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Two nondissociative processes, a Bailar twist that proceeds through a transition state of D3, symmetry and a
Ray-Dutt twist mechanism that proceeds through a transition state of C,, symmetry, as well as dissociative/
associative processes are potential mechanisms by which the enantiomeric forms of chiral metal trischelates can
be interconverted. We have applied density functional theory to locate the stationary points for metal trischelates
of a -diketonate ligand analogue that interconvert A and A forms via one or both of these nondissociative pathways.
Although many two-dimensional static representations of the Bailar and Ray—Dutt twist mechanisms can be found
in the chemical literature (of the type shown in Figure 1), in this communication, we present our results in the form
of interactive three-dimensional animations as a means of enhancing the scientific perception of these fluxional
processes.

Introduction around the pseud@; axis. The Bailar and Ra-Dutt twist

Trischelates are well-known examples of metal complexes, mechanisms have been the subject of theoretical stidy,

. R . 1o
which can exist as separate enantiomers, belonging (if expenmental VerIfICf’:ltIOI-‘ﬁ, and computational analysis?
appropriately substituted) to the chifa¢ or Cs point groups. In this communication, we present our results of a
Analyses of how such complexes can racemize via nondis-Ccomputational study on a series of metal trischelates of a
sociative ligand exchange were first presented in the late
; ot (2) Rodger, A.; Johnson, B. F. Gnorg. Chem.1988 27, 3061-3062.
1940s, although dlssoc!atlvg processes .have Iong peen (3) Kepert, D. L Prog, Inorg. Chem1977 23, 1-65.
proposed to be operative in isomerization/racemization (4) Gordon, J. G.; Holm, R. Hl. Am. Chem. Sod97Q 92, 5319-5332.
mechanisms in complexes of kinetically labile metals. The See also: Springer, C. S., J. Am. Chem. Sod 973 95, 1459~
two nondissociative pa_lthvx_/ays accepted as possible mecha- ) Hutchinson, J. R.; Gordon, J. G.; Holm, R.IHorg. Chem. Sod971
nisms for the racemization oD; metal chelates (and 10, 1004-1017.
ot At iall D ; _ (6) Fay, R. C.; Piper, T. Snorg. Chem.1964 3, 348—-356.
_racgmlzatlon or rgcemlzatlon afacial-meridionalisomer (7) Gromova, M.: Jarjayes, O.: Hamman, S.. Nardin, R.; Beguin, C.:
ization G metal tris chelates) are the Baildand Rg—Dutt Willem, R. Eur. J. Inorg. Chem200Q 545-550.

twist mechanism&? illustrated in a two-dimensional repre-  (8) (&) Eaton, S. S.; Eaton, G. R.; Holm, R. H.; Muetterties, EJ.LAm.
P Chem. Soc1973 95, 1116-1124. (b) Eaton, S. S.; Hutchison, J. R.;

sentation in Figure 1. The Bailar twist is a trigonal twist Holm, R. H.. Muetterties, E. LJ. Am. Chem. S0d972 94, 6411
around the reaC; axis of a metal trischelate, and théyRa © f(34)2|§-_ et L He Lewis. R A Holm R HD. Am. Chem. S

H : H H : a ignolet, L. H.; Lewis, R. A.; Holm, R. . AM. em. S0cC.
Dutt is a twist (sometimes referred to as a rhombic twist) 1971 93, 360-371. (b) Que, L., Jr.: Pignolet, L. Hnorg. Chem.

1974 13, 351-356. (c) Palazzotto, M. C.; Duffy, D. J.; Edgar, B. L.;
*To whom correspondence should be addressed. E-mail: h.rzepa@ Que, L., Jr.; Pignolet, L. H. Am. Chem. S0d973 95, 4537-4545.

imperial.ac.uk. (10) Kersting, B.; Telford, J. R.; Meyer, M.; Raymond, K. N.Am. Chem.
T Imperial College London. Soc.1996 118 5712-5721.
* Carleton College. (11) Davis, A. V.; Firman, T. K.; Hay, B. P.; Raymond, K. Bl.Am. Chem.
(1) (a) Bailar, J. C., JrJ. Inorg. Nucl. Chem1958 8, 165. (b) Ry, P.; Soc.2006 128 9484-9496.
Dutt, N. K. J. Indian Chem1943 20, 81. (c) Springer, C. S.; Sievers, (12) Montgomery, C. D.; Shorrock, C. horg. Chim. Acta2002 328
R. E.Inorg. Chem.1967, 6, 852—854. (d) Brady, J. Elnorg. Chem. 259-262. Amati, M.; Lelj, F.Chem. Phys. Let2002 363 451—
1969 8, 1208-1209. 457.
8024 Inorganic Chemistry, Vol. 46, No. 19, 2007 10.1021/ic062473y CCC: $37.00  © 2007 American Chemical Society

Published on Web 08/24/2007



In Search of the Bailar and Rg—Dutt Twist Mechanisms
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Figure 1. Two-dimensional illustration of the Bailar and {RaDutt twist
mechanisms that racemiZ®; metal trischelates or isomeriZé; metal
trischelates.

tion on the structure and reactivi®yas well as mechanistic
studies on isomerization/racemization proce$8és avail-
able for comparison with our computational results. Fur-
thermore, our model ligand, namely, the 1,3-propanedionato
or malondialdehyde ligand (mda), has been previously used
in computational model¥, and one X-ray crystal structure
of a Cr(mda) complex is knowrt?

