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ABSTRACT: Metal complexes incorporating the tris(3,5-diphenylpyrazolyl)borate ligand
(Tp™?) and ortho-dihalophenolates were synthesized and characterized in order to exg)lore
metal—halogen secondary bonding in biorelevant model complexes. The complexes Tp"*ML
were synthesized and structurally characterized, where M was Fe(II), Co(1I), or Ni(II) and L was
either 2,6-dichloro- or 2,6-dibromophenolate. All six complexes exhibited metal—halogen
secondary bonds in the solid state, with distances ranging from 2.56 A for the Tp"Ni(2,6-
dichlorophenolate) complex to 2.88 A for the Tp""?Fe(2,6-dibromophenolate) complex. Variable
temperature NMR spectra of the Tp™Co(2,6-dichlorophenolate) and Tp™Ni(2,6-dichlor-
ophenolate) complexes showed that rotation of the phenolate, which requires loss of the
secondary bond, has an activation barrier of ~30 and ~37 kJ/mol, respectively. Density
functional theory calculations support the presence of a barrier for disruption of the metal—
halogen interaction during rotation of the phenolate. On the other hand, calculations using the
spectroscopically calibrated angular overlap method suggest essentially no contribution of the
halogen to the ligand-field splitting. Overall, these results provide the first quantitative measure of the strength of a metal—
halogen secondary bond and demonstrate that it is a weak noncovalent interaction comparable in strength to a hydrogen bond.
These results provide insight into the origin of the specificity of the enzyme 2,6-dichlorohydroquinone 1,2-dioxygenase (PcpA),
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which is specific for ortho-dihalohydroquinone substrates and phenol inhibitors.

B INTRODUCTION

Pentachlorophenol is a toxic xenobiotic compound that was
introduced in the early twentieth century as a pesticide and is
still used today as a wood preservative." Although the use of
pentachlorophenol has been restricted, it is still commonly
found in the environment. Interestingly, in the short time
pentachlorophenol has been present in the environment, the
bacterium Sphingobium chlorophenolicum has evolved to fully
degrade it.> The enzyme 2,6-dichlorohydroquinone 1,2-
dioxygenase (PcpA) provides the key step in this degradation
process, using O, to cleave the aromatic ring of 2,6-
dichlorohydroquinone.®>~>

The structure of PcpA is similar to a well-studied class of
enzymes,® the catechol extradiol dioxygenases (EDOs),”® as
confirmed by a recent crystal structure.” Both are mononuclear
nonheme iron(II)-containing dioxygenases with similar active
site structures. They are also functionally comparable: while
PcpA cleaves the aromatic ring of hydroquinones, EDOs cleave
the aromatic ring of catechols. Despite of the similarities
between PcpA and the EDOs, they differ greatly in their
behavior toward halogenated substrates. In general, EDOs are
not active toward chlorinated substrates, and instead such
compounds are potent mechanism-based inactivators.'°~" In
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contrast, the native substrate of PcpA is a chlorinated
compound, 2,6-dichlorohydroquinone.

Many aspects of the mechanism of PcpA and the basis for its
substrate specificity remain unknown. Kinetic studies have
shown that PcpA exhibits a strong selectivity toward ortho-
dihalohydroquinone substrates and phenol inhibitors over the
corresponding methyl-substituted versions.'* The origin of this
unique specificity is currently unknown, and there are not yet
crystallographic data for PcpA interacting with substrates or
inhibitors. In order to identify the most important factors,
model complexes would be valuable tools to explore the
possible binding modes of substrates and inhibitors to metal
ions like the one in the PcpA active site. In particular, we
anticipated that iron(II) complexes with ortho-halophenols
could demonstrate bonding factors that explain the preference
of PcpA for halogenated substrates and inhibitors.

In our previous work, the supporting ligand was cis,cis-1,3,5,-
tris(E)-(tolylideneimino)-cyclohexane (TACH-o-tolyl), a tri-
dentate facially coordinating ligand. The resulting [(TACH-o-
tolyl)FeL]" complexes, where L was 2-chloro-, 2,6-dichloro-, or
2,6-dibromophenolate, each exhibited short interactions
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between the halogen substituent and the iron(II) center,
ranging from 2.84 to 3.12 A."® These short interactions are
classified as “metal—halogen secondary bonds,” which are
formally defined as halocarbon complexes having a halogen-
metal distance considerably below the sum of their van der
Waals radii but longer than the metal-halide bond length."™>°
On the basis of nuclear quadrupole resonance (NQR)
spectroscopy results, Wulfsberg proposed the criterion that
the metal—halogen distance must be shorter than the average
metal-halide distance plus 1 A.'® Using the average four-
coordinate Fe(II)-chloride bond length of 2.30 A all of the
[(TACH-o-tolyl)FeL]* complexes meet this criterion for
metal—halogen secondary bonding. This shows that an ortho-
halophenolate can form an additional interaction with the
iron(1I) center. This direct interaction between the halogen and
the metal could increase the binding affinity of halogenated
substrates and inhibitors to PcpA and thus contribute to the
unusual substrate specificity of this enzyme.

However, the postulation of a metal—halogen secondary
bond based on distance alone is necessarily tentative. Metal—
halogen secondary bonds are relatively rare,">~'***™*’ and
there are few techniques capable of detecting these bonds other
than X-ray crystallography and NQR.'”~*° Consequently, the
characteristics of these secondary bonds are in need of greater
understanding. In particular, to our knowledge there are no
quantitative studies of the strength of this interaction, nor is it
clear to what extent the halogen can be classified as a true
“ligand” to the metal center. More detailed studies of TACH-o-
tolyl complexes were not possible because the supporting
ligand was unstable with respect to isomerization and
dissociation."> Therefore, we chose a tris(pyrazolyl)borate
(Tp) ligand**~>° as a more stable tridentate supporting group
for the synthesis of metal ortho-halophenolate complexes. To
provide a similar level of steric bulk to the TACH-o-tolyl ligand,
the ligand tris(3,5-diphenylpyrazolyl)borate (Tp"*?) was
selected for the present study.>" A series of Fe(II)-phenolate
complexes have been reported previously with the ligand
tris(3,5-diisopropylpyrazolyl)borate (Tp™?), including a 2,6-
dichlorophenolate complex (although it was not structurally
characterized).*> Ni(II)-2,6-diisopropylphenolate complexes
have been reported with the ligands tris(3,5-
dimethylpyrazolyl)borate (Tp*) and tris(3-phenyl-S-
methylpyrazolyl)borate.*® In addition, Fiedler and co-workers
have reported a series of Tp™FeL complexes where L is a
either one of several hydroquinonates or 2-amino-4,6-di-tert-
butylphenolate.>*™>® Here we report the synthesis and
characterization of a series of metal ortho-dihalophenolate
complexes, and examine the nature of the metal—halogen
interaction using crystallography, spectroscopy, and computa-
tional analysis.

B RESULTS

Synthesis and Structural Characterization. The bulky
tridentate ligand Tp™ was synthesized according to literature
procedures.”’ While the active site in PcpA contains iron(II),
the ortho-dihalophenolate complexes reported herein contain
iron(1I), cobalt(Il), and nickel(I) in order to explore trends
with respect to the metal ion and gain deeper insight into
metal—halogen bonding.

The starting complex Tp™?FeBr was prepared in a similar
manner to the previously reported Tp"™FeCl complex and
characterized by 'H NMR spectroscopy.®> Likewise, Tp™">CoCl
and Tp™NiBr were prepared according to the literature
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procedures and characterized by '"H NMR spectroscopy.>”*®

To each of these complexes was added the sodium salt of either
2,6-dichlorophenol (2,6-dcp) or 2,6-dibromophenol (2,6-dbp)

(see Scheme 1). In each case, the reactions were performed

Scheme 1. Synthesis of Compounds 1 (M = Fe(II), X = CL, Y
= Br), 2 (M = Fe(II), X = Br, Y = Br), 3 (M = Co(II), X = Cl,
Y =Cl), 4 (M = Co(II), X = Br, Y = CI), 5 (M = Ni(Il), X =
ClL Y = Br), and 6 (M = Ni(Il), X = Br, Y = Br)
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anaerobically in THF. Reaction of Tp™FeBr with these
sodium salts yielded colorless Tp™Fe(2,6-dcp) (1) and
Tp™2Fe(2,6-dbp) (2) in 71% and 76% yield, respectively.
Reactions of Tp"™CoCl with 2,6-dcp and 2,6-dbp gave purple
Tp™2Co(2,6-dep) (3) and Tp™Co(2,6-dbp) (4) in 74% and
80% yield, respectively. Reactions of Tp™™NiBr with 2,6-dcp
and 2,6-dbp gave orange Tp"™Ni(2,6-dcp) (5) and Tp™™Ni-
(2,6-dbp) (6) in 58% and 71% yield, respectively. Complexes
3—6 were air-stable, while compounds 1 and 2 were handled
under anaerobic conditions.

