in orderto characterize
the tautomerismof solid heterocycle$® Generally,the
compoundsaveto belabeledwith *>N in orderto obtain
dynamic information concerning the proton transfer
processes.Thus, it has been possible to determine
protonation sites and equilibrium constantsof proton
transferin solid 1°N-enrichedheterocycliccompoundsn
a wide temperaturerange. In addition, rate constants
could be obtainedon the secondtime-scaleby magne-
tization transfertechnique€™® and on the millisecond
time-scaleusing lineshapeanalysis>™ Fasterprocesses
in systemswith strongerhydrogenbondscould not be
detecteduntil recentlywhenit wasshownthatthedipolar
'H—"*N interactionis modulatecby the protontautomer-
ism.A detailedanalysiof thelongitudinal™®N relaxation
times of the polycrystalline powder of severalhetero-
cyclesshowedthat the rate constantsof protontransfer

Copyrightd 2000JohnWiley & Sons,Ltd.

could be obtainedon the micro- to nanosecondime-
scale?®

In this paper we reporta studyof the thermodynamics
andthe nanosecontime-scaleprotontransferkineticsin
polycrystalline porphycene (Fig. 1). This molecule
exhibits two short intramolecularN—H---N hydrogen
bondsin the crystallinestate,asdemonstratedby room-
temperaturex-ray crystallograply’ (Fig. 2). The asym-
metric unit consistsof only half a moleculebecausehe
moleculeis located on an inversion center.A second
moleculein the unit cell is relatedto the first one by
symmetry. These findings imply that the two imino
hydrogensare statistically disorderedat room tempera-
ture.In a*>N CP/MASNMR studyof the polycrystalline
material, evidencewas obtainedthat the protonsin this
comEoundare subjectto a rapid degeneratdgautomer-
ism®® which confirms the room-temperat@ x-ray
structure. However, at lower temperaturesa splitting
into four signalswas observedwhich is consistentwith
eitherof thereactionschemeén Fig. 1. In Fig. 1(a)there
are two slightly different molecules,A and B, in the
crystal exhibiting a double proton transferbetweentwo
statesl and 2. Thesestatesprobablycorrespondo the
tautomerswith a diagonalarrangemenof the protons.In
contrastto the gasphasethe two statediffer slightly in
energybecausef perturbationsarisingfrom the crystal
field. We shall call this mechanismthe ‘correlated’
double proton transfer mechanism according to a
definition of Rumpeland Limbact as no intermediate
involving a vicinal arrangemenbf the two protonsis
directly observable.The actual transfer could still be

N,
N
N7

Figure 2. Crystal structure of porphycene according to Ref. 7
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stepwise or concerted. The mechanismin Fig. 1(b)
consistsof single proton transfersbetweenall possible
four tautomericstatesl—4.In the following we shallcall
this mechanisnthe ‘stepwise’ mechanismas it clearly
involves metastablantermediateswith the protonsin a
vicinal arrangement.

Since the discovery of the proton tautomerismof
porphycené® the hydrogen bond dynamics of this
compoundn the electronicgroundstateandthe excited
state have been of special interest’” For porphycene
embeddedn amatrix, asplitting in theelectronicspectra
was observedassociatedwvith a coherenttunnel split-
ting.’® Recently, it was shown that alkyl-substituted
porphycene&xhibit a similar solid-statetautomerisnto
the parentcompound®® However,so far it hasnot been
possible to determine rate constantsof the proton
tautomerismof porphycenesSuch constantswhich are
foundto beonthenanosecontme-scalewill bereported
in this paperusinglongitudinal >N relaxometry.

Thispapelis organizedasfollows. In the Experimental
sectionwe describebriefly the methodsand procedures
usedin this study. We then presentthe results of a
variable-temperaire *°N chemical shift analysis by
which the thermodynamic parametersof the two
exchanganechanismén Fig. 1 areestablishedUnfortu-
nately, this analysisdoes not allow us to distinguish
between the correlated and the stepwise transfer
mechanisms Subsequentlythe 1>NT; relaxation times
arereportedandanalyzedFromthis analysisnformation
aboutthe hydrogenbond geometries,n particular the
protonlocations,and aboutthe rate constantof proton
transferin porphycenas derived.The kinetic resultsare
discussedin terms of a modified Bell tunneling
modef®3"11 in comparisonwith the isomer porphyrin
andits anionstudiedpreviously.Finally, the natureof the
protontautomerismin porphycenas discussed.

EXPERIMENTAL

The synthesisof *N-enriched porphycenehas been
describedpreviously>® The >NT; relaxation times of
porphycenaveremeasurethetweer203and341K using
a Bruker CXP 100 NMR spectrometerat 2.1 T,
correspondingo a Larmorfrequencyof 9.12MHz under
15N CP/MASconditions Forthis purposetheusualpulse
sequencealescribedby Torchia? without proton decou-
pling during the equilibration period of time was
employed.In orderto suppressrtifacts arising from a
distortedbaselineandfrom acousticringing, the scheme
of Du Bois Murphy*3®wasemployed The90° pulsewidth
was 6 s for both *H and *>N. Cross-polarizatiorimes
werearound6 ms. A spinningfrequencyof 2 kHz was
sufficientto obtainspectrdreefrom rotationalsidebands.
All chemicalshifts arereferencedo solid *>NH,CI.*4*®

Copyrightd 2000JohnWiley & Sons,Ltd.
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Figure 3. >N CP/MAS NMR spectra of 95% '>N-enriched
polycrystalline porphycene at 9.12 MHz as a function of
temperature. 6 ms CP time, 5 kHz spectral width, 2.7s
repetition time. Reference: external '°NH,Cl. Average
number of scans: 1200. Adapted from Ref. 3b
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RESULTS

Variable-temperature >N CP/MAS NMR spectra
of porphycene and thermodynamics of the solid-
state proton tautomerism

In Figure3 areassemblethe >N CP/MASNMR spectra
of porphycenavhich havebeendescribedpreviously*

At hightemperature singleline is observedat 161 ppm

(referencesolid *>NH,CI), which indicatesthat all four

nitrogenatomsare equivalentHowever,asthetempera-
ture is lowered the signal splits into four sharplines

characterizedy the chemicalshifts ¢, oy, 6c andéy. The

splittingS 6pa = 0p — 6 aNdbeq = 6 — g iNCreaseslightly

with decreasingemperatureand are listed in Table 1.

