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The crystal and molecular structures of two new phosphorochromones determined by single-crystal X-ray
diffraction are presented. The existence of two tautomers stabilized by intramoleettar 10 and O-H---N
hydrogen bonds and environmental effects in crystals is observed as evidence of the proton transfer reaction.
The proton transfer process within simple enaminones being analogues of the compounds studied by X-ray
diffraction methods is investigated usingMP2/6-3HG** and MP4/6-31H1+G** levels of theory. The

Bader theory is also applied in the analysis of the hydrogen bonding within investigated systems. The results
indicate that the systems with-NH---O intramolecular hydrogen bonds are more stable than those containing
O—H---N bonds.

Introduction SCHEME 1: Possible Tautomers of Investigated

Chromone analogues are widely known for their various COmPounds

biological activities and pharmacological propertie$On the o0._0 0. _0

other side, phosphoroamides and phosphorohydrazides were P “ @;g;

found to exhibit anticancer activity® by alkylating nucleophilic =N-R NR I NTR
(¢]

centers of nucleobases and amino acids. Modification of a OH

phosphorohydrazide molecule containing a heterocyclic system a b c

gives the possibility of designing and synthesizing novel  ag. _N(CHy)—P(0)(OGH:),— for 1 (a form);—NH—P(S)(OGHs),—

compounds of interesting properties. Thus, many chromone for 2 (b form).

derivatives with a phosphonic acid substituent have been

synthesized1® They are of our interest because of their insight into the _Crystal a_nd molecular _structureélaindz but

alkylation properties in vitro in the Preussmann test with '4-(4 also to o_btaln information about the|r_ stable tautomers. The

nitrobenzyl)pyridine (NBPJ: and their expected antitumor ~tautomeric forms of 4-hydroxycoumarine were observed and

activity in vivo. Obviously, this anticipated application requires described inearlier stu_d.léé, but the substitution of the

a detailed knowledge and additional pharmacological tests onhydrazone moiety in position 3 of the heterocyclic ring gives

further properties such as the ability to cross biological the possibility ofemstencg ofa_newtautomerlc form,b(Schemg

membranes, toxicity, and stability in biological media. 1). For the molecules of investigated compounds, each form is
There is still little known about phosphorohydrazide deriva- additionally stabilized by a NH-O or OH+-N intramolecular

tives of chromone and their potential biological activity; the hydrogen bond. _ o )

possible application in cancer chemotherapy makes the knowl- The crystallographic results clearly indicate two different

edge of their molecular structure of great importance. Hence, tautomeric forms; enol (a) and enamine (b) fbrand 2
in continuation of our previous research on this group of Structures, respectively. On the basis of these results, the data

compoundd2-14 the crystal structures of}-34[(diphenoxy- from the Cambridge Structural Datab#séhat searched for
phosphoryl)-2-methylhydrazone]methylgré-hydroxy-H-1- related compounds involving pyrane system have been analyzed
benzopyran-2-nelj and 3{[(diphenoxythio-phosphoryl)hy- and compared. . .
drazine]methyliderie 3,4-dihydro-H-1-benzopyran-2,4-dione It should be mentioned that two tautomeric fo_rms aand b
(2) have been determined by X-ray diffraction method and are found m_crystal structures may be treated as two different _stages
analyzed here. of the intramolecular proton transfer process. The similar

Compoundsl and 2 may exist in three tautomeric forms tautomeric forms were described for®i:--O hydrogen bonds

(Scheme 1). Therefore, the aim of this study is not only to get N 7-conjugated systenis.For a better understanding of the
process of the intramolecular proton transfer, the part of this

* To whom correspondence should be addressed. E-mail: slagra@krysia.study has been focused on ab initio calculations. Such calcula-

uniflg(:]izx}glfsit of Lods tions for simple enaminones have been performed to analyze
"Universitz of Bialystok. the influence of the substituents on the existence of different
8 Medical University. tautomeric forms. Additionally, the atoms-in-molecules (AIM)
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Intramolecular H-Bonds in Enaminones

TABLE 1: Crystallographic Data and Structure Refinement
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TABLE 2: Selected Bond Lengths (A) and Angles (deg)

