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A series of new ligands with three pyridines linked into a macrocycle by various CH,, CMe,, and CH,CH, groups
at all sites ortho to the pyridine nitrogen have been synthesized and attached to PdCl, or PtMe,. The ligands bind
to them through only two nitrogens, and the third pyridine is constrained in close proximity to the planar complex
with a filled d,2 orbital. Rapid reversible migration of PdCl, or PtMe, to the unused pyridine nitrogen is observed
at 20 °C in the case of the CH,-bridged macrocycle and does not occur in the case of the CMe,-bridged analogue,
and the mechanism of this fluxionality has been established by NMR and computational techniques.

Introduction phanes bear oxo- or two alkoxy-substituents at bridging
carbon atoms, which affect dramatically their coordination
behavior* No reports about carbon- or heteroatom-bridged
[n.1.1]-pyridinophanes witim > 1 are available. We report
here on attractive synthetic routes to macrocy@emnd 3

and a study of the outcome of binding fand3 to PdC}

and PtMe, metals whose %electronic configuration would
seem to demand a coordination geometry (planar) for which
either 2 or 3 is completely unsuited. Learning how the

[n.1.1]-(2,6)-Pyridinophanesi(= 1, 2, ...),1, represent a
class of ligands that crowd a number of pyridine donors into
compact form. Depending on their rigidity falue), they
can serve as a preorganized metal coordination unit. For
example, [1.1.1]-(2,6)-pyridinophang&,(n = 1), has 3-fold
symmetry that would appear to force facial tridentate
geometry on an attached metal. Tetramethyl-[2.1.1]-(2,6)-

12 selected molecules accommodate this compromising situation
1 13 will be seen to reveal the interactions between a metal center
9 6 with a filled dz orbital and a nucleophilic pyridine (lone pair
. s as well as occupied orbitals).
5 19 Experimental Section
n 4 5 1 20

General. All manipulations were carried out under purified argon
1 2 3 using standard Schlenk and glovebox techniques. Solvents were
dried and distilled following standard protocols and stored in
pyridinophane,2, is more flexible because of the larger gastight bulbs under argon. All reagents for which a synthesis is
ethylene bridge but perhaps less able to bind to a metalnot given are commercially available from Aldrich or Pressure
because of the four methyl substituents as compared withChemicals and were used as received without further purification.
its nonmethylated analog@e While the first representatives All NMR solvents were dried, vacuum-transferred, and stored in

of [1.1.1.1]-(2,6)-pyridinophanes or calyx[4]pyridines have an argon-filled glovebox. 1,2-Bis(2-pyridyl)ethénand tetra-
be([an synt]h((asizgagyonly rgcently both )(/:a[rb]gnd sulfur- methylbis(dimethylsulfide)diplatinum(if)have been synthesized

i i 1
bridged [1.1.1]-(2,6)-pyridinophanes are known at the mo- according to the published proceduréd. and3C NMR spectra

ment?2 The known carbon-bridged [1.1.1]-(2,6)-pyridino- (2) Konig, B.: Fonseca, M. HEur. J. Inorg. Chem200Q 2303.

(3) Reistad, K. R.; Groth, P; Lie, R.; Undheim, K.Chem. Soc., Chem.
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on leave from the Chemical Faculty, Kazan State University, Kazan, Russia. G. R.J. Org. Chem199Q 55, 5714.