Computational Methods

In order to achieve accurate modeling of the geometry and
angular behavior at the central atom, we used the correlation-
consistent § basis (and in one example when the lasis
failed to converge, a@basis) on this atom itself (cc-pv52Z)
in combination with theGaussian 03rogram!® Use of the
5¢ basis on the ligands would have been prohibitive in terms
of computer time, and these were instead limited to the
6-31G(d) basis. This combination of the DFT method and
basis sets has proven reliable for other atom-centered
systems?3 In two cases only, this combination yielded tiny
negative force constants corresponding to out-of-plane ligand

simple ligand analogue of the acetonylacetonate (acac)deformations, behavior that has been reported for the 6-31G-
ligand, with a focus on the following aspects of nondisso- (d) basis for aromatic systerf$Replacing this 6-31G(d)
ciative mechanisms that racemize metal trischelates: Webasis with the improved cc-pVTZ basis on the ligand
have applied density functional theory (DFT) computational removes this negative force constant but at the expense of
techniques to systems that corroborate mechanistic proposalsignificantly increased processing time. Within this series,

based on experimental observations, and we have presentede have computationally characterized both Ehg Bailar

our computational work in the form of interactive three-
dimensional animations that we hope facilitate understanding.

We have previously analyz&the nondissociative mech-
anisms that interchange apical and equatorial atoms insAEX
square-pyramidal molecules such as £#nd IBi. Our
analysis was considerably assisted by visual inspection of
the mechanism via animation of the normal mode of the
imaginary frequency of the transition state. Through visual
comparison of those modes to the modes in known fluxional
processes (including the Berry pseudorotation, lever, turnstile
and Bartell mechanisms, which we had previously animated
for pedagogic purpos&, we were able to identify combina-
tions of shared characteristic motions. The hybrid motions
that we identified in the apical/equatorial atom exchange of
square-pyramidal molecules we termgdmericpseudoro-
tations. Here, we extend the approach of using visual three-
dimensional animations to an analysis of fluxional processes
in D3 six-coordinate (octahedral) trischelates, examples of
which are known for almost all transition and nontransition
series metals.

In selecting metals for study, we confined ourselves here

to diamagnetic species and excluded those metals where

single electron-pair occupancy of degenerate (E) molecular
orbital levels (aDg, or D3 symmetry) leads to JahfTeller-

like distortions from these symmetries (e.g., Mn and Cu).
We also restricted our examination of the Bailar angRa
Dutt twist nondissociative processes to a series of metal
complexes involving a simple model analogue of the
p-diketonate ligand acac. The metal complexes of the
f-diketonate ligands have been extensively studied; informa-

(13) Rzepa, H. S.; Cass, M. Forg. Chem.2006 45, 3958-3963.
(14) Cass, M. E.; Hii, K. K.; Rzepa, H. S. Chem. Educ200§ 83, 336.

andC,, Ray—Dutt diamagnetic transition states for the"'Sc
TiV, zn", Gd", and G¢ trisligand complexes at the B3LYP
DFT level, including calculation of the Hessian second-
derivative matrix, and from this, we did analysis of the
transition mode and its group theoretical character. Appropri-
ate symmetry number corrections for the entropies were
included.

Results and Discussion

For each M(mda)complex under examination (M Sc",
TiV, Cd", zn", Gd", and G¢&'), we computed an equilibrium

