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A cis-configuration bis(4,5-diazafluorene-9-one thiosemicarbazone) palladium trihydrate, which exhibits ap-
proximately five times SHG (second harmonic generation) efficiency of urea, has been designed, synthesized,
and structurally characterized. The complexHGeN10PdS-3H,0, crystallizes in trigonal space gro&d; with

cell parameters = 10.749(2) A,c = 19.872(4) A,V = 1988.3(6) &, andZ = 3. The coordination geometry

about the Pd(ll) is surprisingly eis-configuration square-planar formed by two imino nitrogen atoms N(3) and
N(8) and two sulfur atoms S(1) and S(2) from two thiosemicarbazone ligands. Intramolecular contact analyses in
the crystals and 1D and 2BH NMR spectra in solution show that ths-positioning of the two ligands was
stabilized by ther— interaction between the two delocalized diazafluorene moieties. Detailed crystal structure
analyses demonstrate that both the intermolecutar stacking between the diazafluorene planes in different
molecules and intermolecular hydrogen bonds between the water molecules and the deprotonated ligands might
be the factors that influence the molecules to be packed in the acentric spacd*8totlipe crystal structure of

the free ligand was also reported here for comparison. The liganHgisS, crystallizes in orthorhombic space
group Pbcawith cell parameters. = 8.432(2) A,b = 15.427(3) A,c = 17.387(3) A,V = 2272.7(8) B, andz

= 8. The thiosemaicarbazone moiety adopts€Eaconfiguration with N(1) cis to N(3).

Introduction focused on the possible factors that influence the coordination

eometry of the compleXx®1°

Since the discovery in 1974 of intramolecular stacking

interactions between the purine moiety of adenositie 5

triphosphate and the aromatic ring ' 28oyridyl in mixed ligand

molecules with asymmetric charge distribution and a pathway comple.xeé,.,l various stackmg |ntera}ct|ons betweeq sunab]e
aromatic rings of two coordinated intramolecular ligands in

of z-conjugated electrons; and (2) acentric crystal packing. ; I h b i tiqated. Th tacki
Recently, tremendous effort has been devoted to design and€'nary complexes have been investigated. ese stacking

synthesize new NLO materials of thiosemicarbazones and theirnteractions are especially qucmatmg due to their nature of
metal complexed* It has been postulated that the extensive t."OIO?;i%I molecular recognition and supramolgculgr '”te“’?‘c'
electron delocalization in the thiosemicarbazone moiety is quite tions.* It has also b_e_en postulated thelSStackmg Interaction
helpful for the free Schiff-base compounds and their metal {nay }nfll;en(ézﬁm?hstatr):hty_of rhﬁ'gqmtﬁgj(ﬂ:\?g uv c?;;gg-
complexes to show significant nonlinear optical propefties. - ansterbanas,the chemical shitt in spectra;

However, experimental studies have been hampered by the®S well as the rate of complex formation and the coordination
; 21 . )

inherent difficulty of designing a system in which high SHG geometry of the compound$?* In this paper, we design a

efﬂmency can be e>_<h|b|ted, since in th_e presence of transition (9) Duan, C. Y.: Tian, Y. P: You, X. Z.: Mak, T. C. Weolyhedron

metal ions, the Schiff-base compound is rapidly converted into 1997, 16, 2257.

the thiol tautomeric form to facilitate the formation of centric  (10) Duan, C. Y.; Tian, Y. P.; Liu, Z. H.; You, X. Z.; Mak, T. C. W.

neutral bis-ligand metal complex&8.To gain a better under- Organomet. Cheml998 570, 155.

