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The reactions of Cd?* and Zn?* with the pyridine-arm isoindoline ligand 4'-MeLH = 1,3-his[2-(4-methylpyridyl)-
iminoJisoindoline produced the series of octahedrally coordinated complexes M(4'-MeL),, [M(4'-MeLH),J?*, and [M(4'-
MeL)(4'-MeLH)]*. The complexes M(4'-MeL), resulted from reactions of the respective metal perchlorates with
deprotonated ligand, whereas the complexes [M(4'-MeLH),](CIO,), resulted from reactions with ligand in the absence
of added base. The mixed-ligand complexes [M(4'-MeL)(4'-MeLH)]* were generated in solution by reactions of
equimolar quantities of M(4'-MeL), and [M(4'-MeLH),]**. Whereas [Cd(4'-MeL)(4'-MeLH)]* is stable in solution,
[Zn(4'-MeL)(4'-MeLH)]* converts to and establishes equilibrium with the tetrahedrally coordinated, trinuclear complex
[Zns(4'-MeL)s?*. The complexes Cd(4'-MeL), (1), Zn(4'-MeL), (2), and [Cd(4'-MeL)(4'-MeLH)ICIO, (5) were
characterized by single-crystal X-ray diffraction, with the latter complex being shown to contain 4'-MeLH coordinated
as a protonated iminium zwitterionic ligand. The [M(4’-MeLH),)** and [M(4'-MeL)(4'-MeLH)]* complexes are tautomeric
in solution because of the shuttling of the iminium protons between imine N atoms. The rate of prototropic tautomerism
in [Cd(4'-MeLH),]* was followed by 'H NMR spectroscopy. Over the temperature range 276—312 K, a linear Eyring
plot with the activation parameters AG* = 16.0 + 0.1 kcal/mol, AH* = 2.9 + 0.1 kcal/mol, and AS* = —44.0 +
0.3 cal/mol-K was obtained.

Introduction less basic than the central C atom of PCP and NCN pincer
ligands.

Over a period of approximately 20 years, there has been
intermittent interest in the use of various metal complexes

reaction of 1,2-dicyanobenzene with various 2-aminopy- of deprotonated 1,3-bis(2-pyridylamino)isoindolines and its
ridines. Upon deprotonation with a base, they coordinate asalkyl-substituted derivatives for the oxidation of substrates
uninegative, tridentate ligands via pyrrole and pyridine N Such as alcohotsand hydrocarborfsand most recently for

atoms, and this has been observed in numerous cases ithe hydrogenation of alkenédn the latter case, it has been
reactions with transition-metal iofs. proposed that the square-planar palladium isoindoline com-

As uninegative tridentate N donor ligands, these deriva- (1) For example, see: (a) Gagiie R.; Gall, R. S.; Lisensky, G. S.; Marsh,

: o : [ o R. E.; Speltz, L. M.Inorg. Chem1979 18, 771. (b) GagheR. R;
tized |30|ndol|n§§ are similar to the fam|I|ar pyrazolylbordtes, Marritt, W. A Marks, D. N.: Siegl, W. Olnorg. Chem 1981 20,
although the distinction between the two is that pyrazolylbo- 3260. (c) Addison, A. W.; Burke, P. J.; Henrick, Kknorg. Chem.

rates coordinate facially, whereas isoindolines are restricted 1982 21, 60. (d) Domaille, P. J.; Harlow, R. L ; Ittel, S. D.; Peet, W.
y G. Inorg. Chem1983 22, 3944. (e) Bereman, R. D.; Shields, G. D;

1,3-Bis(2-pyridylamino)isoindolines and their alkyl-
substituted derivativesy-RLH, shown below, are a family
of N donor pincer ligands formed by the condensation

to coordinate meridionally. Isoindolines may also be clas- Dorfman, J. R.; Bordner, J. Inorg. Biochem1983 19, 75. (f) Baird,
sified as pincer ligands. In contrast to the well-known ?éévl?.;zﬂ;eﬂl)r;a?n), VE\;/. r.;EeHreman_, E.,%;}finth!jCogrd._Cheg.
- : , . (g9) Balogh-Hergovich, .E Kaizer, J.; Speier, G.;
meridionally coordinated PCP an(_JI N_CN a_naI(_)gues, how_ever, Huttner, G.; Jacobi, Alnorg. Chem.200Q 39, 42. (h) Balogh-
the central pyrrole N atom of an isoindoline is substantially Hergovich, E; Speier, G.; Rglier, M.; Giorgi, M.; Kuzmann, E.;
Vértes, A.Inorg. Chem. CommurR005 8, 457. (i) Meder, M. B.;
*To whom correspondence should be addressed. E-mail: wicholas@ Haller, I.; Gade, L. HJ. Chem. Soc., Dalton Trang005 1403.
chem.wwu.edu. (2) Trofimenko, S.Scorpionates The Coordination Chemistry of Poly-
T Western Washington University. pyrazolylborate Ligandsimperial College Press: London, 1999.
¥ Colorado State University' (3) Gagn’e R. R.; Marks, D. N.Inorg. Chem1984 23, 65.
5804 Inorganic Chemistry, Vol. 45, No. 15, 2006 10.1021/ic060051i CCC: $33.50  © 2006 American Chemical Society

Published on Web 06/21/2006



Isoindoline Pincer Ligand with Cd(ll) and Zn(ll)

5

Figure 1. Alkyl-substituted 1,3-bis(2-pyridylamino)isoindoling’-RLH,
with the numbering scheme féH NMR spectra.