(15) (a) Collman, J. PAngew. Chem. Int. EA.965 4, 132-138. Collman,
J. P.Adv. Chem. Serl1963 37, 78-98. (b) Fortman, J. J.; Sievers, R.
E. Coord. Chem. Re 1971 6, 331-375. Serpone, N.; Bickley, D.
G. Prog. Inorg. Chem1972 17, 391-566.
(16) Li, X.; Bancroft, G. M.; Puddephatt, R. J.; Yuan, Z.; Tan, K.Ikbrg.
Chem.1996 35, 5040-5049.
(17) Glick, M. D.; Andrelczyk, B.; Lintvedt, R. LActa Crystallogr., Sect.
B: Struct. Crystallogr. Cryst. Chenl975 31, 916.
(18) Basis sets: Balabanov, N. B.; Peterson, KJAChem. Phys2005
123 064107/1064107;2006 125 074110. Frisch, M. J.; Trucks,
G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J.
R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C;
Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.;
Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.;
Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida,
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo,
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin,
A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y,;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03revision
D.02; Gaussian, Inc.: Wallingford, CT, 2004.
(19) Loran, D.; Simmonett, A. C.; Leach, F. E.; Allen, W. D.; Schleyer, P.
v. R.; Schaefer, H. FJ. Am. Chem. So2006 128 9342-9343.
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Table 1. List of Web Enhanced Objects for Visualization of Table 2. Calculated Activation Parametérat the B3LYP/GehLevel
Equilibrium and Transition-State Geometfies - -
AG¥2gs, AHF, ASfoos imaginary
web enhanced complex kcalmol! kcalmol! calmolFtK=1 modes, cm?!
object description S (mda)
1 Structural information for the computed structures of R&y—Dutt 7.3 5.1 -7.3 60 (A2)
Scls, [TiL 3] ™, Cols, [ZnL3]~, Gals, and Bailar 7.7 5.5 -7.3 45 (A1)
[GeLs] " (L =mda) . . [TilV(mda)]*
2 Contrastmg thf computed eq_umbrlum geometries for Ray—Dutt 8.7 6.1 —96 48.1(A)
Scls, [TiL 4", Cols, [ZnL] 7, Gals, and Bailar 9.5 75 -8.1 68.4 (A7)
[GeLs]* (L = mda) with the known crystal ’ ) ’ ’
structures for Sc(acag)[ Ti(acacy|ClO, [Zn"(mday]~
Co(acac), Zn(acacy, Ga(acag) and Réay—Dutt  10.0 9.0 —3.6 58 (A2)
[Ge(acac)|ClO, Bailar 10.8 10.3 -1.6 71 (A"
3 Computed energies and imaginary frequencies for Gd''(mda)
all species examined in this study Ray—Dutt 19.3 18.6 —24 85 (A7)
4 Bailar twist for Gals (L = mda) Bailar 206 206 0.01 45AL")
5 Ray—Dutt mechanism for Gal(L = mda)
6 Five-coordinate intermediate for Co{L = mda) [GeY(mday]* _
Ray—-Dutt 29.7,289 30.1,29.3 -1.8,—1.% 109.3,108.9
aViewing the web enhanced object requires Java (version 1.1 or greater) (A2)
to be installed, together with a browser that supports this Java; we Bailar 32.2,30.6 326,314 -—-1.C¢ 123.2,122.%
recommend, e.g., Firefox. (A1)

aFree energy corrected for zero-point energies and entFopgsis set:
cc-pV5Z(5d,7f) on the metal centét;6-31G(d) on the ligands. A more
extensive table of the energies and computational parameters can be found
in @ web enhanced object 8cc-pVE; on central atom; cc-pVTZ on
ligands.

object 2 for the structural comparisons). Each mda ligand,
like the acac ligand, forms a planar, six-atom metdielate
ring and shows significant delocalization over the@ and
R=R'=CH;=acac C—C bonds. M-O, C-0, and C-C bond lengths as well
Figure 2. Tris metal complex of #-diketonate ligand. Abbreviations for ~ as O-M—O intraligand bite angles (listed in web enhanced

ligands used or referred to in this study: acetylacetonate, acac; malondi- Hpi - ithi ; myéid
aldehyde, mda; 1-phenyl-5-methylhexane-2,4-dione, pmhd; 5-methy|hexane-ObJeCt 2) are consistent within each pair of M( facac)

2,4-dione, mhd; trifluoroacetylacetonate, tfac; benzoylacetonate, bzac (R~ StrUCtures.

R = CHy); triacetonylmethanidek, triac-ds. We computationally characterized a transition stat® ff
ymmetry and ofC,, symmetry for each of the 3¢ Ti',

n', Gd", and G& species. Computed energies are given
in Table 2. The results, as well as a discussion of how our
computational results compare to published mechanistic
studies, are presented individually vida infra for each species.
In contrast to the results for 8¢Ti'V, Zn", Gd", and G¢&/,

R=R'=H=mda

geometry (presented as web enhanced objects; see Table 1
and then searched for a transition stateDgf (Bailar) or
C,, (R&y—Dutt) symmetry.

All of the computed equilibrium geometries for the
M(mda) complexes havd®s; symmetry (see Figure 2 for

the general structure an@ web enhanced object 1 for a we were unable to locate a transition stateDaf, or Cy,
three-dimensional interactive view of each computed struc- symmetry for the C8 species. A stationary state G,

ture and a listing of the relevant bond distances and angles)'symmetry collapsed to yield a five-coordinate intermediate
The total energy as well as the free energy corrected for Zer0-(see the discussion below), consistent with the proposal by

point energies and entropy are reported in web enhancedyyqim and co-workers that cobalt(ll) trischelates of examined
object 3 for each structure. The computed structures compare;_gixetonate ligands exhibited behavior characteristic of

favorably to the known structure of Cr(mdaj also shown s erization/racemization through a dissociate mechanism
in web enhanced object 1. In addition, a comparison of the proceeding through a five-coordinate spedies.

tructural ties of each ted M lex t .
that of & eponed X-ray oystalstucture for the canrespond- _ GIVeT i metal acetylacetonate complexes havoC
P y ey b and G-C bond lengths consistent with delocalized electron

Ir?c?wl\\ilv(glczcjaar:?r::g: ?hgfa::gi ﬁ:;?j (rz?@tal/v?eegltlaunsk:;?t?jd dens@ty and given that .the M(acaoﬁtomplexes undergo
reactions normally associated with aromatic compounds such
(20) (a) Anderson, J. J.; Neuman, M. A.; Melson, Glrorg. Chem1973 as electrophilic aromatic substitution, we calculated the
12, 927-930. (b) Filgueiras, C. A. L.; Horn, A., Jr.; Howie, R. A.;  nucleus-independent chemical shift (NICS) value at and