Thesefindingswere explained® by the presenceof two

non-equivalent, slightly asymmetric proton transfer
systems:

Np—H - - Np = Np - - - H—N,,, mn= ab, dc

in which the protonsmovein slightly asymmetricdouble
minimum potentials, and which are characterizedby

J. Phys.Org. Chem.2000:13; 23-34
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Table 1. >N chemical shift differences of polycrystalline
porphycene

T (K) Spa (PPmM) bca (PPM)
107 37.81 13.93
164 27.86 9.95
213 19.9 5.97
300 2% 2%
366 2% 2%

*estimatedvalues.

different protondensityratios given by*®

Kab = (1 — 6pa/A) /(1 4+ bpa/A),

Ko = (1 — Sea/A) /(1 + Sea/A) (13)

Oba = A(l — Kab)/(l + Kab)a
Ocd = A(l — ch)/(l + ch)

A = by — Onn is the intrinsic chemical shift difference
betweenthe protonatedandthe non-protonatedhitrogen
atomsof porphyceneis assumedo be independenbf
temperature.

As pointedoutin Ref. 3b, thefindingsin Fig. 3 canbe
explained in terms of the correlated proton transfer
mechanismsor in terms of the stepwise mechanism
illustratedin Fig. 1. Thefirstassumethepresencef two
different porphycenemoleculesA andB in the unit cell,
whereA containstwo equivalentprotontransferunits of
the type Ng—H---N, and B two equivalentunits of the
type Ng—H---N. In this casethe relations

(1b)

Kab = K1 = %" /% = ago™ exp(—by ™ /T),
ale = exp(ASle/R), bijA = AHijA/R (23.)

Kae = K12® = %% /%1% = ag2® exp(—by2®/T),
a1.® = exp(AS;2/R), b;® = AH;®/R (2b)

are valid, where K, and K;,® representthe true

Table 2. Parameters of the van’t Hoff analysis of Fig. 4°

equilibrium constantsof the tautomeric processesn
moleculesA andB, AS;,”, AS;.B, AH,* andAH;.B are
the correspondingeactionentropiesand enthalpies,R
the gas constantand T the absolutetemperature.The
degeneracpetweerthetwo statess lifted by the crystal
lattice—avery commonsituationin the tautomerismof
solid heterocycle$*—wheretheperturbatioris largerfor
moleculeA thanfor moleculeB.

In the caseof the stepwisetransfer mechanismin
Fig. 1(b), eachporphycenemoleculeincorporatesboth
proton transfer systemsN—H---N, and Ng—H---N..
This situation has also been found in the case of
tetramethyldibenzotetraa[14]Jannulene (TTAA), as
provedusing two-dimensionakolid-state™N NMR.*°~®
As the degeneracyetweenthe two trans and the two
cistautomers is lifted by the crystal lattice, the
average temperature-dependenproton densities are
different at each nitrogen nucleus, giving rise to
four different averagedines in Fig. 3 at low tempera-
tures.

The thermodynamic®f the reactionnetworkin Fig.
1(b) canbe obtainedin a similar way asin TTAA,*? as
shownin the following. The proton density ratios are
related to the equilibrium constantsof the reaction
networkin Fig. 1(b) by

Kab = (X2 + Xa)/ (X1 + X3)

= (K12 + Kia) /(1 + Ki3) (3)
and
Kae = (X2 + X3)/ (X1 + X4)
= (K12 + Ki3)/(1+ K1a) (4)
where

Kij = % /% = aj exp(—b;j/T),
= exp(AS;/R), bj = AH; /R (5)

X; is the mole fractions of the tautomericstatei and
AS; and AH; are the reaction entropy and reaction

A algA b12A algB blzB AS_LZA AH{AZ A§2 AHle
46 2.2 350 1.2 85 6.6 29 15 0.71

3 |ntrinsic chemicalshift differenceA in ppm, reactionenthalpiesAH;in kJmol~* andreactionentropiesAS;in J K> mol™™.

Table 3. Parameters of the van’t Hoff analysis of Fig. 52

A g b1> a3 b1z A4 b14 ASp; AHg ASi3 AHg3 ASi4 AHyy
52 2 327 11 78 2 316 5.8 2.7 0 0.67 5.8 2.7

& Intrinsic chemicalshift differenceA in ppm, reactionenthalpiesAHjjin kJ mol~! and reactionentropiesAS;in J K tmol™2.

Copyrightd 2000JohnWiley & Sons,Ltd.
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Figure 4. Thermodynamics of the porphycene tautomerism
according to the exchange model in Fig. 1(a) (@) Comparison
of the experimental temperature-dependent chemical shift
separations é,; and 6.4 defined in Egn. (1) with the
theoretical values calculated as described in the text. A'is
the intrinsic chemical shift difference between non-proto-
nated and protonated porphycene nitrogen atoms. (b) Van't
Hoff diagram of K, and log K;5® as a function of the
inverse temperature. (c) Calculated populations of tauto-
mers 1 and 2 in molecules A and B as a function of the
inverse temperature

enthalpyof the reactionstepij. By combinationof Eqns
(3)—(5) it follows that

In Kap = IN[ago exp(—b12/T) + azqexp(—ba/T)]
—In[1 + a;zexp(—bys/T)] (6)

and

InKap = In[agzexp(—bio/T) + azzexp(—biz/T)]
—In[1+ ayaexp(—bia/T)] (7)

Copyrightd 2000JohnWiley & Sons,Ltd.
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Figure 5. Thermodynamics of the porphycene tautomerism
according to the exchange model in Fig. 1(a) (a) Comparison
of the experimental temperature-dependent chemical shift
separations 6é,; and 6. defined in Egn. (1) with the
theoretical values. (b) Van't Hoff diagram of the proton
density ratios Ky, and Ky defined in Eqgns (3) and (4). ()
Calculated populations of tautomers 1-4 in Fig. 1 as a
function of the inverse of temperature