- . . 11) Nauman, C. F.; Sigel, Hl. Am. Chem. S0d.974 96, 2750.
standing of polarizable molecule in such systems, research hagy3) origli, P.: Cini, R.: Donati, D.; Mangani, S. Am. Chem. Sod.981

There is currently active interest in the design of second- 9
order NLO materials. Criteria have been discovered that are
essential for exhibition of large hyperpolarizablities. The basic
principles universally accepted are as follow) polarizable

103 4446.
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thiosemicarbazone ligand with largesystem, 4,5-diazafluo-

rene-9-one thiosemicarbazone and its palladium complex, bis-

Liu et al.

mixed together. The red crystalline solid formed after refluxing for 2
h was isolated and dried under vacuum. Crystals suitable for X-ray

(4,5-diazafluorene-9-one thiosemicarbazone)palladium. It can Structure analyses were obtained by slowly evaporating a DMF solution

be expected that the intramolecular stacking interaction between

the two extensiver systems of 4,5-diazafluorene rings can

control the deprotonated ligands coordinated to palladium atom

in an acentriccis-configuration, leading to the formation of a
polarizable molecule. 1D and 2BH NMR spectra of the

in air. 1H NMR, 6 (ppm), 8.833 (d, 2HJ = 8.1 Hz), 8.528 (d, 2HJ
= 7.8 Hz), 8.504 (d, 2H) = 4.7 Hz), 8.178 (br, 4H), 7.952 (d, 2H,
= 4.7 Hz), 7.29 (q, 2HJ = 7.6 Hz), 6.935 (g, 2HJ = 4.8 Hz). Anal.
Calcd for G4Hi6 N1oS,Pd3H,0: C, 43.5; H, 3.3; N, 20.9. Found: C,
43.8; H, 3.1; N, 21.4. IR (crrt, KBr disk), 1622, 1564 (Sjc=y), 1458,
1400 (s,vc=c), 1297 (s¥n-n), 1005 (Syc-s), 748 (s,0c-n). Electronic

complex in solution have been measured to study the solution spectra in DMF/imax (¢ x 103, mol 't L cm ~1): 373 (3.0) nm, 396

structure and the possible intramolecular stacking in the solution.

Even if a molecule has a large hyperpolarizability value, it
might fail to exhibit SHG activity, crystallization in a noncen-

(3.1) nm, 438 (2.3) nm.
Crystallographic Analyses. Intensity data of HL were measured
with a Rigaku RAXxis-IC imaging plate diffractometer using M@K

trosymmetric space group must be also satisfied. About 70% radiation ¢ = 0.710 73 A) from a rotating-anode generator operating

of all chiral molecules crystallize in a centrosymmetric space
group. To counter this, many strategies for forming acentric
crystals capable of showing SHG activity have been employed
such as hydrogen bondirdg;?* steric hindrancé® inclusion phe-
nomena—28 and cocrystallizatioR? These methods have met

at 50 kV and 90 mA Z6max = 55.C%), with 40 oscillation frames and
in the range of 6-180°, and exposure 10 min per frarffe®! Absorption
corrections were made using the ABSCOR program based on Fourier-

' coefficient fitting to the intensities of symmetry-equivalent reflectigs.

Of 3673 reflections measured, 2567 were unigdg € 0.012) and
used in the structure determination and refinement. Final cycles of

with varying degrees of success in ensuring a dipolar alignment refinement converged with discrepancy indicesRof 0.041 andR,
that favors SHG. In this paper, we also discussed the influence= 0.086. The structure was solved by direct methods. All non-hydrogen

of intermolecular aromatic ring stacking in the crystal packing.
Least-squares planarity analysis and the atatom distances
from the two pair of the diazafluorene moieties, as well as the

atom—to—plane distances, indicate the presence of the strong

atoms were refined anisotropically by full-matrix least squares.
Hydrogen atoms were found from the differece Fourier map and refined
isotropically.

Intensity data of Pdi:3H,O were measured on a Siemens P4 four-

intermolecular stacking. Hydrogen bond patterns are also Cirdc,'e,diﬁrac,tom/zter with m%”OChLoma,tegl MooK(Z = O'd710 73 A)
discussed in order to determine the main factors that control "2d/ation usingy 9 scan mode with variable scan speed 0F-4650.0

the molecular packing.