Crystallographic analysis of 1—6 gave structures that are
shown in Figure 1. Complexes 1, 2, 5, and 6 cocrystallized with
disordered solvent. Selected crystallographic data for 1—6 are
summarized in Table 1. For all six complexes, the bond angles
reveal a distorted five-coordinate geometry. In a trigonal
bipyramidal description, N3 and X1 are the axial positions, and
01, N1, and NS are the equatorial positions. The axial M—N3
distance is slightly longer than the equatorial M—N distances,
and all the M—N distances decrease in the order Fe > Co > Nj,
in accordance with the trend in metal ion radii.*' For each of
the six complexes, the sum of the angles of the equatorial
ligands is nearly 360° (354—360°), and the axial-to-equatorial
bond angles are ~90° for both N3—M-N,, (86°=93°) and
X1-M-N,, (92°-101°), supporting the description of a
trigonal bipyramidal geometry. However, the complexes exhibit
varying levels of distortion toward a square pyramidal
geometry, with one O1—-M—N,, bond angle significantly larger
than the other (116°—126° versus 132°—150°), which in turn
leads to 7 values™ that range from 0.32 and 0.33 for complexes
1 and $ up to a value of 0.72 for 3. Distortions from an ideal
trigonal bipyramidal geometry are found for the N3—M—-0O1
bond angle (94°—109°) and the X1—-M—O1 bond angle (73°—
81°). In a square-pyramidal description, N1 (NS in 2 and 3) is
the axial position. The N,,—M—N,, angles are 90°—96°, the
N,,—M—XI1 angles are 86°—100°, and the N.;—M—X1 angles
are 166°—176°. The most notable distortion away from a
square pyramidal description again occurs for the N—M—0O1
angles, in which the N,,—M—O1 angle is much greater than 90°
and the N,;—M—Ol angle is much less than 180°.

All six complexes exhibited metal—halogen secondary
bonding, as judged using Wulfsberg’s geometric criterion."”
The metal—halogen distances decreased in the order Fe > Co >
Ni, ranging from 2.89 A for 2 to 2.56 A for S, in accordance
with ionic radii;*' however, there was no consistent pattern for
the M—Cl versus M—Br distance compared to halogen size.***!
The M—0O1—-C46,,., bond angle decreased in the same trend,
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Figure 1. Solid state structures of 1—6, with thermal ellipsoids shown at 50% probability. Hydrogen atoms are omitted for clarity. The metal—
halogen secondary bond in each complex is indicated by a dashed line. A, TpPhZFe(Z,é—dcp) (1); B, TpPhZFe(Z,é—dbp) (2); C, TpPh2C0(2,6—dcp) (3);

D, Tp™Co(2,6-dbp) (4); E, Tp™Ni(2,6-dcp) (5); F, Tp™Ni(2,6-dbp) (6).

Table 1. Selected Crystallographic Data for Tp***Fe(2,6-dcp) (1), Tp™*?Fe(2,6-dbp) (2), Tp™Co(2,6-dcp) (3), Tp™*Co(2,6-

dbp) (4), Tp™Ni(2,6-dcp) (5), and Tp™2Ni(2,6-dbp) (6)

1 2 3
Bond Lengths (A)
M-N1 2.1135(17) 2.089(2) 2.038(3)
M-N3 2.1250(16) 2.136(2) 2.088(3)
M-N5 2.0973(16) 2.103(2) 2.036(3)
M-0O1 1.8995(14) 1.8997(17) 1.885(3)
M-X1 2.8618(8) 2.8853(5) 2.8325(12)
Bond Angles (deg)

0O1-M-N1 119.13(6) 143.31(8) 132.45(12)
01-M—-N$5 147.67(7) 121.48(8) 125.66(12)
N1-M-N$ 92.34(6) 93.37(8) 95.63(12)
N3-M-01 98.34(6) 102.25(8) 108.90(12)
N3-M-N1 92.21(6) 86.32(8) 91.47(12)
N3-M-N$ 86.85(6) 91.93(8) 90.15(12)
X1-M-01 72.95(4) 76.22(6) 75.03(9)
X1-M-N1 100.76(4) 91.86(6) 86.80(9)
X1-M-N5 95.34(4) 93.4(6) 86.18(9)
N3-M-X1 166.73(5) 174.53(6) 175.77(9)
M—01-C46,., 133.66(13) 133.01(17) 130.1(3)
C47 jpen—X1-M 92.45(7) 88.35(9) 91.35(14)

Torsion Angles (deg)
M—01-C46 s =C47phen —-13.7(3) 14.0(4) 15.4(5)
N3-M—01-C46,., —177.32(17) 172.2(2) 163.5(3)

7 values
0.32 0.52 0.72
9839

2.045(4)
2.092(5)
2.062(5)
1.882(4)
2.8105(10)

119.52(18)
144.10(18)
95.34(18)
98.14(17)
91.75(18)
88.37(18)
78.39(12)
93.24(12)
92.28(13)
174.88(13)
130.8(4)
88.64(19)

—14.3(8)
—169.0(5)

0.51

2.0319(16)
2.0387(15)
2.0348(15)
1.9035(13)
2.5601(6)

116.67(6)
149.52(6)
93.50(6)
93.95(6)
93.48(6)
88.05(6)
80.14(4)
96.82(4)
92.74(4)
169.60(5)
125.79(13)
94.92(7)

-53(3)
176.33(15)

0.33

2.024(6)
2.043(6)
2.027(6)
1.905(5)
2.6846(12)

118.5(2)
146.7(2)
94.3(2)
95.9(2)
93.4(2)
87.2(2)
80.67(15)
94.06(16)
92.02(16)
172.58(17)
129.1(5)
89.9(2)

—8.1(10)
—179.8(6)

0.43
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to accommodate the shorter M—X1 distance. The C47p.,—
X1—M bond angles were all ~90° (87°—94°), consistent with
what has been seen before for metal—halogen secondary
bonding'>'®'® and with what is known about the anisotropic
charge density of the halogen.*” In all complexes, the phenyl
ring is nearly coplanar with the N3—M—O1 plane, as shown by
the N3—M—O1-C46,}, and M—O1—C46,;,,—C47,}, tor-
sion angles, thus allowing for the maximum interaction between
the halogen substituent and the metal center.

'"H NMR Spectroscopic Studies. Complexes 1—6 were
analyzed by 'H NMR spectroscopy at room temperature
(Figure S1). These spectra were consistent with the presence of
the desired Tp™™ M(2,6-dihalophenolate) complexes in
solution, and the large shifts indicate that the complexes are
paramagnetic. Based upon integrations and expected patterns of
hyperfine shifts, the pyrazole H4 and the meta and para protons
of the phenolate could be readily identified and assigned (Table
2). Some of the resonances, particularly the Tp™ phenyl
protons in the nickel(I) complexes, were not resolved and
therefore could not be assigned.

Table 2. Selected Room Temperature '"H NMR Data for
Complexes 1-6

complex pyrazole H4 phenolate meta phenolate para
Chemical Shifts (ppm)
1 57.9 54.2 —23.7
2 58.4 54.3 —26.2
3 68.1 352 —34.1
4 674 37.3 —34.7
S 72.4 29.0 —-25.2
6 71.3 28.0 -25.3

In the solid state structures, these complexes show
approximate C; symmetry, and the meta protons of the
phenolate are inequivalent. However, in the room-temperature

"H NMR spectra of all six complexes the three arms of the
Tp™? ligand are equivalent, as are the meta protons of the
phenolate ring. Thus, rapid rotation of the phenolate ring about
the M—O1 and/or O1-C46,;., bonds is occurring on the
NMR time scale. This, in turn, indicates that the metal—
halogen secondary bond is not maintained in solution at room
temperature. The same result was observed in the previously
reported TACH-o-tolyl complexes." In the case of [(TACH-o-
tolyl)Fe(2,6-dcp)]*, "H NMR spectra recorded at temperatures
down to —40 °C did not yield decoalescence of the phenolate
meta proton signals.

