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Equilibria between Metallosupramolecular Squares and Triangles with
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and Theoretical Study of the Structural Dependence of NMR Data
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The new fluorinated rigid ligand L, 1,4-bis(4-pyridyl)tetrafluorobenzene, was used in combination with different
diphosphine Pd(ll) and Pt(1l) triflates to build metallosupramolecular assemblies. Complex equilibria between triangular
and square entities were detected for all the cases. Characterization of the equilibria was accomplished by *H,
SIP{IH}, °F, and *Pt{*H} NMR in combination with mass spectrometry. The square/triangle ratio was seen to
depend on several factors, such as the nature of the metal corners, the concentration, and the solvent. The relative
stability of the square and triangular complexes was explored by using force field methods. A GIAO-DFT study
was carried out to analyze the changes of the 3'P and 'H NMR data with the geometry of the complexes.

complexed$ there are a few reported examples of molecular

Transition-metal-directed self-assembly has for some time SA4ares Eased on an octahedral geometry at the metal
been used to construct various types of supramolecularc@Nter>’*¢ Notably, molecular squares usually bear highly
polygons such as triangles, squares and rectangles, pentagof@Sitive charges, and could thus be potential hosts for

and hexagons, and more complex structérese introduc- electron-rich species.in sharp contrast to the numerous
tion of functionality into these systems, such as redox- €xa@mples of square or rectangular structures reported,

activity 2 magnetic or luminiscence propertié&is one of triangular complexes are much less common, mainly due to

the major current research areas in supramolecular chemistrytn€ scarcity of suitable building blocks with proper turning

By far, self-assembled squares or rectangles have been thémgleszl. Nevertheless, in some cases, triangular structures
most studied molecules, and although the majority of them
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are based on the square-planar geometry of Pt(ll) or Pd (II)
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Metallosupramolecular Assemblies

have been obtained by carefully adjusting the experimental (OTf),,%5 [Pd(dppp)(HO):](OTf)2,5 [Pt(dppf)(HO).](OTf),,%2and
conditions and choosing the appropriate bridging ligafut; [Pd(dppf)(H0).](OTf).'%*were prepared as described previously.
example, generally, less rigid building blocks favor the self-  Physical Measurementsinfrared spectra were recorded on a
assembly of triangular supramolecules. It has been suggeste@T-IR 520 Nicolet spectrophotomete#P{*H} NMR (6(85%
that the driving force for the self-assembly process is under HsPOy) = 0.0 ppm),19PH{H} NMR (6 (35% K[PtClg]) = 0.0
thermodynamic contrdmolecular squares are less strained PPM).*H NMR (6(TMS) = 0.0 ppm),*3C NMR (3(TMS) = 0.0
and hence more stable in terms of enthalpy, while entropic PPM) and*F NMR (3(CFCk) = 0.0 ppm) spectra were obtained
factors favor the triangle since it is assembled from a smaller " & Bruker DXR 250 and Varian 300 and 200 spectrometers at
number of units. Recently, however, the stoichiometric 25 Cunles_s otherwise stated. Elen}e_ntal gna_lysgs of C, H, N, and
- . . S - S were carried out at the Serveis Ciéint-Tecnics in Barcelona.
combination 0%90° corners_wnh several linear linking _u_nlts_ FAB(+) and electrospray mass spectra were recorded from
has led to a mixture of triangular and square entities in

e ) concentrated solutions of the products on a Fisions VG Quattro
equilibrium° demonstrating that the two products are close spectrometer.

together in energy and Cog_seqtljlently ;he self—?jssembly Electrochemical measurements for the dppf complexes were
reactions are not yet as predictable to the same degree ag,corded on a Princeton Applied Research model 263A potentiostat
classical rt_eactlon sequences..Thls (‘qu”'bl’lum tends. to be(EG&G instruments). The electrochemical cell consisted of a
concentration d_epenfjer?t., that Is, at hlgher. concentration, theplatinum disk working electrode (TACUSSEL-EDI rotatory elec-
equilibrium shifts significantly in the direction of the trode (3.14 mr)), a platinum wire auxiliary electrode, and a Ag/
molecular square producing three molecules from four of AgNO; (0.1 M, in acetonitrile solution) reference electrode
the molecular triangles. In addition, trimeric or tetrameric separated from the solution by a medium-porosity fritted disk.
assemblies are clearly induced by the presence of appropriatéyclic voltammograms were obtained from510™* M solutions
guests® We note that Stang et al. have just proved that the of the samples under nitrogen at 25 using dry CHCI; as solvent
selective crystallization of either of the two species can be @nd tetrabutylammonium hexafluorophosphate (0.1 M) as support-
accomplished by the appropriate choice of solvents and ration9 electrolyte. For electrolysis experiments a Pt gauze was used.
of anions present in the systé#iThe present paper reports Ferrocene (Fc) was used as an internal reference with the redox
the preparation and characterization of a seriescisf couple FC/F¢ Occumng,at 0-15 V. , _ )
diphosphine-Pt(Il)- or -Pd(ll)-based self-assembly macro- Qomputatlonal_ Detal_ls. Force f_leld calculations using the
cyclic compounds with the new fluorinated ligand 1,4-bis(4- Universal force field with the Cerius2 packag®were used to

idvitetrafl b b E i firi | determine the optimal conformation of the studied complexes.
pyridyl)tetrafluorobenzenk. Formation of triangle square Several conformer searches and molecular dynamics studies have

equilibria was observed in all cases. The chpositions of heen performed using different algorithms in order to reach the
these equilibria have been studied by multinuclear NMR |5 est-energy conformer for each complex.

spectroscopy and mass speptrometry with the re;ult that. the The calculation of the shielding shifts was carried out using the
molecular square is the major component for diphosphine a0 (gauge invariant atomic orbital) metH8d%implemented in

= dppp, :I_.,3—b|s(c_i|phenylph_osphlno)propan(_e, while the mo- the Gaussian98 codéThe calculations were performed using the
lecular triangle is the major component in the case of hybrid B3LYP functionad?-24 and the Stol-Preuss pseudopoten-
diphosphine= dppf, 1,1-bis(diphenylphosphino)ferrocene.
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. . (14) Drew, D.; Doyle, J. RInorg. Synth 199Q 28, 346-349.
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_ _ 1995 117, 6273-6283.
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prepurified N using standard Schlenk techniques. All solvents were é?]% 1256824;1901% 6(52 188u6n§ S.-S.; Anspach, J. A.; Lees, Ainairg.
it : H H em. , .

distilled from_ appropriate d_rylng ager_1ts. Commercial reagents 17) Rappe, A. K.. Casewit, C. J.: Colwell, K. S.; Goddard, W. A., III

4-bromopyridine hydrochloride, 1,4-dibromotetrafluorobenzene, Skiff, W. M. J. Am. Chem. Sod.992 114 10024-10035.
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tials?> for the metal atoms while the IGLO-II basis Fetvas

employed for the main group elements. We employed a 6-31G*
basis set for the geometry optimizations of the complexes. The
relativistic contributions seem to be important for the estimation
of the chemical shift of complexes with heavy transition metals.