Skakle, J. M.; Wardell, J. LActa Crystallogr., Sect. E: Struct. Rep. AR

Online 2001, 57, m157-m158. (c) Kriger, G. J.; Reynhardt, E. C. above t_he center of thg metahda ring _|n each structu_re to
Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Cheti74 ascertain whether this was useful in understanding the
30, 822-824. (d) Bennett, M. J.; Cotton, F. A.; Eiss, Rcta aromaticity in these molecules. The NICS(1) and/or NICS(2
Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chetf68 24, 904 ty A . ( ) . ( )
913. (e) Dymock, K.; Palenik, G. lActa Crystallogr., Sect. B: Struct. ~ Values (1 and 2 A, respectively, above the centroid of a ring)

g(rjysta"?gzr- ﬁryst-f Chehmlgﬁ(l: h3Q l%?fg%g%% (lfLZTh(e\;V?It, ? are useful in predicting the aromaticity in organic and
am, T.Z. Naturforsch., B: em. 2 - g to, T.; .

Toriumi, K.. Ueno, F. B.; Saito, KActa Crystallogr., Sect. B: Struct. organometallic complexé&sMore recently, researchgrs have
Crystallogr. Cryst. Chem198Q 36, 2998. begun to calculate NICS(1) and/or NICS(2) to estimate the
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In Search of the Bailar and Rg—Dutt Twist Mechanisms

aromaticity of coordination complexésAll of the ground-

state geometries that we computed in this study gave NICS-

(2) values close zerat2 ppm), indicative of nonaromatic
rings [NICS(1) values show slightly more contribution/
contamination from local metal effects and theerived ring
currents]. Apparently, all of the empty orbitals available on
all of the metals used in this study are sufficiently mis-
matched in energy for effective delocalization.

Sc''Ls. The D3y transition state for the Sc(mdajomplex
has a barrierAG* = 7.7 kcal mot?, 32.1 kJ mot?) similar
to that of theC,, transition state AG* = 7.3 kcal mot?,
29.3 kJ mot?Y). For each of the two computed transition
states, a single imaginary frequency was foundi &f !
for the D3, Bailar transition state (with an A irreducible
representation) and #6m 1 for the C,, Ray—Dutt transition
state (with an Airreducible representation). With such low-
energy barriers for both transition states, thesé Som-
plexes would be predicted to thermally racemize well below

Following the Rg—Dutt mode results in complete fission

of one Co-0O bond to give a five-coordinate intermediate at
39.4 AG = 34.5) kcal mol! above the equilibriunD3
geometry (using a@basis on the metal; the corresponding
5¢ basis proved unconvergeable). This corresponds to a
dissociative process fax andA interconversion, albeit one
that is only accessible with high-energy input. This inter-
mediate is shown if® web enhanced object 6. The absence
of a low-energy pathway for thermal isomerization is
consistent with the experimental observation thatAhend

A forms of the analogous Co(aca@omplex are isolable
and stable to racemization at room temperatbifeurther-
more, an extensive mechanistic study based on an analysis
of the temperature-dependent reaction rates of isomerization
and racemization for Co(mhgljFigure 1; R= CH(CH);

and R = CHs) monitored by*H NMR and circular dichroism
spectroscopy indicates that this process involves bond rupture
to generate a five-coordinate speci@he barriers for these

room temperature (although dissociative pathways may well isomerization and racemization processes (tabulated in Table

also occur in solution, and we have not computationally ex-
plored these types of pathways). Animations of the Bailar
and Rg—Dutt twist mechanisms for the racemization of
Sc(mdaj are visually identical with that of Ga(mdashown

in @ web enhanced object 4 af® web enhanced object
5, respectively. An experimental study found that thé' Sc
triscomplex of the 1-phenyl-5-methylhexane-2,4-dione (pmhd)
p-diketonate ligand (Figure 1; R= CH(CHs), and R =
CH,CgHs) exhibited fast fluxional behavior in théd NMR

3 for comparison, along with values for isomerization and
racemization in other similar cobalt(ll}3-diketonate% )
agree reasonably well with theory. It is noteworthy, however,
that our calculated\S' for the dissociative process-(3.7
cal K" mol™) is rather larger than that derived from kinetic
measurement~§+6—9 cal K-* mol™1), which implies that,
in practice, the five-coordinate intermediate may be more
highly solvated than th®; ground state.

[Zn"L3]~. The Da, and C,, transition states for the

spectrum in chlorobenzene and at temperatures as low agZn(mday]~ anion have relatively low and very similar

—95 °C in dichloromethané.At significantly higher tem-
peratures (60in chlorobenzene, and 20n chloroform),
addition of alternatively substituted scandiyndiketonates
or free alternatively substitutgttdiketonate ligands resulted
in mixed-ligand complexes indicative of intermolecular
exchangé.

[TiVLg]". The TiV complex is very similar to the 3¢
system; the only significant difference is that the loss of
entropy at either of the two transition states is slightly greater,
indicating tighter binding for the cationic system. Again, the
C,, transition state has a slightly lower barriexG* = 8.7
kcal moit) than that of theD3, transition state AG*¥ = 9.5
kcal mol?l). Imaginary frequencies for each computed
transition state are reported in Table 2. Animations of the
imaginary frequencies for the Bailar andyReDutt twist
mechanisms are visually identical with those for the mda
complexes of St, TiV, Gd', and G¢&'.