In orderto calculateK,, and Ky from the observed
splittings 6pa and é.q, the intrinsic chemical shift
differenceA mustbe known. In the caseof porphyrina
value of A ppm=108 was found in the slow proton
exchangeregime at low temperatures® In the caseof
porphyceneprotontransferis too fastandthe deviations
of the equilibrium constantgrom unity not largeenough
in orderto determinethe valueof A atlow temperatures
in the100K regionwhereliquid nitrogencanbeusedasa
cooling gas. As pointedout in Ref. 3b, the use of the
porphyrin value for the determinationof equilibrium
constantsof the proton tautomerismof porphycene.a
procedure employed in Ref. 3g, is only a crude

J. Phys.Org. Chem.2000:13; 23-34
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Table 4. '°N T, relaxation times of polycrystalline porphycene obtained under MAS conditions

U. LANGER ETAL.

9.12MHz 30.41MHz

T(K) Ta(s) o T(K) Ta(s) o T(K) Ta(s) o
228 3.4 0.25 289 0.99 0.08 261 3 0.24
243 1.43 0.4 300 1.07 0.08 273 2.14 0.13
2435 15 70.2 325 1.28 0.15 283 2.23 0.26
258 1.04 0.04 340 1.62 0.13 284 2.3 0.13
269 0.97 0.03 355 2.7 0.27 292 2.35 0.14
279 0.98 0.99 — — - 305 1.66 0.12

approximationwhich leadsto erroneousvaluesof the
equilibrium constants. Therefore, we proceeded as
follows.

For both mechanismsn Fig. 1 we wrote non-linear
least-squareftting routineswhich allowedthe simulta-
neousfit of 6y, andof 6.4 asa function of temperature,
usingeitherEgns(1) and(2) in the caseof the correlated
transfermechanismn Fig. 1(a)andEgns(1), (6) and(7)
in the caseof the stepwisetransfermechanismin Fig.
1(b), by varyingtheintrinsic chemicalshift differenceA
andthe reactionentropiesand enthalpies.

The parametersobtained for both mechanismsare
givenin Tables2 and3. The correspondinglatafits are
depictedin Figs 4(a) and Fig. 5(a), and both fits are
satisfactoryat low temperaturesThe reactionentropies
are very small and the reaction enthalpiesare smaller
than in solid porphyrins and tetraaza[14]annulengs'
Mostremarkablds theintrinsic chemicalshift difference
of A=46ppmin the caseof the correlatediransferand
A =52ppm in the caseof the stepwisetransfer.These

1000 /x-
T

Figure 6. (a) Longitudinal "°N relaxation times of porphy-
cene obtained at a frequency of 9.12 MHz as a function of
the inverse of temperature. The dashed line corresponds to
an initial data fitting using the Arrhenius relation Egn. (9) and
the parameters of Egn. (12). The solid line corresponds to the
values calculated from the non-linear Arrhenius curve of the
porphycene tautomerism shown in Fig. 7 as a solid line

Copyrightd 2000JohnWiley & Sons,Ltd.

valuesrepresentoughlyonly half of thevaluesfoundfor
porphyrin.This findingwill becommentediponlater.In
Fig. 4(b) we comparethe calculatedvaluesof log K,
andof log K;,° asa function of the inversetemperature
with the experimentalalues;in Fig. 5(b) areshownthe
correspondinggraphsof log Ky, and log Kgc for the
stepwisanechanismThedatafits aresatisfactoryin both
casesFigure4(c) containsa populationanalysisfor the
correlated proton transfer and Figure 5(c) a similar
analysidfor the stepwiseransferIn all caseghestatedl,
assignedo a transtautomer,are the only statespresent
below 50K. In the correlatedtransferfirst state 2 of
moleculeB andthenstate2 of moleculeA arepopulated.
In thecaseof the stepwisdransferfirst the cis-tautomer3
is populatedwvhereasstates?2 and4 arequasi-degenerate
and populatedonly above200K. Above 250K all for
statesare populatedalmostto the sameextent.

In both Figs 4(b) and 5(b) we observe that the
theoreticalcurvesdo not describewell the experimental
valuesderived from the chemicalshift analysisin the
region of room temperatureThis discrepancybetween
the calculatedandexperimentalaluesmay indicatethat
a phasetransition has occurredwhich rendersthe two
moleculesA andB at roomtemperatureequivalent.

5N T, measurements

The longitudinal *>N relaxation time measurements
showedexponentialmagnetizationdecaysand a single
commonrelaxationtime for the four >N signalsat low
temperaturesThe T, valuesobtainedby non-lineardeast-
squareditting aregivenin Table4 andareplottedin Fig.

Table 5. Rate constants of polycrystalline porphycene
calculated from "N T; relaxation

T(K) k(s T(K) k(s
228 4.24% 10° 289 3.82x 10’
243 1.13x 10’ 300 4.93x 10
2435 1.07x 10’ 325 7.24x 10°
258 1.99x 10’ 340 1.14x 10°
269 2.66x 10 355 3.66x 10°
279 3.62x 10

J. Phys.Org. Chem.2000:13; 23-34
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1000 /=1
T

Figure 7. Arrhenius diagram of the proton motion in solid
porphycene in comparlson with the proton transfer in the
porphyrin anion." The dashed lines refer to the predicted
curves for the deuteron (upper line) and triton (lower line)
transfer calculated as described previously using an addi-
tional barrier helght of 7.74 kJ mol~" for the deuteron and of
11.19kJ mol™" for the triton motion, and the tunneling
masses 3.5 and 4.5

5(a)on alogarithmicscaleasa functionof theinverseof

temperature.They exhibit the typical behavior of a

thermally activated process. The observationof the

minimum around 300K allowed us to verify that the

modulationof the heteronucleadipolar *H-"*N interac-
tion togetherwith the fast proton motion is responsible
for the longitudinal relaxationobservedasdescribedn

the following.