6

plex [Pdf'-RLH)CI]*, formed from the precursor Ru{RL)-

Cl catalyst, serves as a reactive intermediate in the catalytic

hydrogenation of alkenes.

Perhaps the most interesting feature of these pyridine-arm

isoindolines is that the ligand (nondeprotonated) can coor-
dinate to metal ions as a charge-neutral, zwitterionic,
tridentate pincer ligand and form stable, isolable complexes.
This is a consequence of the internal transfer of its pyrrole
proton to an imine N atom. Robinson and co-worRers
1967 reported the first examples of transition-metal com-
plexes containing nondeprotonated, pyridine-arm isoindoline
ligands, n'-RLH, but did not recognize the fact that the
pyrrole proton had shifted to an imine N atom. Further
examples of’-RLH complexes containing Co(ll), Fe(ll),
and Ru(ll) were reported by Gagne and co-workers;
however, structural validation by X-ray crystallography was
not obtained.

A principal objective of this study is to validate the
existence of charge-neutral, zwitterioni&;RLH isoindoline
complexes and demonstrate that such complexes can b
readily obtained with a variety of metal ions. In a recent
Communication, we reported the synthesis and X-ray crystal
structure of the seven-coordinate complex Cd(4LH)-
(NO3), (6),2 where 4-MeLH = 1,3-bis[2-(4-methylpyridyl)-
iminolisoindoline, the first structurally characterized complex
containing a charge-neutral, zwitterionic isoindoline ligand.
Metric details for the complex suggest that the two principal
resonance forms of coordinatedMelLH, shown in Figure

2, contribute equally to the structure of the tridentate !

isoindoline ligand ir6. As evidenced byH NMR spectros-
copy, this complex exhibits prototropic tautomerism in
solution, with tautomerism being a consequence of proton
transfer between the two imine N atoms 6MeLH. In this

(4) (a) Saussine, L.; Brazi, E.; Robine, A.; Mimoun, H.; Fischer, J.; Weiss,
R.J. Am. Chem. S0d.985 107, 3534. (b) Tolman, C. A.; Druliner,
J. D.; Krusic, P. J.; Nappa, M. J.; Seidel, W. C.; Williams, I. D.; Ittel,
S. D.J. Mol. Catal 1988 48, 129. (c) Balogh-Hergovich, .ESpeier,
G.; Ralier, M.; Giorgi, M.; Kuzmann, E.; Vees, A.Eur. J. Inorg.
Chem2003 1735. (d) Meder, M. B.; Gade, L. HEur. J. Inorg. Chem.
2004 2716.

(5) Siggelow, B.; Meder, M. B.; Galka, C. H.; Gade, L. Eur. J. Inorg.
Chem.2004 3424.

(6) Robinson, M. A.; Trotz, S. |.; Hurley, T. Jnorg. Chem.2004 6,
392.

(7) Marks, D. N.; Siegl, W. O.; Gagn&k. R. Inorg. Chem.1982 21,
3140.

(8) Anderson, O. P.; la Cour, A.; Berg, A.; Garrett, A. D.; Wicholas, M.
Inorg. Chem 2003 42, 4513.
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Figure 2. Principal resonance forms fot-#MeLH when coordinated to a
metal ion.

report, our study focuses on newly synthesizédé¢LH
complexes of Cd(Il) and Zn(ll) and how the difference in
size of these two metal ions affects the reaction chemistry
of their respective complexes.

A second objective of this study is to gain a better under-
standing of the proton-transfer mechanism in solution for
complexes containing tautomentRLH isoindoline ligands.
Proton-transfer processes are of significant importance in
many chemical and biological systefrand these isoindoline
complexes provide simple models for examining proton
transport in solution. In such complexes, proton transfer and
tautomerism are connected because there are two symmetry-
equivalent imine N atoms that can serve as proton acceptors.

Tautomerism is a well-known phenomenon in chemistry
and especially in N heterocyclic chemistfyPrototropic
tautomerism, a special case in which the tautomerism
énvolves movement of a proton from one site to another and
not necessarily an equivalent site, occurs in N bases such as
imidazolest! pyrazoles? porphyrinst® monoprotic porphyrin
anions!® and N-confused porphyrirté.In the case of free
acid porphyrins and monoprotic porphyrin anions, for
example, proton transfer is very rapid because the N acceptor
atoms are spatially close, and proton transfer occurs without
the need for a solvent molecule or Lewis base to transport
protons in solution. In other molecules, triazines for ex-
amplel® the opposite is true: the two proton acceptor sites
in the molecule are distant, and Lewis base mediation is
needed to effectuate proton transfer. Pyridine-arm isoindo-
lines are similar to triazines in that both have two N proton
acceptor sites sufficiently distant from each other such that
direct proton transfer is impossible. In contrast to triazines,

(9) Kramarz, K. W.; Norton, J. RProg. Inorg. Chem1994 42, 1 and
references cited therein.