Co(llL 3. True D3, andC,, transition states for the tris-
(mda) complex of C# were not locatable. The stationary
state of C,, symmetry at 60.4 kcal mol above the
equilibrium D3 geometry had Band A imaginary modes.
While the latter is the Ra—Dutt mode, the former corre-
sponds to asymmetric C@ stretching of the unique ligand.

(21) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; van Eikema
Hommes, N. J. RJ. Am. Chem. S0d.996 118 6317-6318. For a
review, including organometallic systems, see: Schleyer, P. v. R.;
Chen, Z.; Wannere, C.; Corminboeuf, C.; PuchtaCRem. Re. 2005
105 3842-3888.

(22) Makedonas, C.; Mistopoulou, C. Eur. J. Inorg. Chem2006 2460-
2468.

energy barriers (for th®a, Bailar transtion stateAG*
10.8 kcal mot?, and for theC,, transition stateAG¥ = 10.0
kcal mol?). With such low-energy barriers, these 'Zn
complexes would be expected to racemize well below room
temperature. For each of the two computed transition states,
a single imaginary frequency was found: AQih for the
Bailar transtion state oDz, symmetry and 58i2cm™? for
the Rg—Duitt transtion state of,,. Animations of the Bailar
and Rg—Dutt twist mechanism for the racemization of the
Zn complex again are visually identical with that of Ga-
(mda), shown in web enhanced objects 4 and 5, respectively.
Ga" L. The results of our computational study are perhaps
the most interesting for the @Waspecies of the mda ligand.
As with the S¢& and Zi' complexes, theDz, and C,,
transition states have fairly similar energy barrieh&{ =
20.6 kcal mot? for the D3, Bailar transtion state andG*
= 19.3 kcal mot? for the C,, Ray—Dultt transition state).
Unlike the Zd' and S¢& homologues, however, the energy
barriers fall within a range that is both high enough to prevent
immediate and complete racemization under reasonable
experimental conditions and low enough to access without
thermal degradation. In an experimental study of line
broadening in the resonances of the Ga(pmlod)mplex
measured between 31 and 1905, the fluxional processes
were determined to involve both isomerization and inversion
of the absolute configurationFurthermore, experiments
carried out with the similar Ga(triads); complex measured
bond rupturing linkage isomerization reactions to proceed
at/goo Of the reaction rate of the isomerization/racemization,

Inorganic Chemistry, Vol. 46, No. 19, 2007 8027



Table 3. Experimentally Measured Activation Parameters for Relevant Systems

NMR
Cross Peak

Intensities

Solvent: DMF

Reported
Activation
System Processes Observed E::fg::ﬁare in Comments Ref
entro?ies in cal K
' mol’
Co(lll) Systems
AG'caic 20ax = 30.4, |Bond Rupture
AH' =329, AS' = |[Mechanism
8.7 (proceeding
Co(mhd)s $
mhd Pl AG* gaic 20a¢ = 30.8, [[through
Cof }5 i :;:T;z:atlon AH* =326, AS* = |a five coordinate
o ! 6.3 intermediate) is
mhd = trans-cis prop y 4
o= Ejiie: ization AGeae 2sax = 29.4, |Measurements of
ior o AH'=29.9,and  [temperature
AS* =15 dependent rates
MG Gaic 200 = 29.6, [using proton NMR
|AH* =31.6,and  jand CD
AS* = 6.8 Spectroscopy
Solvent:
Chlorobenzene L
Coftfac), CHy . '
0= Barrier Determined
r Coltfac)s AG*s5¢ = 26.8, AS' |from Coalescence "
7 Isomerization = 8.6 of "*F NMR Signals
o} Solvent: Chioroform
CF3
Ga(lll) Systems
MNon-dissociative
Twist Mechanisms
are Proposed
Ga(pmhd); to be most
consistent with
experimental
pmhd = N observations
Ga(pmhd)s AG car 2o = 186, |10 rements by |5
Isomerization/Racemization ||AH* = 19.4, and
AST =29 proton NMR
: Analysis of
Temperature
Dependent Line
Broadening
Solvent:
Chlorobenzene
Ga(tfac), CHy , I
0= Barrier Determined
L Galtfac)s + - from Coalescence
/ Isomerization/Racemization |[2C s« =175 of "°F NMR Signals |©
o Solvent: Chloroform
CF3
MG o5 = 14
keal/mol (60 The Bailar Twist
kJd/mal) in D0 was shown both
< AG'sr = 16 experimentally
kcal/mol (67 and
Ga(L); kJ/imol) in DMSO-  [computationally to
o. NH Ga(l)s d® be the dominant
Barrier for process
Isomerization (Ray- [No observed ligand
L= g‘;f:;;giﬂi’ Dutt) is larger than |exchange was used 10
. |lthat for to confirm
Intramolecular Isomerization Racemization that racemization 11
HN O processes are
Computed Barrier [intramolecular
for the Bailar Twist: |Barrier Determined
AE =12.7 keal/mol | |Experimentally from
(53 kJd/mol) Coalescence
Computed Barrier |and Line Shape
for the Ray-Dutt:  [Analysis of VT 'H
AE =16 kcal/mol  [NMR
||(67 kJimol)
Proposed
Mechanism: Bailar
and Ray-Dutt
Measurements
Gaffox)s Temperature
‘0. Ga(fox); ¥ + |Dependent Line
galll! Isomerization/Racemization E‘?g‘é’“ a-n:i“:;ts‘*ﬂ—H Broadening of
DX = B = |"™F-NMR signals and
N F ||Bailar = Ray-Dutt : use of 2D EXSY "F-
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allowing the authors to rule out a fluxional process involving
bond rupture. Collectively, these experimental observations )
led the authors to support a fluxional twist mechanism that Iaa
occurred along the redC; (Bailar twist) and pseuddCs
(Ray—Dutt) axes> The barrier for the collective twist pro-
cesses is reported in Table 3 for comparison along with that

