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To investigate the origin of unusual N-vicinal effects, the geometries of the two series of cobalt(III)
complexes, [Co(ED3A-type)(X)]™ (X = CN~, NO, ) and [Co(EDDS-type)]~, with the pentadentate
ethylenediamine-N, N, N'-triacetate (ED3A), hexadentate (S,S)-ethylenediamine-N, N’-dissuccinate
(EDDS), and their N-alkyl-substituted ligands in aqueous solution have been optimized at the
DFT/B3P86/6-311++G(2d,p) level of theory. Based on the optimized geometries, the excitation ener-
gies and rotational strengths have been calculated using the time dependent density functional theory
(TDDFT) method with the same functional and basis set. The optimized geometries and calculated
electronic circular dichroism (ECD) curves are in good agreement with the observed ones. Based
on this agreement, the characteristics of usual and unusual N-vicinal effects as well as the related
chiral stereochemistry phenomena have been discussed. To reveal the origin of the unusual N-vicinal
effects, a novel calculation scheme has been proposed, which permits efficiently assessing the con-
tribution of the octahedral core to the optical activities of the chelates. The results show that the
substituent effects and conformational relaxation effects make opposite contributions to the overall
N-vicinal effects with the former being dominant. The unusual N-vicinal effects originate from the
negligible chirality of the octahedral core in the unsubstituted [Co(ED3A)(X)]™ chelates. For this rea-
son, their optical activity is dominated by the asymmetric nitrogens and behaves different from the
normal cases. The unusual vicinal effects observed in the N-alkyl-substituted ED3A-type chelates
reflect an increase in the contribution of the octahedral core to their optical activity, which recovers
the ECD spectra from the special cases to the normal ones.

These findings provide some insight into the unusual N-vicinal effects as well as the chiroptical
properties of the chelates.

Key words: Co(Il1)-ED3A Chelates; Co(III)-EDDS Chelates; ECD Spectra; TDDFT Calculations.

1. Introduction

The investigation of chiroptical properties of tran-
sition metal complexes has received much attention
over the past century, with considerable efforts focused
on the correlation between experimental parameters of
electronic circular dichroism (ECD) and specific stere-
ochemical features of the metal chelates. In this field,
much work has been done both experimentally [1, 2]
and theoretically [3, 4]. Many theoretical models [5, 6]
and empirical or semi-empirical rules [7, 8] have been
established. Each of them has enjoyed some success
in explaining or rationalizing the observed spectra.
However, there remain some interesting experimental

phenomena which are not yet well understood. The
reason for this is partly due to the fact that transi-
tions in metal complexes are more complex than in or-
ganic molecules, partly may be attributed to a lack of
extensive theoretical analyses, especially at the first-
principle level.

For example, it is known that rotational strengths
of transition metal complexes in the d—d absorption
region are not only governed by the distribution of
chelate rings about the central metal ion (configu-
rational effect, e.g., the A/A octahedral core) and
the conformations of the chelate rings (conforma-
tional effect, e.g., the /A twists of chelate rings),
but also by the vicinal effects of some asymmetric
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Fig. 1 (colour online). Possible geometric isomers of six-coordinate complexes: (a) with a pentadentate ED3A-type ligand,

(b) with a hexadentate (S,S5)-EDDS-type ligand.

donor atoms, as indicated by Maricondi and Dou-
glas [9] in 1972. In their study on the ECD spec-
tra of s-cis-[Co(EDDA-type)(L)]* complexes with the
tetradentate ligands ethylenediamine-N, N'-diacetate
(EDDA), N,N’-dimethyl-EDDA (DMEDDA), N,N’-
diethyl-EDDA (DEEDDA), as well as a bidentate
ancillary ligand L (L = ethylenediamine, oxalate),
they found that the ECD peak intensities of all
the N-alkyl-substituted complexes are less than half
those of the corresponding unsubstituted EDDA com-
plexes. This reduction in intensities was thought to
be reasonable because all the groups about the ni-
trogen are similar, differing only in the second or
third atom from the nitrogen. In other words, the
asymmetry of alkyl-substituted nitrogens is less than
that of unsubstituted ones. Therefore, this effect is
called vicinal effect. In this sense, it seems impos-
sible to reverse the sign of rotational strengths or
ECD spectra only by the vicinal effects. However,
just one year later, Maricondi and Maricondi [10]
found that the isomers of [Co(ED3A)(NO,)]” and
[Co(BED3A)(NO;y)]~ (ED3A is the pentadentate

