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The density functional theory method has been applied to gain insights into the regioselectivity of nucleophilic
attack and protonation of electron-deficient benzoheterocycle triosmium clusters. We report our computational results
on the reaction of the green 46-electron triosmium clusters Os3(CO)q(us-17%-(LH))(u-H) (L = benzoxazole, 1a;
benzothiazole, 1b; dihydroquinoling, 1c; 1,3-dehydroindoline, 1d; 4H-3,1-benzoxazine, 1e) with hydride (H™) and
proton (H*) in order to elucidate factors affecting the observed differences in the structure of the kinetic products
of these reactions. Transition-state calculations for the interconversion of the anionic tautomers resulting from H~
attack on the clusters 1a—e show that the activation energies of these anionic clusters are considerably lower than
the previously reported barriers for related neutral clusters. Calculations also reveal that the structures of the
kinetic products resulting from sequential H~/H* attack are determined by the protonation process.

1. Introduction three-center two-electron bond in such systéise electron

. ) . deficiency in these systems results in regio- and stereose-
Polynuclear transition-metal clusters often activate organic lective nucleophilic attack on the carbocyclic rings where
molecules more efficiently than mononuclear complexes, and
understanding how such activation takes place is especiall
crucial for the development of better cluster catalysts for
organic synthesis. Recently, a new way of activating

benzoheterocycles toward nucleophilic attack by complex- determining the th | behavior of th ¢ d thei
ation to triosmium clustefs® has been introduced, which is etermining the thermal benavior ot these systems and their

closely related to the electron deficiency in the benzohet- reactivity toward nuc.:Ieophlles. _ . _
erocycle triosmium clusters, arising from the presence of a  One of the interesting processes in these triosmium systems
is the sequential hydride (Bl and proton (H) addition to
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Scheme 1. Nucleophilic Attack and Protonation of Triosmium Clusterss@©)(u3-72-(LH))(«-H)2
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aThe observed kinetic product fdra and 1b is amidoaryl cluste5, and that forlc and 1d is alkylideneimino clusted. Experimental equilibrium
constants arésykia = 1.6, ksp/kap = 3.1, andka/ksc = 6. See the text for details (only the bridging H and those involved in the reaction are shown in the
scheme).

cyclic rings, as shown in Scheme 1. Complegesand 1e The mechanism of Hand H" addition to triosmium

are hypothetical compounds constructed for the purposes ofclusters and factors controlling the formation of a particular
this study. kinetic product during these processes, as well as details of

It has been observed experimentally that compléeesc the isomerization of the kinetic products, still remain

undergo nucleophilic attack by Hat the C2 position (see  unresolved. Although experiments have shed light on many
Scheme 1 for atom-numbering system) of the heterocyclic aspects of these issues, one cannot resolve all of these
ring,>° and the following protonation leads to two tautomeric problems at the atomic level by experiments alone. Com-
48-electron structures qfs-n?-alkylideneimino Og(CO)- putational approaches [especially hybrid density functional
(us1%-(L-2H))(u-H), (4) anduz-n?-amidoaryl Og(CO)g(us- theory (DFT) methods such as B3LYP] have proven to be
n%-(L-2H))(u-H)2 (5). An interesting feature of this process very useful in resolving such issu&s2° Recently, we have

is the observed dependency of the structure of the kinetic performed a series of relevant B3LYP studies on benzohet-

products on the nature of the organic ligand. For instance, erocycle triosmium clustefs?! This paper is a continuation
in the reaction oflaor 1b with LiEt;BH, the H™ attacks the  of our previous studies on triosmium clusters and focuses

C2 position, and the following protonation leads to the
n?-amidoaryl tautomer as the kinetic proddctvhen the
reaction is followed by NMR, competitive kinetic protonation
is observed at the N atom and at the metal core. At@0
uz-n?-amidoaryl converts slowly to the thermodynamically
more stable:s-1?-alkylideneimino complex with equilibrium
constants of 3.1 and 1.6 fota and 1b, respectively.
However, the situation is reversed when treatimy(L =
dihydroquinoline) with B and H'. In this case, theis-7?-
alkylideneimino complex is produced kinetically and slowly
converts to the thermodynamically more stahlgn?-
amidoaryl complex at 90C with Keq = 628
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on elucidation of the mechanisms of ldnd H" addition to AG values will be given in parentheses. For the discussion on the

the electron-deficient triosmium clusters. rate constant calculatiom\G is used where entropy effects are
required. The standard NPA is performed to calculate the atomic
2. Computational Procedure charges. All calculations were performed without symmetry

constraints utilizing the&Gaussian03rogram?’

In this study, the 46-electron reactant clusteta—<€e) and the
48-electron product clusters pg-n2-alkylideneimino ga—e) and
us-n?>-amidoaryl ba—e€) are neutral, while the intermediate struc-
tures of2a—e, 3a—e, 3'a, and3'b are hydrated anionic complexes
bearing 48 electrons. In all cases, the formal oxidation states of Os
Iatoms are considered as @)(fbr electron-counting purposes.