Ferrer et al.

4H, _P_CHZ_CHZ_P_), 1.30 (dt,3JH7P =19.7 HZ,3\]H7H =76
Hz, 12 H,—CHjy). 3'P{1H} NMR (101.25 MHz, CRCl,): 54.9 (s,
Jp—pt = 3950 Hz). Anal. Calcd for GH,4FsO6P,PtS: C, 20.61;
H, 3.46; S, 9.17. Found: C, 20.65; H, 3.45; S, 9.13. IR (KBr, §m
2966, 2933, 2910, 2868 (depe), 1270, 1034, 641, 519 (OTf).

However, some authors have seen that for heavy metals the use of [Pd(OTf),(depe)] (2¢). Experimental details for the synthesis
the relativistic pseudopotentials provides good estimates of the of 1c also apply for2c except that acetone was used as a solvent

shielding shift of the neighbor atof#2°
1,4-Bis(4-pyridyl)tetrafluorobenzene (L). To 3.90 mmol of
4-bromopyridine prepared from 758 mg (3.90 mmol) of 4-bromo-
pyridine hydrochlorid® was added a THF solution (150 mL)
containing 1.62 mmol of the Grignard reagent 1,4-dibromotetra-
fluorophenyldimagnesium followed by 450 mg (0.39 mmol) of
[Pd(PPR),4]. After 48 h of reaction at room temperature the mixture
was treated with 50 mL of 0. The organic phase was removed,
and the aqueous layer was extracted with,Chl (3 x 50 mL).
The combined organic layers were dried §8@,) and concentrated

in the preparation of the precursor [Pe@epe)]. Yield: 38%H
NMR (250.13 MHz, GD¢CO): 2.66 (m, 4H,—P—CH,—CH,—
P-), 2.40 (m, 8H, P-CH*,—CHg), 1.41 (dt,2J4—p= 19.8 Hz,3Jy_4
= 7.6 Hz, 12 H,—CHj). 3P{*H} NMR(101.25 MHz, CHCI,,
coaxial tube of 1% P(OCHk in C,DsCO) 94.2 (s). Anal. Calcd
for C12H24F506P2Pd52: C, 23.60; H, 3.96; S, 10.50. Found: C,
23.64; H, 3.94; S, 10.46. IR (KBr, cm) 2970, 2930, 2900, 2870
(depe), 1260, 1027, 640, 517 (OTY).

Characterization data for [Pdg{dlepe)] (yield 65%):'"H NMR
(250.13 MHz, CDCJ) 2.25 (dm, 8H,—CH*,—CHa), 2.04 (m, 4H,

under reduced pressure until a beige precipitate was formed. The—P—CH,—CH,—P-), 1.30 (dt,3Jy—_p = 18.9 Hz,3J4_4 = 7.6 Hz,

solid was purified by column chromatography on silica gel using
first CH,Cl, and subsequently GEI,/CH;OH (100:2) as eluent
giving 187 mg (38% vyield) of. as a white solid. Temperature of
decomposition: 276275°C.*H NMR (250.13 MHz, CDGJ): 8.81
(d-like, 3 = 5.1 Hz, 4H,—py ), 7.46 (d-like,J = 5.1 Hz, 4H,).
13C NMR (62.89 MHz, CDCJ): 150.3 (G.—py), 144.1 (dmYc ¢

= 259 Hz, G-F), 135.2 (C_py), 130.3 (M, @), 124.5 (G_py). *F
NMR (282.21 MHz, CDCJ): —146.4 (s). Anal. Calcd for
CigHgFaN2: C, 63.16; H, 2.65; N, 9.21. Found: C, 62.99; H, 2.64;
N, 8.98. IR (KBr, cntl): 1595 (G-N), 1467 (G=C), 981 (C-F),
822 (CG-H). MS (IE) mz. 305 (M + 1)*, 304 (M)", 285 (M —
19)*.

[Pt(OTf) o(depe)] (1c).The precursor [PtG(depe)] was obtained
by dropwise addition of a CiLl, (10 mL) solution of 0.3 mL (1.34
mmol) of depé! to 500 mg (1.34 mmol) of [PtG(COD)] in 60
mL of the same solvent. Aftel h of reaction at room temperature
the mixture was concentrated to half volume anglBivas added
to precipitate a yellowish solid, which was purified by recrystal-
lization (CHCI/Et,0), giving pure [PtCGi(depe)], 380 mg (60%
yield). *H NMR (250.13 MHz, CDCJ): 2.13 (dm, 8H,—CH*,—
CHy), 1.85 (m, 4H,—P—CH,—CH,—P-), 1.23 (dt,3Jy_p = 22.1
Hz, 3Jy—n = 7.6 Hz, 12H,—CHz). 3'P{*H} NMR (101.25 MHz,
CDCl): 57.2 (s,Jp-pt = 3545 Hz). Anal. Calcd for @Hos
Cl,P,Pt: C, 25.43; H, 5.12. Found: C, 25.48; H, 5.13.

1lcwas synthesized by addition of 350 mg (1.36 mmol) of solid
AgOTf to a CHCI, (50 mL) solution of 215 mg (0.45 mmol) of
[PtCl(depe)]. The reaction mixture was stirredr f8 h with
exclusion of light. After filtration, the resulting solution was
concentrated to 10 mL in vacuo and an off-white solid was
precipitated upon addition of 20 mL of . Subsequent recrys-
tallization (CHCI,/Et,0) gave 94 mg (30%) of puréc.'H NMR
(250.13 MHz, CBRCly): 2.22 (dm, 8H, P-CH*,—CHj), 1.95 (m,

(25) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preus§ heor.
Chim. Actal99Q 77, 123-141.