Experimental Section

Materials and Measurements.Thiosemicarbazide and 4,5-diaza-

fluorene-9-one (Aldrich) were used as received. Elemental analyses

min~tin w. The data were corrected for Lorantz and polarization effects
as well as for absorption, the maximum and minimum transmissions
are 0.55 and 0.48, respectively, during data reduction using XSCANS.
Final cycles of refinement converged with discrepancy indiceR of
0.062 andr, = 0.085.

The structures were solved by direct methods. All non-hydrogen

for carbon, hydrogen, and nitrogen were performed on a Perkin-Elmer atoms were refined anistropically by full-matrix least squares. Hydrogen

240 analyzer. IR spectra were recorded on a Nicolet 170SX FT-IR
spectrophotometer with KBr pellet in the range 46@00 cnil.

atoms of the ligands were placed in their calculated positions withl C
= 0.96 A, assigned fixed isotropic thermal parameters (1.2 times the

Electronic absorption spectra were obtained on a Shimadzu UV-240 atom to which they were attached), and allowed to ride on their

spectrophotometer in DMF solution (concentration of £.00* M).
1D and 2D'H NMR spectra were recorded on AM5600 Bruker
spectrometers in DMS@s solution at 298 K using TMS as internal
standard.

Preparation of 4,5-Diazafluorene-9-one Thiosemicarbazone, HL.

respective parent atoms. The contributions of these hydrogen atoms
were included in the structure-factor calculations. Hydrogen atoms of
the water molecules in the complexes were located from the difference
Fourier map and refined isotropically.

All computations were carried out on a PC-586 using the SHELXTL-

Five drops of acetic acid were added to a mixture of thiosemicarbazide PC program packagé Analytical expressions of neutral-atom scattering

(0.91 g, 10 mmol) and 4,5-diazafluorene-9-one (1.86 g, 10 mmol) in
ethanol (30 mL). The resultant solution was heated to reflux for 3 h
and on cooling, a yellowish white solid was formed and separated.
Crystals suitable for X-ray analysis were obtained by slow evaporation
of a methanol solution in aitH NMR (DMSO-ds, 298 K), 6 (ppm),
8.873 (d, 1HJ = 7.4 Hz), 8.742 (d, 1HJ) = 7.5 Hz), 8.638 (br, 1H,
—NH), 8.543 (d, 1H,J = 7.5), 8.324 (d, 1H,) = 7.5); 8.15 (br, 2H,
—NH,), 7.574 (t, 1H,J = 7.5 Hz), 7.518 (t, 1HJ = 7.5 Hz). Anal.
Calcd for GoHgNsS: C, 56.2; H, 3.1; N, 27.1. Found: C, 56.4; H, 3.5;
N, 27.4. IR (cm?, KBr disk), 3125 (br,n-n), 1620, 1560 (Syc=n),
1491, 1392 (Syc—c), 1225 (S,vn-n), 1051 (S,vc=s), 744 (S,0c—H).
Bis(4,5-diazafluorene-9-one thiosemicarbazone)palladium Tri-
hydrate, PdL,*3H,0. Ethanol (20 mL) solution of the thiosemicar-
bazone (0.53 g, 2 mmol) and Pd(€EN).Cl, (0.26 g, 1 mmol) were

(22) Panunto, T. W.; Urbanczk-Lipowska, Z.; Johnson, R.; Etter, Ml.C.
Am. Chem. Sod 987, 109, 7786.

(23) Etter, M. C.; Frankenbach, G. Mlhem. Mater1989 1, 10.

(24) Zyss, J.; Nicoud, J. F.; Coquillary, M. Chem. Phys1984 81, 4160.

(25) Levine, B. F.; Bethea, C. G.; Thurmond, C. D.; Lynch, R. T.; Bernsteio,
J. L. J. Appl. Phys1979 50, 2523

(26) Tam, W.; Eaton, D. F.; Calabrese, J. C.; Williams, I. D.; Wang, Y.;
Anderson, A. GChem. Mater1989 1, 128.