(1) Newkome, G. R.; Joo, Y. J.; Theriot, K. J.; Fronczek, FJRAm. (5) Lehn, J. M.; Ziessel, Rdelv. Chim. Actal988 71, 1511-1516.
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were recorded on an Inova 700 spectrometer 400 MHz, 13C hydroxide. The liquid was dried over solid potassium hydroxide
100.6 MHz). NMR chemical shifts are reported in ppm and and fractionally distilled, first at ambient pressure and then under
referenced to residual solvent resonance peaks. High-resolution massacuum. Yield of crude 6;6dimethyltripyridinedimethane: 12 g
spectra were obtained on a Kratos MS80 RFAQQ instrument. (80%). Recrystallization from hexanes yields white crystals: 10 g
[2.1.1]-(2,6)-Pyridinophane, GoH17N3, 3. A flame-dried 300- (70%). mp 68-68.5°C. bp 173-178°C at 0.15 TorrXH NMR
mL Schlenk flask equipped with a Teflon valve and connected to (25 °C, CDC, ¢): 2.51 (s, 6H, CH), 4.29 (s, 4H, CH), 6.95 (d,
a vacuum-argon line was filled with purified argon. In the flask 50 J = 7.5 Hz, 2H, Cb5terminal-H), 6.96 (dJ = 7.5 Hz, 2H,
mL of diethyl ether was added. Then 2,6-lutidine (23.5 mL, 0.20 C3terminal-H), 6.99 (dJ = 7.2 Hz, 2H, C(3,5)central-H), 7.42 (t,
mol) distilled over calcium hydride under argon atmosphere was J= 7.5 Hz, 2H, C4terminal-H), 7.45 (§,= 7.2 Hz, 1H, C4central-
introduced. The flask was then placed into an ice bath, and H).3C NMR (CDCk, 20°C, 0): 24.73 (CH), 47.49 (CH), 120.66,
n-butyllithium solution in hexane (20.0 mL of 10 M, 0.20 mol) 121.06, 121.24 (C(3,5)), 136.81 (C4terminal), 137.12 (C4central),
was added dropwise with stirring. After the addition of 158.00, 159.08, 159.29 (C(2,6)). High-resolution mass spectrum,
butyllithium was complete, the flask with the dark red solution was m/z: found 289.15664, calcd 289.15790,08:9N3. Anal. Calcd
removed from a bath and left at ambient temperature for 1 h. Diethyl for C;gH19N3: C, 78.9; H, 6.62; N, 14.5. Found: C, 78.9; H, 6.58;
ether was removed in a vacuum, and the yellow crystalline residue N, 14.3.
was dried at 0.1 Torr during 1 h. Then 1,2-bis(2-pyridyl)ethane  (b) 2,6-Bis[2-(6-methyl-2-pyridyl)-2-propyl]pyridine (6,6"-
(9.20 g, 0.050 mol) dissolved in toluene (50 mL) was added. The dimethyltripyridinedipropane), C »3H,7Ns. To a flame-dried 300-
flask was immersed for 24 h into a silicon oil bath heated to 170 mL Schlenk flask equipped with magnetic stirring bar and filled
°C. The initially yellowish-black mixture finally turned dark red. with dry argon was added 6 &limethyltripyridinedimethane (14.5
Then the reaction mixture was cooled, and methanol (16 mL) was g, 0.050 mol) and glyme (100 mL). The flask was then placed into
added to decompose lithium hydride. After the addition of water an ice bath, and-butyllithium solution in hexane (10.0 mL of 10
(18 mL), a yellowish-brown liquid could be easily separated by M, 0.10 mol) was added dropwise with stirring. After the addition
filtration from a white precipitate of lithium hydroxide. The liquid  of n-butyllithium was complete, the flask with dark red solution
was dried over solid potassium hydroxide and fractionally distilled \yas left to stand for 1 h. Then methyl iodide (6.4 mL, 0.10 mol)
first at ambient pressure to recover lutidine and then under vacuum.in glyme (10 mL) was added dropwise with cooling and intensive
Yield of crude [2.1.1]-(2,6)-pyridinophane: 7.0 g (50%). bp 390  stirring over the course of 30 min. At the end of the addition the
200°C at 0.2 Torr. After complete solidification the crude product reaction mixture decolorized almost completely. Then another
was recrystallized from heptane three times. Colorless prisms (3.5portion of n-butyllithium solution in hexane (10.0 mL of 10 M,
g), mp 142-143°C. ™H NMR (CDCl, 25 °C, ¢0): 3.17 (s, 4H, 0.10 mol) was added to the reaction mixture. Again, methyl iodide
CoHa), 4.11 (s, 4H, CH), 6.85 (d,J = 7.6 Hz, 2H,m-CHc), 6.96 (6.4 mL, 0.10 mol) in glyme (10 mL) was added dropwise with
(d,J= 7.6 Hz, 2Hm-CH), 6.97 (dJ = 7.6 Hz, 2Hm-CH), 7.39 cooling and intensive stirring. In 30 min a saturated aqueous solution
(t, 3= 7.6 Hz, 2H,p-CH), 7.43 (t,J = 7.6 Hz, 1H,p-CHc). 1°C of potassium hydroxide (25 g) was added with intensive stirring to
NMR (CD:Clp, —40 °C, 6): 39.09 (GH,), 45.64 (CH), 119.97, precipitate dissolved lithium salts. The resulting yellowish liquid
120.62, 120.77r-C), 136.29 (C4), 136.36(Cc), 158.27,158.87,  was decanted, dried over solid potassium hydroxide, and fractionally
160.82 (-C). High-resolution mass spectrumiz found 287.14128, distilled first at ambient pressure to recover glyme and then under
calcd 287.14225, fgH17Nz. Anal. Caled for GeHiNs: C, 79.4; vacuum. Yield of pure 6,6dimethyltripyridinedipropane: 17 g
H, 5.96; N, 14.6. Found: C, 79.3; H, 5.98; N, 14.5. (98%), bp 165-170°C at 0.13 Torr!H NMR (CDCls, 25°C, 8):
9,9,16,16-Tetramethyl-[2.1.1]-(2,6)-pyridinophane  (tetra- 1,75 (s, 12H, CH), 2.50 (s, 6H, Ch), 6.89 (virtually d, 4H,J =
methyl-[2.1.1]-(2,6)-pyridinophane), GsH2sNs, 2. (a) 2,6-Bis(6- 7.8 Hz, C(3,5)terminal-H), 6.87 (d,= 7.8 Hz, 2H, C(3,5)central-
methyl-2-pyridylmethyl)pyridine  (6,6"-dimethyltripyridine- H), 7.36 (t,J = 7.8 Hz, 2H, C4terminal-H), 7.37 (§ = 7.8 Hz,
dimethane);/ CigHidNs. A flame-dried 300-mL Schlenk flask  1H, C4central-H). High-resolution mass spectrumiz found
equipped with a Kontes Teflon valve connected to a vacuum-argon 34522131, calcd 345.22049 487N,
line was chargeq Wlth 50 mL of dlethyl ether and 2,6-lutidine (23.3 (c) 9,9,16,16-Tetramethyl-[2.1.1]-(2,6)-pyridinophane (tetra-
mL, 0.20 mol; distilled from (_:aIC|um hydrl_de). The flask was then methyl-[2.1.1]-(2,6)-pyridinophane), GgHeNs, 2. To a flame-
cooled to 0°C, andn-butyllithium solution in hexane (20.0 mL of  qie4"300-mL Schienk flask equipped with magnetic stirring bar
10 M, O.2_m9|) was added dropwise with stirring. _After the addl_tlon and filled with dry argon was added 6:@imethyltripyridinedi-
of n-butylllthlum_was complete, the dark re_d solution was permitted propane (11.1 g, 33 mmol) and glyme (200 mL). The flask was
to warm to ambient temperature for 1 h. Diethyl ether was removed cooled then to-10 °C in an acetoneliquid nitrogen bath, and a
in a vacuum, and the yellow residue was dried at 0.1 Torr for 1 h. n-butyllithium solution in hexane (6.6 mL of 10 M, 66 mmol) was
Toluene (50 mL) was added via cannula, and 2-picoline distilled 4464 gropwise with stirring. After the addition ebutyllithium
over calcium hydride under argon atmosphere (9.9 mL, 0.1 mmol) \aq complete, the resulting dark red solution was stirreet
was added with a syringe. The flask was then immersed for 40 °C for 1 h. Then the reaction mixture was cooled-t60 °C, and