The greater solubility of the present complexes in a wider
range of solvents allowed the acquisition of NMR spectra at
lower temperatures. Complexes 3 and § were selected for
variable temperature NMR (VT-NMR) studies. Figure 2A
shows the 'H NMR spectra of 3 in CD,Cl, at temperatures
from +20 to —89.5 °C. The line width (full width at half-
maximum) of the phenolate para proton signal increased by
roughly 4-fold, whereas the meta proton signal increased by
more than 100-fold (Figure 2B). The increased line width of
the phenolate para proton signal is likely due to greater
hyperfine broadening at lower temperature caused by some
temperature dependence of the electronic relaxation time.*
Although complete decoalesence of the meta protons was not
observed, the steep increase in the line width at low
temperature is most reasonably explained by exchange
broadening from slower rotation of the phenolate ring.
Assuming a two-state model for this exchange broadening,
the temperature-dependence can be fit with two adjustable
parameters: the activation barrier, AG?, and the difference in
the chemical shift of the two meta proton signals, A5.* We
accounted for the change in line width of the meta proton
signal from hyperfine broadening by assuming it to be equal to
that of the para proton signal. Since an estimation of the
contact contribution (from the DFT calculation described
below) and dipolar contribution to the paramagnetic relaxation

A phenolate l phenolate\ B
meta—proton% U|| para-proton
— .A_JT . ( ) -89s5°
A N UJ I__ -80° 4000 T T T T T
1 . | | 70" 3500} |
R J\k A R W S J\LA i Ali | -60° 3000 L ]
' ' N u l -50° o 2500 |
| [ J 40 £
| £ 2000 |
. s L |
| = 1s500| ]
| A\_J L ] -20°
1000} 4
1 Jt L 10°
5001 o 4
‘ S| l 0° JRPAPARS o o ©
P e © A A A
LJ i ‘ 10° 0005 0004 00045 0005 00055
l T (1K)
\ L 20°
—T — I AAgrir‘\J&J grkid?' —— 7771"4‘
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Figure 2. (A) Variable temperature "H NMR spectra of 3 in CD,Cl,. The phenolate meta and para protons are highlighted. (B) The temperature
dependence of line width of the pyrazole H4 (O), phenolate meta (W), Tp-ortho-phenyl (¢), and phenolate para (A) proton signals. The fit to the
temperature dependence of the line width of the phenolate meta protons due to exchange broadening as described in the text is shown as a solid line.
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Figure 3. UV—vis—NIR absorption spectra of 3 (A) and § (B) in CHCl, at room temperature. The thin black bars indicate the calculated energies of
the LF transitions from an AOM calculation, and the thick gray bars indicates the calculated energies of the phenolate oxygen pz to metal CT

transitions with high oscillator strengths from a TD-DFT calculation.

yields an average line width for the meta protons that is ~1.8
that of the para proton, this assumption is justified. With these
assumptions, the fit to the temperature dependence of the meta
proton line width (Figure 2B, solid line) yielded AG* = 30.3 +
0.7 kJ/mol and Aé = 3.4 + 0.7 ppm. When the meta proton
line width was fit assuming that exchange broadening was the
sole contribution, the values of AG* and A§ were the same
within uncertainty. The pyrazole H4 and ortho-phenyl proton
signals of the Tp™ ligand also showed evidence of exchange
broadening at low temperature, but were not analyzed
quantitatively.

Similar results were obtained using the VI-NMR spectra of §
(Figure S2). Applying the same data analysis described above,
the fit to the temperature dependence of the meta proton line
width (Figure S2B, solid line) yielded AG* = 37 + 1 kJ/mol
and As = 0.7 + 0.5 ppm. However, the reliability of these
values is reduced compared with the results for complex 3
because of two factors. First, NMR spectra of this sample could
only be obtained down to —70 °C. Second, the line width of
the para proton signal increased with decreasing temperature to
a greater extent (about 7-fold), presumably due to a larger
temperature dependence to the hyperfine broadening. Since a
larger proportion of the line width of the meta protons is also
likely due to hyperfine broadening and not just exchange
broadening, the calculated values of AG* and AS will be much
more sensitive to this correction. The assumption made here,
that this paramagnetic contribution to the line broadening is
the same for both the meta and para protons, may not be
accurate, which in turn reduces the accuracy of the fitted values
for AG* and AS6.

Electronic Absorption Spectroscopic Studies. UV—
vis—NIR absorption spectra were obtained for complexes 3—6
in CHCl,. The spectra of 3 and S are given in Figure 3 (the
spectra of 4 and 6 were nearly identical and are given in Figure
S3). For 3, prominent peaks were seen at 26800, 17480, 15270,
12330, and 6810 cm™ (373, 572, 655, 811, and 1469 nm). The
transition at 26800 cm™! was the most intense (¢ = 1150 M™*
cm™") and was assigned as a charge transfer (CT) transition
from the phenolate-O px to the cobalt(II), analogous to the
thiophenolate-S pz to cobalt(I) CT transition reported
previously for a closely related Tp™™Co(penta uorothio-
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phenolate) complex (28000 cm™, & = 1300 M~ em™).*
The other peaks were assigned as ligand field (LF) transitions
of the cobalt(Il). The absorption peaks for S appeared at
22600, 12700, 11400, and 6800 cm™" (443, 788, 877, and 1470
nm). Likewise, the intense transition at 22600 cm™ (& = 2300
M™" cm™') was assigned as a phenolate-O pr to nickel(II) CT
transition, analogous to the previously reported thiophenolate-S
pz to nickel(II) CT transition (23200 cm™, & = 3060 M™!
cm™"),* while the other peaks were assigned as LF transitions.

Mull absorption spectra of 3 and S were obtained in the
UV—visible region, and the features of these spectra appeared
at the same wavelengths as in the solution spectra. This
indicates that the electronic structures of these complexes in
solution are essentially the same as that in the solid state. This
strongly argues that, while these complexes are fluxional in
solution (as indicated by the "H NMR spectra), the geometric
structure of the energy minimum in solution resembles the
structure observed in the solid state. This, in turn, suggests that
the metal—halogen secondary bond is present in the minimum
energy solution structure.

The LF transitions of 3 were analyzed by the angular overlap
method (AOM) using the AOMX program.45 The AOM
parameters of the analogous (Tp"®*®)CoL complexes (R = H,
methyl, or 2'-thienyl; L = NCS~, NCO~, N;, or CI") of
Krzystek et al.** were used as a starting point. The geometry
from the crystal structure was used. The pyrazole nitrogens (N-
pz) were treated as o-donors and the phenolate oxygen (O-
phen) was treated as a 6-donor and an out-of-plane z-donor.*’
An excellent fit was obtained with values of ¢,(N-pz) = 4120,
£,(O-phen) = 2050, £,(O-phen) = 1660, and B = 698 cm™
(C/B was kept fixed at 4.3). The calculated energies of the LF
transitions are shown as thin black bars in Figure 3A. A C,
symmetrized structure of 3 was also used in an AOM analysis of
the LF transitions. In this structure, the 01-Co—N,, N3—
Co—N,, and Cl-Co—N,, bond angles were averaged, and the
phenolate was taken to be exactly coplanar with the N3—Co—O
plane. Again, an excellent fit to the LF transitions could be
obtained with very similar AOM parameters to those above
(the only significant change was that £,(O-phen) increased to
1930 cm™"). When the halogen was included as a o-donor in
the fit, optimization led to an unphysical (negative) value for
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Table 3. Energies and Major Orbital Contributions of the f-Spin MOs with Predominantly Metal d and Phenolate O Orbital

Character, from the PBE1PBE Calculations

Tp*Co(2,6-dcp)