(26) Kutzelnigg, W.; Fleischer, U.; Schindler, MIMR Basic Principles
and ProgressBerlin, 1990; Vol. 23, p 165262.

(27) Hehre, W.; Radom, L.; Schleyer, P. R. v.; Pople, J.Ab. Initio
Molecular Orbital Theory Wiley: New York, 1986.

(28) Kaupp, M.; Malkin, V. G.; Malkina, O. L.; Salahub, D. Rhem.
Phys. Lett.1995 382-388.

(29) Kaupp, M.; Malkin, V. G.; Malkina, O. L.; Salahub, D. Rhem.
Eur. J.1996 2, 24—-30.

(30) 4-Bromopyridine hydrochloride was treated with NaOH yOHELO
was added, and the resulting 4-bromopyridine ethereal solution was
dried over MgSQ@ and CaH and taken to dryness under vacuum.

(31) The volume of depe must be measured very accurately by a Hamilton 12H,

syringe in order to avoid the formation of [Pt(degf)tCla].
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12H, —CHg); 3*P{*H} NMR(101.25 MHz, CDCJ) 85.3 (s). Anal.
Calcd for GgH24ClLP,Pd: C, 31.31; H, 6.31. Found: C, 31.27; H,
6.29.

Square/Triangle 3a/3a Solid 1,4-bis(4-pyridyl)tetrafluoro-
benzenel() (7 mg, 0.023 mmol) was added to a @D, (3 mL)
solution of [Pt(dppp)(HO),](OTf), (1a) (21 mg, 0.023 mmol) at
room temperature. Afte3 h of stirring, the reaction mixture was
concentrated to 1.5 mL under reduced pressure and a white solid
was precipitated upon addition of 15 mL of,Bt Filtration and
drying in vacuo gave 22 mg (78%) of the produg& H NMR
(250.13 MHz, CRNO,) 8.93 (d-like,J = 5.0 Hz, 16H, H_p),
7.76-7.35 (m, 80H, Ph), 7.34 (d-like]l = 5.0 Hz, 16H, H_p),
3.35 (brs, 16H;-P—CH*,—CH,—CH*,—P—), 2.41 (m, 8H,—P—
CH,—CH*,—CH,—P-); 3P{H} NMR (101.25 MHz, CRNOy);
—14.8 (s,Jprp = 3001 Hz);°F NMR (282.21 MHz, CHNO,,
coaxial tube of CECOOH in D,0) —81.3 (s, 24F, OTf);-145.3
(s, 16F, It); *%P{*H} NMR (53.53 MHz, CRNO,) —4434 (t,Jpp
= 3001 Hz).3a: H NMR (250.13 MHz, CRNO,) 8.78 (d-like,
J=4.9Hz, 12H, H_), 7.76-7.35 (m, 60H, Ph), 7.30 (d-like}
= 4.9 Hz, 12H, H_), 3.35 (brs, 12H-P—CH*,—CH,—CH*,—
P-), 2.41 (m, 6H,—P—CH,—CH*,—CH,—P-); 3P{*H} NMR
(101.25 MHz, CBNO,) —14.0 (s); '%F NMR (282.21 MHz,
CH3NO,, coaxial tube of CECOOH in D,O) —81.3 (s, 18F, OTf),
—145.8 (S, 12F, E) 3a/3a: Anal. Calcd for (Q5H34F10N206P2'
PtS)n (n. 1209.9): C, 44.66; H, 2.83; N, 2.31; S, 5.29. Found:
44.59; H, 2.82; N, 2.28; S, 5.31. ESP(nV/z 305 [L-H*]*, 455
[Pt(dppp)-1%*, [3a@ — 60T]®" or [3a — 8OTf]®", 656 Ba —
60Tf]5", 1059 [Pt(dpp)-OTf]*, [3a — 4OTf]*" or [3a —
30Tf*t, 1364 [Pt(dppr) -OTf]*, 1464 Ba— 30T]**. IR (KBr,
cmY): 1619, 1479, 985, 841, 1438, 1107 (dppp), 1286, 1257,
1157, 1031, 639, 519 (OTf).

Square/Triangle 4a/4a. 1,4-Bis(4-pyridyl)tetrafluorobenzene
(L) (7 mg, 0.023 mmol) and [Pd(dppp){8),](OTf), (2a) (19 mg,
0.023 mmol) were reacted and worked up as describe@d@a
to yield 18 mg (70%) of a brown solida: *H NMR (250.13 MHz,
CDsNOy,) 8.91 (d-like,J = 5.4 Hz, 16H, H_p,), 7.74-7.39 (m,
80H, Ph), 7.29 (d-like) = 5.4 Hz, 16H, H_,), 3.25 (brs, 16H,
—P—CH*,—CH,—CH*,—P-), 2.52 (m, 8H,—P—CH,—CH*,—
CH,—P-); 31P{*H} NMR (101.25 MHz, CBNOy) 7.7 (s); °F
NMR (282.21 MHz, CHNO,, coaxial tube of CRCOOH in D,O)
—81.4 (s, 24F, OTf);-145.4 (s, 16F, P. 4a: H NMR (250.13
MHz, CDsNO,,) 8.75 (d-like, J = 6.2 Hz, 12H, H_,), 7.74-7.39
(m, 60H, Ph), 7.25 (d-likeJ = 6.2 Hz, 12H, B_,), 3.25 (brs,
—P—CH*,—CH,—CH*,—P-), 2.52 (m, 6H, —P—CH,—
CH*,—CH,—P—); 3"P{*H} NMR (101.25 MHz, CBNO;) 8.9 (s);

C,
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19F NMR (282.21 MHz, CHNO,, coaxial tube of CECOOH in
D,0) —81.4 (s, 18F, OTf);-145.9 (s, 12F, . 4a/4d: Anal. Calcd
for (CysHz4F10N06P,PdS)n (n. 1121.2): C, 48.21; H, 3.05; N, 2.50;
S, 5.72. Found: C, 48.15; H, 3.07; N, 2.48; S, 5.68. BESR(Vz
305 [L-H*]*, 520 @a — 50Tf]5", 563 [Pd(dppp)2]?t, 596 @a

— 60Tf]¢", 667 [Pd(dppp)OTf]™, 972 [Pd(dppr) -OTf]*, [4a —
40Tf]*" or [4d — 30Tf]*t, 1347 a— 30Tf**. IR (KBr, cm™):
1619, 1473, 985, 834.(, 3107, 1438, 1104 (dppp), 1286, 1262,
1157, 1031, 636, 519 (OTf).