min into a silicon oil bgth heated to 12C to distill off res_ldu_al copper(l) iodide (12.6 g, 66 mmol) was added with stirring during
ether and to evolve dihydrogen. Usually-120 mL of a liquid 5 min. After 30 min of stirring at-50 °C the mixture was allowed
was collected. Then the Teflon valve was closed, and the tmper-y, \yarm slowly to room temperature and then heated at reflux for
ature of the silicon oil bath was raised to 15 Atthe end of the 4 , ‘precipitation of metallic copper was observed, and the solution
synthesis (12 h) the reaction mixture turned purple-red. Then the yo.qjorized. After being cooled, a saturated aqueous solution of

reaction mixture was cooled, and methanol (16 mL) was added ,5sqiym hydroxide (8 g) was added to the mixture with intensive
with a syringe to decompose precipitated lithium hydride. After ging 1o precipitate dissolved lithium salts. The resulting brown

the addition of water (18 mL), a yellow liquid could be easily i iq was decanted, dried over solid potassium hydroxide, and
separated by filtration from the white precipitate of lithium o ciionally distilled first at ambient pressure and then under

(7) Vedernikov, A. N.: Miftakhov, R.; Borisoglebski, S. V.; Caulton, K. vacuum. Yield of crude tetramethyl-[2.1.1]-(2,6)-pyridinophane: 3.5
G.; Solomonov, B. NChem. Heterocycl. Com2002 418, 471. g (30%), bp 176-175°C at 0.12 Torr. After complete solidification
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the crude product was recrystallized from heptane. By slow cooling, to 95%) can be obtained from the supernatant solution. Anal. Calcd
colorless needles suitable for X-ray analysis were obtained (1.0 for C;3H23NsPt: C, 49.2; H, 4.52; N, 8.20. Found: C, 49.5; H, 4.52;