(27) Cox, S. D.; Gier, T. E.; Bierlein, J. D.; Stucky, G. D.Am. Chem.
Soc.1989 110, 2986.

(28) Wang, Y.; Eaton, D. FChem. Phys. Lettl985 120, 441.

(29) Okamoto, N.; Abe, T.; Chen, D.; Fujimara, H.; MatsushimaQRt.
Commun.199Q 74, 421.

factors were employed, and anomalous disperion correctons were
incorporated® Details of crystal stucure determination of the free ligand
and palladium complex are summarized in Table 1. Selected bond
lengths and angles are listed in Table 2 for the free ligand HL and the
palladium complex. Tables containing a full listing of atom positions,
anisotropic displacement parameters, and hydrogen atom locations are
available as Supporting Information.

Nonlinear Optical Property Measurement. The second-order
nonlinear optical intensities are estimated by measuring the complex
powder which diameters are from 76 to 1@ in pellet with diameter
as 10 mm. The thickness of each pellet is about 0.8 nm. The
experimental arrangement for measuring the nonlinear optical properties
utilizes an M200 high-power mode-locked Nd:YAG laser with 200 ps
pulse at a repetition rate of 5 Hz. The selected wavelength is 1064 nm.
After the selection of the wavelength, the laser beam is split into two

(30) Tanner, J.; Krause, KRigaku J.1994 11, 4; 199Q 7, 28.

(31) Kraus, K. L.; Philips, G. NJ. Appl. Crystallogr.1992 25, 146.

(32) Higashi, T. ABSCOR; Rigaku Corporation: Tokyo, 1995.

(33) SiemensXSCANSVersion 2.1; Siemens Analytical X-ray Instruments
Inc.: Madison, WI, 1994.

(34) SiemensSHELXTL, Version 5.0, Reference Manual; Siemens Indus-
trial Automation, Inc. (Analytical Instrumentation): Madison, WI,
1995.

(35) International Tables for X-ray CrystallograhWilson, A. J. C., Ed.;
Kluwer Academic Publishers: Dordrecht, 1992; Tables 6.1.1.4 (pp
500-502), 4.2.6.8 (pp 21922), and 4.2.4.2 (pp 193199), respec-
tively.



An N,S,-Coordinated Pd(ll) Complex

Table 1. Details of Crystal Stucure Determination of the Free
Ligand and Palladium Complex

HL PdL,-3H,0
empirical formula GHoNsS GoaH2oN100:PdS
fw 255.3 669.04
color pale-yellow red
cryst syst orthorhombic trigonal
space group Pbca 3B
a 8.473(2) A 10.749(2) A
b 15.427(3) A 10.749(2) A
c 17.387(3) A 19.872(4) A
\Y, 2272.7(8) R 1988.3(6) &
z 8 3
d(calcd) (g cnd) 1.492 1.676
w (mm2) 0.272 0.906
F(000) 1056 1014
temperature (K) 293 293
Re 0.043 0.062
R 0.086 0.085%!

AR = 3 IFo| — IFcll/|Fol. ® Ry = [SW(IFe| — [Fel?)/>wiFo??M2.
cwl = 02F?) + (0.0P)? + 0.0, P = [Fs? + 2FF3. dwt =
0AF) + (0.0PP)2 + 0.1%P, P = [Fe2 + 2F2)3.

Inorganic Chemistry, Vol. 38, No. 8, 1999721

Figure 1. Molecular structure and atom numbering of the free ligand.
The thermal ellipsoids are drawn at the 30% probability level.