1 2 1 2
formula GoaH1aN206P CooH1/N,05PS P(1)-0(2)/S(2) 1.450(2) 1.893(1)
M 450.37 452.41 P(1)-0(11) 1.574(2) 1.595(2)
crystal system monoclinic triclinic P(1)-0(21) 1.586(2) 1.581(2)
space group P2:/n P1 P(1)-N(3) 1.645(2) 1.653(2)
a(R) 8.304(1) 11.031(1) N(3)—N(4) 1.382(2) 1.405(3)
b (A) 10.396(1) 13.317(1) N(4)—C(5) 1.284(3) 1.306(3)
c(A) 24.695(3) 7.405(1) C(5)-C(63) 1.454(3) 1.389(3)
o (deg) 100.38(1) C(62)-0(621) 1.206(3) 1.213(3)
B (deg) 99.46(1) 95.38(1) C(64)-0(641) 1.335(3) 1.247(3)
v (deg) 99.80(1) 0(61)-C(62) 1.374(3) 1.376(3)
V (A3 2101.9(4) 1045.7(1) 0(61)-C(69) 1.379(3) 1.387(3)
z 4 2 C(62)-C(63) 1.448(3) 1.442(3)
Dy (g cmrd) 1.423 1.437 C(63)-C(64) 1.365(3) 1.433(3)
u (mmY) 1.546 2.430 C(64)-C(70) 1.440(3) 1.464(3)
T(K) 293(2) 293(2) C(69)-C(70) 1.387(3) 1.384(4)
2 (A 1.54178 1.54178 0(2)/S(2)-P(1)-0(11) 117.2(1) 118.0(1)
index ranges —10< h = 10; —-10=<h=13; 0O(2)/S(2-P(1)-0(21) 116.2(1) 118.8(1)
0=<k=<13; —16 < k < 16; 0(2)/S(2)-P(1)-N(3) 113.0(1) 113.6(1)
0<1=<31 -8<1<8 O(11)-P(1)-N(3) 103.4(1) 107.4(1)
no. of data collected 4332 4197 O(21)-P(1)-N(3) 105.8(1) 99.5(1)
no. of unique data 4235 3983 O(11)-P(1)-0(21) 99.4(1) 97.5(1)
Rint 0.0182 0.0226 P(1)-N(3)—N(4) 115.5(2) 117.8(2)
no. ofl > 2¢(1) data 3020 2639 N(3)—-N(4)—C(5) 119.8(2) 120.5(2)
no. of parameters 366 349 N(4)—C(5)—C(63) 118.8(2) 123.2(2)
R; (all data} 0.0619 0.0702 C(5)-C(63)-C(62) 116.5(2) 116.6(2)
WR; (all datay 0.114F 0.1183 C(5)-C(63)-C(64) 122.4(2) 121.2(2)
Rl > 20(1)]2 0.0354 0.0410 C(62)-C(63)-C(64) 120.2(2) 122.1(2)
WRe [I > 20()]P 0.1040 0.1126 0(61)-C(62)-C(63) 118.1(2) 118.0(2)
Apmin (€ A9 —0.245 —0.300 0(61)-C(62)-0(621) 116.7(2) 115.5(2)
Apmax (€ A73) 0.200 0.205 0(63)-C(62)-0(621) 125.2(2) 126.4(2)
C(69)-0(61)-C(62) 121.7(2) 121.6(2)
ARy = X(|Fo — Fel)/Z|Fol. ® WRy = [ZW(|Fo — Fe[)¥Z|Fol?]Y2 cw = C(63-C(64-0(641 122.4(2 122.3(2
exp(lZ SIﬁH//'L)/[oZ (FOZ) + (00593)2] d W= 1/[(72(F02) + (00333)2 Cg70)):Cg64)):Og64lg 1169%2; 1215223
+ 0.95(°] whereP = [(Fo’) + 2(F2))/3. C(63)-C(64)-C(70) 120.7(2) 116.2(2)
C(63)-C(5)~N(4)~N(3) 177.1(2) —175.5(2)
theory of Badet® has been applied to examine geometrical and C(5)—N(4)—N(3)—P(1) —178.8(2) 89.5(3)
topological parameters of the studied systems. C(5)~N(4)—N(3)—C(31)/H(31) 3.8(3)  —89(2)
N(4)—N(3)—P(1)-0(2)/S(2) 170.0(1) 179.2(2)