All calculations were performed using the hybrid DFT method
B3LYP?? in conjunction with the Lanl2dz effective core potential
and associated basis $edf Hay and Wadt for the Os atoms and
6-31(d) basis sets for the main-group elements. Below we will call
this basis set Lanl2dz6-31(d). It was previously shown that the
B3LYP/Lanl2dzt+6-31(d) approximation used in this paper provides
reasonable agreement with available experiments and higher leve
methods in analogous systefisiowever, to rationalize the adopted
basis set on the geometry and energy of the species involved in
the reaction, we have performed some calculations at the B3LYP  Structures and Energies of the Reactants (1a and 1b)
level in conjunction with the Stuttgart/Dresden BE&hd associated  gnd the Overall Products (4a—e, 5a-e). As shown in
triple-g SDD basis set for Os and the 6-31G(d) basis set for main- gcheme 1, the organic ligands involved in the reactants
group e_Ien_1ents. The res_ults presented in the Supporting Informationstudied in this paper differ mainly in two respects, the ring
clearly indicate that the |mpr0\_/en_1gnt of the basis set from Lanl2dz size and the number of heteroatoms. The dihydroquinoline
to SDD+6-31G(d) has no significant effect on the calculated - . . _ .

cluster contains a (6,6) ring bearing pyridinyl type N, while

geometries and energetics of the structures. The SDD calculation he b | db hi e ol .
actually provides a larger error-0.09 A) from experimental bond "€ benzoxazole and benzothiazole clusters contain a (5,6)

lengths around the Os atoms. The energy difference betweenfing bearing pyridine type N and an additional heteroatom
isomers4c and 5c¢ is increased by 0.1 (0.1) kcal/mol and that (O or S). Because we wanted to elucidate the effect of both
between anionic isomeBc and3c is decreased by 0.2 (0.3) kcal/  the ring size and the heteroatom on the formatiod@fe

mol. The natural population analysis (NPA) shows an increase of and 5a—e via the stepwise H and H" additions, we also
the electron density at metal cores at most by 0.08e. We have alsostudied two hypothetical clusterd:d, which contains a 1,3-
checked the influence of an additional f polarization function on dehydroindoline ligand and a (5,6) ring ligand with no
Os?® The calculated energy difference betweBnand 3¢ is  additional heteroatom, arite, 4H-3,1-benzoxazine, which
decreased by 0.04 kcal/mol. The change in the bond length aroundhas a (6,6) ring ligand with an additional heteroatom, O.

the metal is de.cre.ase.d only by ca. 0.01 A - Following attack by H, anionic intermediate2a—e, 3a—
The harmonic vibrational frequencies of each optimized structure , ) .
e, and 3a—e (to be shown later) may be formed; their

were calculated to identify the nature of the stationary points. . . L .

Thermal corrections were calculated based on harmonic frequenciess”u?tures and energetics will also be StUd'_ed in detail. Let

and were included in the reported energies, unless explicitly stated.US first discuss the reactants—e and the final products

Throughout the paper, theH values (at 298.15 K and 1 atm) are 4a—e and5a—e of the sequential HH* addition.

used for comparisons of the thermodynamics of the reaction and AsS seen in Figure 1, where we have presented the

the calculated barriers while the corresponding Gibbs free energy calculated and available experimental (in parentheses) struc-
tures of the 46-electron reactanis—e, the calculated

e2) (@ fg‘;crfehAG%]h-yghg’;‘-g %3189%3; 98 5648. (b) Lee, C.;Yang,  geometries are in good agreement with their experimental

(23) (a) Dunning, T. H.; Hay, P. J. IModern Theoretical Chemisgry  Values. The calculated values of the-@s(L is any ligand)

Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; pp28. (b) bond lengths are about 0.868.07 A longer than their
Hay, P. J.; Wadt, W. RJ. Chem. Phys1985 82, 270. (c) Wadt, W. . Ival he diff b h lcul d
R. Hay, P. JJ. Chem. Physl985 82, 284. (d) Hay, P. J.; Wadt, w.  €Xperimental values. The differences between the calculate

. F(z.)J. Chem.Phys1985 82, 299. . ) and experimental geometries of the 46-electron reactants
24) (a) Cui, Q.; Musaev, D. G.; Svensson, M.; Sieber, S.; Morokuma, K. _ oA _ o
J. Am. Chem. S0d995 117, 12366. (b) Musaev, D. G.; Morokuma, 1?‘ eare S|m|Ia_1r to those foAa—e and Sa—e Complexes
K. J. Phys. Cheml996 100, 6509. (c) Erikson, L. A.; Pettersson, L. discussed pl’eVIOUSﬂ/.