Square/Triangle 3b/38. Solid 1,4-bis(4-pyridyl)tetrafluoro-
benzenel() (7 mg, 0.023 mmol) was added to a &, (6 mL)
solution of [Pt(dppf)(HO),](OTf), (1b) (25 mg, 0.023 mmol) at
room temperature. Afte3 h of stirring, the reaction mixture was

16H, Hs—py), 2.25 (m, 32H,—CH*,—CHz), 2.06 (brs, 16 H—P—
CH,—CH,—P—), 1.31 (m, 48H,—CHjy); 3P{'H} NMR (101.25
MHz, CD3NO,) 44.1 (s Jpi-p = 3119 Hz);*°F NMR (282.21 MHz,
CH3NO,, coaxial tube of CECOOH in D,O) —81.9 (s, 24F, OTf),
—145.3 (s, 16F, P; %Pt {IH} NMR (53.53 MHz, CQNO,)
—4677 (t,Jprp = 3119 Hz).3¢: H NMR (250.13 MHz, CRNO,)
9.06 (d-like,J = 5.8 Hz, 12H, H_,), 7.86 (d-like, 12HJ = 5.8
Hz, Hz—py), 2.25 (M, 24H,—CH*,—CHj), 2.06 (brs, 12H—P—
CH,—CH,—P—), 1.31 (m, 36H,—CHs); 3%P{1H} NMR (101.25
MHz, CD3NO,) 45.2 (s, Jp—pt = 3127 Hz);*°F NMR (282.21 MHz,
CH3NO,, coaxial tube of CECOOH in D,O) —80.9 (s, 18F, OTf),
—145.3 (s, 12F, B; °*Pt{H} NMR (53.53 MHz, CRNO,, 298K)
—4696 (t,th—p = 3127 HZ)3d3C’ Anal. Calcd for (Q8H32F10N2-

concentrated to 3 mL under reduced pressure and an orange solidsP.PtS)n (n. 1003.70): C, 33.51; H, 3.21; N, 2.79; S, 6.39.

was precipitated upon addition of 4 mL of Bt Filtration and
drying in vacuo gave 22 mg (70%) of the produgh: 'H NMR
(250.13 MHz, CBNOy) 8.71 (d-like,J = 3.9 Hz, 16H, H_py),
8.02-7.59 (m, 80H, Ph), 7.28 (d-like]l = 3.9 Hz, 16H, H_),
4.80 (brs, 16H, K ter), 4.73 (brs, 16H, K ter); SP{*H} NMR
(101.25 MHz, CRNO,) 3.0 (s,Jp-pt= 3365 Hz);'°F NMR (282.21
MHz, CH,Cl,, coaxial tube of CRCOOH in D,O) —81.2 (s, 24F,
OTf), —143.8 (s, 16F, B); 19P{ H} NMR (53.53 MHz, CRNO,)
—4261 (t,Jpr—p = 3365 Hz).3b": 1H NMR (250.13 MHz, CRQNO,)
8.54 (d-like,J = 4.1 Hz, 12H, H-py), 8.02-7.59 (m, 60H, Ph),
7.24 (d-like,J = 4.1 Hz, 12H, R_), 4.85 (brs, 12H, | ten),
4.73 (brs, 12H, W ter); 31P{*H} NMR (101.25 MHz, CRNO,)
3.6 (S,Jp—p = 3420 Hz);*%F NMR (282.21 MHz, CHClI,, coaxial
tube of CRCOOH in D,O) —81.2 (s, 18F, OTf)~144.3 (s, 12F,
FL); %P *H} NMR (53.53 MHz, CQNO,) —4272 (t,Jprp = 3420
Hz). 3b/3b: Anal. Calcd for (GaHzgF10N20OsFERPIS)N
(n. 1351.84): C, 46.20; H, 2.83; N, 2.07; S, 4.74. Found: C, 46.24;
2.81; N, 2.05; S, 4.71. ESP} m/z 305 [L-H*]*, 527 [Pt-
(dppf)L]?*, [8b' — 60T or [3b — 8OTf]e+, 623 Bb — 70T,
663 Bb' — 50T, 679 [Pt(dppfl,]?*, 865 [Bb' — 40Tf]*+, 898
[Pt(dppfyOTf]*, 1879 Bb' — 20Tf]?". IR (KBr, cm™1): 1618,
1482, 985, 838L(), 1438, 1102 (dppf), 1280, 1257, 1166, 1031,
639, 522 (OT).

Square/Triangle 4b/48. 1,4-Bis(4-pyridyl)tetrafluorobenzene
(L) (7 mg, 0.023 mmol) and [Pd (dppf)EB),](OTf) (2b) (23 mg,
0.023 mmol) were reacted and worked up as describedtiab’
to yield 21 mg (72%) of a violet solidib: 'H NMR (250.13 MHz,
CD3NO,) 8.68 (d-like,J = 4.6 Hz, 16H, H_p), 8.02-7.62 (m,
80H, Ph), 7.24 (d-likeJ = 4.6 Hz, 16H, H,), 4.83 (brs, 16H,
Ho—ter), 4.77 (brs, 16H, K ren); 3P{*H} NMR (101.25 MHz,
CDsNO,) 33.6 (s);'F NMR (282.21 MHz, CHCI,, coaxial tube
of CFCOOH in D;O) —81.2 (s, 24F, OTf)—144.2 (s, 16F, P.
4b': 1H NMR (250.13 MHz, CBNO,) 8.51 (d-like,J = 5.9 Hz,
12H, H,—py), 8.02-7.62 (m, 60H, Ph), 7.20 (d-like]l = 5.9 Hz,
12H, Hg—py), 4.86 (brs, 12H, K ten), 4.77 (brs, 12H, Bl ten);
31P{1H} NMR (101.25 MHz, CRNO,) 34.3 (s);'F NMR (282.21
MHz, CH,Cl,, coaxial tube of CECOOH in D,O) —81.2 (s, 18F,
OTf), —144.6 (s, 12F, P. 4b/4b’: Anal. Calcd for (GzHzeF10N2-
OgFeRPdS)n (n. 1263.15): C, 49.44; H, 3.03; N, 2.22; S, 5.08.
Found: C, 49.39; H, 3.00; N, 2.18; S, 5.11. ESPMz 305
[L-HT]*, 708 [Pd(dppf).,-OTf-H ]2+, 808 [Pd(dppfOTf] ", 1113
[Pd(dppfL-OTf]*, [4b' — 3OT]*" or [4b — 40OTf]**, 1532 @b
— 30TfB. IR (KBr, cm2): 1617, 1476, 984, 830 (L), 1437, 1097
(dppf), 1279, 1257, 1165, 1030, 638, 496 (OTf).