In principle, longitudinalrelaxationin the presencef
complexmotionslike the reactionnetworkin Fig. 1(b)
requiresusto consideralsocomplexspectraldensities-
However,in the caseof porphyceneeachsinglereaction
step in Fig. 1 is quasi-degenerataccording to the
analysisin the precedingsection.Therefore we analyze
the porphycenedata in terms of a quasi-degenerate
proton transfer mechanism, characterizedby equal
forward andbackwardrate constantk, =k_ =k, i.e.an
equilibrium constantof K ~ 1, whereeithertwo protons
aretransferredn caseof thecorrelatednechanisnor one
protonin the caseof the stepwisemechanism.

As shown previously® under MAS conditions the

longitudinalrelaxationtimesof the >N nucleiin aproton
transfersystemN—H---N = N---H—N is causedy the
modulationof the *®N —'H dipolarinteractionduringthe
transferprocessThe expressiorfor T, is given by

1 1 5, ,(h\?/u0\2 4K
o ) (Y |l
T, 40 'NH <2w> (47r) (1+K)?
Tc 37_(; 67_(;
2 22T 2
14+ (wH —wn)T2 1H+wNTe® 1+ (wy + wn) 72

(8)

where 1. is the correlationtime of the proton motion
whosetemperaturedependencenay be expressedn a
first approximationby the Arrheniusequation:
1/7c = 2k = 2Aexp(—Ea/RT) (9)

The factor D, representingthe dipolar interaction, is
givenby®

D=r1 %41 %4+r % 31-3cofa), (10
where o representghe angle betweenthe NH vectors
before and after the proton transfer,r, the short NH
distanceandr, thelong NH distanceacrosshe hydrogen
bond. A non-linear least-squareditting program was
written in order to calculatethe solid line in Fig. 5(a)
from which the parametersE,=17.84+ 1.8kJ mol %,
A=746 10° s* and D=0.26+0.013 A® were
obtained. The dashedline in Fig. 6 reproducesthe
experimentalaluesin a satisfactoryway aroundthe T,
minimum.

The Arrheniusapproximationis valid only in a small
temperaturgangebecauseunnelingatlow temperatures
leadsto non-linearArrheniuscurves* Thus, usingthe
aboveactivationparametersve calculatea rate constant
of ka~ 250s* for a temperatureof 110K, which is not
consistentwith the experimentalfindings as this value
shouldalreadyinducea decoalescenaaf the N signals.
Therefore,t follows thattherateconstantat 110K must
belargerbecausaf tunneling.In orderto obtainmodel-
freerateconstantsve proceededisfollows. A computer
programwaswritten which allowedusto obtainthe rate
constantk of the tautomerismassumedto be quasi-

Table 6. Parameters of the modified Bell model of the tautomerism of porphyrin, the porphyrin anion and porphycene®

Species Eq Em Eq+ Em Log A 2a my mp Am
Porphyrin 28.7 22.7 51.4 12.6 0.68 1 2 15
Porphyrinanion 34.3 10.0 44.3 12.6 0.78 1 2 15
PorphycenestepwisesingleH transfer 25.9 5.9 31.8 12.6 0.64 1 2 15
PorphycenecorrelatedHH transfer 25.9 5.9 31.8 12.6 0.56 2 4 15

a Barrler heigh Eq4 and minimum energyfor tunneling E., in kJmol™?, barrier width 2a in A frequencyfactor A in s

M- =m_+ Am, L=H, D.

Copyrightd 2000JohnWiley & Sons,Ltd.

s~ L. Tunneling masses
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@)

Figure 8. Reaction energy profiles (schematic) for (a) the
tautomerism of porphyrin and the porphyrin anion, (b) the
correlated double proton transfer and (c) the stepwise
proton transfer mechanism in polycrystalline porphycene

degeneratavith the *N relaxationtime T, andthe factor
D as input, which was assumedo be independenif
temperatureThevaluesobtainedarelistedin Table5 and
plottedin Figure7 in alogarithmicmannerasa function
of the inverseof temperatureFor comparisonwe also
plotted the valuesof the tautomerismof the porphyrin
anion reported previously®" and all important experi-
mentalparametersregivenin Table®6.

The solid lines were calculatedn termsof a modified
Bell tunneling model as describedin Ref. 3f The
parametersisedareincludedin Table 7. The parameter

Copyrightd 2000JohnWiley & Sons,Ltd.

setslisted arenot definiteandmay changef furtherrate
constantsvould be included. The datacould be equally
well be fitted in termsof the correlateddouble proton
transferand the stepwisetransfer.In a last stage,the
calculatedrate constantof the porphycendautomerism
shown in Fig. 7 were convertedinto *®N T, values
depictedin Fig. 6 as a solid line. The datafit is more
satisfactorythanthe simple Arrheniusfit.

DISCUSSION

Using N solid-state NMR we have been able to
characterizehe tautomerismof porphyceneestablished
previously’® with respectto (i) the thermodynamicdy
analyzingthetemperature-dependesignalpositionsand
(ii) with respectto the kineticsandthe protonlocations
by analyzingthe >N longitudinalrelaxationtimes.From
the latter information aboutthe hydrogenbond geome-
tries, in particularthe protonlocations,is alsoobtained.
Theresultsarediscussedelow.

Thermodynamics of porphycene proton tauto-
merism

The analysisof the ®N chemicalshifts of porphycene
waspresentedh Fig. 4 for thecorrelatedandin Fig. 5 for
the stepwisereactionmechanismin Fig. 1. Theintrinsic
chemicalshift differenceA betweenthe protonatedand
non-protonatednitrogen atoms was assumedto be
independent of temperature.Both mechanismscan
explain the experimentaldata. The agreemenis good
at low temperaturesut less satisfactoryaroundroom
temperature Therefore,we have the suspicionthat at
300K a phasetransition has occurred in which the
protonsare truely disorderedasindicatedby the room-
temperaturecrystal structure.Iln termsof the correlated
doubleprotontransfermechanisnthis would meanthat
the difference betweenmoleculesA and B has dis-
appearedasindicatedby the crystal structureanalysis’
In termsof the stepwisemechanisnihis would meanthat
all four tautomericstatesexhibit the sameprobability;in
other words, each proton alone would move in a
symmetric potential well, where decouplingwith the
motion of the other proton hasoccurred.This resultis,
however, not very plausible. In conclusion, by the
chemical shift analysis alone it cannot be decided
whetherthe protonmotionis correlatedor stepwise put
the correlated transfer seemsto be more realistic.
Therefore thevalidity of the thermodynamigarameters
obtainedstill dependon theinterpretationof the reaction
mechanismTherefore a discussiorof marginsof errors
of the measurementis not appropriateat present.
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Table 7. Summary of kinetic results of the proton transfer in porphyrin, the porphyrin anion and porphycene?