(10) Elguero, J.; Katritzsky, A. R.; Denisko, O. V. IAdvances in
Heterocyclic ChemistryKatritzky, A. R., Ed.; Academic Press: San
Diego, 2000; Vol. 76, p 1.

(11) Wofford, D. S.; Forkey, D. M.; Russell, J. @. Org. Chem 1982
47, 5132.

(12) Lichtman, W.J. Am. Chem. Sod 979 101, 545.

(13) Braun, J.; Hasenfratz, C.; Schwesinger, R.; Limbach, Hxhgew.
Chem., Int. Ed. Engl1994 33, 2215.

(14) Furuta, H.; Ishizuka, T.; Osuka, A.; Dejima, H.; Nakagawa, H.;
Ishikawa, Y.J. Am. Chem. So2001, 123 6207.

(15) Ménnle, F.; Limbach, H.-HAngew. Chem., Int. Ed. Endl99§ 35,
441.
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pyridine-arm isoindolines introduce a further level of com-
plexity with regard to proton transfer because two of these
tridendate ligands can coordinate to a metal ion. We
demonstrate here how the rate of proton transfer is remark-
ably different in the complex ions [M(4eLH),]*" and
[M(4'-MeLH)(4'-MeL)]*, M = Cd and Zn, and discuss the
role of entropy in the prototropic tautomerism of these
isoindoline complexes.

Experimental Section

The ligand 4MeLH was prepared following published proce-
dures!® All other chemicals were reagent-grade and commercially
available.'H NMR spectra in CRCl, were obtained on Varian
Inova 500-MHz and Bruker AMX 750-MHz spectrometers and
referenced to the residual proton peak of the solvent. NMR samples
were dried under vacuum for a few hours in order to remove traces
of water and solvated methanol. &L}, was dried over Cajland
transferred on a Schlenk line to samples in J. Young NMR tubes.
NMR line-shape analysis was carried out with gNMR software.
IR spectra were obtained on a Mattson Gemini spectrometer.
Elemental analyses were provided by Desert Analytics and Atlantic
Microlab.

Caution! Metal complexes containing organic ligands and a
perchlorate ion are potentially explag and should be handled
with care.

Synthesis of Cd(4MeL), (1). A methanolic tetrax-butylam-
monium hydroxide solution (1.0 mL, 1.0 M) was added to 30 mL
of a solution of 4MeLH (0.327 g, 1.0 mmol) in warm methanol.
Solid Cd(NQ),*4H,0 (0.154 g, 0.5 mmol) was then added to the
stirred solution. After filtration to remove traces of undissolved
solids, slow cooling of the filtrate produced orange rods that proved
suitable for X-ray diffraction studies. Yield: 0.109 g, 14%. IR
(KBr): ve=nic=c 1630, 1608, 1570, 1520, 1469 ctnAnal. Calcd
for C40H32N10Cd: C, 62.80; H, 4.17; N, 18.31. Found: C, 62.78;
H, 4.22; N, 18.31.

Synthesis of Zn(4-MeL) (2). This complex was prepared from
a methanol solution as a microcrystalline solid by a slight
modification of the method previously described by Gagnal.1°
with methanolic tetrax-butylammonium hydroxide rather than
triethylamine being used to deprotonateMeLH. The complex
was analytically pure as shown by #d NMR spectrum. Layering
of a CH,CI, solution of 2 with ether produced yellow rods of a
monohydrate that proved suitable for X-ray diffraction studiess.
NMR (500 MHz, CB,Cl,, 293 K): 6 8.05 (m, 7H), 7.95 (d, 5H),
7.67 (m, 8H), 7.14 (s, 3H), 6.51 (d, 6H), 2.19 (s, §H

Synthesis of [Cd(4-MeLH) 5](CIO 4),:CH30H-2H,0 (3). Solid
Cd(ClOy),6H,0O (0.928 g, 2.21 mmol) was added to a stirred
solution of 4-MeLH (0.327 g, 1.00 mmol) in 20 mL of warm
methanol. After filtration to remove traces of undissolved solids,
the solution was cooled at*€ for a few days. The microcrystalline
product that formed was washed with ice-cold methanol and air-
dried. Yield: 0.365 g, 73%. IR (KBr)vc=njc=c 1637, 1602, 1550,
1519, 1490, 1471 cn¥; vco,~ 1098 cnil. Anal. Calcd for
C41H4N1gCACLO1: C, 47.62; H, 4.09; N, 13.55. Found: C, 47.62;
H, 3.99; N, 13.43.

Synthesis of [Zn(4-MeLH);](ClO4),*1.5H,0 (4). Solid
Zn(ClOy),-6H,0 (0.0933 g, 0.251 mmol) was added to a stirred
solution of 4-MeLH (0.1614 g, 0.494 mmol) in 10 mL of warm
methanol. After filtration to remove traces of undissolved solids,