for Ga(tfac),® bearing in mind that the fluorinatggtdiketo- -
nates have been reported to have lower barriers for isomer- Bite Angle: A-M-A
ization/racemization reactions than their alkyl analodues.

In a recent set of experiments, Raymond and his co- Normalized bite =b =d5 /5.4

workers were able to experimentally observe the racemizationFigure 3. Parameters measured to predict the relative magnitude of the
Of A and Atransitis(2,3-dihyroxyN-ert-butyl-N'-benzyl-  Carierslo Hramolecuar reanangement and i relatve barers o Baer
terephthalamide)gallium(lll) via variable-temperatute between the two ligating atoms within the same chelate diag4) divided
NMR. The experimentally determined activation barrier for by the metat-donor atom bond distancel{-»). Some analyses examine
the Bailar twist PG — 14 koal Mol (60 kJ mor®) in 8 210 oty 0 (he lgan togand narc sphere ditance) as a
D,Q] is lower than that observed for isomerization processes

that would proceed via a Rta-Dutt mechanism?® Compu- catecholates were the largest for"Geithin the examined
tational studies confirmed the Bailar twist to have a lower series of TV, Gd", and G& complexes?

activation barrier relative to thelga Dutt twist for this Gals
complex and give excellent agreement with experimentally
determined results. Theory predicts that, because the “normalized bitg” (

In another recent publication, two-dimensional exchange see Figure 3) of a metal chelate complex decreases (either
spectroscopy (EXSY) and dynami= NMR were used to  within a series of metalligand complexes of the same metal
examine the fluxional processes for tireeridionalisomer or within a series of metalligand complexes of the same
of the G4' complex of the unsymmetrical chelate 5-fluoro-  ligand), intramolecular mechanisms for racemization/isomer-
8-hydroxyquinoline (fox). The minor facial (cis) isomer has ization should become more favoraBi€.Complexes with
Cs symmetry. Line-shape analysis for tHE NMR signals smallerb values for the ground-state structures are distorted
undergoing exchange, as well as cross-peak intensities in theoward the trigonal-prismatic transition state @4, or C,,
two-dimensional EXSY spectrum, were used to calculate the symmetry, therefore lowering the activation barrier for the
activation barriers for twist mechanisms. The authors suggestintramolecular rearrangement. The normalized bite size has
that two nondissociative mechanisms yR®utt and Bailar) been reported to be a better predictor of the barrier to

Trends and Comparison to Predicted Results

have identical values foAH* (Table 3)7 differing only in intramolecular rearrangement because the distance between
AS effectively corresponding to a rate difference of 2.1. ligating atoms within a given chelate ringla(a) is not
Their experiment proves conclusively that &yR®&utt invariant across a series of metal complexes of that same
mechanisnmustoperate; their inference of an (equal) kinetic ligand3!! In addition, it has been proposed that metal ions
contribution from a Bailar mechanism is less diréct. with empty or partially empty d orbitals (e.g.YVTiV, V!,

Our computational results on Ga(mglepmpare favorably  etc.) are favorably distorted toward trigonal-prismatic ge-
to the experimental results discussed above. [See webometries to optimize ligand-to-metal and = bonding®!
enhanced objects 4 and 5 for visualizations of the Bailar and These metal complexes have lower barriers to intramolecular
Ray—Dutt twist mechanisms for Ga(mdd) A possible isomerization, which is correctly predicted by the normalized
exception is the computed entropy of activation. Whereas bite size b) and incorrectly predicted by the metal-to-donor
the measured values are positive3-7 cal K- mol™?), the atom @w-a) bond distance alone.
computed values are somewhat lesSyRautt, —2.4 cal Theory also predicts that the Bailar twist intramolecular
K~! mol~%; Bailar, 0.0 cal K! mol™%). We also note that, rearrangement mechanism has a lower activation barrier
throughout the series 8e-Cd"—zn"—-Gd", the free-energy  relative to the Rg—Dutt mechanism ab decreases across
barrier for the Rg—Dutt process is uniformly less than that a series of metatligand complexes. Three sets of authors
for the Bailar process. In the specific case of'Gthe value give different values fob as a cutoff for when the Bailar
of AG*(Ray—Dutt) — AG*(Bailar) is about 1.3 kcal mol, twist becomes the predominant intramolecular rearrangement
which corresponds to a rate factor of about 9 less for the mechanism. Beguin states that “when this value is less than
Bailar process and therefore suggests a possibility that therel.5, the Bailar twist is energetically preferred over ayRa
is, in fact, little or no contribution from the Bailar process Dutt twist.”” Montgomery reports that “compounds with a
for the G&' fluxional process for thig-diketonate complex.  relatively smallb value /M — L < 22 will choose the