Species LogA°Ps Eo°s Trmin Trnax k(298K)
Porphyrin 10.7 37.2 209 290 15600
Porphyrinanion 7.8 17.7 158 238 10°

Porphycene 10.8 17.8 228 355 5 x 10

@ FrequencyfactorsA®Sin s, activationenergiesE, P observedat 298K in kimol~2, k (rateconstantf singleprotontransfer)in s, Trin, Trmax

(temperaturegangewhererate constantsveredetermined)n K.

Kinetics of porphycene proton tautomerism

As eachreactionmechanismmplies a near-degenerate
single or double proton motion, the analysis of the
longitudinalrelaxationtimeswasthereforebasedon the
assumptionof a simplified quasi-degeneratmcoherent
protontransferasindicatedin Figs7 and8. This means
that we neglectin the caseof a correlatedtransferthe
differencebetweenmoleculesA and B in the unit cell
with respecto theprotontransferdynamicsin thesingle
proton transfer casethe rate constantsderived would
correspondo thesinglestepsn Fig. 1(b), whichareeach
assumedo be quasi-degenerate.

Table6 indicateghattheexperimentapre-exponential
factors A°"S of the Arrhenius curvesare much smaller
than the true pre-exponentiafactor of about10>®s*
(Table 7) expectedfor intramoleculareactionsbecause
of tunnelingcontributionsatlow temperaturestheslope
of the non-linearArrheniuscurvesat very low tempera-
turesis interpretedn termsof a minimum energyg,, for
tunnelingto occurwhich is assumedo be of the same
orderfor both porphyceneandthe porphyrinanion. This
value may not have a real physical meaningbut was
found to be necessaryto be introductedinto the Bell
model asthe Arrheniuscurvescould not be reproduced
otherwise.E,,, could be somemeasureof a heavyatom
rearrangemenbf the molecular backbonesassociated
with the compressiorof the internal hydrogenbonds,a
processwhich assiststhe proton transfer. The slope at
very high temperaturess given by E,, + Eg, which may
be regardedas the effective barrier. This barrier is
substantiallysmallerin the caseof porphycendTable7)
ascomparedvith the porphyrinanion,butlargerthanthe
effective energiesof activation. This finding and the
smallerbarrier width 2a is consistentwith the stronger
hydrogenbondsin porphycene.The tunneling masses
usedwere similar to thosein the porphyrin anion case
where we had to add an additional massarising from
someheavy atom tunneling® The predictedArrhenius
curvesfor the deuterorandtriton transferin porphycene
are included as dashedlines in Fig. 7. The calculated
Arrhenius curves are subject to a large margin of
systematic errors. However, they may stimulate to
perform further dynamic NMR experimentson the
deuteratedandthe tritiated systemsasthe rate constants
of theseisotopologsare predicted for the micro- to
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millisecondtime-scalewherethey shouldbe measurable
by lineshapeanalysis.

Theenergyprofile of thetautomerisnof porphyrin,the
porphyrinanion, the correlateddoubleand the stepwise
single proton transferin porphyceneresultingfrom the
interpretationof our experimentsis depictedin Fig. 8.
First, we note that the tautomericprocesses porphyr-
ins39© tetraaza[14]annutees? azophenin® and oxala-
midine*” were found to be stepwise Thus, at first sight
one might argue that a stepwisereaction mechanism
shouldbealsorealizedin the porphycenease However,
sofar neitherotherspectroscopiexperimentsn addition
to those presentedpreviously® and in this paper nor
theoreticalcalculationshave beenable to identify cis-
tautomersof porphycené.

Hydrogen bond geometry and >N chemical shifts

More informationconcerninghe processletecteccomes
from the interpretationof the geometricfactorD in Eqn.
(8) whose value for porphycene0.26+ 0.013 A ° as
given earlier. From this value we obtain in fact
information about the porphycene hydrogen bond
geometry.As the crystallographicNN bond distanceof
porphyceneryy = 2.63A,” is well knownin contrastto
the protonlocations,we obtainby simplearithmeticthe
following relation involving the shortand the long NH
distances, andr, of the porphycendaydrogerbonds,.e.

arccosl\/g (1—r33(D—rd - rg’))] (11)

2 2 2
—r2 4124y
—arccosg || —t——2_ NN
2rNNr»

In this equationwe neglectthe fact that the distances
obtained by NMR taking advantageof the dipolar
coupling representhe cubic averagedistancesand not
the mean averagedistances.Equation (11) is not yet
sufficientto determinghetwo NH distances, andr, and
the hydrogenbondangle NHN. In orderto obtainthese
parametersve makeuseof the universalhydrogenbond