Methods

Experimental. CompoundL. Equimolar amounts of methyl
4-oxo-H-1-benzopyran-3-carboxylate (0.8 g) ané-diphen-
oxythiophosphoro-&methylhydrazid (1.0 g) were solved in 10
cm? of anhydrous methanol and refluxed for 2 h. After it was
cooled, the product was precipitated and recrystallized from
methanol. A 1.36 g (83%) amount of compouhdmp 157
159°C) was obtained. IR (KBryma/cmt: 3600-3300 (OH),
1710 (G=0), 1635 (G=N), 1275 (P=0), 1210-1180 (POAr).

IH NMR (CDCly): 6y 3.26 (d,Jp—ch, = 7.98 Hz, 3H, CH),
7.14-8.06 (m, 14H, aromat), 8.08 (s, 1HCH=N), 13.73 (s,
broad, 1H, OH)3P NMR (CDCk): 6p —6.07.

Compoud2 was obtained and described earfigr.

The melting point is uncorrected. The IR spectrum was taken
on a Pye-Unicam 200 G spectrometer. THeNMR spectrum
at 100 MHz was recorded on a Tesla BS 567A, &RINMR
was recorded on a Bruker HX360 spectrometer witR®, as
external standard.

under X-ray irradiation. All data were corrected for Lorentz and
polarization factors. Absorption corrections were apphet.

The method of refinement for both compounds was the same.
The structures were solved by direct methods using SHELXS-
86%3 and refined by full-matrix least-squares method-8mising
SHELXL97 24 After the refinement with isotropic displacement
parameters, refinement was continued with anisotropic displace-
ment parameters for all nonhydrogen atoms. Positions of
hydrogen atoms were found on a difference Fourier map and
refined. In the final step of the refinement procedure, all
nonhydrogen atoms were refined with anisotropic thermal
displacement parameters and hydrogen atoms with isotropic
thermal displacement parameters, respectively. A summary of
crystallographic relevant data is given in Table 1.

The molecular geometry was calculated by PARST@nd
PLATON 26 Selected bond distances and angle4 ahd?2 are
summarized in Table 2. The drawings were made by PLATON.
Further experimental details, coordinates, and displacement

Transparent, colorless crystals of both compounds suitable parameters are in Supporting Information.

for X-ray diffraction were obtained after recrystallization from
methanol by slow evarporation of the solvent at room temper-

Computational Details. All of the calculations of this study
were performed using the Gaussiant®dnd Gaussian 98

ature. Single crystals were mounted on glass fibers. Data wereseries of programs. The geometry optimizations were carried

collected at room temperature on a Rigaku AFC5S diffracto-
metef? for 1 and on a Kuma KM4 diffractomet&for 2, using
Cu Ka X-ray source and a graphite monochromator. The unit
cell dimensions were determined from a least-squares fit to
setting angles of set reflection25 for 1 and 95 for 2,

out at the MP2/6-31%+G** level of theory?® The use of
diffuse functions seems to be justified since it is the proper
approach for studies of H-bonded systethghe enol and keto
forms of simple enaminones are considered here, and the
transition states (TS) for these tautomeric forms are taken into

respectively. Intensities of three standard reflections measuredaccount (Scheme 2). The two simplest tautomeric forms,
after each group of 150 reflections showed no significant decaysiminoenol and enaminon (withRR,=Rs;=R,=H), and their
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SCHEME 2: Tautomeric Forms (a and b) and the TS of
the Calculated Systems

oﬂ\\N/R,, o"H“ _R, _,H\N/R,,

Figure 2. Molecular structure o with atom labeling scheme. The
displacement ellipsoids are drawn at the 30% probability level.

Figure 1. Molecular structure ofl with atom labeling scheme. The
displacement ellipsoids are drawn at the 30% probability level.