(b)

ethylenediamine-N, N, N'-triacetate anion, BED3A is
the corresponding N-benzyl-substituted ligand) with
comparable structures give ECD curves which have
opposite signs over most of the d—d absorption re-
gion; i.e., the substituted asymmetric nitrogen donor
atoms make opposite contributions to the rotational
strengths of the complexes when compared with the
unsubstituted counterpart. The same phenomenon was
also observed by Radanovic etal. [11] in the cis-
eq-[Co(ED3A-type)(CN)]~ complexes. Even in the
[Co(EDDS-type)]~ complexes (EDDS is the hexaden-
tate (S,5)-ethylenediamine-N,N’-dissuccinate anion),
which are structurally similar to the [Co(EDDA)(ox)] ™
series, only negligible N-vicinal effects were observed
by Jordan and Legg [12] in 1974. These results raise
questions on the nature of the N-vicinal effects.

There has been some effort to elucidate the unusual
N-vicinal effects according to the theoretical mod-
els [13, 14] and regional rules [8, 15], but these for-
mal theories may not be adequate for this purpose.
In recent decades, however, with the development of
density functional theory (DFT) and especially the im-

Fig. 2 (colour online). (a) A-octahedral cores of Co-ED3A and Co-EDDS complexes; (b) /A twists of five-membered che-
late rings; (c) absolute configuration of cis-eq-C1A(R)(8)(AAA)[Co(ED3A)(NO>)]~ complex; (d) absolute configuration of
trans-(05)-Co A (SS,RR)(A)(6'6")e(AA)a[Co(EDDS)]™ chelate.
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Table 1. Comparison of the calculated and observed structural parameters’ of the isomers cis-eq-C1A(R)
(8)(AAL)[Co(ED3A)NO,)]~ and trans-(05)-Co A (SS,RR)(A)(6'8")e(AA)a[Co(EDDS)] .

cis-eq-C1 A (R)(8)(AALA)[Co(ED3A)(NO,)]~

trans-(0s)-C2A (SS,RR)(A)(8'6")¢ (A A )a Co(EDDS)]~

Lengths  Calc. X-ray [22] Angles Calc. X-ray [22]| Lengths Calc. X-Ray [25] Angles Calc. X-ray [25]
Co-N1 1952 1.954 NI1-Co-N2 884 87.7 Co-N1 1952 1.904 N1-Co-N2 87.6 87.7
Co-N2  1.969 1.964 N1-Co-0O1 85.3 86.3 Co-O1 1919 1.889 N1-Co-Ol 82.8 84.0
Co-N3 1917 1.922 N2-Co-02  87.3 87.3 Co-03  1.927 1.922 N1-Co-04 93.0 93.5
Co-O1  1.899 1.882 N2-Co-03 83.5 83.2 Cl-C2 1514 1.519 N1-Co-02 95.2 96.1
Co-02  1.885 1.884 N3-Co-0O1 91.0 90.2 N1-Cl 1.494 1.494 02-Co-03 92.0 91.9
Co-03  1.906 1.919 N3-Co-02 889 88.7 NI1-C7 1486 1.491 02-Co-04 90.0 88.0
Cl-C2 1514 1.514 N3-Co-03 95.7 94.1 C3-01 1.295 1.295 NI-CI-C2-N2 —47.8 —49.9
N3-O7 1.222 1.230 NI1-CI-C2-N2 523 54.0 C3-05  1.226 1.230 N2-C8-C4-02 —24.2 —20.9
N3-0O8  1.235 1.229 NI1-Co-N3-08 28.0 —33.4 C3-C7  1.539 1.529 N2-C8-C9-C5  57.1 57.3

T Bond lengths are in Angstroms, bond angles and dihedral angels in degrees. The corresponding observed value is the mean value of

symmetry equivalents. Atom numbering refers to Figures 2c and d.

provement of time dependent density functional the-
ory (TDDFT) [16], properties of both ground- and
excited-states for medium-sized metal complexes can
be calculated at the first-principle level with good ac-
curacy [17, 18]. This makes it possible to perform such
an analysis for these chelates.

It is generally agreed that the vicinal effects of
asymmetric nitrogens involve not only achange in
substituents, but also in the conformations of related
chelates. To clarify the nature of N-vicinal effects it is
necessary to make it clear which change dominates the
effects. Previously [18], we have reported a theoreti-
cal analysis of the cobalt(Ill) EDDA-type complexes,
and found that the two changes make synergistic con-

tributions to the N-vicinal effects, but the change in
substituents is dominant.