A agrees very well with those in related compounds, being
intermediate between 1.82 A for a<G single bond and 1.56

parts: one to generate the second harmonic signal in the sample andd for a C=S double bond?® The Correspondi_ng _C(-"-‘_)N(l) and
the other to generate the second harmonic signal in the reference (ure&C(1)—N(2) [1.306(5) and 1.381(5) A] are indicative of some

pellet). According to the principle proposed by Kurtz and Pétihe
SHG efficiency was estimated to be about 4.8 times that of urea.
Although the palladium complex is red, there is no obvious absorption
at 530 nm € at 530 nm is only 30 mol L cm™).

Discussion and Results

The new Schiff-base HL was prepared by the reaction of
thiosemicarbazide with the 4,5-diazafluorene-9-one in a 1:1
molar ratio. It can, in principle, exhibit thiorehiol tautom-
erism, since it contains a thioamideHN—C=S functional
group3”-38 However thev(S—H) band at 2570 cmt is absent
from IR spectrum of the Schiff-base, bufN—H) at ca. 3130
cmtis present, indicating that the ligand in solid-state remains
as the thione tautomer. TH&l NMR spectrum in DMSQds
does not show any peak at ca. 4.0 ppm attributing to the SH
proton, suggesting that the thiol tautomeric form is absent even
in solution. However, in the presence of Pd(ll) ions, the Schiff-
base compound is rapidly converted into the thiol tautomeric
form to facilitate the formation of metal complex of the
deprotonated ligand. A strong band at 1051 érn the IR
spectrum of HL is assigned 1C=S). This band is red shifted
ca. 50 cm! in the spectra of the Pd(Il) complex. This

double-bond character. A comparison of the N{R)3) of
1.354(4) A with the corresponding distances of 1.411(2), 1.395-
(2), and 1.431(6) A for unsubstituted thiosemicarbazfde,
1-phenyl#© and 4-phenyt thiosemicarbazides, respectively, also
suggests an extensive electron delocalization in the thiosemi-
carbazone. It can be said that this kind of electron structure is
the main factor for the thiosemicarbazones showing quite large
molecular hyperpolarizabilities?46

The intermolecular hydrogen bonds which link the molecules
together in the solid-state featured a infinite chain consolidated
by hydrogen bonds of the type N(ti---N(4a) and N(1)-H---
N(5a) (symmetry code a-0.5— x, 1 —y, —0.5+ 2). The
N---N distance of 3.076(6) and 2.945(5) A for N{N(4a)
and N(1)--N(5a), respectively, agrees well with that of the
NHz-+-N(ring) distance reported by Fulléf.

Structure of the Pd(ll) Complex. Figure 2 shows an ORTEP
plot of the palladium(ll) complex with the atom numbering
scheme. The Pd(Il) atom is coordinated in slightly distorted
square-planar configuration with two P&l bonds and two
Pd-S bonds. The mean deviations of PASSNN coordination
plane is ca. 0.033 A. The ligand, like most of the thiosemicar-
bazones, loses a proton from the tautom#icl form and acts

observation can be explained by the exchange in the nature ofas a single negatively charged bidentate ligand coordinating to

the C=S bond on coordination of the ligand through thél
form. The visible spectra are consistent with the structural
formulas: the broad band at ca. 440 nm is assigned to the MLCT
band of the palladium moiety, while the bands at 370 and 390
nm are assigned to the—x* transition of the ligand.

Structure of Ligand HL. Figure 1 shows an ORTEP plot
of the molecule with the atom numbering scheme. The thio-
semicarbazone moiety shows Brconfiguration with N(1) cis
to N(3) as found in most of the thiosemicarbazide$' and
thiosemicarbazoneg-44 The C-S bond distance of 1.661(4)

(36) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798.

(37) Ali, M. A,; Livingstone, S. ECoord. Chem. Re 1974 13, 101.

(38) Campbell, M. J. MCoord. Chem. Re 1975 15, 101.

(39) Andretti, G. D.; Domino, P.; Fava, G.; Nardelli, M.; Sgarbotto, P.
Acta Crystallogr., Sect. B97Q 26, 1005.