TS are optimized not only at the MP2/6-3%t3+G** but also
at the MP4/6-311+G** level of theory. The remaining
calculations for derivatives where;RF, Rs—=F and for R=F
or Li have been performed at the MP2/6-31£G** level.

The AIM theory of Bade¥® is also applied in this study to
localize the positions of the bond critical points (BCPs) and
the ring critical points (RCPs). The properties of BCPs and RCPs
may be a very useful tool in the analysis of interatomic linkages
such as covalent bonds and contacts. Among the contacts, the
hydrogen bonds are the most often investigéted. The
electronic densities at critical points and their Laplacians are
analyzed here.

Results and Discussion

Crystallographic Studies.The molecular structures @fand
2 as observed in crystals are presented in Figures 1 and 2. A
summary of crystallographic data is given in Table 1. The
selected molecular geometry parameters are given in Table 2.

The difference between molecules bfind 2 concerns the TABLE 3: Hydrogen-Bonding Geometry (A, deg)
phosphorhydrazide substituent, while the coumarine fragments

Figure 3. Chains of molecules linked by N\H---O hydrogen bonds
(dotted lines) in the crystal structure 2f

are the same. The condensed ring systems are planar with the D—-H H:A D::A D—H-A géggrr;pstgtr

maximum deviation from corresponding least-squares plane of 1

0.037(3) A for C(63) and 0.032(3) A for C(67), fdrand 2, O(641)-H(641)--N(4) 0.89(3) 1.79(3) 2.586(3) 146(3)  S(6)

respectively. As expected, the benzenoid rings are flat within 5

experimental errors. N(4)—H(41)---O(641p 0.91(3) 1.88(3) 2.609(3) 135(2) S(6)
For the crystal structure &f, N—H bonds (those connected  N(3)—H(31)--O(621}¢ 0.76(4) 2.15(4) 2.899(3) 166(3) C(5)

with the P atom) act as proton donors within—N---O ax,y, z+ 1. Intramolecular H-bonds:. Intermolecular H-bond.

intermolecular hydrogen bonds; O(621) atoms are accepting

centers for such H-bonds. There is no such interaction for of 1 and2 structures and of intermolecular H-bond existing for
structurel since there are NCHgroups inl instead of N-H structure2. We see that the ++N distance for the ©H-:-N
bonds. Hence, for the crystal structi2ethere is an infinite bridge is shorter than ++O for N—H---O suggesting that the
chain of molecules situated along thexis. This chain may first type of intramolecular H-bond is slightly stronger than the
be designated as C(5) according to the graph set theorysecond one. The mentioned above contacts are equal to 1.79
notation33 The resulting pattern is shown in Figure 3. Table 3 and 1.88 A, respectively. The described above intermolecular
presents the geometrical parameters of intramolecular H-bondsH-bonds of crystal structuiznot only influence the arrangement
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of molecules in the crystal but also induce changes within tautomers (Scheme 2). However, for the solid state, one of the
molecular structure. For example, the N{B(1)-0(2) group tautomeric forms, b (Schemes 1 and 2), is more common.
is much closer to coplanarity with the coumarine moiety¥or  Different RAHBs were found within crystal structures, among
(dihedral angle 15.4(1) than the N(3)-P(1)-S(2) group for2 them the systems related to enaminones, but tautomeric form a
(88.7(1). The situation of the NP—O(S) group toward the  was not reported! The similar result may be observed if one
coumarine fragment influences the resonance effect within the searches the Cambridge Structural Database. However, for the
corresponding fragments of molecules; as a consequence, wesrystal structures of enaminones analyzed in this study, both a
may observe different lengths of the N&)(3) bond withinl and b tautomeric forms are observed. Agowe observe the
and2, 1.382 and 1.405 A, respectively. We see that the kind of intramolecular G-H-+*N hydrogen bond while fo the more
substituent at the N atom influences not only the molecular common tautomeric form is stabilizing by the-i---O
conformation well-characterized by differences in G{B)4)— hydrogen bond. If we take into account the-B—C(Ry)=
N(3)—P(1) torsion angles (Table 2) but also the other geo- C(R;)—C(Rs)=N—R, intramolecular ring forl or the G=
metrical parameters of molecules such as bond lengths andC(R;)—C(R.)=C(Rs)—N(R4)—H ring for 2, we may say about
angles. The kind of substitution at the N atom also influences two stages of the proton transfer reaction. The only difference
the existence of additional intermolecular-N---O bonds as  within structures analyzed here, except for the mentioned above
for the crystal structur@ and consequently the arrangement of  intramolecular ring, is for the Rsubstituent, which is N(Cp—
molecules (Figure 3). P(O)(OGHs), for 1 and NH-P(S)(OGHs), for 2. It may