(16) Addison, A. W.; Burke, P. JI. Heterocycl. Cheml981, 18, 803.
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Table 1. Crystallographic Data for Compounds 2, and5*

compound 1 2 5
chemical C4oH32CdN10 C40H34NloOZn C12H33CdC|N1009A75
formula

765.2 736.1 981.6
space group  P2i/n P2i/n P2i/c
a A 12.033(3) 11.765(3) 17.625(3)
b, 15.946(3) 15.937(4) 10.768(2)
c, A 18.515(6) 18.606(4) 23.098(4)
f, deg 93.773(6) 93.579(4) 90.989(8)
vV, A3 3545.0(15) 3481.7(13) 4383.1(14)
z 4 4 4
T,K 173(2) 155(2) 165(2)
A 0.7107 0.7107 0.7107
Deaca g CnT3  1.43 1.40 1.49
w, mm~t 0.661 .755 0.627
R(Fo)? 0.0370 0.0432 0.0625
Ru(Fd? 0.0952 0.100 0.182

aRefinement by full-matrix least squares & (all data); R, for all
data,R for I > 20(1); R= Y (|Fo| — |Fcl/3|Fol; Rv = WR2 = [SW(F? —
FAHIW(FA)Y2% wt = 0%(Fe?) + (LP)2 + MP, whereP = (Fo? +
2FA)/3.

the solution was cooled at ambient temperature. The microcrys-
talline product that formed quickly was washed with ice-cold
methanol and air-dried. Yield: 0.0715 g (31%). IR (KB®¢=n/c=c
1638, 1605, 1551, 1523, 1490, 1469 ¢, 1100 cntt. H
NMR (500 MHz, CQCly, 293 K): 6 2.34 (s, 6H), 2.36 (s, 6H),
6.93 (t, 4H), 7.50 (s, 2H), 7.877.98 (m, 10H), 8.25 (d, 2H), 8.80
(d, 2H), 10.93 (s, M, 2H). Anal. Calcd for GoH37N10ZNClOg 5
C, 50.78; H, 3.95; N, 14.81. Found: C, 50.88; H, 3.94; N, 14.82.
X-ray Diffraction Studies. X-ray diffraction data from single
crystals were recorded on a Bruker-Nonius SMART CCD diffrac-
tometer employing Mo & radiation (graphite monochromator).
Standard Bruker controS(MART and integration$AINT) software
was employed, and BrukeBHELXTL” software was used for
structure solution, refinement, and graphics. Selected details related
to the crystallographic experiment are listed in Table 1. Unit cell
parameters were obtained from a least-squares fit to the angular
coordinates of all reflections. Intensities were integrated from series
of frames { rotation) covering more than a hemisphere of
reciprocal space. Absorption and other corrections were applied
by usingSADABS® The structures were solved by direct methods
and refined (orfF 2 using all data) by a full-matrix, weighted least-
squares process. Residual electron density representing disordered
solvent molecules of methanol or water was included in the model
as O atoms with fractional occupancy.

Results and Discussion

Whereas octahedral coordination is most common for
Cd(ll) and tetrahedral coordination is most common for
Zn(I1),*° both metal ions form octahedral complexes of form-
ula M(4-MeL), when the respective metal nitrate or per-
chlorate salts are reacted with the deprotonated anion
4'-MeL" in a 1:2 molar ratio in methanol. In both complexes,
the isoindolinate anion coordinates meridionally as a triden-
tate ligand, albeit with significant distortion from planar
geometry.

The structure ofl, as determined by single-crystal X-ray
diffraction, is shown in Figure 3; selected €N bond
lengths and angles are listed in Table 2. The isoindoline anion

(17) Sheldrick, G. MSHELXTL, version 5; Siemens: Madison, WI, 1996.

(18) Sheldrick, G. M.SADABS University of Gdtingen: Gitingen,
Germany, 1994.

(19) Sigel, H.; Martin, R. BChem. Soc. Re 1994 28, 83.
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significant ruffling of at least one isoindoline ligand is
necessary for octahedral coordination to occut.iSimilar
ruffling is present in2-H,O (vide infra).
The pattern of C&N bond lengths in1 [long
Cd—N(pyridine) bonds and shorter €dN(pyrrole) bonds]
is consistent with that observed in other structurally char-
acterized tridentate’MeL~ complexes:*820Although the
Cd—N(pyrrole) distances id differ by more than 16, the
average CeN(pyrrole) distance of 2.23 A i is found, as
expected, to be approximately 0.14 A shorter than the average
Cd—N(pyridine) distance of 2.37 A.
Despite the presence of a water molecule Zinthe
structures ofl. and2 appear isomorphous Selected Za-N
bond lengths and angles are listed in Table 2 (the numbering
system for atoms i@ is identical with that inl). The Zn-N
bonds are approximately 0.2 A shorter than the comparable
Figure 3. Thermal ellipsoid plot (50% probability) showing the structure Cd—N bonds in1, and a similar pattern of MN bond
of 1. lengths is observed, with the ZMN(pyrrole) bond being

Table 2. Selected M-N Bond Lengths (&) and Angles (deg) for approximately 0.2 A shorter than the ZN(pyridine) bonds.