G. M,; Siegbahn, P. E. M.; Wahlgren,. U. Chem. Physl1995 102 i
872, (d) Ricca, A.: Bauschiicher, C. W.. Jx Phys. Chem1994 98, The atomic charges from the NPA of the key atoms of

12899. (e) Heinemann, C.; Hertwig, R. H.; Wesendrup, R.; Koch, w.; complexesla—e are summarized in Table 1. The reported

achwirzj Hé- ﬁmd Chgm-KSO%93\? 1817,h495- ((fthert\Ag%. R-LH-t:t charges on the C atoms are the sum of the C and H charges
rusak, J.; scnroaer, D.; Kocn, W.; schwarz, em. yS. Letl. . e .
1995 236, 194. (g) Schroder, D.; Hrusak, J.; Hertwig, R. H.: Koch, at €ach ring position. In all cases, except benzothiazole, the

3. Results and Discussion

W.; Schwerdtfeger, P.; Schwarz, Brganometallics1995 14, 312. highest positive charge is accumulated at C2, which is

(h) Fiedler, A.; Schroder, D.; Shaik, S.; Schwarz, H Am. Chem. ; ; ; ; ;

Soc.1994 116 10734, (i) Fan, L. Ziegler, TJ. Chem. Phys1991 consstgnt Wlth t_he _preV|oust. detailed experimental and

95, 7401. (j) Berces, A; Ziegler, T.; Fan, . Phys. Chent994 98, theoretical investigationsWe think the lower electronega-

1584. (k) Lyne, P. D.; Mingos, D. M. P.; Ziegler, T.; Downs, & tivity of S compared to O could be the reason for this

Inorg. Chem.1993 32, 4785. (1) Li, J.; Schreckenbach, G.; Ziegler, . | havi h f h | P

T.J. Am. Chem. S_Od-995 117, 486. except|0na be avior. T erefore, the S lone pairis in better
(25 @& Dolg&bl;/l.: VrYedI%'fU'; Stoll, HI Preuss, r?' Chem. Phys1987, ) resonance with the adjacent double bond.

86, 866. Schwerdtfeger, P.; Dolg, M.; Schwarz, W. H.; Bowmaker, . . -

G. A Boyd, P. D. W.J. Chem. Phys1989 91, 1762. () Andrae, Geometries of the product speckss-eandSa—eare also

D.; Haubermann, U.; Dolg, M.; Stoll, H.; Preuss, Fheor. Chim. shown in Figure 1. These species have been discussed in

Acta199Q 77, 123. (d) Bergner, A.; Dolg, M. Kghle, W.; Stoll, H.. getajl in our previous experimental and theoretical stulies.

Preuss, HMol. Phys.1993 80, 1431.

(26) Ehlers, A. W.; Bohme, M.; Dapprich, S.; Gobbi, A.; Hollwarth, A,;
Jonas, V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Freking, G. (27) Frisch, M. J.; et alGaussian 03 revision C.02; Gaussian, Inc.:
Chem. Phys. Lett1993 208, 111. Wallingford, CT, 2004.
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130 -
1.31(1.33)
130 247

2.83
2.84(2.77)

1d, atom 3=C, bold 1e, atom 3=0, bold
1b, atom 3=S, italic 1c, atom 3=C, regular
1a, atom 3=0, regular

4d, atom 3=C, bold 4e, atom 3=0, bold
4b, atom 3=5, italic 4c, atom 3=C, regular
4a, atom 3=0, regular

2

3d, atom 3=C, bold 5e, atom 3=0, bold

5b, atom 3=S, italic
5a: atom 3=0’, regular 5c, atom 3=C, regular

Figure 1. Calculated and experimental (in parentheses) structures (with bond distances in A) of the 46-electron reactant damplexestwo products
resulting from sequential HH* addition of products, alkylideneimino complexéa—e, and amidoaryl complexesa—e.

In Table 2, one finds that the difference in the energy of ligands froma to d and 4 kcal/mol fore. Obviously, these

reaction betweea—e + H, — 4a—e and— 5a—e or the small differences are beyond the accuracy of the B3LYP
thermodynamic energy difference between the isomeric method and will not be discussed further. However, it
products4 and 5, for each organic ligand from to e, is qualitatively shows that both produeta—e and5a—e have

very small, with differences of about 1 kcal/mol for all almost an equal chance to occur from the thermodynamic