In this paper, we shall present and discuss cal-
culations of the two series of cobalt(IIl) chelates
[Co(ED3A-type)(X)]” (X = CN-, NO,) and
[Co(EDDS-type)]~ at the first-principal level. The
main object of this research is to clarify the nature of
the unusual N-vicinal effects found in these systems
and to elucidate the relationship between chiroptical
properties and stereochemical features of the chelates.
The computational details are summarized in the next
section. Analyses and discussions on the results are
presented in the section thereafter. Finally, the main
conclusions and findings are given in the last section.

Table 2. Symmetries of excited states (Sym), excitation wavelengths (1), oscillator (f) and rotational (R) strengths, electric
(1) and magnetic (m) dipole transition moments as well as the angle (8) between them for the first 6 transitions of the

cis-eq-[Co(ED3A-type)(CN)] ™~ chelates.

Sym A (nm) f R (DBM) |u| (D) |m| (BM) 0 (deg) Assignments’
C1A(R)(8)(AA2)[Co(ED3A)(CN)]~
21A 560.48 0.0008 —0.0240 0.3025 1.7305 93.0  dyz(pm) +no — O¢y0.con (AX*?)
3'A 475.83 0.0003 0.0047 0.1821 1.6382 90.0  dxy(po)+n0 — Gge0 cocn (@X2)
41A 450.83 0.0013 0.0497 0.3546 1.5647 84.5  d2(pm)+1n0 — 0o con (@¥2—3?)
5'A 380.30 0.0004 0.0114 0.1806 0.2361 73.0  dxy(po)+no — Oy con (dXP—?)
6'A 368.51 0.0012 0.0352 0.3025 0.2020 547 dyz(pm) +no — O¢yo cocn (@X2)
7'A 353.37 0.0012 —0.0207 0.3045 0.2341 107.0  dz*(pm) +no — Ogeo.coon (dX2)
C1A(R)(8)(AAA)[Co(MED3A)(CN)]~

2'A 565.38 0.0007 0.0149 0.2861 1.7418 88.2  dyz(pm)+no — 6%0 coon (dX2)
3lA 475.85 0.0002 —0.0052 0.1591 1.6365 89.8  dxy(po)+no — O¢oo con(dX>—y?)
41A 459.61 0.0013 —0.0059 0.3630 1.5826 90.5  dz?(pm)+no — 6¢y0 cocn (dX2)
s'A 386.34 0.0005 0.0213 0.1954 0.2570 63.9  dxy(po)+n0 — Ofeo cocn (@12)
6'A 370.64 0.0010 0.0267 0.2778 0.1741 57.0  dyz(pm) +no — O¢y0.con (dX*?)
7'A 352.61 0.0012 —0.0168 0.2980 0.2389 103.6  dz2(pm) +no — Ooo con (A2~

T dxy(po) = dxy+ ocoen, dz*(pm) = dz? + mcoo + mien, and dyz(pr) = dyz+ mcoo with some d—p7 conjugation; ng is always mixed with

the occo orbital of the carboxyl groups.
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Table 3. Symmetries of excited states (Sym), excitation wavelengths (1), oscillator (f) and rotational (R) strengths, electric
(1) and magnetic (m) dipole transition moments as well as the angle (8) between them for the first 6 transitions of the

cis-eq-[Co(ED3A-type)(NO;)]~ chelates.

Sym A (nm) f R (DBM) |1 (D) |m| (BM) 0 (deg)  Assignments’
C1A(R)(8)(AAA)[Co(ED3A)NO,)]~

2'A 553.69 0.0008 —0.0202 0.2975 1.7168 922 dyz(pm) +no — O¢y0.con (dx2)

3'A 482.29 0.0006 —0.0423 0.2534 1.7427 954 dxy(pm) +10 — G0 con (@¥2—2)

41A 461.53 0.0012 0.0772 0.3486 1.7105 82.6  dz2(po)+nNo2 — O¢y0.con (dX2)

5lA 386.11 0.0005 0.0059 0.2028 0.0710 657  dyz(pm)+no — Odyo.con (dX2—2)

6'A 375.57 0.0011 0.0221 0.2902 0.2155 68.0  dxy(pm)+no — O, con(dx2)

TA 355.98 0.0019 —0.0132 0.3764 0.1943 101.0  dz2(po) +nNo2 — 60 con (@X2—7)
C1A(R)(8)(AAL)[Co(MED3A)NO,)]~

2'A 565.46 0.0008 0.0355 0.3131 1.7296 86.4  dxy(pm)+no — Oao con(@X2)

3'A 485.93 0.0003 0.0027 0.1735 1.7361 90.0  dyz(pm) +no — O¢y0 con (AX*?)