Square/Triangle 3c/3¢. 1,4-Bis(4-pyridyl)tetrafluorobenzene
(7 mg, 0.023 mmol) and [Pt (OTAdepe)] Lc) (16 mg, 0.023
mmol) were reacted and worked up as describe@&84d to yield
17 mg (75%) of a white solidBc. *H NMR (250.13 MHz, CRNO,)
9.15 (d-like,J = 5.9 Hz, 16H, H_), 7.95 (d-like,J = 5.9 Hz,

Found: C, 33.47; H, 3.24, N, 2.82; S, 6.36. FAB(m/z 305
[L-H*]*, 371 Bc - 7OTf-H']8", 447 [Bc — 60Tf-H']"*, 505
[Pt(depel.;]2", 521 Bc — 60Tf]¢", 550 [Pt(depeDTf]*, 681 Bc

— 40Tf-H']>*, 854 [Pt(depd)-OTf]*, [3¢ — 3OT*" or [3c —

40Tf]*". IR (KBr, cm™1): 1595, 1463, 980, 819.(, 2966, 2931,
2875, 1630 (depe), 1262, 1173, 1034, 653 (OTf).

Square/Triangle 4c/4¢. 1,4-Bis(4-pyridyl)tetrafluorobenzeng
(7 mg, 0.023 mmol) and [Pd(OTEf{pepe)] Lo (14 mg, 0.023 mmol)
were reacted and worked up as described3@Bd to yield 16
mg (78%) of a white solid4c. *H NMR (250.13 MHz, CBNO,,

3 mM22250 K) 9.13 (m, 16H, K p,), 7.88 (m, 16H, H_,), 2.51
(m, 16H,—P—CH,—CH,—P-), 2.28 (m, 32H,~CH*,—CHz), 1.28
(m, 48H, —CHg); 3P{*H} NMR (101.25 MHz, CBNO,, 3 mM,
250 K) 76.0 (s)1%F NMR (282.21 MHz, CBNO,, 3 mM, 250K)
—80.8 (s, 24F, OTf);-145.4 (s, 16F, P. 4¢: H NMR (250.13
MHz, CD;NO,, 3 mM, 250K) 9.05 (m, 12H, K ), 7.80 (m, 12H,
Hs-py), 2.51 (M, 12H~P—CH,—CH,—P—) 2.28 (m, 24H—CH*,—
CHy), 1.28 (m, 36H;~CHj); 3'P{*H} NMR (101.25 MHz, CQNO,,

3 mM, 250K) 77.7 (s)2°F NMR (282.21 MHz, CRNO,, 3 mM,
250 K) —80.8 (s, 18F, OTf)—145.3 (s, 12F, B. 4d4c: Anal.
Calcd for (ngngFloNzOePdesz)n (n. 91501) C, 36.75; H, 3.52;
N, 3.06; S, 7.01. Found: C, 36.67; H, 3.55; N, 3.10; S, 6.97.
FAB(+) m/z 305 [L-H*']*, 308 [Pd(depd)]?*, [4c — 8OTf]®" or
[4c — 60Tf]e*, 399 {4c — 50T, 461 [Pd(depeDTf]*,
[Pd(depel 5]2*, or [4c — 60Tf]6*, 765 [Pd(depd)-OTf] ", [4c —
40Tf]*" or [4¢ — 3OTf]*", 1073 [Pd(depe),-OTf]*™ or [4c —
30T, IR (KBr, cm1): 1599, 1464, 981, 820.(, 2959, 2931,
2903, 2868 (depe), 1261, 1173, 1034, 652, 519 (OT).

Crystal Structure Analysis of cis-[PtCl,(depe)] and cis-
[Pd(dppf)(H20),](CF3S0s), (2b).32 Data collection were carried
out at 298(2) K on a Bruker SMART-CCD area diffractometer with
graphite-monochromated Mo K radiation ¢ = 0.71073 A)
operating at 50 kV and 30 mA. Suitable single crystals of
cis-[PtCly(depe)] (block, colorless, 0.58 0.20 x 0.16 mn¥) and
2b (block, dark green, 0.26< 0.21 x 0.06 mn¥) were used for
crystal determination. A total of 1271 frames of intensity data were
collected over a hemisphere of the reciprocal space by combination
of three exposure sets. Each frame covered i0.&, and the first
50 frames were re-collected at the end of data collection to monitor
crystal decay. The integration process yields a total of 8421
reflections of which 3194 were independeR{ift) = 0.0407] for
cis[PtCly(depe)] and a total of 23071 reflections of which 8119
were independenf{int) = 0.0548] for2b. Absorption corrections

(32) The molarity is based on the number of moles of palladium.

(33) Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Centre as deposition
numbers CCDC-206244 (compouris-[PtCl,(depe)]) and CCDC-
206245 (compoun@b). Copies of the data can be obtained, free of
charge, on application to the CCDC, 12 Union Road, Cambridge CB2
1EZ U.K. [fax, +44(1223)336033; e-mail, deposit@ccdc.cam.ac.uk].
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were applied using the SADABS progr&m(maximum and
minimum transmission coefficients, 0.3137 and 0.0883 disr
[PtCl(depe)] and 0.9380 and 0.7666 fab). The structure was
solved using th@ruker SHELXTL-PGoftwaré® by direct methods

and refined by full-matrix least-squares methods=6nHydrogen
atoms were included in calculated positions, less those of water
molecules that were located on residual density maps, but then fixed
their positions, and refined in the riding mode. The details of the
data collection and refinement are summarized in Table 1 (Sup-
porting Information).

Results and Discussion

Preparation and Characterization of Metallacycles.Our
initial goal was the construction of molecular polygons via
cis-protected Pd(Il) and Pt(ll) phosphane triflates and the
new diaza ligand.. The preparation of the corner units
involves reaction of the transition metal halide with silver
triflate in the appropriate organic solvent. Stang et2al.
introduced thecis-dpppPd(ll) anctis-dpppPt(ll) units, and,
although preferentially these complexes form molecular
squares with linear diaza ligands, very recently, equilibria
between molecular triangles and squares have been réfbrted
and exhaustively studied by mass spectrom&trgis-
dppfPd(Il) and its platinum analogues were successfully used
for the synthesis of octanuclear square-shaped metallo
macrocycles? Finally, cis-depePd(ll) orcis-depePt(ll) cor-
ners have been employed in this work for the first time. In
order to ascertain the suitability afis-depeM(Il) metal

Ferrer et al.