g). mp 138-139°C. 'H NMR (CDCls, 25°C, 6): 1.58 (s, 12H,
CHg), 3.04 (s, 4H, CH), 6.80 (d, 2HJ = 7.7 Hz,m-CH), 6.95 (d,
J=7.7Hz, 2Hm-CH), 7.13 (d,J = 7.8 Hz, 2H,m-CHc), 7.33 (t,
J=17.7 Hz, 2H,p-CH), 7.54 (t,J = 7.8 Hz, 1H,p-CH). 1°C NMR
(CDCl;, 20 °C, 0): 27.67 (CH), 38.77 (GH,), 47.87 CMey),
115.16, 116.66, 119.82¢C), 135.54 p-C), 136.06 p-Cc), 159.05,
167.19, 167.51d-C). High-resolution mass spectrum/z. found
343.20550, calcd 343.20484,48,5N3. Anal. Calcd for GsHosNa:
C, 80.4; H, 7.34; N, 12.2. Found: C, 80.3; H, 7.28; N, 12.1.
Pd(tetramethyl-[2.1.1]-(2,6)-pyridinophane)Ch-MeCN, CysH ¢
CI2Ng4Pd. To a dry flask containing a magnetic stirring bar PgCI
(49 mg, 0.28 mmol) and 10 mL of dry acetonitrile were added.
The mixture was heated with stirring under reflux darib h until
dissolution of solid dichloropalladium(ll) was complete. Then
tetramethyl-[2.1.1]-(2,6)-pyridinophane (107 mg, 0.31 mmol) dis-
solved in 5.0 mL of acetonitrile was added to the ice-cooled solution
of the dichloropalladium(ll) acetonitrile complex. The color of the
solution immediately turned from pale orange to red. The resulting
solution was reduced in volume to one-third and cooled in a
refrigerator at—18 °C overnight. Large red needles suitable for
X-ray analysis were filtered off and washed with a small portion
of acetonitrile. Yield: 120 mg (83%). Anal. Calcd fopgEl,sCIoN4-
Pd: C, 53.4; H, 5.02; N, 9.97. Found: C, 53.3; H, 4.98; N, 9.87.
IH NMR (25 °C, CDCE, 0): 1.81 (s, 6H,excCHjg), 1.98 (s, 3H,
MeCN), 2.09 (s, 6H,endoCHjg), 3.58-3.66 (m, 2H,exoCH),
5.18-5.33 (m, 2H,endeCH), 7.06 (dd,J = 7.8 Hz, 1.1 Hz, 2H,
m-CH), 7.39 (ddJ = 7.8 Hz, 1.1 Hz, 2Hm-CH), 7.68 (dJ = 8.0
Hz, 2H,m-CHc), 7.52 (t,J = 7.8 Hz, 2H,p-CH), 8.07 (t,J = 8.0
Hz, 1H,p-CHc). 13C NMR (CDCk, 20°C, d): 30.27, 33.35 (Ch),
37.85 (GH4), 50.51 CMey), 120.08, 121.75, 123.48¢C), 138.70
(p-C), 139.36 p-Cc), 161.37, 164.09, 170.2%-C).
Pd([2.1.1]-(2,6)-pyridinophane)C}, C19H17CI.N3Pd. To a dry
flask containing a magnetic stirring bar PdC177 mg, 1.00 mmol)

N, 8.21.1H NMR (—47 °C, THF-dg, 6): 0.54 (S,2Jp-y = 89.4
Hz, 3H, Me), 0.55 (s2Jpr—n = 89.4 Hz, 3H, Me), 2.853.10 (m,
2H, GHy), 3.35-3.49 (m, 1H, GH,4), 3.97 (d,J = 11.3 Hz, 1H,
CHy), 4.16 (d,J = 12.6 Hz,Jpr- = 9 Hz, 1H, CH), 5.44-5.58
(m, 1H, GHy), 5.54 (d,J = 11.3 Hz, 1H, CH), 5.87 (d,J = 12.6
Hz, Jpr-n = 15 Hz, 1H, CH), 6.70 (d,J = 7.6 Hz, 1H,m-CH),
6.94 (d,J = 7.6 Hz, 1H,m-CH), 7.15 (d,J = 7.6 Hz, 1H,m-CH),
7.25(d,J=7.6 Hz, 1Hm-CH), 7.32 (dJ = 7.6 Hz, 1Hm-CHc),
7.35(d,J = 7.7 Hz, 1H,m-CHc), 7.29 (t,J = 7.6 Hz, 1H,p-CH),
7.59 (t,J = 7.7 Hz, 1H,p-CH), 7.64 (t,J = 7.6 Hz, 1H,p-CH¢).
13C NMR (CD:Cly, —40°C, 8): —24.75 (S Jprc = 845 Hz),—24.43
(s,Jp—c = 845 Hz) (CH), 33.45, 37.73 (6H,), 47.19, 47.33 (Ch),
120.08, 121.04, 121.90, 122.07, 123.30, 123.44C[), 136.30,
136.67, 136.94-C), 155.00, 157.13, 157.16, 158.24, 160.43,
164.45 6-C).

Crystal Structure of (2)PdCl,*MeCN. A nearly equidimen-
sional fragment sample was cleaved from a larger transparent orange
needle. The selected fragment was then affixed to a glass fiber using
silicone grease and transferred to the Bruker SMART6000 CCD
system where it was cooled t6160 °C using a gas-flow cooling
system of local design. A set of initial frames indicated that the
crystal was single. The data were collected using 10-s frames with
anw scan of 0.30. Data were corrected for Lorentz and polarization
effects, and equivalent reflections were averaged using the Bruker
SAINT software as well as utility programs from the XTEL library.
The structure was solved using SHELXTL and Fourier techniques.
Systematic absences and statistical tests indicated the noncentro-
symmetric space groufPnmawith Z = 4. The solution and
refinement confirmed this assignment, and the molecule lies on a
mirror plane. A solvent molecule (MeCN) was also present, also
lying on a mirror plane. All of the hydrogen atoms were clearly
visible in a difference Fourier and were refined isotropically in the
final cycles of refinement, with the exception of the three hydrogen