(40) Czulger, M,; Kalman, A.; Argay, Gryst. Struct. Commuri973 2,
655.

(41) Kalman, A.; Argay, G.; Czulger, MCryst. Struct. Commuri972 1,
375.

palladium ion via the mercapto sulfur afdnitrogen atoms,
forming a delocalized chelating plaf&5° The crowding
between the two ligands in the complex is, however, relieved
by the molecule assuming step conformatior?® which is

(42) Mathew, M.; Palenik, G. Acta Crystallogr., Sect. B971, 27, 59.

(43) Restivo, R.; Palenik, G. Acta Crystallogr., Sect. B97Q 26, 1397.

(44) Gabe, E. J.; Taylor, M. R.; Glusker, J. P.; Minkin, J. A.; Patterson, A.
L. Acta Crystallogr., Sect. B969 25, 1620.

(45) Shutton, L. ETables of Interatomic Distances and Configurations in
Molecules and lons (Supplemenithe Chemical Society: London,
1965.

(46) Nonlinear Optical Properties of Organic Molecules and Crystals
Chemla, D. S., Zyss, J., Eds.; Acdemic Press: Orlando, FL, 1987;
Vols. 1 and 2.

(47) Fuller, W.J. Phys. Chem1959 63, 1705.

(48) Tian, Y. P.; Duan, C.Y.; Lu, Z. L.; You, X. ZRolyhedron1996 15,
1495.

(49) Tian, Y. P.; Duan, C. Y.; You, X. Z. Thomas, C. W. [Rolyhedron
1996 16, 2263.

(50) Duan, C.Y.; Tian, Y. P.; You, X. Z.; Thomas, C. W. Folyhedron
1997, 16, 4097.
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Table 2. Selected Bond Lengthes (A) and Angles (deg)

free ligand HL palladium complex Pdi3H,0
Bond Lengths
Pd(1)-S(1) 2.241(1) Pd(BS(2) 2.239(1)
Pd(1)-N(3) 2.105(1) Pd(1yN(8) 2.117(2)
S(1)-C(1) 1.661(4) S(1yC(2) 1.768(2) S(2yC(13) 1.732(3)
C(1)-N(1) 1.306(5) N(1)-C(1) 1.366(3) N(6)-C(13) 1.331(3)
C(1)-N(2) 1.381(5) N(2}C(1) 1.323(2) N(73C(13) 1.316(2)
N(2)—N(3) 1.359(4) N(2)-N(3) 1.362(3) N(73-N(8) 1.367(2)
N(3)-C(2) 1.294(4) N(3}C(2) 1.309(2) N(8)C(14) 1.299(2)
Bond Angles
N(3)—Pd(1)-S(1) 80.97(5) N(8)Pd(1)-S(2) 81.05(4)
N(3)—Pd(1)-S(2) 172.82(5) N(8yPd(1)-S(1) 172.93(4)
N(3)—Pd(1)-N(8) 105.84(6) S(2yPd(1)-S(1) 92.24(2)
N(1)—-C(1)-S(1) 126.1(3) N(13C(1)-S(1) 115.5(1) N(6)C(13)-S(2) 117.9(1)
N(2)—C(1)-S(1) 118.7(3) N(2)C(1)-S(1) 125.0(2) N(7»C(13)-S(2) 126.5(2)
N(1)—C(1) —N(2) 115.2(3) N(1C(1)—-N(2) 119.5(2) N(6)-C(13)-N(7) 115.5(2)
C(1)-N(2)—N(3) 120.5(4) C(1yN(2)—N(@3) 110.5(2) C(13)N(7)—N(8) 110.4(2)
N(2)—N(3)—C(2) 118.9(3) N(23-N(3)—C(2) 115.6(1) N(73N(8)—C(14) 117.6(2)

a N4 Ng)

Figure 2. Molecular structure and atomic numbering of the palladium
complex. The thermal ellipsoids are drawn at the 30% probability level.