4966 Inorganic Chemistry, Vol. 45, No. 13, 2006
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Table 1. Net Charge by NPA for the 46-Electron Reactant Complexes geometrical changes occur in the intraligand bond distances

la—et as a result of the broken aromatic ring (see Figures 1 and
complex Osl Os 0s3 N Cc2 X3 C8 C10 2).
la  —0.06 —0.11 —0.11 —0.52 +0.68 —0.45 (X=0) —0.46 +0.14 The NPA (Table 1 forla—e and Table 3 for2a—e)
b —0.06 —0.11 —0.11 —0.49 +0.17 +0.48 (X=S) —0.46 +0.18 indi v sianif ) ¢ the ol
1c  —0.05 —0.09 —0.11 —0.48 4+0.43 +0.11 (X=C) —0.45 4+0.19 In |C§tes a generally significant increase of the e ectrqn
1d  —0.06 —0.11 —0.11 —0.47 +0.42 —0.06 (X=C) —0.47 +0.20 density at C8, X3 (S, O, C), C2, and N atoms of the organic

le  —0.06 ~0.10 ~0.11 ~0.56 +0.73 ~0.50 (X=0) —0.46 +0.20 ligands in 2a—e, while there is a slight decrease of the

aThe reported charges on C are the sum of the C and H charges at eacmegative charge on the metals. This suggests that most of

fing position. the negative charge is retained in the ligand rather than
Table 2. Enthalpy and Free Energy (in kcal/mol at 298.15 K and 1 transferred to the metal core. In the case of benzothiazole
atm) of Formation ofus-17?-Alkylideneimino @a—e) and (1b), there is a higher positive charge accumulated on S
lé3"72"|*mi1d°ag' (ba—€) Complexes with Respect to the Reactant (+0.48) than on C2+0.17). Although S does not tend to
ompexa be three-coordinate, we examined the addition oftbl S
4 -5 and, as expected, it caused the ring to break (the resulting
complex AH AG AH AG structure is about 363 kcal/mol higher in energy compared
a -8.1 +1.0 —7.7 +2.2 to the case where His added to the C2 position).
tc’ __1;'_3 J_ré:g —_131%) fi:g Meanwhile, it is also interesting to note that, for clusters
d —15.2 6.3 ~16.1 —6.2 la—e, the Os metals are almost neutral. Nevertheless, we
e —9.0 +0.9 —13.7 —3.0 examined the possibility of the addition of Ho the metal
aThe energy of H + H' is assumed to be that of the; Fholecule (see core. The optimized anionic structure lost the C8 bridge
the text for details). bonds between the Os2 and Os3 metals, and instead a CO
bridge is formed between Osl and Os2. This structure is
point of view. For benzoxazolea) and benzothiazoleby, about 23 kcal/mol higher in energy compared to the case

the reaction with His about 8-9 kcal/mol less exothermic  \where H is added to the C2 position.
in comparison to dihydroquinolinecX and 1,3-dehydroin- So far, our computational studies indicate thatadldition

doline @). at the C2 position leads to the most stable intermediate for
So far, the thermodynamic results show no significant the clustersla—e, which is in accord with previous experi-
difference between the two kinds of produets;-e and5a— mental and theoretical evident&he exothermicity of the
e. Therefore, let us provide a detailed analysis on the H- addition reactiorla—e + H- — 2a—eis calculated and
observed kinetic products of the two separate steps of thereported as the measure of the electron affinity of such
reaction, i.e., the Hattack and the subsequent protonation electron-deficient clusters. The reaction is more exothermic
of la—e. for ¢ ande clusters with (6,6) ligands, showing an average
H~ Addition to the 46-Electron Reactants la-e. As of 146 kcal/mol. The exothermicity is decreased to 142 kcal/
could be expected from the charge distributions on reactantsmol (on average) foa, b, andd clusters with (5,6) ligands.
la—e discussed above, the energetically most favorable Furthermore, a comparison between bond lengths of
position for H™ addition is the C2 position dfa—e, which anionic2a—e and neutrala—e clusters indicates one major
forms the 48-electron alkyldeneimino anic®a—e, shown difference, that is, a shorter OsDs3 bond length in the
in Figure 2. To gain a better understanding of the H anionic structures (2.88 A on average) compared with the
addition, we also studied the molecular orbital (MO) same one in neutral complexes (3.09 A on average). This
characteristics of highest occupied MO (HOMO) and lowest could be explained by the lack of bridging H in the anionic
unoccupied MO (LUMO) for thdea—e structures. In Figure  cluster. At the same time, the OslN, Os2-C8, and Os3
3, we provide HOMO and LUMO foll.c as representatives ~ C8 bond lengths are slightly increased, by about 0.02 A. This,
for all studied compounds. Other structures indicate similar in general, shows stronger metahetal and weaker metal
characteristics. As is evident, the HOMOXfis completely ligand bonding in the anionic structur2a—e compared to
metal-based in character, while the LUMO consists of the neutral clusterda—e.
contributions from both the metals and ligand and is exposed Thus, H addition to 1a—e leads to anion®a—e, the
at the C2 position, as was expected based on NPA. structures of which resemble the neutrgly®alkylidene-
As is seen in Figure 2, the addition of Hthanges the  imino tautomersda—e. However, 48-electron anions may
structure of the ligands by breaking the double bond betweenalso have isomers (not directly formed front lddition to
C2 and N and forming a new double bond between N and 1a—e€) with structures that resemble the amidoaryl tautomers
C10. As a consequence, the aromaticity of the carbocyclic 5a—e. Let us discuss these isomers of the 48-electron anions
ring is disrupted, allowing the formation of an electron- in detail. As shown in Figure 2, two possible isomers of the
precise (saturated) bridging bond at C8 with two Os atoms 48-electron anions, i.e3a—e and 3'a—e, are obtained by
along one edge of the cluster. In general, upon going from removing a H from the Os+0s3 and Os20s3 edges of
la—e to 2a—e, the Os-C8 shortens from 2.35 to 2.26 A  the 5a—e clusters, respectively.
(on average). At the same time, the ¢ bond length The optimized structures of anioBs—e and 3'a—e are
reduces from 2.20 to 2.15 A (on average). Meanwhile, larger very similar to the structure of the starting neutraty?