and 20 mL of dry acetonitrile were added. The mixture was heated atoms associated with the MeCN solvent. The latter were disordered

with stirring under reflux durig 1 h until dissolution of dichloro-

palladium(ll) precipitate was complete. Then [2.1.1]-(2,6)-pyridino-
phane (313 mg, 1.10 mmol) dissolved in 5.0 mL of acetonitrile
was added to the ice-cooled solution of the dichloropalladium(ll)
acetonitrile complex. The color of the mixture remained almost

unchanged. The resulting solution was reduced in volume to one-

half and cooled in a refrigerator at18 °C overnight. The reddish-
yellow crystalline powder was filtered off and washed with a small
portion of acetonitrile. Yield: 440 mg (95%). Anal. Calcd for
C19H17C|2N3Pd: C,49.1; H, 3.69; N, 9.04. Found: C,49.9; H, 3.30;
N, 9.20.1H NMR (=50 °C, CD,Clp): 3.01-3.17 (m, 1H, GHy),
3.23-3.36 (m, 1H, GHy), 3.63-3.77 (m, 1H, GH,), 4.17 (d,J =
12.8 Hz, 1H, CH), 4.53 (d,J = 14.8 Hz, 1H, CH,), 5.33-5.45
(m, 1H, GHy), 5.94 (d,J = 12.8 Hz, 1H, CH), 6.52 (d,J = 14.8
Hz, 1H, CHy), 6.95 (d,J = 7.7 Hz, 1H,m-CH), 7.03 (d,J = 7.7
Hz, 1H,m-CH), 7.25 (dJ = 7.7 Hz, 1Hm-CH), 7.28 (dJ = 7.7
Hz, 2H,m-CHc), 7.36 (d,J = 7.7 Hz, IHm-CH), 7.43 (tJ= 7.7
Hz, 1H, p-CH), 7.64 (t,J = 7.7 Hz, 1H,p-CH), 7.67 (t,J = 7.7
Hz, 1H, p-CHc).

Pt([2.1.1]-(2,6)-pyridinophane)Me, C,;H23N3Pt. In a glovebox
filled with purified argon a dry flask containing a magnetic stirring
bar was charged with fle,(SMey), (8.0 mg, 28«mol) dissolved
in 0.50 mL of tetrahydrofuran and with [2.1.1]-(2,6)-pyridinophane
(8.4 mg, 29umol) dissolved in 0.5 mL of tetrahydrofuran. The
mixture was left standing overnight. Orange crystals suitable for
X-ray analysis were filtered off and washed with several drops of
tetrahydrofuran. Yield: 7 mg (50%). Additional compound (up

over two positions and were placed in fixed positions with 50%
occupancy. All structural parameters are within normally accepted
values. A final difference Fourier was essentially featureless, with
all peaks being less than 0.46 &/A

X-ray Structure Determination of C,3H2sN3, 2. A suitable
sample was cleaved from a larger transparent needle. The selected
fragment was then affixed to a glass fiber using silicone grease
and transferred to the Bruker SMART 6000 CCD system where it
was cooled to—160 °C using a gas-flow cooling system of local
design. A set of initial frames indicated that the crystal was single.
The data were collected using 60-s frames witlwastan of 0.30.
Data were corrected for Lorentz and polarization effects, and
equivalent reflections were averaged using the Bruker SAINT
software as well as utility programs from the XTEL library. The
structure was solved using SHELXTL and Fourier techniques.
Systematic absences and statistical tests indicated the noncentro-
symmetric space group2;2;2; with one unique molecule. The
solution and refinement confirmed this assignment. All of the
hydrogen atoms were clearly visible in a difference Fourier and
were refined isotropically in the final cycles of refinement. A final
difference Fourier was essentially featureless, with all peaks being
less than 0.16 efA

Computations. Theoretical calculations in this work have been
performed using density functional theory (DFT) metfagecif-

(8) Parr, R. G.; Yang, WDensity-functional Theory of Atoms and
Molecules Oxford University Press: Oxford, 1989.
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Scheme 1
1) 145°C, 12 h
A | N 2)MeOH/H,0 N N N
() - [ »eommo™S [ [
N N° Me Me” N N N~ "Me
80%
. C
1) 2 BuLi
1) 2 BuLi; 2) 2 Mel 2)2 Cul
3) 2 BuLi; 4) 2 Mel N N I AN 3)A
—_— —_—
| Z | 7 Z
Me N N N Me
A
98% 2 30%

ically functional PBES implemented in an original program package
Prirodal® In PBE calculations, relativistic StevenBasch-Krauss
(SBK) effective core potentials (ECPpptimized for DFT calcula-
tions have been used. The basis set was a 311-split for main group
elements with one additional polarizatipsfunction for hydrogen,

and an additional two polarizati@hfunctions for elements of higher
periods. Full geometry optimization was performed without con-
straints on symmetry. For all species under investigation, frequency
analysis has been carried out. All minima have been checked for
the absence of imaginary frequencies. Reaction trajectories have

been calculated by the method of Gonzales and Schiégel.