Tp*Ni(2,6-dcp)

orbital label energy (eV) contributions label energy (eV) contributions
d; LUMO+2 ~030  50% M, 2% N, 9% N, 2% Cl LUMO+1 —108  81% M, 5% N,, 3% Cl
dxy LUMO+1 -0.53 56% M, 3% N, 5% Ny LUMO -1.30 80% M, 6% Nq
oy LUMO —123  86% M, 3% O, 5% N, HOMO-10  —867  67% M, 7% O
phenolate-O px ~ HOMO -5.75 7% M, 22% O, 60% phenyl C, 9% CI ~ HOMO —5.82 3% M, 23% O, 64% phenyl C, 9% ClI
d,. HOMO-1 —664  47% M, 3% O, 16% N, HOMO-13 922 62% M, 15% O, 4% Cl
d, HOMO—4 —677  28% M, 12% N,,, 5% Ny, 3% Cl HOMO-11 ~878  47% M, 14% phenyl C, 26% CI*
phenolate-O ps  HOMO-8 —7.80  29% M, 14% O, 17% N, HOMO—8 ~739  28% M, 44% O, 3% N,
phenolate-O pc HOMO-10 —829 20% M, 44% O, 16% Cl

?12% from proximal (coordinating) Cl, 14% from distal CI.

€,(Cl). Constraining &,(Cl) to be positive led to an optimum fit
with £,(Cl) ~ 0. If the £,(N-pz) parameters were allowed to
differ for the axial versus equatorial positions, then fits could be
obtained with any combination of &,(N,-pz) and £,(Cl) such
that the sum was ~3100 cm™'. Keeping the angular overlap
parameters fixed while altering the angle y, which corresponds
to rotation of the phenolate, altered the energies of the LF
transitions by as much as 1700 cm™". These results suggest that
(1) the phenolate remains approximately coplanar with the
N3—Co—O plane in the minimum energy solution geometry,
and (2) the metal—halogen secondary bond makes a negligible
contribution to the LF splitting of the cobalt(II).

A similar analysis of the LF transitions of § was performed,
using the AOM parameters of Tp*NiL (Tp* = tris(3,5-
dimethylpyrazolyl)borate; L = CI~, Br~, I7) of Derochers et
al.** as well as of complex 3 as a starting point. Since only three
LF transitions could be clearly resolved (three more were
assumed to be under the shoulder observed at 17000—19000
cm™), £,(O-phen) was constrained to be equal to 0.8 of ¢,(O-
phen). Again, using the geometry from the crystal structure, an
excellent fit was obtained with ¢,(N-pz) = 4660, ¢,(O-phen) =
1830, £,(O-phen) = 1470, and B = 539 cm™" (C/B was kept
fixed at 4.7), and the calculated LF transition energies are
shown in Figure 3B. As in the case of 3, a C, symmetrized
structure of 5 was used, and again a reasonable fit to the LF
transitions could be obtained with very similar AOM
parameters. Likewise, inclusion of the metal—halogen secon-
dary bond was not necessary to yield reasonable results for the
energies of the LF transitions.

Density Functional Theory Calculations. Density func-
tional theory calculations were performed on models of 3 and §
with Gaussian*’ using both the B3LYP*° and PBEIPBE®'
functionals. The phenyl groups of the Tp™ ligand were
replaced with methyl groups (Tp*). Geometry optimization
with the 6-311++G(d) basis set for Cl and 6-311+G(d) basis
set for all other atoms yielded excellent agreement with the
experimentally determined structures with both functionals,
with the exception of the metal—halogen distance (Table S1).
Both DFT methods systematically calculated the metal—
halogen distance to be longer than the experimentally
determined values; however, M—X distances calculated with
PBEIPBE for Tp*Co(2,6-dcp) and Tp*Ni(2,6-dcp) were 0.07
and 0.14 A longer than the experimental values, respectively,
while B3LYP gave values that were 0.20 and 0.29 A longer.
Constraining the metal-chlorine distance in Tp*Co(2,6-dcp) to
the experimental value altered the total energy by only 1.5 kJ/
mol in the B3LYP calculation. This is consistent with what has
been previously postulated regarding metal—halogen bonding,
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namely, that the potential energy well is much shallower for a
secondary bond than for a covalent bond, and thus the energy
varies only slightly as the distance changes.'®

The ground state electronic structures of Tp*Co(2,6-dcp)
and Tp*Ni(2,6-dcp) are typical for high-spin cobalt(II) and
nickel(II) complexes, and strongly resemble the previously
reported pentafluorothio-phenolate complexes.** There are
three unoccupied f-spin orbitals in the Co(II) complex (dp,
d,, and d,>_p defining the z and x axes to be approximately
along the M—N,, and M—O bond vectors, respectively) and
two in the Ni(II) complex (d,> and dxy). In both cases, the f-
spin HOMO is the phenolate-O pz orbital. Phenolate-O po
orbital character was found distributed in two closely spaced f-
spin MOs at much lower energies in Tp*Co(2,6-dcp) and in
one in Tp*Ni(2,6-dcp). The energies and major orbital
contributions, determined from the Mulliken orbital contribu-
tions>> "> from the PBE1PBE calculations with a smaller basis
set (6-311G(d)) analyzed with AOMix,*** are given in Table
3, and contour surface plots of the orbitals of Tp*Co(2,6-dcp)
are shown in Figure S$4 (very similar results were obtained with
B3LYP). Small Cl contributions are seen in two of the f-spin d
orbitals in both complexes: d* has a small o interaction, and d,,
has a small 7 interaction. In Tp*Ni(2,6-dcp), d,, also shows
some interaction with the CL

Mayer bond orders**®' were calculated in order to quantify
the extent of the metal—halogen interaction. Since calculations
with the large, diffuse basis set used for the geometry
optimization gave unphysical values for the bond orders,
single-point calculations with the 6-311G(d) basis set were
used. These results yielded a M—CIl bond order that is about
15—38% of the bond orders for the M—O and M—N bonds
(Table 4). Similar results were obtained from the Wiberg and
Lowdin bond indices (Table $2).°* Thus, the calculations show
that while the chlorine has some bonding interaction with the
metal, it is considerably smaller than that of the “normal”
metal—ligand bonds.

In order to obtain a quantitative estimate of the strength of
the metal-chlorine interaction, the barrier to rotation of the

Table 4. Mayer Bond Orders for Tp*M(2,6-dcp)

bond M = Co M = Ni
M-0O 0.398 0.351
M—N3, 0.244 0271
M-Nl(, 0.255 0.265
M—NS(eq) 0.255 0.287
M-Cl 0.059 0.100
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phenolate about the O—C bond was examined in Tp*Co(2,6-
dcp). For Tp*Co(2,6-dcp), the Co—O1—C46,p.,-C47pen
torsion angle in the optimized geometry was 0°. This angle
was then was fixed at 15°, and the geometry was reoptimized.
This was repeated at 15° increments up to 90°. From this, the
calculated barrier to rotation of the phenolate was found to be
10.3 kJ/mol with B3LYP and 13.4 kJ/mol with PBE1PBE
(Figure 4 and Table S3). Likewise for Tp*Ni(2,6-dcp), the
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Figure 4. Barrier to rotation of the phenolate in Tp*Co(2,6-
dichlorophenolate) (circles) and Tp*Co(2,6-dimethylphenolate)
(squares), calculated with B3YLP (open symbols) and PBE1PBE
(filled symbols). The Co—O1~C46,,,,—C47,, torsion angle was
fixed at 15° increments from 0° to 90° and the geometry was
reoptimized.

energy difference with PBEIPBE between the fully optimized
geometry, where the Ni—O1—C46,},-C47,}, torsion angle
was —4.8° and one in which the torsion angle was frozen at
105° was found to be 9.7 kJ/mol (the torsion angle of 90°
created a steric clash with the methyl group of the Tp* ligand
and had difficulty converging).