Although we observe an enol form for the molecular structure suggest that the nature of thg Bubstituent influences which
1 and an enamine form f@&; an essential and common structural of the tautomeric forms is more stable in the crystal. It is also
feature for both structures is an intramolecular hydrogen-bonding in line with the well-known statement of Bgi and Dunit#243
interaction. It is the reason that we observe the planarity of the that each of the crystal structures may be treated as a frozen
corresponding parts of molecules and the resonance effectsstate corresponding to the particular stage of the reaction.
within C(64)—C(5)—N(4)—N(3) fragments. The resulting hy-  According to this approach, the crystal structures reported here
drogen-bonding pattern is the same in both compounds (six- (1 and2) correspond to two stages of the reaction of the proton
membered ring involving one donor and one acceptor atom), transfer: N:--H—O < N—H---O. It has been pointed out earlier
and the existence of different tautomeric forms leads to that there is a sufficient number of precise neutron diffraction
equalization of selected bonds in comparison with the corre- results to represent the reaction path for the process of the proton
sponding standard valués. transfer for—C=0--*H—0—C < C—0O—H-:-O=C— system$*

Tautomeric forms a and ¢ (Scheme 1) may be considered asor to study the proton transfer process from the neutral to
hydroxyl derivatives of coumarine and chromone, respectively. zwitterionic forms of amino acid®.
The search of the Cambridge Crystallographic Database has The ab initio calculations were performed in this study on
revealed 11 4-hydroxycoumarine derivatives and no 2-hydroxy- simple enaminones to get insight into the process of the proton
chromone derivatives except for two compounds with partially transfer for this class of compounds. Table 4 shows the geom-
saturated heterocyclic rings. This finding is in agreement with etrical parameters for these intramolecular H-bonded systems
the other studies on the stability of coumarine tautoftemsd optimized within the MP2/6-31+G** level of theory. We
indicates that a is usually a more stable form for the species see that R—R, are usually H atoms substituted for some systems
existing in the crystal structures. by F atoms. Additionally, the system withyRLi is considered

On the other side, taking into consideration tautomeric forms in this study. Tautomeric form a corresponds to theHB:-N
a and b and considering only the heterocyclic ring of aromatic hydrogen bond (Scheme 2) while tautomeric form b is that one
character, 13 structures corresponding to b withHN--O corresponding to the NH---O H-bond. Table 4 also presents
intramolecular hydrogen bonds and two structures correspondingthe geometrical parameters of the TSs. For the simplest system
to a were found. However, no €H---N bonds within the where all R substituents are H atoms, the additional calculations
investigated systems were observed. We may conclude that thefor both a and b tautomeric forms and for the TS were performed
OH:--:N interaction inl is the first case of such an intramolecular at the MP4/6-311+G** level of theory (Table 4).
hydrogen bond in pyrane derivatives observed in the crystal There are the following regular findings concerning the
structure. geometrical parameters presented in Table 4. The results suggest