Results

Synthesis and Characterization of Pyridinophane 2 and
its PdCl, Complex. Pyridinophane is synthesized by the
path shown in Scheme 1. Its structure is best deducétiby
NMR spectroscopy and shows mirror symmetry. Four
equivalent methyl groups indicate only a small barrier for
conformational reorientation of one of the rings to the

Figure 1. (a) ORTEP drawing of the non-hydrogen atoms of pyridinophane
2. Unlabeled atoms are carbon. Thermal ellipsoids are given at 50% level
of probability. (b) ORTEP drawing of the non-hydrogen atoms2pP¢Ch.
Unlabeled atoms are carbon. Selected bond lengths and angle<I@)
=2.295(1), Pe-N(11)=2.083(3), N(11)Pd—N(11) = 88.53(15}, CI(2)—
Pd-CI(2') = 91.57(5). Thermal ellipsoids are given at 50% level of
probability.

around Pd contain electron density; the only empty orbital,

opposite side of the three-nitrogen plane. A crystal structure dz 2 lies along the PeCl axes. As a result, the ring C
determination (Figure 1a) shows a conformation where the nitrogen orients its lone pair away from Pd. The ring

A and B ring lone pairs point in opposite directions.
Reaction of2 with PACL(NCMe), at 25°C in acetonitrile,
followed by overnight cooling at—18 °C, gives pure
crystalline @)PdC} containing MeCN in the lattice, whose
IH NMR spectrum shows mirror symmetry relating the A
and B rings. In contrast to the free ligagdcomplex 2)PdCh
exhibits two unequivalent CMemethyl proton chemical

constraints in2 nevertheless leave the face of the C ring,
and more specifically leave N and the two ortho carbons
located above the PdgCplane. There is, therefore, a/fet-
cloud repulsion, with Pd/N3 and PdC4 separations of 2.658
and 2.944 A. These are sub-van der Waals contacts, but
repulsive. For comparison, the distances from Pd to C16 and
its synH are 2.938 and 2.765 A. There is evidence of a minor

shifts because of a rigid mirror symmetric structure resulting geformation of Pd out of the N1IN1CI2 and CI2 plane

from binding to PdCGl Protons of the (Ch), bridge resonate
as an AAXX' system, consistent with the conclusion on
rigidity of the molecule.

The X-ray diffraction structure of the molecule (Figure
1b) shows a rigorous mirror symmetris-PdCL group
bound to the A and B rings & in a conventional fashion.
Such binding indeed brings the C ring in proximity to Pd,
but the near-planar Pd(pgl, substructure leaves thezd

orbital doubly occupied, so the out-of-plane coordination sites

(9) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77,
3865.

(10) (a) Usytnyuk, Y. A.; Ustynyuk, L. Y.; Laikov, D. N.; Lunin, V. \.
Organomet. Chen00Q 597, 182. (b) Laikov, D. N.Chem. Phys.
Lett. 1997 281, 151.

(11) (a) Stevens, W. J.; Basch, H.; Krauss, MChem. Phys1984 81,
6026. (b) Stevens, W. J.; Basch, H.; Krauss, M.; JasieGap. J.
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(the Pd atom deviates from the plane by 0.14 A toward the
ring C) to rehybridize the d orbitals and diminish the pure
(d2)? character of the repulsion. Spectroscopic evidence for
this unusual Pd/C ring interaction is found in thé NMR
chemical shifts. The C ring meta and para chemical shift
changes on2)PdCL (vs their values in fre@) are larger
(by 0.58 and 0.53 ppm) than are the changes for protons of
the two other rings.

We investigated experimentally the possibility that these
Pd/N (ring C) repulsions might be diminished in the
unsymmetrical isomer because DFT calculations (PBE
functional, program package Prird8sshow the out-of-plane
Pd/N distance to be longer (3.33 A) there than calculated in
the symmetrical isomer (2.81 A). This longer distance in the
unsymmetrical isomer originates from the longer tether
(CzH,) to the pendant pyridyl ring. However, we observed
no isomerization (eq 1) ofym(2)PdC} into its unsym-
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Scheme 2 para-H, PtMe
2
N
v +50°C
N 1
/N
N Br Br N = excess
i O QTS | z N | 2) MeOH / H,0
N N N 2

para-H, -20°C PtMe || PtMe’
7.8 7.6 74 7.2 7.0 07 06 05 04 ppm
3 Figure 2. 'H NMR spectra of '\B)PtMQ in tetrahydrofurards at various
temperatures.