Two alternative factors must be considered that could
contribute to a barrier to rotation of the phenolate ring besides
the metal-halogen secondary bond. The first is steric
hindrance from the phenyl substituents of the Tp™? ligand.
Because the size of the substituents on the Tp ligand was
reduced from phenyl to methyl in the DFT calculation, this
should have reduced the effect of any steric hindrance on
rotation of the phenolate in the calculations. Additionally, we
note that when the Co—O1—-C46,;,.,—C47,5j,.,, dihedral angle in
3 was frozen at 90° the steric clash between the chloro
substituent and the phenyl ring of the Tp™ ligand could be
readily relieved by rotation of the phenyl ring. This suggests
that while there may be greater steric hindrance from the Tp™?,
it is probably not severe.

The second factor is the anisotropic z-bonding of the
phenolate-O to the metal center. To address how this might
influence the energy barrier to rotation of the phenolate,
calculations were performed on a complex in which the 2,6-dcp
ligand was replaced with 2,6-dimethylphenolate (2,6-dmp),
with the Co—01-C46,,,,—C47,yp,.,, torsion angle again stepped
in 15° increments from 0° to 90°. This yielded an extremely
low barrier to rotation (Figure 4, Table S4), indicating that z-
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bonding of the phenolate-O does not contribute to the
energetics of phenolate rotation.

While the actual mode of geometric fluxionality of these
complexes in solution is likely more complex, the calculated low
barrier to rotation of the phenolate is qualitatively consistent
with the low barrier to rotation that was determined
experimentally from VIT-NMR. However, the DFT calculation
underestimated this barrier by a factor of ~2.3 for the
cobalt(Il) and by even more for the nickel(II) complex. The
lack of quantitative agreement could be due to two factors: (1)
additional steric hindrance from the phenyl substituents on the
Tp ligand could raise this barrier in the actual complex (as
noted above) and (2) DFT methods, while highly successful at
describing open-shell transition metal complexes, are often
poor at accurately calculating weak noncovalent interactions.®®
While the PBE1PBE functional performed better than B3LYP
with regards to both the metal-halogen distance and the
barrier to rotation, in agreement with previous claims regarding
the utility of these functionals for the calculation of noncovalent
interactions,®® the energy difference in the latter was small.
Note that the best density functional for noncovalent
interactions, MO06X, failed to give a reasonable electronic
structure description for the metal. Nonetheless, the fact that
DFT calculations yield a barrier to rotation for Tp*Co(2,6-
dcp) but not for Tp*Co(2,6-dmp) provides the strongest
evidence that the experimentally observed barrier comes mainly
from the metal—halogen interaction and not steric hindrance or
anisotropic 7-bonding of the phenolate.

Time-dependent DFT (TD-DFT), calculated with B3LYP
using the PBE1PBE-optimized structure, was used to calculate
the energies of the phenolate-O to metal CT transitions in the
cobalt(Il) and nickel(Il) 2,6-dcp complexes. In the fully
geometry-optimized Tp*Co(2,6-dcp), three phenolate O px
to cobalt(Il) CT transitions are observed: pz — dz_» (22600
em™), pr — d,, (27100 cm™'), and pz — d.> (30300 cm™").
Only the pr — d,, has an oscillator strength >0.0005 (f =
0.0296), in excellent agreement with the experimentally
observed intense transition at 26800 cm™' in the solution
spectrum. In the TD-DFT calculation of Tp*Co(2,6-dcp) with
the Co—01-C46,,.,—C47,,p,., torsion angle frozen at 90°, the
three pr CT transitions occur at very similar energies: pr —
dz 2 (22200 em™), pzr — d,, (27700 cm™'), and pz — d.2
(28000 cm™); however, the oscillator strength of the pz — d,,
transition has dropped to 0.0001 while that of the lower energy
pm — d_p transition has increased to 0.0444. Similar results
are obtained with the TD-DFT calculation of Tp*Ni(2,6-dcp).
Two closely spaced phenolate-O px to nickel(Il) CT
transitions are observed, pz — d,, (21700 cm™) and pz —
d,> (23500 cm™"), with similar oscillator strengths (f = 0.0501
and 0.0216, respectively). This again agrees well with the
experimentally observed intense transition at 22600 cm™" in the
solution spectrum.

Overall, the results indicate that the minimum energy
solution geometry in each complex is one in which the torsion
angle of the phenolate is ~0°, since this geometry is the one
predicted to give an intense CT transition at the energy where
it is observed in the solution absorption spectrum. This, in turn,
agrees with crystal structures and with the mull UV—visible
absorption spectra. So, while complexes 3 and § are fluxional in
solution, there is a discrete energy minimum in the geometry.

phen
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Table 5. Comparison of M—X Distances for Complexes 1—6 and Other Iron(II), Cobalt(II), and Nickel(II) ortho-
Halophenolate Complexes, the Average Metal—Halide Bond Lengths, and the Difference (A M—X)

complex” experimental M—X distance (A)° average bond length (A)¢ AM-X (A) ref

Fe—Cl 1 2.862 2.301 0.561
(TACH-o-tolyl)Fe(2,6-dcp) 2.890—3.122 2.301 0.589—0.821 15
(TACH-o-tolyl)Fe(2-cp) 2,929, 3.010 2.301 0.628, 0.709 15

Fe—Br 2 2.885 2.35 0.54
(TACH-o-tolyl)Fe(2,6-dbp) 2.841 235 049 15

Co—Cl 3 2.833 2.254 0.579
Co(NMIm),(2,4,6-tcp), 3.100 2254 0.846% 2
[Co(OMe)(2,4,6-tcp)(MeOH) ], 2,62, 2.64 2.414° 021, 0234 24
Co(TMED)(2,4,6-tcp), 2.873, 2.894 2.414¢ 0.459, 0.480 25

Co—Br 4 2.811 2.384 0.427
Co(py)»(24,6-tbp), 3.116, 3.120 2.573% 0.543, 0.547 27
Co(NMIm),(2,4,6-tbp), 3.027, 3.091 2.573¢ 0.454, 0.518 26

Ni—Cl S 2.560 2217 0.343
[Ni(OMe)(2,4,6-tcp) (MeOH) ], 2.483-2.530 2.441° 0.042-0.089% 23
Ni(TMED)(2,4,6-tcp), 2.586, 2.637 2.441° 0.145, 0.196% 19

Ni—Br 6 2.685 2.341 0.344

“Other abbreviations: 2-chlorophenolate (2-cp), N-methylimidazole (NMIm), 2,4,6-trichlorophenolate (2,4,6-tcp), N,N,N’,N’-tetramethyl-1,2-
ethanediamine (TMED)), pyridine (py), 2,4,6-tribromophenolate (2,4,6-tbp). bDifferent M—X distances are either due to multiple coordinated ortho-
halophenolates, or from different crystal forms and/or multiple conformers in the same unit cell. “For four-coordinate divalent metal complexes,
unless otherwise noted. “NQR results indicate the presence of a metal—halogen secondary bond."””*® “For six-coordinate complexes. *This value was
not available in ref 21; therefore, it was determined from 31 structures in the Cambridge Structural Database of six-coordinate cobalt complexes with
one or more terminal bromide ligands where the oxidation state was unambiguously Co(II).

B DISCUSSION

The model complexes reported here serve to further illuminate
the nature of the metal—halogen secondary bonding observed
with ortho-dihalophenolates, and thus the potential binding
modes of substrates and inhibitors at the active site of PcpA."*
To our knowledge, this is the only case where metal—halogen
bonding has been reported for a series of structurally
homologous complexes where the identity of both the metal
and the halogen is varied. Thus, these complexes can provide
valuable insights into the nature and influence of this
interaction. We use a combination of crystallography, NMR
spectroscopy, and spectroscopically calibrated computational
methods to quantify and elucidate this important interaction.
In the crystal structures of complexes 1—6, the halogen
occupies an axial position of a distorted trigonal bipyramidal
geometry. According to the criterion established by Wulfsberg,
a metal—halogen secondary bond is present if the metal—
halogen distance is less than the average metal-halide distance
plus 1 A."® By this definition, all six of these complexes exhibit
metal—halogen secondary bonding. The metal—halogen
distances of these complexes as well as those of other iron(II),
cobalt(II), and nickel(II) ortho-halophenolate complexes
exhibiting metal—halogen secondary bonding are reported in
Table 5, along with the average metal-halide bond lengths for
divalent metal complexes,”" and the difference between these
(AM-X). The previously reported Co(N-methylimid-
zole),(2,4,6-trichlorophenolate), complex is a particularly
useful comparison, since it is also five-coordinate (r = 0.43)
when counting the chlorine.”* The trend in metal—halogen
distance among complexes 1—6 is Fe > Co > Ni, which is in
accordance with the trend in ionic radii of these divalent metal
ions, as well as the expected increase in Zg. The metal—
halogen distances are particularly short in the nickel(II)
complexes, although within the range of the remarkably short
distances seen in some other nickel(Il)-ortho-chlorophenolate
complexes (2.483—2.530>® and 2.586 A'). However, these
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complexes were six-coordinate when including the secondary
bonds, so using a six-coordinate average Ni—Cl (2.441 A),
AM—X was much smaller.