41A 472.85 0.0011 —0.0380 0.3320 1.7215 934 dz*(po)+nNo2 — Odyo con(@X2)

5lA 392.73 0.0001 0.0069 0.1012 0.2096 708 dyz(pm)+no — O¢oo.con(drz)

6'A 384.55 0.0016 0.0399 0.3659 0.2045 58.0  dxy(pm) +no — 0o con (dX*-Y?)

A 353.45 0.0015 —0.0315 0.3363 0.2373 1123 dz?(po) +nNo2 = Oga0 con (@)
C1A(R)(8)(AAA)[Co(BED3A)NO,)]~

21A 571.48 0.0011 0.0479 0.3682 1.7149 85.7  dxy+ 7B +10 — O¢y0 con(dX2)

3'A 484.88 0.0003 —0.0557 0.1732 1.7370 100.8  dyz+no + 6coN02 — 00 con (dX2—Y7)

41A 477.06 0.0018 -0.0123 0.4304 1.7114 90.6  d22(po) +1N02 — Odo con (dX2)

5'A 396.04 0.0002 0.0243 0.1380 0.2396 442 dyz+no—+ 6coN02 — Odeo.con (d12)

6'A 385.54 0.0018 0.0262 0.3789 0.1752 66.5  dxy+mp +n0 — Oyo con (@F—7)

A 353.29 0.0022 —0.0386 0.4044 0.2875 1084 d2(po) +nNo2 — Odoo,con(dX°—?)

f dzz(pc) = dz? + GcoNO2; dxy(pm) = dxy + mcoo with some d—pm conjugation; nnoy are the lone-pair electrons on the nitro oxygens; 7g
is the 7 orbital of the benzyl group. See footnotes of Table 2 for other information.

2. Computational Details

In the mixed-ligand cobalt(Ill) complexes
[Co(ED3A-type)(X)]™ (X = CN~, NO;), the flexible
pentadentate ED3A-type ligand can occupy five of the
octahedral sites around the metal ion to form three
octahedral geometric isomers [19]: cis-equatorial, cis-
polar, and trans-equatorial, as indicated in Figure la.
In which, the cis-equatorial configuration are generally
thought to be the most favored one. In this isomer, the
complex possesses four five-membered chelate rings
around the central metal ion, including three glycinate
rings (G-rings) and one ethylenediamine ring (E-ring),
but its octahedral core has no net chirality according
to the IUPAC skew line rules [20] or ring-pairing
method [21], though Bell and Blackmer [22] asserted
that it ‘can be described using the proposed ITUPAC
nomenclature as A’. This does not mean it has no
chirality. In fact, by inspecting the distribution of the
chelate rings around the pseudo-Cs-symmetry axis,
we see that two of them form a left-handed screw
or left helix as indicated by the heavy red (heavy

gray) lines in Figure 2a, while the other two make
no contribution. Therefore, the net chirality of the
octahedral core should be A. This is agreement with
the suggestion of Radanovic etal. [11], and will be
used in following discussions. However, in the single
ligand chelates [Co(EDDS-type)]™ the hexadentate
(8,5)-EDDS-type ligand can only form two isomers
theoretically, i.e., the trans-(Os) and trans-(Og)
forms, as displayed in Figure 1b, where Os and Og
represent the chelate rings in trans positions, being
the five-membered G-rings and the six-membered
B-alaninate rings (B-rings), respectively. Thus, the two
isomers have opposite absolute configurations at the
octahedral core; one of them is shown in Figure 2a.
Besides, the five- and six-membered chelate rings can
also make their contribution to the conformational
chirality of the chelate by their (6/A) twist forms,
though it is small for the two out-of-plane G-rings
because they are nearly planer. It should be noted
that the (8/A) twist form of the six-membered B-ring
can also be determined according to Figure 2b due
to the planar carboxyl group which makes the twist
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Table 4. Symmetries of excited states (Sym), excitation wavelengths (1), oscillator (f) and rotational (R) strengths, electric
(1) and magnetic (m) dipole transition moments as well as the angle (8) between them for the first 6 transitions of the

trans-(0s)-[Co(EDDS-type)] ~ chelates.