[GeVL4] ™. The cationic G& system completes the trend, Bailar Twist over the Rg—Dutt”,'? and Kepert's original
revealing the largest barriers in the series. The imaginary work proposes that in complexes of “ligands with normalized
modes also have the largest values in the series (see Tablbites below approximately 1.3 ... the twist about @yeaxis
2). Raymond and co-workers similarly found that the will be favored.®
computed and experimentally determined barriers for in- Rodger and Johnson developed a modified form of
tramolecular rearrangement in the trischelates of substitutedKepert’'s geometric analysis to predict relative rates and
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preferred reaction pathways for these intramolecular pro- bite), and Rodger and Johnson compare valuek of/la—a.
cesses. Like Kepert, they examined the unfavorable energyBecause different authors reference different assessment
change associated with metdigand dy-a) bond stretching ~ schemes, we have included both in order to compare our
that must occur to pass through the transition state, offsetcomputational data to experimental results and to other
by a smaller energy change in dispersion stabilization from computational results.

the interaction of ligand nearest-neighbor atoms to predict A number of studies have been published on the intramo-
which nondissociative mechanism is more favorable. A value lecular rearrangements of metal complexes oftdiketo-

is calculated for the ratio of the distance between two ligating nates, tropolonates, catecholates, and dithiocarbamates (Scheme
atoms within the same chelate rindx(4) to the ligand-to- 1). Consistent with theory, general trends show fhdike-
ligand hard-sphere distancésfa, Where a “reasonable tonates have larger normalized bite valuesi¢ar 1.4) and
estimate of can be made by measuring the shortest nearesthave slower rates of racemization/isomerization than the
neighbor distance of the reactant (usually between two atomstropolonates (wittb values near 1.3) or catecholates (with
related by the 3-fold axis of the compleX)’(Again see values ranging from 1.26 to 1.34). The dithiocarbamates
Figure 3.) A molecule with a small value of the ratiodaf A/ (with b values near 1.2) are experimentally observed to have
la—a (near 0.5) is predicted to proceed via a Bailar twist, the fastest rates of racemization/isomerization within this
whereas a molecule with a large ratio @f_a/la—a (near series chosen for comparison.

1.5) will proceed via a Ra-Dutt twist mechanism. A Some experimental studies have been able to distinguish
molecule with an intermediate ratio df—a/la—» (near 1.0) between Bailar and Ba-Dutt twists and, as Raymond points
will proceed through either mechanism “as there will be little out, this “experimental differentiation ... can be difficuit.”
difference between the energies of the two structii@sius, In 1996 and 2006, the Raymond group reported experimental
two schemes have been put forward to assess the reactiofindings that showed a preference of a Bailar twist over the
rates and pathways in the fluxional processes of metal Ray—Dutt twist in the intramolecular rearrangements of
trischelates; Kepert compares valuesbofthe normalized metal complexes of substituted catecholates (these complexes

Table 4
ionic radiug crystal radiug  bite normalized Ady-O
AG*, (CN = 6), (CN = 6), angle‘,’ dM—o,b dA—A,b |A—A,b da-A/ biteP (TS D3),
system kcal mol! A A deg A A A la-A  da_Aldy-O A

Sc!'" Dzequil geom 0.745 0.885 81.73 2.105 2.754 3.016 0.913 131

Sc! Bailar 7.7 0.745 0.885 2.113 0.008

S Ray—Dutt 7.3 0.745 0.885 2.103, 2.126, —0.002, 0.021,
ave =2.111 ave = 0.005

Ti'V Dzequil geom 0.605 0.745 8341 1.958 2.605 2.773 0.940 1.33

Ti'V Bailar 9.5 0.605 0.745 1.971 0.013

Ti'V Ray-Dutt 8.7 0.605 0.745 1.961, 1.983, 0.003, 0.025,
ave = 1.969 ave =0.011

Co" Dzequil geom 0.545 0.685 96.31 1.902 2.834 2635 1.08 1.49

Zn'' Dz equil geom 0.74 0.88 88.34 2.115 2.948 2995 0.984 1.39

Zn'' Bailar 10.8 0.74 0.88 2.141 0.026

zZn'" Ray-Dutt 10.0 0.74 0.88 2.128, 2.167, 0.013, 0.052,
ave = 2.141 ave = 0.026