The Tp complexes reported here exhibit no clear trend in
metal—halogen distance or in AM—X between the 2,6-dichloro-
and 2,6-dibromophenolates. Since the van der Waals radius of
bromine is larger than that of chlorine,**' one might predict
that the metal—bromine distances would be longer than the
corresponding metal-chlorine distances. Conversely, if the
secondary bonding interaction were stronger for the more
polarizable halogen,64 one might predict the opposite trend.
However, the strength of secondary bonding has been
postulated to be only weakly dependent on distance,'® and
the results of our DFT calculations on these complexes suggest
only weak covalent bonding between the metal and the
halogen. Thus, the very shallow potential energy well for this
interaction may make it too difficult to discern a trend in M—Cl
versus M—Br distances even in these structurally related
complexes.

These Tp-supported complexes are all fluxional on the NMR
time scale. Therefore, one must consider whether the metal—
halogen secondary bond observed in the crystal structures is
also present in solution. A comparison of the mull and solution
spectra show that the transitions in the UV—visible region are
at the same energies, arguing that the geometry is the same in
both the solid and the minimum energy solution state
structures. Likewise, the TD-DFT calculation of the energy of
the intense phenolate-O to metal CT transition is only
consistent with a structure where the Co—O1-C46.,—
C47 e, torsion angle is ~0°. Therefore, we conclude that the
secondary bond is not an artifact of crystallization and is
present in the minimum energy solution structure.

The ultimate question is whether the halogen is truly a
“ligand.” A simple AOM analysis of the LF transitions in the
UV—vis-NIR absorption spectra was entirely consistent with a
trigonal pyramidal geometry, without including the halogen.
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Although the DFT calculations do show a small percentage of
chlorine character mixed into the metal d-orbitals, calculations
give a bond order that is only 15—38% of the values for the
M—-O and M—N bonds. From VT-NMR, the experimentally
determined value for the phenolate barrier to rotation was 30.3
kJ/mol in 3 and 37 kJ/mol in § (with the caveat noted above).
The DFT calculations with PBEIPBE gave a barrier to rotation
of the phenolate in Tp*Co(2,6-dcp) of just 13.4 kJ/mol, and
the barrier in the nickel(I) complex was comparable. The
evidence herein suggests that the metal—halogen interaction in
these compounds is primarily electrostatic in nature and that
there is no significant covalent interaction between the metal
and halogen.

For comparison, another type of noncovalent interaction
involving polarizable halogens (especially attached to arenes) is
halogen bonding, where a halogen interacts with the partial
negative charge on an oxygen or nitrogen atom**>% or with
the 7 electrons from an aromatic ring.*”*® The strength of this
interaction has been estimated as 10—30 kJ/mol for haloarenes,
which is similar to that for a hydrogen bond between neutral
species.”” Assuming that the barrier to rotation of the phenolate
is a reasonable measure of the strength of the metal—halogen
secondary bond, it puts the strength of the metal—halogen
secondary interaction in the same range as halogen bonding.
Note that the directionality of these two types of noncovalent
interactions is very different, due to the strongly anisotropic
charge distribution of polarizable halogens, in which electron
density is pulled away from the crown of the halogen and
drawn toward the equator.*” Thus, while the ideal C-X:--O/N
angle in halogen bonding is ~180°, the ideal C-X---M angle in
metal—halogen secondary bonding is ~90°, as observed in the
present complexes.

These results further illuminate to what extent metal—
halogen bonding could be responsible for the unusual
specificity of the enzyme PcpA for ortho-dihalophenols and
hydroquinones. Since this interaction gives a stabilization that is
on par with other noncovalent interactions that govern binding
of substrates and inhibitors to the active site pocket, metal—
halogen secondary bonding is but one of several factors that
must be considered in governing the substrate specificity of this
enzyme, and further work is required to elucidate its potential
role. Nonetheless, if one makes the rough assumption that in
PcpA the K, is primarily determined by substrate binding
(~Kp), then AAG for binding of dihalohydroquinone versus
dimethylhydroquinone is 7—9 kJ/mol, and thus secondary
bonding could certainly be a large contributor to this difference.
Metal—halogen secondary bonding could also play an
important role in other ways; for example, it could help to
orient the ortho-dihalohydroquinone substrates in a geometry
that is optimal for attack by O,, thus leading to the higher k_,
that is observed with ortho-dihalohydroquinone substrates
relative to the ortho-dimethyl version.

B EXPERIMENTAL SECTION

General Considerations. All reagents were reagent grade and
used without purification except where indicated. For the reactions
with iron(II), the phenols were purified by sublimation before use, and
THEF was dried by distillation from sodium and benzophenone. For
reactions with cobalt(II) and nickel(II), reagent grade anhydrous THF
was used without further purification and CH,Cl, was dried over
molecular sieves. THF-dg was dried over CaH,, then over sodium
metal, and then vacuum distilled into a storage container before use.
The tris(3,5-diphenylp}rrazolyl)borate ligand, KTp™?, was prepared by
literature procedures.®>  All manipulations were carried out under an
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N, atmosphere using standard Schlenk techniques or in a glovebox
maintained at or below 1.0 ppm of O,, except crystallization of the
cobalt(I) and nickel(II) complexes.

Spectra and Data Analysis. NMR spectra were collected on a
Bruker Avance III 400 MHz spectrometer with a broadband probe.
Variable temperature NMR spectra were acquired with an inverse
broadband probe, and a liquid nitrogen heat exchanger was used to
control the temperature. The temperature sensor in the probe was
calibrated with neat methanol.”® All peaks in NMR spectra of the
complexes appeared as singlets and are reported in ppm. The
temperature dependences of the linewidths in the variable temperature
NMR spectra were fit in Excel (Microsoft) using Solver. The
uncertainty in AG* and A§ was estimated with a jackknife
procedure.”’ FT-IR measurements were carried out on KBr pellets
and acquired on an PerkinElmer Avatar 360 or a Shimadzu Prestige 21
spectrometer. UV—visible absorption spectra were acquired on a Cary
50 Bio UV—visible spectrophotometer, and NIR absorption spectra
were acquired on a StellarNet InGaAs spectrophotometer. Solution
spectra were acquired in quartz cuvettes of 1 cm optical path length,
while mull spectra were acquired in quartz cuvettes of 0.2 mm path
length. Elemental analyses were determined by the CENTC Elemental
Analysis Facility at the University of Rochester. X-ray crystallography
was performed at the X-ray Crystallographic Facility of the
Department of Chemistry at the University of Rochester.

TpP"2MX. Tp™2CoCl and Tp™NiBr were prepared according to
literature methods.*”*® Tp™2FeBr was prepared in a similar manner to
Tp*?FeCl and characterized by 'H NMR spectroscopy (Figure S5).%

Sodium 2,6-Dibromophenolate. To a solution of 2,6-
dibromophenol (120.5 mg, 0.4784 mmol) in THF (4 mL), excess
sodium hydride was added slowly until bubbling ceased. The solution
was filtered through Celite. Solvent was removed under vacuum and a
white powder was collected. Crystallization of the solid from THF (3
mL) gave clear, colorless crystals (0.0968 g, 73%). "H NMR (400
MHz, 25 °C, CD;CN): § 7.29 (d, 2, meta-H, ] = 7.6 Hz), 6.03 (t, 1,
para-H, ] = 7.8 Hz) ppm.