characterized by the dihedral angles (c&.iBlaverage) between
the PASSNN coordination plane and the two SCNN planes. This
assumption is further supported by the small dihedral angle (ca.
3.6°) between the two SCNN planes. The most interesting
structural feature of the complex is the surprisaigconfigu-
ration (N(3)-Pd—N(8) 105.8(1}, S(1)-Pd—S(2), 92.2(19) with

the two diazafluorene rings positioned on the same side. It is
suggested that t.hEis-con.figuration is stabilized .by the intramg- Figure 3. Diagram of the units in Pdi. showing (a) intramolecular
lecular stacking interaction between the two diazafluorene rings giacking and (b) intermolecular stacking. Symmetry code-A:— x
(Figure 3a). Least-squares planarity analysis shows that the two+ y, —1 —x, —0.3333+ z

diazafluorene rings are almost parallel to each other (dihedral

angle is 10.8). The center-to-center separation between the two (methylthio)-1,6-(dithiapyrene) (MTDTPY) radical salts from
diazafluorene rings is ca. 3.18 A, the smallest distance from an uniform columnar stack

atom in one diazafluorene moiety to the mean plane of another  Solution Structure of the Palladium Complex. Both 1D and
stacking moiety is ca. 3.16 A (Supporting Information), and 2D *H NMR spectra of the complex also give direct evidence
the smallest interplane atoratom distances is ca. 3.10 A. This  on the distance of hydrogen atoms in solution and determine
value is shorter than the 3.48 A of the TCNQ complex and the accordingly the extent of stacking. The 2D COSY map of
3.47 A of the chlorine complex of MTDTP¥2 3.42 A of the complex in DMSO#ds solution is shown in Figure 4a with the
phen-phen distances in [M(phesj)X ;] complexes! 3.3—3.8 1D 1 H NMR spectrum on the top. The broad peak which shows

A for several pyrene complex&%;55 and 3.40 A of 2,7-bis- no hydroger-hydrogen coupling was easily assigned as the
(51) Geremia, S.; Randaccio, L.; Mestroni, G.; Milani,B.Chem. Soc., (54) Nakasuiji, K.; Kuotba, H.; Kotani, T.; Murata, |.; Satio, G.; Enoki, T.;
Dalton Trans 1992 2117. Imaeda, K.; Inokuchi, H.; Kawamoto, A.; Tanka, JJAm. Chem. Soc.
(52) Nakasuji, K.; Sasaki, M.; Kotani, T.; Murata, |.; Enoki, T.; Imaeda, 1986 108, 3460.
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An N,S,-Coordinated Pd(ll) Complex

proton attached to the amino nitrogen atom. In the upfield
region, two protons at ca. 7.3 and 6.9 ppm might be assigned
to the H, and H,.5” Considering the effect of nitrogen atom of
Schiff-base, the chemical shift of ,Hshould appear in the
downfield region since the carbon atom that the proton attached
is in thecis-position with respect to the imine nitrogen atoms.
The other peaks are easily assigned from the COSY spectra
the peak ca. 8.0 ppm might be assigned gsa&hd the peak at
the most downfield region is the s.HThe double peaks with

chemical shifts 8.53 and 8.50 ppm are assigned as the protons

of Hy and H, respectively. The values of coupling constahts
are consistent with this assignment.

Detailed'H NMR studies of the ligand and the complex show
that there are some significant upfield shif) of protons after
the complex formation, aAd values are 0.21, 0.37, and 0.58
ppm for the protons of K, Hg, and H,, respectively, while
the protons attached to another pyridine ring do not show
significant upfield shifts A0 < 0.05 ppm). SigéP>° and
Yamauch®6! concluded that the upfield shifts might be
contributed to the existence of intramolecular interaction due
to the ring current effect of aromatic ring. The magnitude of
the shift(Ad) shows that there are intramolecular stacking
interaction between the pyridine rings of the complex in solution

Figure 4b shows the NOSEY spectrum of the complex. It is
clear to see that there is a strong coupling between gtrdton
in one ligand and the fproton in another ligand. The stronger
cross-peak of two nonbonding hydrogen atoms shows that their

separation is rather short in solution, and these results agree

with those of X-ray crystal structure determination of the
complex.