2 2 2
rZ —rs+rin

= arcco
2rNNrq
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Figure 9. Hydrogen bond geometries of porphyrin and
porphycene. The geometry of porphyrin was calculated
using the hydrogen bond correlation of Egn. (12) and
assuming an angle of 45° between the NH and the NN
vectors. The geometry of porphycene was calculated from
the relaxation data given in the text and the hydrogen bond
correlation Egn. (11)

correlation for NHN hydrogen bonds arising from
neutron diffraction datd® and NMR and theoretical
datal®i.e

r, =ro—bIn{l—exp—(r1 —ro)/b]} (12)

with b= 0.404A and o= 0.99A. This equationis valid

not only for linear but also for non-linear hydrogen-
bondedsystemsNow, Eqns(11) and (12) provide two

independent expressions from which the values
r;=1.10A andr, = 1.60A werecalculatedby substitut-
ing Eqn.(12)into Egn.(11) andnumericalsolutionof the
resultingequation.Thesevaluesimply a hydrogenbond
angleof 152 (Fig. 9). To our knowledge theseresults
arethefirst (experimentahndtheoretical)which give an
estimationof the protonlocationsin porphycene.
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Figure 10. (a) Hydrogen bond correlation for porphyrin and
porphycene. r; and r, represent the two N- - -H distances of
the corresponding N—H- - -N hydrogen bonds, g; = 3(r; — )
the proton transfer coordinate and g, = r; + r» the heavy
atom coordinates. The solid line was calculated according to
Egn. (13). (b) Dependence of the "N chemical shifts of
porphyrin and porphycene as a function of the N-..-H
distance. The solid line was calculated accordmg to Egn. (14).
() Intrinsic chemical shift difference of the two '°N nuclei of
the N—H---N units of porphyrin and porphycene as a
function of g;. The solid line was calculated according to
Egns (11) and (14)

For the porphyrin moleculethe NHN geometrywas
estimatedasfollows. We assumeanangleof 45° between
the short NH vector and the NN vector (Fig. 9).
Furthermore we take into accountthe crystallographic
NN distanceof 2.89 A.2° Next we modify the above
hydrogen bond correlation for the presenceof a
bifurcatedvery weakhydrogenbondof the inner proton
to the adjacenttwo non-protonatechitrogenatoms,i.e.
we write

ro =ro—bIn(0.5{1 — exp—(r1 —ro)/b)}) (13

with b=0.404A and ro= 0.997,&. We obtain the
parameters; = 1.03A, r, = 2.28A anda hydrogenbond
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angleof 116°. The shortNH distanceis almostidentical
with the distanceof 1.02A found in previous NMR
relaxation time measurementS for mesetetraphenyl-
porphyrin dissolvedin toluene?* which confirms the
NHN-hydrogenbondcorrelationfor porphyrins.

Figure9 indicatesthatthe protonsin porphyrinandits
anionhaveto jump acrossa large distanceof morethan
1A. By contrast, the proton transfer distancesin
porphyceneare much smaller, i.e. around half of the
porphyrinvalue,becausef the stronghydrogenbonds.
Thelatterarestrongetthanin porphyrinnotonly because
of the somewhatshorter NN distance but especially
becausef thelargerhydrogerbondangleallowedby the
molecularbackbone.

By rearrangingEqgn. (11) it follows that the sum
0o =r1 + ryisafunctionof theprotontransfercoordinate

—1/2 19
th="r1—ra), " ie.

Oz = 2ro + 201 + 2bIn[1 4 exp(—2q; /b)) (14)

with b= 0.404A andrg = 0.997A. In Fig. 10(a)we have
plottedq, asafunctionof g, asasolidline, togethemith
the values(filled circles)for porphyrinandporphycene.
Eachpair of circlesat a given value of g, indicatesthe
two quasi-degenerateautomeric statesbetweenwhich
the protontransfersoccur.The correlationline is a crude
guideline of the two-dimensional minimum reaction
energy pathway. This pathway will consist of a
combinationof a hydrogenbond compressionj.e. the
motion along the correlation line and actual proton
transfersat a constantreducedq, value.lt is clearfrom
Fig. 10(a) that the barrier of proton transfer will be
smallerin the porphyceneaseasthe barrierwill vanish
for a hypotheticalsystemwherethe protonis locatedin
the hydrogenbond center.However,thereis no simple
relationbetweenthe moleculargeometryandthe barrier
of protontransferastheenergyto compresshehydrogen
bondduringthe protontransferplaysa majorrole, which
will dependon the rigidity of the molecularbackbone
ratherthanon the moleculargeometry.

The abovetreatmentbearsthe simplificationthatonly
onesetof coordinates), andq; is consideredwhich is
valid in the caseof a singleprotontransferor in the case
of a concerteddouble proton transfer. The latter case
would naturally be realizedif the compressiorof one
hydrogerbondalsoleadsto a compressiorf the second
bond. However, in this study it was not possibleto
determinethe cooperativity of both hydrogenbonds,
which will be a challengingtaskfor the future.

We note that the chemicalshift analysisin Figs 4(a)
and5(a) providesfurtherinsightinto the hydrogenbond
properties of porphycene.Using the average high-
temperaturechemicalshift of 161ppm andthe intrinsic
chemical shift differences of A =46 ppm for the
correlateddouble proton transfer(A = 52 ppm for the
stepwisetransfer),we obtain chemicalshifts of 135and
187ppm (138 and 184 ppm) for the NH andthe —N=
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nuclei, whereasthese values were 107 and 215 for
porphyrin® In Fig. 10(b) we haveplotted the dataasa
functionof theN---H distance The datawerefitted to the
simpleequationwhoseform wasproposegreviously?

§(*N) = 220— 120exp/—(r1 — ro)/b]  (15)

wherethefit parametersvereadaptedo theexperimental
data of Fig. 10(b) by a non-linear least-squaredit,

depicted as a solid line. We note that Eqn. (15) is

preliminary,but may serveasa referencen thefuturein

orderto establistgenerakelationsbetween>N chemical
shiftsandNH distancesn porphyrinoids Finally, in Fig.

10(c) we have plotted the intrinsic chemical shift

difference A betweenthe two types of porphycene
nitrogen atoms as a function of the proton transfer
coordinateThe solid line wascalculatedrom Eqns(12)

and (14). It is seenthat A is a measureof the proton
transferdistances.

Finally, we notean interestingobservatiorof Galiers-
ley et al.”” on the optical spectraof porphycenén arare
gasmatrix. They found evidencefor a coherenttunnel
processin the electronic excited state and the ground
state.As coherentunnelingrequiresa degeneracyf the
initial andthefinal statesthe processwvasattributedto a
direct interconversiorbetweenthe two transtautomers
of porphyceneThesefindingsarenotatall in contrasto
ourresultsconcerningpolycrystallineporphycenewhere
thedegenerachetweerthestatess brokenby thecrystal
field, thus,renderingthe protontransferincoherentThe
barrierparameterseportecheremay, however be useful
in the future for calculating the tunnel frequencies
manifestin the optical spectra.