Sodium 2,6-Dichlorophenolate. This was prepared by the
method above using 2,6-dichlorophenol (146.7 mg, 0.9000 mmol).
Crystallization yielded clear, colorless crystals (45.1 mg, 27% yield).
'H NMR (400 MHz, 25 °C, CD;CN): 6 7.12 (d, 2, meta-H, ] = 8.0
Hz), 6.23 (t, 1, para-H, ] = 7.8 Hz) ppm.

Tp"™2Fe(2,6-Dichlorophenolate) (1). Tp™FeBr (56.3 mg,
0.0699 mmol) was dissolved in THF (15 mL). The solution was
transferred to solid sodium 2,6-dichlorophenolate (14.8 mg, 0.0800
mmol), and was stirred overnight. The solvent was removed under
reduced pressure, and the product was suspended in acetonitrile (S
mL). The suspension was filtered through a Celite plug and washed
with additional THF (S mL). The THF was then removed, leaving an
off-white powder. The product was redissolved in THF (2 mL) and
crystallized via vapor diffusion with pentane to give colorless crystals
(44.1 mg, 71% yield).”” '"H NMR (400 MHz, 25 °C, THF-d;): § 57.9
(3H, pz-H4), 54.2 (2H, m-phenolate), 39.2 (1H, BH), 16.4 (6H, o/m-
Ph), 12.8 (6H, o/m-Ph), 10.0 (3H, p-Ph), 7.0 (~10H, o/m/p-Ph),
—21.8 (~4H, o/m/p-Ph), —23.7 (1H, p-phenolate) ppm. IR (KBr):
3061 (w), 2634 (w), 1575 (s), 1544 (s), 1479 (m), 1456 (w), 1415
(m), 1301 (w), 1168 (w), 1066 (w), 759 (w), 696 (s) cm™". Elem.
Anal.: Calculated for C;H;,BCl,FeN,OeTHEF: C, 68.84; H, 4.73; N,
8.76. Found: C, 69.02; H, 4.85; N, 8.79.

Tppthe(2,6-Dibromophenolate) (2). This was prepared as for 1,
but using Tp™FeBr (50.5 mg, 0.0627 mmol) and sodium 2,6-
dibromophenolate (19.0 mg, 0.0694 mmol). Crystallization via vapor
diffusion with pentane to give colorless crystals (46.8 mg, 76% yield).
'H NMR (400 MHz, 25 °C, THF-d,): 5 58.4 (3H, pz-H4), 543 (2H,
m-phenolate), 35.7 (1H, BH), 15.5 (6H, o/m-Ph), 12.4 (6H, o/m-Ph),
9.6 (3H, p-Ph), 6.7 (~9H, o/m/p-Ph), —19.22 (~4H, o/m/p-Ph),
—26.18 (1H, p-phenolate) ppm. IR (KBr): 3061 (w), 2625 (w), 1564
(s), 1544 (s), 1479 (s), 1452 (m), 1415 (s), 1305 (m), 1168 (w), 1066
(w), 763 (m), 696 (s) cm™'. UV—vis—NIR (in THF) A, (e/M™
cm™') 360 (sh) nm. Elem. Anal.: Calculated for
Cq,Hy,BBr,FeN,OeTHF: C, 63.01; H, 433; N, 8.02. Found: C,
62.76; H, 4.26; N, 7.95.
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Table 6. Crystal and Data Parameters for Structures 1—6

empirical formula
formula weight
temperature (K)
wavelength (A)
crystal system
space group

a (A)

b (A)

c (A)

a (deg)

B (deg)

7 (deg)

volume (A%)

V4

crystal color,
morphology

crystal size (mm)

data/restraints/
parameters

GOF on F*

final R indices [I >
20(1)]

R indices (all data)

1
Cs;H;,BCLFeN,O
887.43

100.0(5)

0.71073

triclinic

Pl

12.305(2)
14.638(3)
15.082(3)
64.193(3)
84.138(4)
71.675(4)
2319.8(7)

2

colorless, block

0.24 X 0.20 X 0.08
18368/0/559

0.873

RI = 0.0563, wR2 =
0.1170

RI = 0.1107, wR2 =
0.1356

2

Cs;H, BBr,FeNO, ¢
1012.40
100.0(S)
0.71073
triclinic

P-1
12.4836(11)
12.8222(11)
15.9833(14)
89.687(2)
79.109(2)
62.179(2)
2211.8(3)

2

colorless, needle

0.22 X 0.18 X 0.12
16767/5/592

0.998

RI = 0.0535, wR2 =
0.1021

RI = 0.1159, wR2 =
0.1224

3
Cy,H;,BCLCON,O
890.51
100.0(5)
0.71073
monoclinic
P2,/n
10.2718(15)
30.796(4)
13.4527(19)
90
91.876(3)
90
4253.2(10)
4

blue-violet, plate

0.24 X 0.18 X 0.06
8696/0/559

1.086

RI = 0.0662, wR2 =
0.1163

R1 = 0.1150, wR2 =
0.1322

4
Cy,H,BBr,CoN,O
979.43
100.0(5)
0.71073
monoclinic
P2,/n
10.2332(11)
30.514(3)
13.6761(15)

90

91.362(2)

90

4269.2(8)

4

blue-violet, plate

0.22 X 0.18 X 0.0
7550/0/559

1.035

RI = 0.0594, wR2 =
0.1015

R1 = 0.1189, wR2 =
0.1181

5
Cs;H;,BCLNiN,O
890.29
100.0(5)
0.71073
triclinic
P-1
12.3898(11)
14.2664(13)
15.4042(13)
63.969(2)
84.152(2)
71.450(2)
2317.2(4)

2

yellow-orange, block

0.20 X 0.20 X 0.16
17565/0/559

0.909

RI = 0.0582, wR2 =
0.1138

RI = 0.0970, wR2 =
0.1292

6
Cs;Hy,Br,NiN,O
979.21
100.0(5)
0.71073
triclinic
p-1
12.4504(15)
12.8726(16)
15.8829(19)
90.729(2)
100.184(2)
117.451(2)°
2210.4(5)

2

yellow-orange, plate

0.18 X 0.14 X 0.0
7809/0/559

0.870

RI = 0.0634, wR2 =
0.1057

RI = 0.1447, wR2 =
0.1276

Tp™2Co(2,6-Dichlorophenolate) (3). A solution of Tp™2CoCl
(15 mg, 0.020 mmol) in THF (4 mL) was added to sodium 2,6-
dichlorophenolate (80 mg, 0.043 mmol). Upon addition, the solution
changed from aqua blue to purple. The reaction was stirred for 3 h, the
solution was filtered, and solvent was removed under reduced
pressure. Crystallization from CH,Cl, (2 mL) layered with hexanes
(8 mL) yielded purple crystals (12 mg, 74%). "H NMR (400 MHz, 25
°C, CDCly): 6 68.1 (3H, pz-H4), 35.2 (2H, m-phenolate), 15.1 (6H,
0-Ph), 9.08 (6H, o/m-Ph), 8.85 (6H, o/m-Ph), 8.67 (3H, p-Ph), 8.196
(6H, o/m-Ph), 7.45 (3H, p-Ph), —34.1 (1H, p-phenolate) ppm. IR
(KBr): 3123 (w), 2626 (w), 1546 (m), 1475 (s), 1169 (s), 760 (s),
695 (s) em™. UV—vis—NIR (in CHCl;) A, (¢/M™' ecm™) 373
(1190), 572 (283), 655 (620), 811 (19), 1469 (81) nm. Elem. Anal.
Calculated for C;H;,BClL,CoN¢O: C, 68.78; H, 4.19; N, 9.44. Found:
C, 68.31; H, 4.18; N, 9.38.