Molecular Packing in the Crystal. As shown in Figure 3b,
the crystal is stabilized by the intermolecular stacking interac-
tion. Least-squares planarity analysis shows that the two

diazafluorene rings are almost parallel each other (dihedral angle

is 1.#). For these diazafluorene rings, the smallest intermo-
lecular atom-atom distance is 3.40 A and the smallest distance
from an atom in one molecule to the mean plane defined by
the diazafluorene ring in another molecule is 3.04 A, indicating
the strong intermolecular stacking interaction between the two
ligands.

It is interesting to note that the intramolecular and intermo-
lecular stacking between the two diazafluorene rings are
different. The intramolecular stacking is shown in Figure 3a
whereas the intermolecular stacking is shown as Figure 3b. The
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Figure 4. NMR spectrum of Pdkin DMSO-ds solution with TMS as

internal standards at 298 K. The spectra were recorded on Bruker 500
MHz instruments. (a) COSY. (b) NOSEY.
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intermolecular stacking is a consequence of the@ew-axis
in the P3; space group.

Itis also suggested that the crystal lattice is further stabilized
by hydrogen bonding. There are six protons from the three water
molecules and four protons from two primary amino nitrogen
atoms having the potential to form donor hydrogen bonds. The
most important hydrogen bonds are those that link the three
water molecules to one another, O(1WP(3Wa) (symmetry
code a: 1- x+vy, —1 —y, —0.3333+ 2), O(2W)--O(1W),
O(3W)---O(2W), to form an infinite screw chain along the 3
axis (Figure 5). a similar structure has been reported in the
molecular packing of phenanthroline monohydtilolecules
of the metal complex connected to the infinite hydrogen-bonded
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Figure 5. Hydrogen bonding scheme showing an infinite chain along thexi.

Table 3. Inter- and Intramolecular Hydrogen Bond Lengths (A) and Angles (deg)

D H A D---A H---A D—H---A symmetry code

o(1W) H(1WB) 0(3Wa) 2.714(5) 2.10(3) 173(3) al—x+y,—1—x —0.3333+z

o(2w) H(2WB) o(1w) 2.792(5) 1.82(3) 168(2)

0o(3W) H(3WB) 0o(2w) 2.824(5) 2.28(2) 134(2)

o(2w) H(2WB) o(1w) 2.966(6) 2.49(2) 137(3)

o(2w) H(2WB) o(aw) 2.961(6) 2.28(2) 157(3)

N(1) H(1A) O(1Wh) 2.920(6) 2.156(3) 147.82(7) b:Hx,y, z

N(1) H(1A) O(1Wb) 2.963(6) 2.107(2) 173.52(8)

N(1) H(1A) O(1Wh) 2.991(6) 2.261(3) 142.61(7) ciHx, 14y, z

N(6) H(6B) O(1Wb) 3.010(7) 2.155(2) 173.03(8)
water chain through hydrogen bonds: O(1WAN(1), O(1W)-- Acknowledgment. We thank Associate Professor Z. G. Cai
N(4), O(BWc}--N(6), O(3W)+-N(9) (symmetry code b, ¥ x, for the SHG measurement and Professor Fun Hoong-Kun for

y,z c, 1+ x 1+vy, 2 (Table 3). The other two hydrogen help in determination of the absolute structure. Our thanks are
atoms with the N(1) and N(6) atoms are linked to the other also given to National Nature Science Foundation of China and
pyridine nitrogen N(5) and N(10) through hydrogen bonds State Science and Technology Commission.
N(1)-+*N(5), N(6)+-N(10), to form the two-dimensional hydrogen-
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