metrical isomer with the palladium bound to nitrogens of
unequivalent pyridine rings B and C: heating a solution of ~ The experimental preference fans(3)PdCL over its
sym(2)PdC} in acetonitrile to 60°C does not lead to either symmetrical isomer is in agreement with results of DFT
any line broadening™ NMR at 60°C) or appearance of calculations, which show thamns(3)PdC} is favored over
new set of signals. its symmetrical isomer byAH®,9s = 5.6 kcal/mol. The main
cause of this may be lower repulsive interactions between
the filled metal ¢ orbital and the central pyridine ring
m-electrons (or electrons of the nitrogen lone pair) in the
(1) former (palladium-nitrogen distance of 3.14 versus 2.71 A
in the symmetrical isomer, again because of the longer tether
to the pendant pyridyl group), without significant intervention
of PdCL interactions with hydrogens of the GHbridges,
symm unsymm in contrast to the complex derived from the liga2d
Mechanism of Fluxional Rearrangement. This re-
arrangement might occur with (eq 2a), or without (eq 2b),
site exchange of the chloride ligands. In principle, we cannot
exclude also existence of an equilibrium betwdamnd4b.
The difference hinges on whether the Pd@lane lies in
(eq 2b) or perpendicular to (eq 2a) the mirror plane present
at the transition state (or intermediate) of the mechanism.
To establish this mechanistic feature we undertook both
experimental and DFT investigations. An analogue with
NMR-active methyl groups in place of chlorides was
synthesized by reaction &with PtMes(u-SMey),. Use of
Pt rather than Pd permits use of spin coupling to test for
unimolecular character in the mechanism. Proton NMR

This is consistent with the result of DFT calculations (PBE
functional) that AG°,s = 3.0 kcal/mol in favor of the
symmetrical isomer. According to the calculated structure
of uns(2)PdCL, one of the CH- groups is very close to the
Pd atom so forcing a PeH distance of 2.33 A. Thus, the
weaker interactions of some of tgemdimethyl groups with
Cl on Pd seem to determine the isomer preference.

Synthesis and Characterization of the Nonmethylated
Pyridinophane 3 and Its PdCL and PtMe, Complexes.If
the four methyl groups at the bridging carbons of the
macrocycle? affect significantly its preferred binding modes,
the nonmethylated [2.1.1]-(2,6)-pyridinophaBie(n = 2)
should show properties significantly different from those of
the macrocycl®. We synthesized [2.1.1]-pyridinophane in

two steps with a total yield of 40% according to Scheme 2. ﬁ|\ /I -

The dichloropalladium(Il) complex of pyridinopharg 2b K ""/N N/|
(3)PdCL, is formed at 20°C in acetonitrile from dichloro- N \ /
palladium(ll). @PdCk exhibits fluxional behavior at room o, \ ‘"’ 11 2

temperature in CECl, solution because of rapid palladium N [~ @

atom migration between nitrogens of the A and B rings of ﬁ \ /T o
the ligand3. The only sharp signal in itdid NMR spectrum L N,"’M‘tN —_— N/“I" N
corresponds to HC (para) of the ligan@® central pyridine - a
ring (Scheme 2). Signals of other ligand protons appear as 4a

broad singlets with the exception ofHC (meta) of theC

ring, which shows one broadened doublet at room temper-spectroscopy (Figure 2) shows th&)HtMe, adopts the
ature. The broadened singlets become resolved as multipletsinsymmetrical structure (three triplets of& (para), six

at —35 °C, characteristic of a molecule with no symmetry. doublets of H-C (meta), and two sets of AX patterns for
Resolved are three triplets of+HC (para), six doublets of the CH- bridges at—20 °C) and is fluxional, analogous to
H—C (meta), and two sets of AX patterns of gHbridges. (3)PdCh. At 20 °C in THF-dg,*2 all protons except the HC
Thus, and in contrast t&2)PdCb, (3)PdC} is the unsym- (para) of the central ring are broad multiplets, and the methyl
metrical isomer shown in Scheme 2. groups appear as one broadened singlet but with discernible
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unsymm 2

unsymm unsymm'

Figure 3. DFT free energies (298 K, kcal/mol) and structures for species involved in isomerization and enantiomeriz&)Bd©§. (

platinum satellites?Jp 1 = 90 Hz). At+50 °C, signals of

new isomer of §)MX, can appear. Study of the reaction

some of the @H, group protons have sharpened somewhat. paths of isomerizations 2a and 2b (Figures 3 and 4; paths
At —5 °C, the methyl groups have decoalesced into two sharpthat have been traced to a given structure are indicated with

singlets $Jp-n = 89 Hz for each). At-47 °C, all protons
of all pyridine rings are as sharp as that of-8 (para) of
the central ring of3. At this temperature protons of one of
the CH- bridges show significant coupling witf*Pt (15
and 12 Hz) indicating proximity of one of the bridges to the
metal atom. The fluxional process for the PtMkerivative

arrows) showed that it is indeed the case; it revealed the
following:

(1) For @)MX, complexes (MX% = PdC}L and PtMe),
enantiomers of the unsymmetrical and related symmetrical
isomer (intermediatda) can rearrange by passage through
two mirror transition states TS (reaction path 2a). In

thus has a higher activation energy than does the PdCl agreement with experiment, the unsymmetrical isomer is
analogue, and the pyridine ring exchange mechanism clearlymore stable, and relative rates are calculated to be faster for
involves site exchange of the unequivalent methyl ligands the PdC} case (barriers are smaller by 4.2.0 kcal/mol).