TpPh2C0(2,6-DibromophenoIate) (4). This was prepared as for 3,
but using Tp™CoCl (12 mg, 0.016 mmol) and sodium 2,6-
dibromophenolate (6.0 mg, 0.022 mmol). Crystallization from
CH,Cl, (2 mL) layered with hexanes (10 mL) yielded purple crystals
(13 mg, 80%). 'H NMR (400 MHz, 25 °C, CDCL): § 67.4 (3H, pz-
H4), 37.3 (2H, m-phenolate), 10.5 (6H, o-Ph), 9.90 (6H, o/m-Ph),
8.92 (6H, o/m-Ph), 8.30 (3H, p-Ph), 7.78 (9H, o/m/p-Ph), —34.7
(1H, p-phenolate) ppm. IR (KBr): 3129 (m), 2620 (w), 1451 (s),
1168 (s), 760 (s), 697 (s) ecm™'. UV—vis—NIR (in CHCL;) A, (&/
M em™) 372 (1230), 570 (273), 660 (539), ~800 (~20), 1475 (71)
nm. Elem. Anal. Calculated for C5;H;,BBr,CoNO: C, 62.54; H, 3.81;
N, 8.58. Found: C, 62.88; H, 3.90; N, 8.53.

TpthNi(2,6-DichIorophenolate) (5). This was prepared as for 3,
but using Tp*™™NiBr (19 mg, 0.024 mmol) and sodium 2,6-
dichlorophenolate (5.4 mg, 0.029 mmol). Crystallization from
CH,Cl, (3 mL) layered with hexanes (S mL) yielded orange crystals
(12 mg, 58%). 'H NMR (400 MHz, 25 °C, CDCL,): § 72.4 (3H, pz-
H4), 29.0 (2H, m-phenolate), 11.5 (6H, 0-Ph), 8.52 (3H, p-Ph), 7.20
(9H, o/m/p-Ph), 6.73 (6H, o/m-Ph), 6.63 (6H, o/m-Ph), —16.8 (1H,
BH), —25.2 (1H, p-phenolate) ppm. IR (KBr): 3060 (w), 2640 (w),
1653 (m), 1459 (s), 1174 (s), 1012 (s), 694 (s) cm™". UV—vis—NIR
(in CHCLy) A, (6/M™" cm™) 443 (2300), 788 (80), 877 (91), 1470
(53) nm. Elem. Anal. Calculated for C¢;H;,BCL,NiNOe 1/2CH,Cl,:
C, 66.31; H, 4.11; N, 9.01. Found: C, 66.20; H, 4.56; N, 8.61.
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TpthNi(2,6-Dibromopheno|ate) (6). This was prepared as for 3,
but using TpPhZNiBr (13 mg, 0.016 mmol) and sodium 2,6-
dibromophenolate (5.1 mg, 0.019 mmol). Crystallization from
CH,Cl, (2 mL) layered with hexanes (5 mL) yielded orange crystals
(15 mg, 71%). '"H NMR (400 MHz, 25 °C, CDClL): § 71.3 (3H pz-
H4), 28.0 (2H, m-phenolate), 10.4 (6H, o-Ph), 8.38 (3H, p-Ph), 6.78
(6H, o/m-Ph), 6.67 (6H, o/m-Ph), —16.1 (1H, BH), —25.3 (1H, p-
phenolate) ppm. IR (KBr): 3131 (m), 2619 (w), 1546 (w), 1455 (s),
1173 (s), 760 (s), 696 (s) cm™'. UV—vis—NIR (in CHCL;) A, (&/
M em™) 447 (1790), 789 (55), 880 (63), ~1500 (46) nm. Elem.
Anal. Calculated for Cq,Hy,BBr,NiN,O: C, 62.56; H, 3.81; N, 8.58.
Found: C, 62.29; H, 3.85; N, 8.50.

X-ray Crystallography. Each crystal was placed onto the tip of a
glass fiber and mounted on a Bruker SMART Platform diffractometer
equipped with an APEX II CCD area detector. All data were collected
at 100.0(S) K using Mo Ka radiation (graphite monochromator). For
each sample a preliminary set of cell constants and an orientation
matrix were determined from reflections harvested from three
orthogonal wedges of reciprocal space. Full data collections were
carried out with frame exposure times of 45—120 s at detector
distances of 4 cm. Randomly oriented regions of reciprocal space were
surveyed for each sample: four or five major sections of frames were
collected with 0.50° steps in w at different ¢ settings and detector
positions of —38° in 26. The intensity data were corrected for
absorption,” and final cell constants were calculated from the xyz
centroids of 3790—4087 (1804 in the case of 6) strong reflections
from the actual data collection after integration.”* Structures were
solved using SIR97’® and refined using SHELXL-97.”° Direct-methods
solutions were calculated which provided most non-hydrogen atoms
from the difference Fourier map. Least squares (on F*) difference
Fourier cycles located the remaining non-hydrogen atoms. Non-
hydrogen atoms were refined with anisotropic displacement
parameters and hydrogen atoms were placed in ideal positions and
refined as riding atoms with relative isotropic displacement parameters.
Details of each structure are given in Table 6.

Structures 1, 5, and 6 (1 and § are isomorphous) were found to
have cocrystallized solvent that was highly disordered and unable to be
modeled satisfactorily. Reflection contributions from the solvent were
removed using the SQUEEZE routine of program Platon,”” which
determined there to be 87, 115, and 59 electrons in 353, 375, and 169
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A3 removed, respectively, per unit cell. Because the exact identity and
amount of solvent were not known, no solvent was included in the
atom list nor the molecular formulas for these structures; thus all
calculated quantities that derive from the molecular formulas (ie.,
F(000), density, molecular weight, etc.) are known to be incorrect.
The asymmetric unit of structure 2 contained the iron molecule in a
general position and one cocrystallized THF solvent molecule in a
crystallographic inversion center, the latter which was modeled as
disordered over the center. Structures 3 and 4 are also isomorphous,
but without cocrystallized solvent.

Calculations. AOM calculations were performed using the AOMX
program.*® DFT calculations were performed using the Gaussian 09*°
package installed on an AMD Opteron G34 12 core server. Two
different unrestricted hybrid density functionals, B3LYP (Becke, 3-
parameter, Lee—Yang—Parr)50 and PBEIPBE (Perdew, Burke, and
Ernzerhof with 25% exchange weighting),”® were employed for all
calculations. A third hybrid density functional M062X,** was explored
initially; however, it gave unreasonable results for the electronic
structure of the metal center and was not pursued further. In all
models, the phenyl groups of Tp™? were replaced with methyl groups
(Tp*), since these substituents do not affect the overall geometry and
hence the metal-halogen interactions. Initial coordinates were
obtained from the crystal structures, and the phenyl groups on Tp
ligands were modified to methyl groups using DS Viewer Pro
(Accelrys). Two-step calculations were conducted to obtain the lowest
energy optimized structures. First, single point energies (SPE) were
calculated using the valence triple-{ basis set (6-311G(d))”® for all
atoms. Second, the wave functions generated from SPE calculations
were used as a starting point for the geometry optimizations. All
models were optimized with added polarization and diffuse functions:
6-311+G(d) for all atoms, and 6-311++G(d) for halogens to obtain
improved electronic structures. Tight convergence criteria were used
during all optimizations. To estimate the metal—halogen interactions
in complexes Tp*Co(2,6-dcp) and Tp*Ni(2,6-dcp), the M—O1—
C46,,e—C47 e, dihedral angle in the optimized structure was rotated
by 15° increments up to 90°, and these modified models were
reoptimized by fixing the dihedral angles at that particular value. Khon-
Sham orbitals were analyzed using Gaussview S containing Gaussian
utilities programs. Mulliken orbital contributions®*™** from the
PBE1PBE calculations with a smaller basis set (6-311G(d)) were
analyzed with AOMix.>>%” Mayer bond orders®*~®' and Wiberg and
Lowdin bond indices®® were determined with AOMix from the
Gaussian calculations with the 6-311G basis set. Larger basis sets were
found to give unphysical values with all three bond order methods. To
examine the phenolate-O to metal charge-transfer transitions, time
dependent DFT (TD-DFT) calculations’”® were performed with
B3LYP using the geometries obtained from the PBE1PBE calculations.
60 excited states were calculated in each case. Very similar results were
also obtained using the B3LYP geometry-optimized structures.
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Crystallographic data are given in CIF format. Selected
geometric data, Wiberg and Lowdin bond orders, optimized
energies, and optimized coordinates for the Tp*Co(2,6-dcp)
and Tp*Ni(2,6-dcp) models from DFT calculations are
provided in Tables S1—S10. Other experimental and computa-
tional results are given in Figures S1—SS. This material is
available free of charge via the Internet at http://pubs.acs.org.
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