Inorganic Chemistry, Vol. 45, No. 13, 2006 4967
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2d, atom 3=C, bold 2e, atom 3=0, bold
2b, atom 3=8, italic 2c, atom 3=C, regular
2a, atom 3=0, regular

3d, atom 3=C, bold 3e, atom 3=0, bold

3b, atom 3=8, italic 3c, atom 3=C, regular
3a, atom 3=0, regular

3'd, atom 3=C, bold 3'e, atom 3=0, bold

3'b, atom 3=8, italic 3 t 3=C ]
3'a, atom 3=0, regular ¢, alom 3=L, regular

Figure 2. Calculated structures (with bond distances in A) of the alkylideneimino arfiang and two forms of amidoary8a—e and3'a—e.

amidoaryl complex. The major difference in the geometries changes between the metal and ligand and within the
of anionic3a—e from 5a—e is a significant decrease of the heterocycle are not significant. Meanwhile, deprotonation
Os1-0s3 bonds, on average from 2.88 to 2.75 A. This is from the Os2-0s3 edge leads to almost symmetrical
accompanied by a 0.05-A decrease in the ©823 bond structures3'a—e with approximately equal Os10s2 and
and a 0.02-A increase in the OsDs2 bond. Bond-length  Os2-0s3 bond lengths.
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Table 4. Enthalpy and Free Energy (in kcal/mol at 298.15 K and 1
atm) of Formation of Amidoaryl Anion8a—e and3'a—e with Respect
to Alkylideneimino Anions2a—e

3 3
complex AH AG AH AG
a —2.6 —-1.7 —-2.1 -1.2
b -1.3 -0.3 —-1.4 -0.4
c -1.2 -0.1 -3.2 -1.9
d —4.0 —2.5 —-3.9 —2.4
e —4.8 —3.8 -5.9 —4.8

structures of alkylideneimino aniorza—e and amidoaryl
3a—e and 3'a—e have been obtained, we investigated the
energetic barrier associated with tautomerization of these
anionic 48-electron clusters. Previously, the TS for tautomer-
ization of neutrals-?-alkylideneimino tousz-n?-amidoaryl

has been located for benzoxazole and dehydroindoline
ligands? and the energy barriers were calculated to be 30.7
(30.6) and 31.2 (31.5) kcal/mol, respectively. Our calcula-
tions show that the barrier for tautomerization of neytral
n?-alkylideneimino tous-n?-amidoaryl for the tetrahydro-
quinoline ligand is 34.7 (34.6) kcal/mol. For the sake of
comparison, we determined T3a-to-33 2b-to-3b, and2c-
to-3cfor the interconversion qfs-n?-alkylideneimino tous-
n?>-amidoaryl anions. The optimized TS structures are
provided in Figure 4, where arrows show reaction coordi-
nates. In the case of benzoxazole anicgjs the C8-0s3
bond length is increased from 2.26 A in the anionic
alkylideneimino isomerda) to 2.93 A in the TS, while the
N—Os3 distance is decreased from 3.39 AZa) to 2.84 A

(in 3@), and the N-Osl and C80s2 bond lengths are
decreased from 2.15 and 2.26 A to 2.13 and 2.19 A,
respectively. Similar relative changes were also observed for
the tetrahydroquinoline and dehydroindoline cases. NPA
results for the key atoms involved in the TS structures are

HOMO, 1¢

HOMO, 3’c LUMO, 3’c provided in Table S1 of the Supporting Information. Upon

Figure 3. MOs of HOMO and LUMO for 46-electron reactant complex  going from 2a, 2c, and 2d to the respective TS structures
1c and for 48-electron alkylideneimino anio@s and amidoaryB'c. TS (2a-t0-3a) TS (2¢-to-3c) andTS (2d-to-3d), there is a
Table 3. Net Charge by NPA for the 48-Electron-HComplexes, notable increase in the negative charge at N (averdge-
Alkylideneimino Anions2a—e? —0.13) as well as a significant decrease in the negative
complex Osl 0Os2 0s3 N C2 X3 cgs cio  charge at C8 (averageQ = 0.16). Although other changes