Compoundsl, 2, and5 The smaller size of Z1 makes this cation a better fit for
1 ) 5 the isoindoline cavity than Cd. This is evident from the
- trans-N(pyridine)-M—N(pyridine) bond angles: 169.@nd
m_ﬁﬁ 25?8% 5;222% 2;52‘3‘223 167.0 in 2 in contrast to the more acute angles of 181.6
M—N1 2.392(2) 2.252(2) 2.382(6) and 159.3in 1. As noted for the structure df the pyridine
M—N3A 2.233(2) 2.053(2) 2.251(6) ; i ; i i ;
M_NEA 2379(2) 2239(2) 2360(6) rings of each ligand '|r2 are .5|m|I'arIy thstgd .Wlth .respect
M—N1A 2.354(2) 2.233(2) 2.348(6) to the center fused-ring isoindoline. The isoindoline ligand
N3—M—N3A 177.91(8) 178.91(8) 176.3(2) containing N3 has pyridine twist angles of approximately
N1A—M —NS5A 161.65(8) 167.05(7) 157.0(2) o ; i T o
N1-M_N5 159.27(8) 169.90(7) 160.3(2) 25° and 18, while the isoindoline ligand containing N3A

has pyridine twist angles of approximately®l&nd 8.

functions as a tridentate ligand using pyrrole and pyridine _ N the absence of added base, Cd(§i@HO and

N atoms to coordinate to Cd. Although the basic coordination ZN(Cl02)226H20 will react with 4-MeLH in a 2:1 metal
geometry about Cd is octahedral, there is considerable lig-t0-ligand molar ratio to form [Cd(4MeLH)2|(CIO4). (3) and
and distortion. The isoindolinate ligands Irare distinctly ~ [£N(4-MeLH)|(CIOu). (4), respectively. Previous experi-
nonplanar, seemingly in order to minimizetedigand ~ ©€nce with the reaction of Cd(Ng2 and 4-MeLH to form
N(pyrrole)}-H6 repulsions (H6 refers to the notation intro- 6"CH:OH showed that a-23-fold mplar excess of Cd('\@
duced in Figure 1). The extent of distortion from planarity Was necessary to deter coformationlohence, the choice

in each 4MeL" ligand is indicated by the twist angle of of the unusgal stoichiometry for the preparatiorBatnd4.

the two pyridine arms relative to the central pyrrole ring. When reactions of Cd(Clg or Zn(ClQy), and 4-MeLH
The isoindoline ligand defined by N1, N3, and N5 is ruffled. 2'€ C_arrled out in a stoichiometric 1:2 metgl-to-llgand_mqlar
Its two pyridyl rings are twisted by 24°6and 29.8 in the ratio in small volumes of methanol, immediate precipitation
same direction relative to its pyrrole ring, while the isoin- Of mixed products occurs. On the other hand, when the
doline defined by N1A, N3A, and N5A is significantly less volume. was large and the solution was allowed to evaporate
distorted and has its two pyridyl rings twisted by 12ahd ~ SIowly in air, M(4-MeL), crystals were the sole product.
12.3 in opposite directions relative to its pyrrole ring. In 1€ apparent propensity ot-#eLH to relinquish its pyrrole
[Cu(4-MeL)(H,0),]Cl0, a distorted trigonal-bipyramidal ~ Protonin solution without the adqmo_n qf a ba_lse rr_1akes the
complex in which the water ligands biretfjuatorially and synthesis of charge—neutral, zwitterionic isoindoline com-
there is no donor atom situated trans to the pyrrole N atom, PI€xes less than straightforward.

the pyridine arms are nearly coplanar and the ring twist All of our attempts to prepare single crystals®&nd4
angles are only 5%8and 3.0. The H6/H6 separation in each suitable for X-ray diffraction studies were unsuccessful. In
of the 4-MeL- ligands in1 is another significant marker. ~One preparation d, however, a single crystal of the mixed-
These distances are approximately 5.25 and 5.28 A for theligand complex [Cd(4MeLH)(4'-MeL)]CIO, (5) was picked
two isoindoline ligands iri, whereas this separation is only ~0ut of the bulk product. The structure 6f as determined
3.93 A in [Cu(4-MeL)(H,0)]CIO.2 It seems clear that the by single-crystal X-ray diffraction, is shown in Figure 4. Only
H6 protons of the pyridine arms in’-MeL~ restrict one isoindoline ligand appears to be protonated. Its proton,

unhindered access of a fourth in-plane donor atom and thatcoordinated to imine N atom N2, was located in the
difference electron density map and was included in the

(20) Anderson, O. P.; la Cour; Dodd, A.; Garrett, A. D.; Wicholas, M.
Inorg. Chem.2003 42, 122. (21) The water molecule present dis interstitial and is not H-bonded.
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13 12 11 10 8 8 7 6 5 4 3 2 1 0
ppm
Figure 5. H NMR spectrum of3 in CD,Cl, 293 K.

ate between single and douBfeBoth are consistent with
bond lengths found in2 and previously characterized
4'-MeL~ complexes:*82° Only one iminium isoindoline
complex,6, has been characterized structur@lénd its rele-

Figure 4. Thermal ellipsoid plot (50% probability) showing the structure

ors vant C—N bond lengths are also listed in Table 3. This com-
Table 3. Select G-N Bond Lengths (A) for Compoundsl, 5, and6 plex serves as a useful structural reference SorThe
bond 1 5 6 variation of C-N bond lengths in6 can be explained by

4-Mel- 139+ 0.01 1.376 CTAN3A reference to the two principal resonance forms of the coor-
C—N(pyrrole) C7-N3, C14-N3 1.390 C14A-N3A dinated 4MeLH ligand (Figure 4) and, as previously pro-

C7TA—N3A, C14A-N3A posect is consistent with an approximate 50% contribution
‘é‘["ﬁ&r;line) oo Cana LSz CImNG of each resonance structure. The protonated isoindoline