(eq 2). The midpoint of this rearrangement thus involves the

isomeric structure, which is the ground state f2yRdCb.

(2) In the case (Figure 4) oBfPtMe,, two enantiomers
of unsymmetrical§)PtMe; interconvert through the transition

The nature of this experimental study can establish the state TS, (isomerization path 2b).

occurrence of mechanism 2a. It cannot, however, confirm

(3) In the case of3)PtMe,, a second distinct path 2a has

or deny the energetic accessibility of mechanism 2b or somepeen found. It connects the enantiometios(3)PtMe

mixed mechanism involving high-energy five-coordinate
intermediates linkingla and4b via mechanism 2c. For this,
it is necessary to turn to a computational method.

DFT Study of the Mechanism of Fluxionality. For
unsymmetrical isomers3)MX,, the #) or (—) gauche
conformation of C+C2 bridges of the macrocycle are

complexes withsym(3)PtMe, via transition state T
whose energy is only slightly higher than that of jESIn
contrast to TGs, the formation of TSs, is accompanied by
rotation about the CtC2 bond in another direction.

(4) In the case of JPACL only, isomerization path 2b
includes an additional unsymmetrical intermediate involving

reversed in the course of their enantiomerization. When the rotation about the G3C2 bond of the macrocycld and
barrier of such conformational transition is high enough, a some shortening of the PdN distance (to 2.763 A) in this

(13) Because of the slower rate versggdCb, it was necessary to employ
THF rather than CBCl; to reach the coalescence temperature. At lower
temperaturestH NMR spectra in CBCl, and THFds were wholly
analogous.
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isomer. Thiauns2 is an unsymmetrical analogue @PdC},

but in contrast to the latter, the third nitrogen atom here points
its lone pair toward the metal. In contrast ®)RtMe,, the
unsymmetrical intermediate is stabilized, presumably because
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\

Figure 4. DFT free energies (298 K, kcal/mol) and structures for species involved in isomerization and enantiomerizeg)Bmv, (

of less significant repulsive interactions between the pendant0.66 A longer than the other twd1® Similarly, five-
nitrogen and the palladium atom, which bears higher coordinated Rh(l) complexes [Rh{bis[(3,5-dimethyl-1-
Mulliken positive charge imins(3)PdC}L (4+0.705) than does  pyrazolyl)methyllethylamingBF, (L = cod, (CO)) have
platinum in @)PtMe; (+0.671).uns2 is connected to one  been found in the solid state (but not in solution) with one
of the two unsymmetrical enantiomers through transition state Rh—N distance longer by 0.47 &.
TSyu, uns2 is also connected by reaction path 2c to the  The pyridinophanes may join the current range of facial
symmetrical isomer through transition state §Slocated preference ligands4Bs, RE(pyrazolyl} (E = N, C, B)}"18
at practically the same energy level asy&SThus, in the 3-fold symmetric cyclic triaminé8 and thioetherd? and the
case of B)PdC}, the two paths of isomerization, 2a and 2b, various tripodal thiane%, phosphineg? tripyridine meth-
are connected through related symmetrical and unsym-anes® and amide¥?°in manipulating metal center thermo-
metrical intermediates. dynamics and reactivity. The present work shows the ability
In summary, the DFT study of enantiomerization reaction of [2.1.1]-pyridinophanes to adapt to afrmode of binding,
paths showed that multiple and almost equally probable -
competitive mechanisms operate concurrently here for both *® g?lgglskf’; Eah"j”tl’zor\é Csﬁ;ﬁ'z'beOlBezrggb?'; Etienne, M.; Daran, J.
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a capability of increasing importance in tris-pyrazolylborate  In summary, the pyridinophanes studied here offer some
chemistry. interesting and geometrically controllable (via ligand meth-
The potentially tetradentate macrocydehas attracted  ylation) opportunities to investigate the influence of nucleo-
attention recentBf~3! as a ligand to many metals. When it phile/nucleophile repulsions on the reactivity of mietal
complexes. The degenerate rearrangement between enanti-

omers of the unsymmetrical structure involves a transition
Q state that is thermally accessible atZh We have studied
N this computationally in considerable detail to establish the
energies of flexing this new macrocycle since this will be a
RN NR component of certain types of its reactivity (e.g., protonation
N or oxidative addition). This work shows that a MXlec-
trophile (M = Pd, Pt; X= halide, alkyl) finds numerous
Q ways to bind;? to [2.1.1]-(2,6) pyridinophane, and all these

differ in energy by less than 15 kcal/mol. The presence of a
pendant nucleophile poised to bind to the metal may lead to
does bind;3, one RN group is pendant, it can enable a site unusual reactivity when these metals are oxidized to M(IV).
exchange with the coordinated NMe group, and in one

instance this nitrogen has been protonated; this last function Acknowledgment. This work was supported by the
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