2a  —0.03 —0.08 —0.08 —0.59 +0.51 —0.53 (X=0) —0.55 +0.23 are insignificant, in general the electron densities of the TS

2b  —0.02 —0.08 —0.08 —0.57 +0.11 +0.23 (X=S) —0.54 +0.27 i i

20 —0.02 —0.08 —0.08 —057 +0.20 —0,02 (X= C) —054 +0.27 structures resemble those of the ar_nldoaryl anl_aa,s:%c;

2d  —0.02 —0.08 —0.08 —0.56 +0.21 —0.02 (X=C) —0.55 +0.27 and3d (see Table S2 of the Supporting Information) rather

2e  —0.02 —0.08 —0.08 —0.60 +0.50 —0.58 (X=0) —0.54 +0.27 than the starting alkylideneimino anio2a, 2c, and2d (Table

aThe reported charges on C are the sum of the C and H charges at each?:).
ring position.

The energy barriers (see Figure 4) for tautomerization of
anionic intermediates of benzoxazole, tetrahydroquinoline,
and dehydroindoline calculated from tje-;?-alkylidene-

e are shown in Table 4. It can be seen that the energyimino isomer are significantly lower than those of their
differences between the two sets of amidoaryl ani@ss, neutral counterparts, 26.7 (27.1), 30.7 (30.9), and 26.9 (27.7)
and3’s, are less than 1 kcal/mol. As could be predicted Kcal/mol, respectively. This could be a result of the
from the energy difference between neutral tautomers (Tabledecreased metametal bond lengths associated with the
1), theﬂe}_nz_amidoary| anions are, in generaL S||ght|y more anions, which would require smaller adjustments inthe TS
stable thanus-2-alkylideneimino anions. structure.

Transition-State (TS) Structures for the Tautomeriza- Given the calculated Gibbs free energy barriers for
tion of the Anions. Now that both sets of optimized tautomerization, an estimate of the rate constant at@5

The relative energies of both sets of anions with respect
to the previously obtainegs-7?-alkylideneimino anion2a—
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0s1-0s2=2.94 5
0s2-0s3=2.95 &P Os2-0Os3 = 2.92
0s3-Os1 =2.80 0s3-Os1 =278
v =287 v=200i
AHF = 267 (27.1) "
TS (2a-to-3a) TS (2ctode) ~ AM=807(09)
o ]
A
Ly Y

0s1-0s2 =292
0s2-0s3=2.94
0s3-0s1=2.78

v=2481

AH* =269 (27.7)

TS (2d-to-3d)

Figure 4. Enthalpy (free energy in parentheses, in kcal/mol) of activation and the calculated structures (with bond distances in A) of the TSs for iiterconvers
of the alkylideneimino anion8a, 2c¢, and2d to the amidoaryl anion8a, 3c, and3d. The arrows show the reaction coordinate, the imaginary vibrational
frequency of which is given in cm.

Table 5. Relative Enthalpy (Free Energy in Parentheses) of the Neutral Species Resulting from Protonation of Alkylideneimin@@i2ianand 2b
and Amidoaryl Anions3'c, 3'a, and3'b at Different Site3

complex Os+0s2 0s1+0s3 N front N back Os1 Mid-Os triangle cs8
alkylideneimino2c 0.0 (0.0) 0.5(0.4) 6.2 (6.1) 3.4 (3.2) 11.3 (11.6) 16.5 (17.4) 22.9(22.5)
amidoaryl3'c 0.4(1.4) 1.7 (2.4) 7.9(7.1) 11.7 (13.0) 15.4 (17.4) 7.5(7.6)
alkylideneimino2a 0.0 (0.0) 0.0 (0.0) 8.7 (8.9) 8.7 (8.8) 11.3(11.8) 16.8 (15.5) 25.2 (24.8)
amidoaryl3'a 04(1.1) 8.4(9.2) 13.0 (14.0)
alkylideneimino2b 0.0 (0.0) 7.6 (7.7)
amidoaryl3'b 0.4(1.1) 10.6 (10.9)

ac = dihydroquinoline,a = benzoxazoleb = benzothiazole.

can be calculated using the Eyring equatidithese values  for 2e and 3'e structures are shown in Figure 3, where
of ca. 108-10"1° are still too small to account for HOMOs provide a good insight for possible protonation
extraordinary interconversion of the anionic tautomers at 25 sites: mostly on metal cores, the N, and the C8. Considering
°C prior to protonation. In light of the above results, one the above data as well as experimental evidences and to
may expect that the protonation site of 48-electron anionic determine the most probable protonation site, we performed
clusters may play a key role in controlling the nature of the several sets of calculations for the addition oftd different
kinetic product. possible sites in the anions.