C7A—N2A, C14A-N4A ligand in 5, defined by N1, N3, and N5, has a-@l bond
4-MelLH 1.324C7—N3 1.331C7—N3 length pattern strikingly similar to that o8, while the
C—N(pyrrole) 1423C14N3  1.410CI14-N3 isoindoline ligand defined by N1A, N3A, and N5A fhhas
4-MeLH 1.311C7-N2 1.344C7-N2 a C—N bond length pattern strikingly similar to that found
C—N(imine) 1.275C14N4  1.280 C14-N4 in 1

altalicized numbers refer to bonds on the protonated side of the The 'H NMR spectra ofl and 2 in CD,Cl, each have
isoindoline ligand. five distinct signals in the aromatic region and one methyl

model in an idealized position. This iminium proton is resonance at approximately 2.4 ppm. The spectra are con-

involved in a weak hydrogen bond to O3 of the perchlorate sistent with that reported previously f@#* and are repre-

counterion (N2--O3 = 2.725 A). Selected bond distances sentative of complexes with twequialent meridionally

and angles are listed in Tables 2 and 3, with the latter table poordinated, tridentate isoindoline ligands. Although the

including pertinent comparisons to selectedNCdistances isoindoline conformations of each of the ligandslirand

in the Cd(ll) complexed and6. As in both1 and2, steric 2 are somewhat different in the solid state, no evidence
crowding of the isoindoline ligands i has significant of ligand inequivalence is apparent in NMR spectra of

structural consequences. The protonated isoindoline IigandCDzCI2 solutions of these complexes at temperatures as low

in 5 defined by N1, N3, and N5 has its two pyridyl rings aST1r193llf.NMR 3 bi .
twisted by 12.0 and 19.8 relative to its central pyrrole ring, cD (; h _s?fctrum5q at am |ent| ten:]perart]ur&a ]'cn
whereas the isoindolinate anion defined by N1A, N3A, and =~ -2~ SNOWN In FIgure 5, 1S more comp ex than thatlo

N5A has its two pyridyl rings canted by 4.and 7.8 relative There are seven distinct resonances in the aromatic region
to its central pyrrole ring ' ' of the spectrum between 8.8 and 6.9 ppm. The presence of

When the crystal structures &f 5, and6 are compared, two distingt methy] proton resonances at 2.39 and 2.'37 ppm
it is found that it is the pattern of €N bond lengths that and an imine pro'gon resonance at 1.0'7.2 ppm conﬂrms_that
serves to distinguish’MeLH from 4-MeL~ coordination. 4-MeLH is coordinated, as shown in Figure 2. The imine
The significant G-N bond lengths in these complexes are proton resonance Is shifted upfield by 3.2 ppm from that of

e the pyrrole proton resonance irMleLH. NMR assignments
C(pyrrole)-N(pyrrole) and C(pyrrole}N(imine), and these i ) ! :
ar(emllisted)i—n 'I('g}tl)le 3)Althoué%ytheettvdswlet)Iigands in and chemical shifts fol and 3 are listed in Table 4. The

1 have distinctly different degrees of ruffling, comparable presence of an Iminium proton Mcauses for th? most.part
isoindoline G-N bond lengths in the two ligands vary only a minor perturbation of thtH NMR chemical shifts

insignificantly from one another. The average 8 (imine) when cqmpargd to tho_se it however, the 7H and 3H
bond length of 1.2% 0.02 A in 1 is characteristic of a protons in3, with chemical shifts of 8.77 and 7.93 ppm,

double bond, Wh_lle the avergg_e—(l&l (pyrrole) bon(_j length . (22) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
of 1.394+ 0.01 A is characteristic of a bond order intermedi- G.; Taylor, L.J. Chem. Soc., Perkin Tran£987, 2, S1.
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Table 4. 'H NMR Chemical Shifts for Compounds 3, and5 in
CD.Cl,22¢
proton 1 3 5
H8 7.65 7.98,7.97 7.70
H7 8.02 8.228.77 8.12 (b)
H6 7.95 8.00, 7.99 7.95 J 1
H5 6.53 6.95, 6.94 6.61
H3 7.21 7.577.93 7.33
CHjs 2.22 2.39,2.37 2.25
N—H 10.72
aChemical shifts in ppm relative to tetramethylsilane at 293 K.
b Resonances listed in italics are those that conclusively could be identified (a)
from a one-dimensional NOESY experiment as belonging to protons A“ | 'l . !

proximal to the iminium H atom i8. ¢ The iminium proton resonance in T T T T T T T T T T 1

5 was not detected.
ppm

-3.0 Figure 7. H NMR spectra ofl + 3 in CDCly: (a) 293 K; (b) 171 K.