Ab Initio and AIM Results. A series of molecules related  that the H-bonds of the TSs are the strongest ones since the
to malonaldehyde, containing an intramolecular H-bond, were N---O distances are the shortest for them in comparison with
analyzed using different ab initio and density functional theory the corresponding tautomeric forms a and b. For all studied
(DFT) technique®36 of calculations as well as topological systems, the N-O distances for TS are shorter than 2.4 A. The
approaches as the Bader the®t§¢For example, simple deriv-  other geometrical data support it since the-B® and H--N
atives of malonaldehyde were studied in terms of ab initio and contacts are also shortest for TSs and theHN-O angles of
AIM calculations3® Proton transfer within the intramolecular  the corresponding H-bonds are the closest to linearity. The same
H-bond between N atoms in excited electronic states of 1,5- geometrical parameters;+0, H:+-N, and N--O distances and
diaza-1,3-pentadiene was also studf€tihe studies on the intra-  H-bond angles, indicate that-H+--N bonds are stronger than
molecular H-bond in thiomalonaldehyde (TMA) were performed the corresponding NH-+-O bonds. Table 4 also shows the
using ab initio, DFT, and AIM approaché&$;the relative  electron delocalization within the intramolecular H-bonded ring.
stabilities of the HBs in TMA and its tienol tautomer using high-  For RAHBSs, for example, for those that are the derivatives of
level ab initio calculations were analyzed, and substituent effects malonaldehyde, the delocalization is reflected by the equalization
on the strength of H-bonds were also studiéd. of C=C, C—C and G=0, C—O bonds!’:3 For the systems

It has been pointed out that for the crystal structures of investigated here, there are no corresponding pairs-oRNC
enaminones there are intramoleculari:--O hydrogen bonds, = C=N and C=0, C—0 bonds within the same systems. Hence,
which should be assisted by resonaficEhe similar resonance-  the delocalization is represented by the difference betweed C
assisted hydrogen bonds (RAHBs) should exist for their and G=C bond lengths (Table 4). We can see that the greatest
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TABLE 4: Geometrical Parameters (A, deg) of Both Tautomeric Forms and of TS for the Systems Analyzed Here

tautomeric

R1, Rz, Rs, Ry form d(O,H) d(H,N) d(O,N) <(O,H,N) Rc—c—Rc=c energy (hartree)
H,H HH a 1.002 1.675 2.580 148.0 0.077 —246.6634153
TS 1.190 1.269 2.390 152.7 0.024 —246.6593244

b 1.957 1.015 2.705 128.2 0.070 —246.6727647

H H HH & 0.984 1.779 2.650 145.5 0.099 —246.6918453
TS 1.200 1.258 2.387 152.4 0.029 —246.6836332

b? 2.023 1.012 2.744 126.2 0.084 —246.7013529

F,H,HH b 2.058 1.012 2.765 125.0 0.070 —345.7807103
H,H,FH a 0.992 1.752 2.635 146.2 0.078 —345.7572490
TS 1.247 1.221 2.397 152.3 0.006 —345.7490944

b 1.914 1.018 2.682 129.7 0.072 —345.7573292

H,H,H,F a 0.980 1.831 2.668 141.3 0.088 —345.6722600
TS 1.356 1.141 2.367 142.8 0 —345.6534211

b 1.948 1.016 2.591 118.5 0.062 —345.6582375

H, H, H, Li b 1.938 1.027 2.813 141.3 0.036 —253.5642892

aMP4 results.

TABLE 5: Topological Parameters (in au) of Both Tautomeric Forms and of TS for the Systems Analyzed Here

R1, R, R, Ry tautomeric form POH PHN V2p0H V2ouN PRCP V2prep
H,H, H,H a 0.3153 0.0564 —2.175 0.117 0.0194 0.127
TS 0.1817 0.1589 -0.379 —0.863 0.0245 0.171
b 0.0276 0.3287 0.102 —1.825 0.0147 0.092
H,H, H,H & 0.3365 0.0436 —2.392 0.115 0.0173 0.112
TS 0.1764 0.1639 —-0.331 —0.261 0.0240 0.171
b? 0.0239 0.3349 0.092 —-1.811 0.0135 0.085
F,H HH b 0.0219 0.3322 0.084 —1.812 0.0138 0.083
H, H FH a 0.3256 0.0467 —2.288 0.113 0.0186 0.117
TS 0.1559 0.1797 —0.140 —0.390 0.0247 0.172
b 0.0304 0.3228 0.108 —1.819 0.0153 0.097
H,H,H,F a 0.3394 0.0370 —2.413 0.108 0.0163 0.101
TS 0.1173 0.2225 0.083 —0.086 0.0230 0.160
b 0.0293 0.3270 0.112 —-1.975 0.0158 0.098
H, H, H, Li b 0.0292 0.3234 0.100 —1.561 0.0157 0.093

aFrom MP4 wave function.

is the delocalization for TSs, next to systems withiN---O for Rs=Li the only existing form is b and for R=F the
bonds, and the lowest delocalization is for molecules with tautomeric form a is more stable.