Protonation of the 48-Electron Anionic Clusters Ac- For the dihydroquinoline ligand, anionic clust8ic is
cording to our NPA analysis of the anioBa—e, 3a—e, and  found to be more stable th&e. Therefore, below we mainly
Ja—e (see Tables 3 and S2 and S3 of the Supporting concentrate on the protonation of alkylideneimino aron
Information), the highest accumulation of electron density and amidoaryl anio8'c (see Table 5). Optimized structures
is on the N and C8 positions for all anions. Therefore, itis ghowing the key geometrical parameters are given in Figures
reasonable to expect that the protonation should take places anq 6, respectively.

at either of these two sites. The MOs of HUMO and LUMO As seen in Figure 5 for alkylideneimino anidit, the

(28) Stiller, W.Arrhenius Equation and Nonequilibrium Kinetjd3SB B. addlt_lon of H" to the center of a tWO'QS bond vector on t_he
G. Teubner: Leipzig, Germany, 1989; p 16. unbridged edges leads to the formation of neutral alkylide-
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2c-10sH 2c-cenOsH 2¢-C8H
Figure 5. Calculated structures (with bond distances in A) of the neutral complexes resulting from protonation of the alkylideneimia. anion

3c-t0sH 3'c-cenOsH 3'c-C8H
Figure 6. Calculated structures (with bond distances in A) of the neutral complexes resulting from protonation of amidoargicanion

neimino clusters2c-Os12H or 2¢-Os31H (similar to the stable than the latter. This is due to the puckered (6,6)
product5c), where the former is only 0.5 kcal/mol more heterocycle structure, which provides a nonsymmetrical
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structure. According to NPA (Table S3 of the Supporting Similar to the alkylideneimino anioa case, H addition
Information), the N center has the highest electron density to N provides an intermediate with about 8.39 kcal/mol
of —0.57e and seems to be the most probable site forenergy higher than that from addition to the metal core.
protonation. Therefore, we performed the addition of H In general, we can conclude that the most probable
from both the front and back sides of the N atom. The protonation site for all studied anions is at the metal edges,
addition of H" to N from the back side leads to a more stable while protonation at the N atom could also be accessible at
product (3 kcal/mol;2c-bNH) compared to the front-side  room temperature. This is consistent with experimental
addition @c-fNH). Analysis of the geometric parameters observations for the benzothiazole cluster, indicating that
shows that in2c-bNH the heterocycle is twisted more to protonation occurs at the N atom, followed by ltansfer
resemble a chair conformation. to the metal core. It is likely that this proceeds through a TS
H* addition to Os1 to give a terminal }ithe center of  structure (not determined) involving considerable N to Os
the Os triangle, and C8 leads to unstable intermediates  bond formation. The process can be rationalized by partici-
tOsH, 2c-cenOsH and 2¢c-C8H with energies as high as  pation of the second heteroatom lone pair in electron donation
11.34, 16.52, and 22.95 kcal/mol relative to #e=0s12H to the metal core. This proposed mechanism is supported
cluster. Because the energy difference betwee@dhHes12H by our recent computational results on the TS for hydrogen
and 2c-bNH isomers is only 3.39 kcal/mol, one may transfer N-H to Os, in which considerable-NOs bonding

conclude that protonation of alkylideneimino anidomay is maintained?!

take place both at the metal cofg-Os12H and at the N In the case of tetrahydroquinoline ani@g, it seems that
atom, 2c-bNH, during the reaction, eventually leading to a there is no driving force for Htransfer from N to the metal
alkylideneimino product. core. Therefore, Hdissociation and coordination at the metal

Next, let us discuss the Haddition to amidoaryl anion  core results in the formation of the alkylimino as the kinetic
3'c (Figure 6) , where protonation at different ©9s edges  product.
leads to neutral amidoary! structur@c-Os12H or 3'c- Our discussions on the protonation site were only based
Os31Hwith almost the same energies of 0.40 and 1.70 kcal/ on the relative stabilities of the intermediates. Obviously,
mol with respect to the reference neutral alkylideneimino the energetics of TS structures for ktansfer from N to Os
2c-0Os12H So far, it can be concluded that protonation at is required for more quantitative discussion and will be the
the metal core of any anior2¢ or 3'c) does not change the  subject of a future study.
bonding mode of the heterocyclic ligand. In contrast, when
protonation of amidoaryl aniof3'c occurs at the N atom,
the electronic structure of the ligand is changed and the From the results and discussion presented above, we can
resulting structure resembles a alkylideneimino cluster. draw the following conclusions.
Therefore, one can conclude that if the protonation takes 1. The enthalpies of formation efa—e or 5a—e from
place at N for any anion2€ or 3'c), the resulting neutral ~ 1a—e complexes by sequential Hand H" addition are
intermediate always bears an alkylideneimino bonding mode, qualitatively similar for all of the studied ligands (&
regardless of the nature of the initial bonding mode of the benzoxazolela; benzothiazolelb; dihydroquinoline,lc;
ligands in the anions. The addition of'Ho Os1 to give a 1,2-dehydroindolineld; 4H-3,1-benzoxazinele). Those of
terminal H, the center of Os triangle, and the C8 of 8ie 43, 4b, 5a, and 5b with a (5,6) ring and an additional
cluster leads to less stable intermedidestOsH, 3'c-C8H, heteroatom, such as benzoxazole and benzothiazole, are about
and3'c-cenOsHwith energies of 11.68, 15.38, and 7.53 kcal/  8—9 kcal/mol smaller than those for dihydroquinoline, 1,2-
mol, respectively, with respect to the reference clugter dehydroindoline, and H-3,1-benzoxazine ligands. These
Os12H results indicate that two kinds of products—e and5a—e,