2 mechanism. A number of exchange mechanisms are pos-

32 sible. These include proton abstraction by adventitious water
and/or residual methanol followed by subsequent protona-

-3.3 1 . . . . . . .
tion of the same isoindoline ligand or protonation by acid

§-a}4- impurity followed by loss of the iminium proton on the
. same isoindoline ligand. A third alternative, direct bimo-
lecular proton transfer between two positively charged

Rl [Cd(4-MeLH),]?" ions, seems highly unlikely. Whatever
37 the prevailing mechanism may be, the rate of tautomerism

- - . . T - in 3 is significantly slower than that observed f6r and
0.0032 0.0033 0.0034 0.0035 0.0036 0.0037 . .
T a sharp, well-definedH NMR spectrum is observed.
Figure 6. Eyring plot for 3 in CD,Cl. Clearly, the small values & and the very small change in

k with temperature are entropy-related, a consequence of the
respectively, have resonances shifted by approximately 0.7statistical unlikelihood of proton transfer occurring rapidly
ppm as a consequence of being spatially close to the iminiumand simultaneously atachof the two isoindoline ligands
H atom. in 3.

Line broadening in the NMR spectrum &fat 293 K As further evidence of the slowness of the fluxional
suggests that a fluxional process in the slow-exchange timeprocess, the addition of 0.6L of D,O to a NMR tube
domain is occurring in solution. A saturation transfer containing a solution o8 in CD,Cl, caused only a slight
experiment done by irradiating the-NH resonance shows perturbation to théH NMR spectrum and an insignificant
that the iminium protons are mobile and exchanging with amount of signal broadening. In contrast, the addition 9 D
protons of adventitious water and methanol of solvation, the to a solution of6 in CD,Cl, caused rapid iminium proton

two molecules that most likely are carriers of the-N exchange and the emergence ®fsharp signals in the
proton between imine N atoms. In contrast wi{thowever, aromatic region of the NMR spectrum.
the rate of fluxionality of3 in CD.Cl, appears significantly Although proton transfer in CECl, solutions of3 is slow

slower, and signal coalescence of the methyl resonancesat ambient temperature, this is remarkably not the case for
although separated by only 10 Hz at 500 MHz, is not solutions containing equimolar amounts bfand 3. The
achieved at 313 K, the boiling point of GOI.. NMR spectra of this equimolar mixture at 293 and 171 K
The proton-transfer process &was followed in CDClI; are shown in Figure 7. At ambient temperature, only five
over the temperature range 24312 K by line-shape analy-  signals, each somewhat broadened, are observed in the
sis of the two methyl proton resonances. In the narrow aromatic region of the spectrum. This is a postcoalescence
temperature range 27612 K, a linear Eyring plot was  spectrum and signifies that proton transfer is fast. The driving
obtained (Figure 6) with the following activation param- force for this rapid fluxional behavior is most likely entropic.
eters: AG* = 16.0+ 0.1 kcal/mol (298 K)AH* = 2.9 + It is a consequence of the distribution of two-N protons
0.1 kcal/mol, andAS" = —44.0 + 0.3 cal/motK. Upon betweeneightiminium N atoms in this equimolar mixture
extension of the plot to lower temperatures, noticeable rather than four, as would be the caseirOn time average
deviation from linearity was observed, suggesting that two in this equimolar mixture, the species in solution appears to
or more proton-transfer mechanisms are operative. The mostbe 5, with chemical shifts in CBCl, at ambient temperature
unusual feature of the kinetic data is the very small change only slightly different from that ofl (see Table 4). At 171
in k, the pseudo-first-order rate constant, with temperature. K, the NMR spectrum of this mixture assumes a complexity
Over the 30 interval from 276 to 306 K, for example indicative of slow exchange with the appearance of peaks
increases from 6.98 to 12.46's The large negative value that can be attributed to each of the isoindoline ligands in
of AS suggests that exchange occurs via a bimolecular [Cd(4-MeLH)(4'-MeL)] ™.

Inorganic Chemistry, Vol. 45, No. 15, 2006 5809



© |

(b)

ppm

Figure 8. 1H NMR spectral changes df in CDCl; with the addition
of HBF, in ether: (a) no HBEF added; (b) 1 equiv added; (c) 2 equiv
added.

Figure 9. Partial 'H NMR spectrum with peak assignments for an
equimolar mixture o + 4 in CD,Cl,.

Conversion ofl first to 3 and then to5 has been
accomplished in an NMR tube reaction by the addition of 1
and 2 equiv, respectively, of 1.0 M ethereal HBi©® a
solution of1 in CDCl;. The changes in the NMR spectrum
of 1 are illustrated in Figure 8. While a single crystal®f

Wicholas et al.

[Cd(4-MeLH)(4'-MeL)]". In separate macroscale reactions,
we have not been able to prepare the mixed-ligand complex
[Zn(4'-MeLH)(4'-MeL)]CIO, and doubt whether this can be
isolated.

The stoichiometry for the reaction @and4 in CD,Cl,
is shown in eqs 1 and 2.

Zn(4-Mel), + [Zn(4'-MeLH),]*" —
2[Zn(4-MeLH)(4'-MeL)]™ (1)

3[Zn(4-MeLH)(4-MeL)]" =
[Zng(4-MeL),J*" + 2(4-MeLH) + H” (2)

The NMR spectrum of an equimolar mixture ®f 4 in
CD.Cl; is essentially temperature invariant over the range
263—303 K. On the basis of the stoichiometry of eq 2 and
the observed relative integrals for the methyl peaks between
2.8 and 1.8 ppm in thtH NMR spectrum, we calculate that
approximately 60% of a solution of the mixed-ligand
complex has been converted to pi-MeL)s)?" plus 4-
MeLH. The temperature invariance Kty implies thatAH
~ 0 and that this reaction is entropy-driven.