K F
ng—Q*MgBr

\ / Br

10 % Pd(PPhg)s

Scheme 1

Mg
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/

pyridine (Scheme 1). Alternatively, the same compound can
be obtained by a [PdgPPh),]/LiCl-promoted cross-
coupling reactiof? between 2 equiv of 4-pyridyltrimethyl-
stannane and 1,4-dibromotetrafluorobenzene with similar
yields. The compound was characterized by elemental
analyses anéH, 1°C, and'®F NMR and IR spectroscopies.
EMS supported the molecular masslaf m/z 304.
Stoichiometric amounts otis-[Pt(dppp)(HO).](OTf),

-(1a), cis-[Pt(dppf)(HO):1(OTf): (1b), or cis-[Pt(OTf)(depe)]

(10 and the bidentate ligand were treated in dichloro-
methane 1b) or nitromethanela, 1c) at room temperature
to yield on mixing solutions whose NMR multinuclear

corners for the preparation of molecular squares and trianglesspectra showed the assemblies of two main components with

and determine the structural differences between the pal-
ladium and platinum unitsis-dppfM(ll), which potentially
could be able to lead to macromolecules of different
geometry, we undertook the X-ray analysicis[PtCh(depe)]

and cis-[Pd(dppf)(HO),](OTf), (see Supporting Informa-
tion).

The incorporation of tetrafluorophenylene units as part of
the bridging linkers provides self-assembled electron-poor
cavities that show molecular recognition ability for electron-
rich aromatic compound$:1°*3"However, due to the flex-
ibility of the tested fluorinated derivatives (pyG€sFs)n-
CHypy: n=1, 2), it has only been possible to obtain either
dinuclear or polymeric species so far. To achieve the

highly symmetric structures (Scheme 2). No signals attribut-
able to the starting materials were detected. Reactions with
the analogous palladium unig, 2b, or 2c gave similar
results.

In order to clarify our results, we will discuss the
experiences separately. The reactionis{Pd(dppf)(HO),]-
(OTf), compound2b andL gave a violet dichloromethane
solution whosé'P{*H} NMR spectrum showed two signals
at 33.2 (major intensity) and 32.6 ppm. The observed upfield
shifts from the precursor are in agreement with an aza-ligand
coordinationt® In the ®F NMR spectrum appeared two
resonances at-144.2 (minor intensity) and-144.6 ppm
which were shifted downfield about 2 ppm from the peak at

preparation of molecular polygons, we designed and prepared—146.4 ppm ofL. TheH NMR spectrum corroborated the

the rigid fluorinated ligand 1,4-bis(4-pyridyl)tetrafluoro-
benzene l(). This new organic ligand was synthesized in

existence of the two macrocyclic species since it showed
two sets of resonances forB.54, 8.51 ppm) and JH7.24,

moderate yield (ca. 40%) by a palladium-catalyzed cross- 7.21 ppm) protons of the pyridine rings. Four signals for
coupling reactiof? between the Grignard reagent 1,4-di- the protons of the Cp rings could be seen as well. The three
bromotetrafluorophenyldimagnesium and 2 equiv of 4-bromo- NMR spectra presented identical integration ratios between

(34) Sheldrick, G. M.SADABS. A Program for Empirical Absorption
Correction of Area Detector Datdjniversity of Gdtingen: Gdtingen,
Germany, 1996.

(35) (a) Sheldrick, G. MSHELXS-97, A Program for Sohg Crystal
Structures University of Gdtingen: Gitingen, Germany, 1997. (b)
Sheldrick, G. M. SHELXL-97, A Program for Crystal Structure
RefinementUniversity of Gdtingen: Gidtingen, Germany, 1997.

(36) Schalley, C. A.; Muller, T.; Linnartz, P.; Witt, M.; Sttea, M.; Litzen,
A. Chem. Eur. J2002 8, 3538-3538.

(37) Kasai, K.; Aoyagi, M.; Fujita, MJ. Am. Chem. So200Q 122 2140~
2141.

(38) Amatore, C.; Jutand, A.; Negri, S.; Fauvarque, J:FOrganomet.
Chem 1990 390, 389—-398.
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the signals corresponding to both components for a given
concentration. In this case, the major component was
assigned to the triangular molecular specis)(while the
minor component was assigned to the square spe¢®s (
This assignment is strongly supported by the concentration
effects on the equilibrium ratio studied in dichloromethane:
the signal intensity in thé'P{*H} NMR spectrum of the
minor component4b) increases at higher concentrations

(39) Fujita, M.; Oka, H.; Ogura, KTetrahedron Lett1995 36, 5247
5250.



Metallosupramolecular Assemblies

Scheme 2

2+

al

P—M

1a M =Pt ; PP = dppp
2a M = Pd; PP = dppp
1b M = Pt ; PP = dppf
2b M = Pd; PP = dppf
1c M = Pt; PP =depe
2c M = Pd; PP = depe

2CF3S0;~  +

FF

3a M= Pt; PP =dppp
4a M = Pd; PP = dppp
3b M =Pt ; PP = dppf
4b M = Pd; PP = dppf
3c M = Pt; PP = depe
4c M = Pd; PP = depe

(Figure 1) while that of the major componerth() de-
creases according to Le Chatelier's law. Moreover, the square4b are observed downfield compared to those of the
relative position of NMR peaks for both triangle and square triangle 4’ while, in the corresponding'P{H} NMR

is in agreement with previous observations pointed out by spectrum, the resonance duedtoappears upfield. Similar
Schalley et af® Thus, the signals in thtH NMR spectrum

A
O 100 mM
I
10 mM
e
1 mM

Figure 1. 3IP{1H} NMR spectra of4b/4b' at different concentrations in

CH_CI; solution.

3a'M =Pt ; PP = dppp
4a' M = Pd; PP = dppp
3b' M = Pt ; PP = dppf
4b' M = Pd; PP = dppf
3c' M = Pt; PP = depe
4c' M = Pd; PP = depe

of the protonsortho to the pyridyl-nitrogen atom of the

trends can be deduced from the observation of tR&NMR
spectra where the signals of the triangles appeared at lower
frequencies than those of the squares. In order to confirm
the observed trends in the chemical shift between triangular
and square macrocycles, a GIAO-DFT study was carried out
(see below).