Sym A (nm) f R (DBM) |u| (D) |m| (BM) 0 (deg)  Assignments’
CrA(SS,RR)(1)(8'8")e(AA)a[Co(EDDS)]~
1'B 575.39 0.0006 0.0949 0.2764 1.6865 775 dyz(pS)+no — O, con (@2
2'A 555.88 0.0001 —0.1299 0.0796 1.7978 180.0  dxy(pm) 410 — g0, con (@)
2'B 516.47 0.0045 0.0332 0.7025 1.7584 88.3  dz2(po)+no — Ogoo.con(d2)
3'A 406.61 0.0002 —0.0008 0.1207 0.0061 180.0  dyz(po)+no — O¢uo con (dX2)
3'B 389.70 0.0003 —0.0244 0.1659 0.2029 1329 dxy(pm)+no — O¢q0.con(dx2)
4'A 380.08 0.0013 0.0674 0.3233 0.2017 00  dz%(po)+no = 6%0.con (@)
C1A(SS,RR)(1)(6"6")e(A2)a[Co(MEDDS)]~
2'A 577.14 0.0007 0.0917 0.2834 1.6993 785  dyz(po)+no — 0o con(drz)
3'A 555.36 0.0001 —0.1003 0.1181 1.7963 121.5  dxy(pm) 410 — g0, con (@)
41A 524.00 0.0042 -0.0122 0.6840 1.7630 90.4  dz*(po) +no — 0o con(dX2)
5lA 408.59 0.0002 —0.0078 0.1249 0.1074 124.6  dyz(po) +10 — Gée0,con(dX2)
6'A 391.24 0.0004 —0.0175 0.1708 0.1588 1270 dxy(pm) +n0 — Ogop.con (A7)
T'A 381.55 0.0012 0.0614 0.3094 0.1984 147 d22(po) + 10 — G¢eo con(dX?*—?)
CoA(SS,RR)(A)(6'8")e(AL)a[Co(DMEDDS)]~
1'B 576.33 0.0007 0.0792 0.2969 1.6879 80.7  dyz(po)+no — Oguo con (dX*?)
21A 558.16 0.0000 —0.0458 0.0328 1.8138 180.0  dxy(pm) +no — 6%y0 CoN(dx -?)
2'B 533.74 0.0036 —0.0503 0.6417 1.7759 924 dzX(po)+no — O¢0,con (dX2)
3'A 410.16 0.0002 —0.0096 0.1172 0.0818 180.0  dyz(po) +1n0 — G¢y0 con(dx2)
3'B 394.77 0.0003 —0.0201 0.1577 0.1520 1413 dxy(pm) 410 — g0 con (d2)
4'A 383.36 0.0011 0.0535 0.2971 0.1732 00  dZ2(po)+no — Ogyo con (dX*—?)
f dyz(po) = dyz+ occos; de(pO') =d> + 0c00,coN- See footnotes of Tables 2 and 3 for other information.

form of the B-ring much like a five-membered ring.
In this way, the absolute configurations can be clearly
specified by combining the chirality notations, as
depicted in Figure 2, where the notations are grouped
in the sequence: symmetry, A/A for the octahedral
core, (R/S) for chiral carbons and/or nitrogens with
the former first, (6 /A) for the backbone E-ring, and
(8/A...8/A) for other chelate rings. In addition, the
subscript e/a means equatorial/axial, and the prime ()
is used to indicate six-membered rings for clarity.
Initial geometries of the chelates cis-eq-
[Co(ED3A-type)(X)]~ (X = CN7, NO, ) and trans
(O5)-[Co(EDDS-type)]~ were constructed by referring
tothe X-ray structures [Co(ED3A)(CN)]™ [11],
[Co(ED3A)(NO2)]~ [22], and [Co(EDDS)]™ [23-25].
The ground-state geometry optimizations and sub-
sequent frequency calculations were performed
employing the DFT method with tight convergence
criterion and ultrafine integral grid, as implemented
in the Gaussian09 program package [26]. Differ-
ent functionals have been tested, and finally the
B3P86 [27,28] and B3LYP [27,29,30] hybrid
functionals together with the 6-311++G(2d,p) basis

set were used in the calculations of ED3A-type and
EDDS-type complexes, respectively. The excitation
energies, oscillator and rotational strengths of the 30
lowest-lying singlet excited states for the optimized
geometries were then calculated using the TDDFT
method with the same functional and basis set. In all
cases, solvent (water) effects have been included using
the polarizable continuum model [31] (PCM) in the
integral equation formalism (IEF).