CONCLUSIONS

Using >N solid-stateNMR we studied the thermody-
namics and the dynamicsof proton transferin poly-
crystalline porphycene,where rate constantsof the
incoherentprocesswere obtained on the nanosecond
time-scaleby analysisof the longitudinal >N relaxation
times. The analysisalso providedinformation aboutthe
hydrogerbondgeometrieof porphycenein comparison
with porphyrin. The analysisof the dependenc®f the
rateconstant®n temperaturgevealeda barrierheightof
about32kJmol™*, whichis muchlower thanthatfor the
porphyrinanion.Thisresultis rationalizedn termsof the
shorter hydrogen bonds in porphycene.The barrier
obtainedmay serveas a guidelinefor comparisorwith
valuescalculatedby ab initio methodsn the future. We
predictmajorkinetic H/D/T isotopeeffectsonthe micro-
to millisecondtime-scalewhich may be measuredn the
futureusingNMR lineshapenalysisThedetailednature
of the proton transfer processobservedcould not be
revealed; it correspondseither to quasi-degenerate
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stepwise single proton transfer with two decoupled
intramolecularhydrogenbondsor to a correlatedquasi-
degenerateloubleprotontransferwith a strongcoupling
betweenthe two hydrogenbonds.As the latter is more
plausible wethink thatthecorrelatedransferis themore
probablemechanismFinally, we have shownthat the
hydrogenbondcorrelationtheoremis usefulfor predict-
ing thegeometrie®f non-linearintramoleculahydrogen
bondsin heterocycliccompounds.

Acknowledgements

The financial support of the DeutscheForschungsge-
meinschaft,Bonn-Bad Godesberg.and the Fonds der
Chemischerindustrie, Frankfurt, is gratefully acknowl-
edged.

1.

3.

REFERENCES

ElgueroJ, Marzin C, Katrizky AR, Linda P. The Tautomerisn of
HeterocyclesAcademicPressNew York, 1976(the2ndeditionof
this book will appearin 2000).

. (a) Baldy A, ElgueroJ, FaureR, PierrotM, Vincent EJ. J. Am.

Chem.S0c.1985;107: 5290; (b) Smith JAS, Wehrle B, Aguilar-

Parrilla F, Limbach HH, Foces-Foce$IC, CanoFH, ElgueroJ,

Baldy A, PierrotM, KhurshidMMT, Larcombe-McDouallB. J.

Am.Chem.So0c.1989;111, 7304;(c) Aguillar-ParrillaF, Limbach
HH, Blanz M, Rayner TJ, Smith JAS. Magn. Reson. Relat.
Phenom.1990; 25, 615; (d) Aguilar-ParrillaF, Cativiela C, Diaz

de Villegas MD, ElgueroJ, Foces-FoceMC, LaureiroJIG, Cano
FH, Limbach HH, Smith JAS, Toiron C. J. Chem.Soc.,Perkin
Trans.2 1992;1737; (f) Aguilar-ParrillaF, SchererG, Limbach
HH, Foces-FoceMC, CanoFH, SmithJAS, Toiron C, Elguerod.

J. Am.Chem.So0c.1992;114, 9657;(g) TodaF, TanakaK, Foces-
FocesMC, Llamas-SaizAL, Limbach HH, Aguilar-Parrilla F,

Claramunt RM, Lopez C, Elguero J. J. Chem. Soc., Chem.
Commun.1993; 1139; (h) Aguilar-Parrilla F, Claramunt RM,

LopezC, SanzD, LimbachHH, ElgueroJ. J. Phys.Chem.1994;
98, 8752;(i) ElgueroJ, CanoFH, Foces-FoceMC, Llamas-Saiz
AL, LimbachHH, Aguilar-ParrillaF, ClaramuntRM, LopezC. J.

Heterocycl.Chem.1994;31, 695;(j) Aguilar-ParrillaF, MannleF,

LimbachHH, ElgueroJ, JagerovidN. Magn.Reson Chem.1994;
32, 699; (k) Lamas-SaiAL, Foces-FoceMC, CanoFH, Elguero
J,JimenezP, LaynezJ, Meutermans/\, ElgueroJ, LimbachHH,

Aguilar-Parrilla F. Acta Crystallogr., Sect.B 1994; 50, 746; (1)

Aguilar-Parrilla F, Limbach HH, Foces-FocedMC, Cano FH,

Jagerovid\, ElgueroJ.J. Org. Chem.1995;60, 1965;(m) Elguero
J, JagerovicN, Foces-Foce$IC, CanoFH, Roux MV, Aguilar-

ParrillaF, LimbachHH. J. Heterocycl.Chem.1995; 32, 451; (n)

Hoelger CG, Limbach HH, Aguilar-Parrilla F, Elguao J,
Weintraub O, Vega S. J. Magn. Reson.A 1996; 120, 46; (0)

Lopez C, Claramunt RM, Llamas-SaizA, Foces-FocesMC,

ElgueroJ, Sobradod, Aguilar-Parrilla F, Limbach HH. New J.

Chem.1996;20, 523;(p) dePazJLG, ElgueroJ, Foces-FoceMIC,

Llamas-SaizA, Aguilar-Parrilla F, Klein O, Limbach HH. J.

Chem.Soc.,Perkin Trans. 2 1997; 101; (q) Aguilar-Parrilla F,

Klein O, ElgueroJ, Limbach HH. Ber. BunsengesPhys.Chem.
1997; 101, 884; (r) Anulewicz R, Wawer I, Krygowski TM,

MénnleF, LimbachH-H. J. Am.Chem.S0c.1997;119, 12223;(s)
Ménnle F, Wawerl, LimbachHH. Chem.Phys.Lett. 1996; 256,

657.

(a) Limbach HH, Hennig J, Kendrick RD, Yannoni CS. J. Am.