It is worth noting that the moleculadb/4b’ system
provides an interesting example of the decisive role of the
solvents in shifting the square/triangle equilibrium. Indeed,
its 3*P{*H} NMR spectrum in acetonds showed, in contrast
to that exhibited in dichloromethane, a unique peak at 36.0
ppm. ThetH NMR spectrum displayed only a set of signals
due either to the pyridyl moiety or to Cp rings. These signals
are reasonably assigned to the triangular component, which
was the predominant species in dichloromethane, as dis-
cussed above. Unfortunately, the mass spectrum was not
informative and, although several attempts of growing
crystals were made, no good-quality single crystals could
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be obtained that would support this assignment. The NMR R 333K
spectra (including*®*P{H}NMR) of solutions of the oA o AT S st i AR
analogous platinum compound8b(3b') featured similar
characteristics; however, in this case, the square/triangle ratio

1

| 298K
is much more shifted toward the latter component (equilib- M vt hetmf bl
rium ratio greater than 1:10 in the range of studied
concentrations). |

The results obtained in the reaction Id or 2a with L Af“wﬂw e 3.80'(‘ \
contrast with those described above. The analysis of the A/ N
NMR spectra of the solutions of compounds containing dppp !D
as auxiliary ligand3a/3d and 4a/4d, confirmed that the b 250K
square form, assigned by means of mass spectrometry and WWWW‘“‘{‘*“'f“““{“«‘””j‘**”*j”“”“”‘*“:‘"”““"“‘*’W’*""f“’“
NMR multinuclear studies on solutions at different concen- Tomme R mm e

trations, clearly predominates over the triangular one. In this Figure 2. Variable temperaturP{*H} NMR spectra in CBNO, for
case, the comparative study of the square/triangle ratio in4d4c.
different solvents could not be carried out given the 250 and 298 K the spectra displayed two singlets (77.9 and
insolubility of these macromolecules in the majority of 76.4 ppm) that sharpen notably at lower temperatures. The
common organic solvents. integral ratio between the two peaks did not present
Although reasons for the different behavior of both types significant variations with the temperature, the triangte
of complexes are unclear as yet, the flexibility and/or the being prevalent. Analogously to the platinum compounds,
bite angle of the bidentate ligands seem to play an importantan inversion of this ratio was observed and sqdarshowed
role. Thus, dppf (bite angle 98.74° would facilitate the itself to be the most abundant entity at high concentrations.
formation of N-M—N angles suitable for triangular as- Computer Modeling. A theoretical study using force field
semblies while it would be more difficult for this to occur methods to determine the relative stability of the platinum
for the more rigid dppp ligand (bite angle 91°%56° compounds with dppf3b/3b’) was performed with the
However, examples in the literature do not support this Cerius2 program package (see Computational Details sec-

idea: the self-assembly of the dppf derivatidsor 2b with tion). The conformers with the lowest energy are represented
2,7-diazapyrene and 4.4zopyridine is reported to resultin  in Figure 3. The bite angle of the diphosphine ligand is
the formation of square moleculs. similar in both compounds with values around-@%° while

In order to test whether the value of the diphosphine bite the N-Pt—N angle is approximately“darger in the case of
angle would have an influence on the formation of the square the square compound. The analysis of the relative stability
and/or triangular assemblies, we prepared the depe deriva®f compoundsb and3b’ using force field methods indicates
tives 1c and2c. The fact that depe had a smaller bite angle & lower energy for the square compouty) around 5 kcal/
(see Supporting Information) than either dppp or dppf mol per edge. This fact can be understood by looking at the
together with the sterically less demanding backbone of depemolecular models of Figure 3 where clearly in the triangular
would, from a thermodynamic point of view, favor the compound an extra energy contribution is needed to bend
formation of the square versus the triangle. Nevertheless,the 1,4-bis(4-pyridyl)tetrafluorobenzene ligand. Also, tri-
the results were different from what was expected. The angular complexes show a larger steric hindrance between
31pf 14} NMR spectrum of the solution obtained on mixing the bridging ligands. However, as pointed out previously,
equimolar quantities o€is-[Pt(OTf),(depe)] @c) andL in NMR results indicate the predominance of the triangular
nitromethane showed two singlets (44.1 and 45.2 ppm) compound3b’. This predominance is probably due to the
whose relative intensity varied drastically as a function of Kinetic control of the reaction process, since the square
concentration; that is, at low concentrations the predominantcompound 3b is considered as the thermodynamically
species was seen to be the triangte (d(3'P) = 45.2 ppm) favored product. It is worth noting that a stable complex with
while at high concentrations the squae (5(3'P) = 44.1 a butterfly shape & symmetry) was found during the
ppm) was the most abundant. The same variation in the ratioconformer search, however, there is not experimental evi-

square/triangle was observedH, 19F, andl¥Py 'H} NMR dence of the existence of ;uch systems. .
spectra. In order to evaluate the influence of the bite angle of the

diphosphine in the relative stability of the triangular and

For palladium 2c and L 1:1 in nitromethane), room
square compounds, we extended our study to the dppp

temperature NMR experiments implied dynamic processes ) : X
on the NMR scale. Therefore, variable temperature spectracOmplexes §a and3d, see Figure 4). The phosphine bite
for a given concentration (3 mM) were recorded over the angles of the optimized structure follow the same trend as

temperature range 25@33 K (Figure 2). Above 298 K the in the exper_imental data and are aron_mei;maller thgn those
3P[1H} NMR spectra recorded in deuterated nitromethane COrrésponding to the compounds with the dppf ligand. The

only showed a very broad resonance at 78 ppm. BetWeencomparison of the NPt—N angle value shows, as the main
difference between both ligands, an increase of this angle

(40) Dierkes, P.; Van Leeuven, P. W. N. M.Chem. Soc., Dalton Trans. value with the dppp Tor the triangular compoum:h’(j while
1999 1519-1530. there are no appreciable changes between the angles of the

5896 Inorganic Chemistry, Vol. 42, No. 19, 2003



Metallosupramolecular Assemblies

Figure 3. Optimized structures corresponding to 8eand3b' compounds
(dppf ligand) obtained using the universal force field as implemented in
the Cerius2 package.