If eq 2 is an equilibrium reaction, then the reaction offZn
(4'-MeL)4)(ClOy), with 4'-MeLH should generate a mixed-
ligand complex. This occurs over a period of a few hours in
CDCl; and more slowly in CBCl,. We believe that a trace
acid impurity in both solvents provides the libn necessary
for the reverse reaction in eq 2.

We had previously reported the synthesis aHINMR
spectrum of [Zg(4'-MeL)4](ClO4)2.2° This tetrahedrally
coordinated trinuclear complex is formed when Zn(g©
6H,0 reacts with 4MeL™ in a 1:1 molar ratio in meth-
anol. That the anticipated six-coordinate compkeis not
formed with this 1:1 reaction stoichiometry speaks to the

was isolated by accident (See above), attempts to prepar@[ﬁ)eCia' Stability of tetrahedrally coordinated?Znlt is an

and isolates by the reaction of Cd(Clg),-6H,0, 4-MeLH,
and n-Bus,NOH in 1:2:1 molar ratios were unsuccessful;
mixed products were always obtained.

Whereas the reaction of equimolar quantities of the
Cd(ll) complexes1 and 3 produces the mixed-ligand
complex 5, the equivalent NMR tube reaction between
Zn(Il) complexe<2 and4 produces entirely different results.
The 6-9 ppm segment of théH NMR spectrum of an
equimolar mixture oR and4 in CD,Cl, at 293 K is shown
in Figure 9 along with the signal assignments. A pyrrole

instance where the size of the metal ion matters. Th& Cd
ion, approximately 0.2 A larger in radius thanZ# does
not form the analogous trinuclear complex. In all of our
attempts to prepare [G@'-MeL),](ClO4,),, the only product
has beenl. The larger size of Cd makes octahedral
coordination more favorable and provides a plausible ex-
planation for the apparent nonexistence of {@dMeL),]-
(ClOy)2.

The respective reactions @ and 1 with acid are very
different. When a small aliquot of an etherial HB&olu-

proton resonance at 10.7 ppm, an iminium proton resonancetion, less than 1 equiv, is added to a £I solution of2 at
at 13.9 ppm, and four methyl proton resonances are also293 K, the trinuclear complex [Z(#-MeL).]*" and 4-
present3 There are no signals present that can be attributed MeLH are immediately formed. The-® ppm region of the

to the two reactant¥. The peak positions for [Z¢4'-
MeL),]?" and 4-MeLH match those reported previously for
these two specig$:2°The assignments for the five peaks in
Figure 9 attributed to [Zn(4MeLH)(4'-MeL)]* were made

IH NMR spectrum is shown in Figure 10 with peak
assignments for [Zt4'-MeL)4)?" and 4-MeLH. The pro-
posed reaction stoichiometry is given below. The peaks
labeled “Zn(4-MelL),” are somewhat shifted from the

by reference to the corresponding peaks in the spectrum offésonance positions of puBeand represent a time-averaged

(23) A complete NMR spectrum of the equimota#s- 4 mixture is included
with the Supporting Information.
(24) Were excesg or 4 present in the 1:1 mixture, they would not be

detected separately in the NMR spectrum because of the rapid rate of

proton exchange with the mixed-ligand complex.
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spectrum due to rapid exchange with [ZnfdelLH)(4'-
MelL)]" present in solution. The further addition of acid shifts
the equilibrium in favor of products as evidenced by the

(25) Shannon, R. DActa Crystallogr 1976 A32 751.
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Figure 10. Partial 'TH NMR spectrum with peak assignments @r+
ethereal HBE in CD.Cl,.

growth in the relative intensities of the trinuclear complex
and 4-MelLH peaks.

Zn(4-MeL), + H™ — [Zn(4-MeLH)(4-MeL)]"  (3)

3[Zn(4-MeLH)(4'-MeL)]* = [Zny(4'-MeL) ]** + 2
(4-MeLH) + H" (4)

Conclusion.We have demonstrated that the pyridine-arm
isoindoline 4-MeLH reacts with Cé&" and Z#* to form three

distinct octahedral, bis-tridentate complexes with each metal

ion, namely, M(4MeL),, [M(4'-MeLH),]?*, and [M(4-
MeL)(4'-MeLH)]*. Differences in the reaction chemistry of

these Cd(Il) and Zn(ll) complexes are significant and are

attributed to the difference in size of the two metal ions.

Thus, while the equimolar mixture df and 3 in CD.Cl,
solution forms the stable mixed-ligand complex [Cd(4
MelL)(4'-MeLH)]*, the more sterically strained [Zri{¥eL)-
(4-MeLH)]™, initially formed from the equimolar mixture
of 2 and 4, partially converts in solution to the seemingly
more stable tetrahedrally coordinated, trinuclear s(Zn
MeL)4)?" ion. The driving force for the formation of these
mixed-ligand complexes appears to be entropic, and it is
responsible for the substantially enhanced rate of prototropic
tautomerism in solution for [M(4MeL)(4'-MeLH)]™ when
compared to that for [M(4MeLH),]>". The crystal structure

of the complex5 confirms that the protonation site in
coordinated 4MeLH is an imine N atom.
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