We performed the same kind of calculation for benzox- are accessible from the thermodynamic point of view.
azole aniorRa. The addition of H to the Os-Os edge leads 2. H™ addition at the C2 position for all heterocycles leads
to 2a-Os12H an alkylideneimino cluster. Contrary to the to the most stable isome2a—e, indicating that all of them
dihydroquinoline case, the addition of kb bridge the Os% have the samgs-n2-alkylideneimino structure. Thus, this
Os2 edge or to bridge the OsPs3 edge does not affect nucleophilic attack does not determine the structure of the
the geometry and energy of the obtained intermediate. Thisneutral kinetic product formed after protonation.
is due to the planar structure of the (5,6) ring heterocyclic 3. Deprotonation ofiz-n?-amidoaryl complexsa—e, from
ligand, providing an almost symmetrical environment on both different sites of bridging Os1Os3 or Os2-O3 edge, leads
sides. For the same reason, both intermediates resulting fronto a structure almost similar to that of the initia-7?-
protonation of the N atom from the front sid2a-fNH) and amidoaryl complex. This result proves that deprotonation
back side 2a-bNH) have almost the same energies of about does not play a role in triggering the interconversion of the
8.73 kcal/mol with respect t8a-Os12H As shown in Table  two tautomeric anions.
5, when H attacks other positions, higher energy intermedi- 4. Alkylideneimino to amidoaryl tautomerization in anionic
ates result, which are not likely to be accessible experimen-structures bearing benzoxazole, tetrahydroquinoline, and

4. Conclusions

tally. dehydroindoline ligands occurs via the TS that is very similar
We also examined the addition offHo the metal core  to that for neutral cases previously reported. The calculated
and the N (back side) of amidoaryl for benzoxaz8le. activation barriers, 26:726.9 kcal/mol, are significantly
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smaller than those for neutral clusters. However, the barriersand D.G.M. under Grant CHE-0209660) is gratefully ac-
are still too high to account for anionic tautomerization at knowledged. E.R. thanks the Cherry Emerson Center for
room temperature. Scientific Computation for a Visiting Fellowship Award. A
5. Protonation of dihydroquinolinealkylideneimino and DURIP grant (FA9550-04-1-0321) from AFOSR is also
dihydroquinolineamidoaryl anions might take place either acknowledged for support of the computer facilities. The use
at the N atom or at the metal core. The situation is different of computational resources at the Cherry Emerson Center
for benzothiazole and benzoxazole clusters, where H for Scientific Computation is also acknowledged.
transfer from N to the metal core involves considerable N g,550rting Information Available: Calculated and experi-
to Os bond formation. mental (in parentheses) structures of the 46-electron reactant
Taken together with the results of the two previous papers complexesib and1coptimized at B3LYP/SDB-6-31G(d) (Figure
in this series, the results reported here show that the DFTF1), NPA for TS structure®x-to-3x, wherex = a, ¢, d, for
method can provide useful information on the reaction amidoaryl anion8a—eand3a—e, and for the 46-electron reactant
energetics of ligandcluster reactions and insight into their  complexeslc, for alkylideneimino anion&c, for amidoaryl anions
subsequent rearrangements and reactivities with small mol-3¢and3c, and TS structure8c-to-3cat B3LYP/ SDD+6-31G(d)
ecules2?! Still lacking are generalizations regarding the (Tables S¥S4), enthalpy and free energy (at 298.15 K and 1 atm)
nature of the TSs involved in ligand-to-metal and metal-to- ©f formation ofus-2-alkylideneiminodc and uz-*-amidoaryl5c
ligand hydrogen transfers as well as methods for handlin complexes with respect to the reactant complleand of formation
9 . ydrog . 9 of amidoaryl anions3c and 3'c with respect to alkylideneimino
multistep transformations of a concerted natiré> These anion 2c, calculated at B3LYP/ SDB6-31G(d) (Table S5), and

investigations are currently underway in our laboratories.  catesian coordinates of all structures reported in this paper (Table
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