Ga'" Dsequil geom 0.62 0.76 9142 1.978 2.832 2768 1.023 1.43

Gd'" Bailar 20.6 0.62 0.76 2.009 0.031

Gd'' Ray—Dutt 19.3 0.62 0.76 1.998, 2.024, 0.020, 0.046,
ave = 2.007 ave = 0.029

GeV D3 equil geom 0.53 0.67 93.38 1.891 2.752 2.626 1.048 1.46

GéV Bailar 32.2 0.53 0.67 1.933 0.042

GéY Ray—Dutt 29.7 0.53 0.67 1.924,1.948, 0.033, 0.057,
ave = 1.932 ave = 0.041

aShannon, R. DActa Crystallogr, Sect. A1976 32, 751—767." Distances and angles were measured in Gaussview from the My{@da¥sian output
files. (Also see web enhanced object 1 for M(mgdstjuctures and web enhanced object 2 for structural comparisons to the known Méagste) structures.)
¢ Each Rg—Dutt transtion state has two four short and two longer®distances. The average is taken over all six distances.
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haveb values ranging from 1.26 to 1.3#)!! Their results the trigonal-prismatic transition state, which would lower the
were supported by computation of the activation barriers for activation barriet! We do not understand at this point why
the different twist mechanisni$.Earlier, an experimental the computed activation barriers for intramolecular rear-
study of racemization/isomerization rates for metal com- rangements in Zn(mdg) are so low.
plexes of tropolonate ligand$ (hear 1.3) showed a low-
temperature racemization process to be the most consisten
with a Bailar twist and a higher temperature process The original suggestions for two different dynamic pro-
correlated to isomerization via a"RaDutt mechanisni? cesses for the nondissociative ligand permutation in some
The normalized bite for our computed equilibrium geom- octahedral transition-metal complexes were made more than
etry mda complexes as well as the ratiosdgfa/la—» and half a century ago. Arguments have been put forward that
the difference in metatligand bond distances between the suggest that the preferred pathway can be predicted by
equilibrium geometry and computed transition statesi( ) calculating either the normalized bite or the ratio of the
are presented in Table 4. We observe that, as the normalizedionor-to-donor atom distance within one chelate to the
bite increases, the activation barriers for both the Bailar and donor-to-donor atom distance of donor atoms in adjacent
Ray—Dutt twist mechanisms increase and are larger than chelates @a—a/la—a). Theory predicts that metal trischelate
those observed for metal complexes of the tropolonates,complexes with a normalized bite above 1.3 should favor a
catecholates, or dithiocarbamates with smaller valuds of Rzay—Duitt twist over a Bailar twist intramolecular rearrange-
Our computed activation barriers indicate that our model ment and that complexes with—a/la—a ratios near 1 (as is
complexes favor the Ba-Dutt twist over the Bailar twist,  the case for all of our model complexes in this study; see
although the two mechanisms have similar energy barriers Table 4) should show only a small preference for racem-
as predicted by theory (witha-a/la-a values near 1.0 and  jzation via one pathway over the other. Our computational
relatively large values of the normalized bite that are near study is consistent both with these theoretical predictions
or greater than 1.3)? The computed change in the metal  and within the trends of experimentally observed data for
ligand bond distanceAdu-») for the molecule to move  several metatligand complexes. We find (a) that Sc(mgla)
through the transition state is smaller for theyR®utt twist [Ti(mda)]*, and [Zn(mdaj~ should be highly fluxional
over the Bailar twist, also consistent with lower energy molecules, with low barriers te and A interconversion,
barriers for the Rg—Dutt mechanism. We also observe that, (p) that across the series of mda complexes frofi 8c
asb increases within our series from'S¢b = 1.31) < Ti'V GeV the Ry—Dutt energy is consistently, but only slightly,
(b=1.33)<2zn" (b=139), < Gd' (b=1.43),G& (b= |ower than that of the Bailar process, and (c) that the barriers
0.46), the relative differences in the activation barriers for intramolecular rearrangement increase as the normalized
between the Bailar andRaDutt mechanisms increase: 'S¢ pjte increases within this same series, which is also consistent
(AAG* = 0.4 kcal mof?) < Ti" (AAG* = 0.8 kcal mot?) with experimental observations. We also find (d) that the
~ Zn' (AAG* = 0.8 kcal mot?) < Ga" (AAG* = 1.3 keal dynamic process for Co(mdaspecifically involves dis-
mol™) < Ge" (AAG" = 2.5 kcal mol"), again consistent  g5ciative exchange via a five-coordinate'Cimtermediate
with theoretical predlctlpns. Within our series of examined (more precisely, this is probably an intermediate on the total
complexes of the mda ligand, a comparisorafa-a/la-a, energy potential surface and, more speculatively, with a
and AAG" values correctly predicts the general trends; ansition state for dissociation existing only on the free-
however, our results suggest that the Zn(rgdajonoanion o4y notential surface). This is consistent with experimental
should hgve a higher barrier tha_n \{vhat we have found ,pqenations for the trig-diketonates of Ct and consistent
computationally. Our computed activation barrier for thé Zn iy ¢ finding that the computed barriers for intramolecular

. v
Cr? mpI<|ax IS ?,:)O.S erto that. oflthe 'S‘;a:)r: T fcompcléaé(, althc:ugh rearrangement in Co(mdare significantly higher than those
the value oib is more similar to that of our Gacomplex. available through the dissociative mechanism.

Ligand—ligand repulsions increase as the charge on the .
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