square compounds. The increase of theRM-N angle
produces a larger bending of the ligabhdand this implies

a larger relative stability of the square compour8h)(
(around 11 kcal/mol per edge in comparison with the
triangular complexes). This value is almost twice that found
for the compounds with the dppf ligand. This fact agrees
well with the predominance of the square compound with
dppp ligand 8a) found in the NMR data. However, similar

Figure 4. Optimized structures corresponding to 8&and3a compounds
(dppp ligand) obtained using the universal force field as implemented in
the Cerius2 package.

shift between the triangular complexes and the square
complexes, we performed a GIAO-DFT study (see Compu-
tational Details sectiorff-*>For the comparison, we selected
the only example reported by Stang et al. where both
structures were resolved by X-ray diffracti®n.These
complexes are obtained using trimethylphosphine as terminal
ligand while the bridging ligand idransbis(4-pyridyl)-
ethylene. Due to the large size of such complexes, we have
employed a simplified model corresponding to a corner of
the molecule (see Figure 5) to analyze the NMR shifts.
The analysis of the structure of the triangular and square

analysis for depe complexes does not show a clear tendenc\:omplexes shows small differences, theRR—P angles

of the relative stability with the diphosphine bite angle since,

being almost the same in both cases (arourfd @hile the

although the depe complexes present a smaller bite angleN—Ppt-N is slightly different (close to 82for the triangular
the energy difference is only of 3 kcal/mol par edge favorable structure and 87for the square complex). The GIAO results
to the square complex. This result would justify the observed indicate an average downfield shift of the protm]'mo to

inversion of the square/triangle ratio on varying concentra-

tions.
Determination of Chemical Shifts by GIAO-DFT
Calculations. In order to confirm the changes in the chemical

(41) Jensen, FIntroduction to Computational Chemistry). Wiley &
Sons: Chichester, 1999.

(42) Koch, W.; Holthausen, M. @\ Chemist’s Guide to Density Functional
Theory Wiley-VCH Verlag: Weinheim, 2000.
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Figure 5. Molecular model employed in the GIAO-DFT calculations. The ?‘ 0
structure corresponds to a corner of the triangular and square Pt(Il) 85 90 95 100
complexes obtained by Stang et al. with trimethylphosphine teauats- .
bis(4-pyridyl)ethylene ligands. P-Pt-P  angle (°)

. . . Figure 6. Calculated GIAO values for the model complex (see Figure 5)
the pyridyl-nitrogen atom of 0.24 ppm in the square compleX, corresponding to the relatiiP NMR shifts of the phosphine (squares)

in good agreement with the downfield shift of 0.09 ppm g”?_lH_N'\C/{'F;l_SgitﬁS’\l of Pfftonfnh(?todfhe Pyridy'-f}it(ffgetn g‘t_OTh(C;fC'eS)-f
found in Stang’s compounds and those corresponding to theg o b pr_p anglei%gn:iggriz? In degrees are Incicated In fhe igure for
platinum complexes of this work, which range between 0.09
and 0.17 ppm. The opposite trend found experimentally for phosphines and the virtual orbital corresponding to the
the 3P NMR values is also reproduced with the GIAO combination of the g2 (Pt) ando orbitals of the phosphines
calculations, with a calculated upfield shift of 1.6 ppm for (see ref 43 for a detailed example of the effect of the
the square complex. In our compounds, changes in shiftmagnetic operator). The gap value between such orbitals
values between 0.8 and 1.1 ppm are found from square todecreases inversely with the-Pt—P angle (mainly due to
triangular complexes. These results also agree with thosethe virtual orbital). The analysis of the NBO populatitths
found experimentally by Schalléyand Wirthnet% for also indicates a decrease of the phosphorus electron density
similar complexes. The same study using the GIAO method for larger P-Pt—P angles, giving a larger deshielding and,
for the analogous Pd complexes displays the same trendsgonsequently, a larger chemical shift, as expected from the
with an average downfield shift for the square complex of results of Figure 6.
0.26 ppm for the protongrtho to the pyridyl-nitrogen atom
and an average upfield shift of 1.4 ppm in the caséef
NMR. From all these experiments and others reported in the
In order to analyze the influence of the geometry on the literature, we conclude that it is still very difficult for the
chemical shift, we employed the model shown in Figure 5 composition of the equilibrium between molecular squares
by fixing the P-Pt—P angle, performing the optimization and triangles to be predictable in a straightforward way.
of the structure, and calculating the chemical shift for the Factors such as the rigidity of the building blocks, the value
optimized structure. Thus, we calculated the displacementof the angle of the adjacent coordination sites, and the lability
corresponding to four PPt—P angles, and the results are of the metat-pyridine bond have to be considered respon-
shown in Figure 6. For the smaller#Pt—P angle values, sible for driving the self-assembly process to completion.
as expected, we found the larger-Rt—N optimized angle. Further synthetic and theoretical studies are necessary in
This case will correspond to a situation closer to a hypotheti- order to fully understand all the factors that govern the
cal square complex. The calculated shifts show an upfield generation of one determinate entity in self-assembly reac-
displacement of th#'P NMR values when the-PPt—P angle tions. The force field study of the relative stability of the
diminishes, showing the opposite behavior to tHeNMR square and triangular complexes does not show a clear
shifts. Notably, there is little dependence of the optimized relationship between the bite angle of the diphosphine and
N—Pt—N angle on the change of thefPt—P angle. These the stability order. These results indicate a larger stability
results for the NMR data confirm the trends found previously of square complexes, suggesting that the predominance for
for the nonoptimized corner complexes. triangular complexes found experimentally in some cases
A detailed analysis of the diamagnetic and paramagnetic could be due to a kinetic control of the reaction. The GIAO-
contributions to the chemical shifts reveals that the changesDFT study carried out with a model corner complex
indicated in Figure 6 are mainly due to the paramagnetic corroborates the experimental NMR data, showing an upfield
contribution. The paramagnetic component is inversely shift of the3'P NMR values from the triangular structures
proportional to the gap between occupied and virtual to the square ones, while the opposite behavior is found for
orbitals?? For this system, the coupling through the magnetic the *H NMR shifts corresponding to protormtho to the
operator is possible for ther-bonding orbitals of the  pyridyl-nitrogen atom.

Conclusions

(43) Ruiz-Morales, Y.; Ziegler, TJ. Phys. Chem. A998 102 3970- (44) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899—
3976. 926.
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