O—H---N bonds. Itisin Ilne with experimental results presented Table 5 shows the topological parameters of the systems
here. For the structurewith an O-H--*N hydrogen bond, the  investigated here. There are electron densities at OH and NH
difference between the CC bond lengths within the resonanceBCPs as well as at ++N and H--O BCPs. Table 5 also gives
intramolecular system amounts to 0.075 A while this difference the values of the RCPs since all systems are characterized by
for the structure2 with a N—H---O hydrogen bond is equal to  the presence of the intramolecular H-bonds.

0.044 A. _ . The RCP is a point of the minimum electron density within
Table 4 presents the energies (in hartrees) of the systemsthe ring surface and a maximum on the ring lifi&or example,
Generally, the molecules with the intramolecular-N---O in the case of benzene, the RCP lies in the center of the ring

bonds are more stable than the corresponding systems withowing to symmetry constraints. In the absence of symmetry,
O—H-+:N bonds. As mentioned above, it may be supported by an RCP can be found anywhere inside the ring. In this paper,
the number of the corresponding crystal structures found in the RCPs existing for intramolecular H-bonds are considered.
Cambridge Structural Database. It is in agreement with the  The values of Laplacians for all electron densities of BCPs
previous X-ray diffraction results on similar structures to those 4nq RCPs are also given. We see a well-known tendency that
investigated here; it was pointed out that the formation of the electron density for BCP of a covalent bond is greater than
structures with strong intramolecular¥i-++O hydrogen bonds  the electron density of the contact for the H-bond within the
assisted by resonance is favoréd. same system. Additionally, if two tautomeric forms (a and b)
For the molecules with R= H (i = 1—4), the tautomeric  exist, the electron density at the+N contact of tautomer a is
form b is more stable than a (Table 4); the difference in energy greater than this value for the-HO of tautomer b. It is in line
between tautomeric forms amounts to 5.9 and 6.0 kcal/mol for with the suggestion given above that-@-*N bonds are
MP2/6-31H+G** and MP4/6-31%+G** levels of theory, stronger than N-H-+-O ones. It was pointed out in the previous
respectively. For R=F, there is no practical difference between literatur¢®—48 that the electron density at-HY BCP (Y
both tautomers. For R=F and for the system with /&=Li, there represents the proton acceptor center within hydrogen bridge)
are no tautomers of the type a, i.e., with-8---N bonds; for correlates well with H-bond energy, especially for homogeneous
both cases, the structures a collapse without activation barriersamples!® Table 5 also shows thak,...yw or 0) is the greatest
to structures b. These results may explain why for the crystal for TSs. Figure 4 presents the correlation betweenYH(O or
structurel the tautomeric form a exists while for the crystal N) distance angu...y(n or o), both values may be treated as
structure2 the tautomeric form b exists. For these structures, descriptors of H-bond strength>°We can see a good correla-
there are differences for substituents attached to the nitrogention between these descriptors although different kinds of
atom. We see from the calculations on modeled systems thatcontacts are taken into account.
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them, there is the elongation of the radius of hydrogen toward \\‘:};‘_—53////
the proton-accepting center. Such property is nicely shown S

within the contour maps of tautomeric forms a, b and the TS
for the system with B=F (Figure 6). We see that the H atom
radius is shorter toward the X atom-CH is the proton-donating
bond) and longer toward the Y (Y designates the proton-
accepting center). Figure 6c representing the contour map of
the TS shows the equalization of H atom radii in both mentioned
above directions. The similar equalization for the other TS
considered in this study (for R substituents being H atoms)
shows the molecular graph presented in Figure 7.