Copyright(D 2000JohnWiley & Sons,Ltd.

4.

5.

©

10.
11.
12.
13.

15.

16.

17.

18.

19.
20.

21.
22.

Chem.Soc.1984;106: 4059;(b) WehrleB, LimbachHH, Kécher
M, Ermer O, Vogel E. Angew.Chem, 1987; 99: 914; Angew.
Chem.,Int. Ed. Engl. 1987;26: 934; (c) WehrleB, LimbachHH.
ChemPhys.1989;136: 223;(d) BraunJ, Schlabachv, WehrleB,
Kécher M, Vogel E and Limbach HH. J. Am. Chem.Soc.1994;
116 6593; (e) Braun J, Limbach HH, Williams P, Morimoto H,
Wemmer D. J. Am. Chem. Soc. 1996; 30: 7231; (f) BraunJ,
SchwesingerR, Wiliams PG, Morimoto H, Wemmer DE,
LimbachHH. J. Am.Chem.So0c.1996;118 11101;(g) Frydman
B, FernandexCO, Vogel E. J. Org. Chem.1998;63: 9835.

(a) LimbachHH, WehrleB, ZimmermanrH, KendrickR, Yannoni
CS. Angew.Chem.1987;99: 241; Angew.Chem.,Int. Ed. Engl.
1987, 26. 247; (b) Limbach HH, Wehrle B, ZimmermannH,
Kendrick R, YannoniCS.J. Am.Chem.So0c.1987;109 929; (c)
Wehrle B, ZimmermanrH, LimbachHH. J. Am.Chem.So0c.1988;
110 7014; (d) Wehrle B, Aguilar-Parrilla F, Limbach HH. J.
Magn. Reson.1990; 87: 584; (e) Aguilar-Parrilla F, Wehrle B,
Braunling H, Limbach HH. J. Magn. Reson.1990; 87: 592; (f)
BenedictC, LangerU, Limbach HH, OgataH, TakedaS. Ber.
BunsengesPhys.Chem.1998;102 335.

LimbachHH, WehrleB, SchlabachV, Kendrick R, YannoniCS.
J. Magn.Reson, 1988;77: 84.

. HoelgerCG, WehrleB, BenedictH, LimbachHH. J. Phys.Chem.

1994,98: 843.

. Vogel E, KécherM, SchmicklerH, Lex J. Angew.Chem.1986;98:

262; Angew.Chem.,Int. Ed. Engl. 1986;26: 257.

. RumpelH, LimbachHH. J. Am.Chem.Soc, 1989;111: 5429.
. (@) MalschK, HohlneicherG. J. Phys.Chem.A 1997;101 8409;

(b) GalievskyV, StarukhinA, Vogel E, Waluk J.J. Phys.Chem A
1998;102 4966.

StarukhinA, Vogel E, Waluk J.J. Phys.Chem A 1998;102 9999.
Bell RP.The TunnelEffect ChapmarandHall, London1980.
TorchiaDAJ. Magn.Reson.30: 613(1978).

Du Bois Murphy P. J. Magn. Reson, 1986;70: 307.

. Someauthors® useneatnitromethaneor °N CP MAS chemical

shiftsbutalthoughtheseshiftscanbeconvertednto solid *>NH,ClI
referenceby using 6 CH3NO, + 338.1ppm (355.3ppm from
CH3NO, to saturated **NH,CI-D,0 and —17.2ppm from
saturated°NH,CI-D,0 to solid **NH,ClI),'® they arenot directly
comparablebecausethey have been calculatedby using some
approximaterelationshipbetweenchemicalshift references?®

(a) WitanowskiM, StefaniakL, SzymanskiS, JanuszewskH. J.
Magn. Reson.1977; 28: 217; (b) Witanowski M, StefaniakL,
WebbGA. Annu.Rep.NMR Spectrosc1981;11B; (c) Martin G,
Martin ML, GouesnardP.NMR—BasicPrinciplesandProgress
vol. 18. Springer:Heidelberg,1989; (d) SrinivasanPR, Lichter
RL. J. Magn.Reson.1977;28: 227.

(a) AndrewER, LatanowiczL. J. Magn.Reson1986;68: 232;(b)
Latanawicz L, ReynhardEC. Ber. Bunsenges?hys.Chem.1994;
98: 818;(c) LatanowiczL, ReynhardEC, UtrechtR, MedyckiW.
Ber. BunsengesPhys.Chem.1995; 99: 152; (d) ReynhardtEC,
Latanavicz L. Chem.Phys.Lett, 1996;251: 235; (e) TakedaS,
Inabe T, BenedictC, LangerU, Limbach HH. Ber. Bunsenges.
Phys.Chem.1998;102 1358.

(a) SchererG, LimbachHH. J. Am.Chem.So0c.1989;111: 5946;
(b) SchererG, Limbach HH. J. Am. Chem. Soc. 1994; 116
1230; (c) SchererG, Limbach HH. Croat. Chem.Acta 1994, 67:
431.

(a) SteinerTh, W. SaengelV. ActaCrystallogr.,Sect.B 1994;50:
348; (b) SteinerTh. J. Chem.Soc.,Chem.Comnun. 1995; 1331,
(c) Gilli P, BertolasiV, FerrettiV, Gilli G. J. Am. Chem.Soc.
1994;116: 909.

BenedictH, LimbachHH, WehlanM, FehlhammeiP, Golubev
NS, JanoschelR. J. Am.Chem.Soc.1998;120 2939.

(a) Webb LE, FleischerEB. J. Chem.Phys.1965;43: 3100; (b)
ChenBML, Tulinsky A. J. Am. Chem.Soc.1972;94: 4144;(c)
HennigJ, LimbachHH. J. Am.Chem.Soc, 1984;106 292.
HennigJ, LimbachHH. J. Am.Chem.Soc.1984;106 292.
SmirnovSN, BenedictH, GolubevNS, DenisovGS,KreevoyMM,
SchowerRL, LimbachHH. CanJ. Chem.1999;77: 943.

J. Phys.Org. Chem.2000:13; 23-34