Conclusions

Two crystal structures with intramolecular H-bonds are
analyzed here showing the existence eftit--O and O-H-:-N
interactions. Such H-bonds may be treated as two stages of the
proton transfer reaction. The search through the Cambridge
Structural Database shows that the structures wittHN-O
bonds are more common than the structures withH2+N
bonds.

The ab initio calculations at MP2/6-3+1-G** and MP4/ Figure 6. Contour maps of two tautomeric forms (a and c) and of the
6-311++G** levels of theory confirm the findings mentioned TS (b) for one Qf thg systems investigated here; triangles correspond
above. For all simple derivatives of enaminones considered in o attractors while circles correspond to BCPs and RCPs.
this study, the tautomeric forms with-NH---O bonds exist. the computational results obtained within ab initio and AIM
The other tautomeric forms with €H---N bonds are usually = methods shows that-€H---N hydrogen bonds are stronger than
less stable or collapse into the second tautomeric form during N—H---O ones although for the whole systems those are less
the calculations. The energies of the systems also show thatstable, which contain ©H---N bridges. The results of ab initio
forms with N—H---O bonds are more stable. The analysis of calculations also show that the type of the substituent at the
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Figure 7. Molecular graph of one of the TSs investigated here; circles
correspond to BCPs and RCP.

nitrogen atom participating within the H-bond strongly influ-
ences the type of tautomer; for the strongly electronegative F
substituent, the tautomeric form containing the l@--N bond

is energetically favorable while for the Li substituent at the same
position only a tautomer with a NH---O bond exists. Such a

situation is observed for the crystal structures investigated here

since the only differences within molecular structures concern

Rybarczyk-Pirek et al.

(16) Cambridge Structural Database Syste@ambridge Crystallo-
graphic Data Centre: Cambridge, U.K., 2001.

(17) (a) Gilli, G.; Belluci, F.; Ferretti, V.; Bertolasi, V. Am. Chem.
Soc.1989 111, 1023. (b) Gilli, P.; Bertolasi, V.; Ferretti, V.; Gilli, GJ.
Am. Chem. Socl994 116 909. (c) Bertolasi, V.; Gilli, P.; Ferretti, V.;
Gilli, G. Acta Crystallogr.1995 B51, 1004.

(18) Bader, R. F. WAtoms in Molecules. A Quantum Thep@xford
University Press: New York, 1990.

(19) MSC/AFC Diffractometer Control Softwar&lolecular Structure
Corporation: The Woodlands, U.S.A., 1989.

(20) Kuma KM4 Diffractometer Softwar&uma Diffraction: Wroclaw,
Poland, 1996.

(21) de Meulenaer, J.; Tompa, Acta Crystallogr. Sect. AL965 19,
1014.

(22) Farrugia, L. JJ. Appl. Crystallogr 1999 32, 837.

(23) Sheldrick, G. M.SHELXS86 Program for Crystal Structure
Solution University of Gdtingen: Germany, 1986.

(24) Sheldrick, G. M.SHELX97 Programs for Crystal Structure
Analysis University of Gdtingen: Germany, 1997.

(25) Nardelli, M.J. Appl. Crystallogr 1996 29, 296.

(26) Spek, A. L.PLATON-Molecular Geometry PrograpUniversity
of Utrecht: The Netherlands, 1998.

(27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, G. B.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,

the Ry substituents (Scheme 2) attached to the mentioned aboveG. A.; Montgomery, J. A.; Raghavachari, K.; Al.-Laham, M. A.; Zakrzewski,

nitrogen atom. This substituent is N(@HP(O)(OGHs). for
1 and NH-P(S)(OGHs), for 2. It seems that the first one is

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, L. R.;

more electronegative than the second one (oxygen atom androx, D. J.; Binkley, J. S.; Defrees, D. J.; Steward, J. J.; Head-Gordon, M.;

sulfur atom attached to the phosphorus atom Toand 2,
respectively). It is in line with the other crystal structures of
phosphorochromones investigated eatfiéf since for the
species with intramolecular H-bonds only the-N---O systems

Gonzalez, G.; Pople, J. Asaussian 94 Gaussian, Inc.: Pittsburgh, PA,
1995.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.

exist and there are sulfur atoms connected with phosphorusN-; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

atoms for them.
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