3. Results and Discussions
3.1. Optimized Geometry Parameters

The optimized geometries for the ground states
of the two series of chelates have been verified by
frequency calculations without imaginary frequen-
cies. Two typical structures are pictorially given
in Figures 2c and d, the others can be found
in the supporting materials (available upon request
from the author). A brief comparison between the
optimized and observed bond parameters for cis-
eq-C1A(R)(8)(AAA)[Co(ED3A)NO,)]~ and trans-
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Table 5. Calculated N-vicinal effects on the first three d—d transitions of the two series chelates cis-eq-[Co(ED3A-type)(X)] ™

(X = CN7, NO;) and trans-(0s)-[Co(EDDS-type)] .

Excited Rotational Strengths (DBM) N-Vicinal effects (DBM)

States Unsub?® OptimP® Fixed® Total Substituent %4 Relaxation %4
(@) C1A(R)(8)(AA1)[Co(MED3A)(CN)|~

21A —0.0240 0.0149 0.0220 —0.0389 —0.0459 118 0.0070 —18

31A 0.0047 —0.0052 —0.0090 0.0099 0.0137 138 —0.0038 —38

4'A 0.0497 —0.0059 0.0021 0.0555 0.0476 86 0.0079 14
(b) C1A(R)(8)(AAA)[Co(MED3A)(NO,)]~

21A —0.0202 0.0355 0.0452 —0.0556 —0.0654 118 0.0097 —18

31A —0.0423 0.0027 —0.0525 —0.0450 0.0102 -23 —0.0552 123

41A 0.0772 —0.0380 0.0303 0.1152 0.0469 41 0.0683 59
(©) C1A(R)(8)(AA1)[Co(BED3A)NO,)|~

21A —0.0202 0.0479 0.0683 —0.0681 —0.0885 130 0.0204 -30

31A —0.0423 —0.0557 —0.0515 0.0134 0.0092 69 0.0042 31

4lA 0.0772 —0.0123 —0.0054 0.0895 0.0826 92 0.0070 8
(d) C1A(SS,RR)(A)(8'8")e(AA)a[Co(MEDDS)]~

21A 0.0949 0.0917 0.1435 0.0032 —0.0486 —1544 0.0518 1644

31A —0.1299 —0.1003 —0.1495 —0.0296 0.0195 — 66 —0.0492 166

4'A 0.0332 —0.0122 —0.0130 0.0454 0.0461 102 —0.0007 -2
(€) CoA(SS,RR)(1)(8'6")e(AA),[Co(DMEDDS)]~

1'B 0.0949 0.0792 0.2071 0.0157 —0.1122 —714 0.1279 814

21A —0.1299 —0.0458 —0.1793 —0.0841 0.0494 —-59 —0.1335 159

2!B 0.0332 —0.0503 —0.0650 0.0835 0.0982 118 —0.0147 —18

2 Rotational strengths of the unsubstituted chelates: [Co(ED3A)(CN)]~

for (a), [Co(ED3A)(NO,)]~ for (b) and (c¢), and [Co(EDDS)]~ for

(d) and (e).  Rotational strengths for optimized geometries of the chelates (a)—(e). ¢ Rotational strengths for fixed geometries constructed
from the unsubstituted chelates by replacing the hydrogen atoms on asymmetric netrogens with the methyl (M) or benzyl (B) groups without
geometry re-optimization. ¢ Percentage of substituent/relaxation effects to the total vicinal effects.

(05)-C2A(SS,RR)(1)(8'8")e(AA),[Co(EDDS)] ™ iso-
mers is listed in Table 1.

For the chelate cis-eq-[Co(ED3A)(NOy)]™, the
agreement between calculated and observed values
is very good, except for the dihedral angle N1-Co-
N3-08. This exception in dihedral angle means that
the calculated orientation of the nitro plane relative
to the Co-N1 bond in water solution is quite differ-
ent from that in crystal, because we did not find an-
other stable isomer with a different nitro orientation.
However, for its N-methyl-substituted chelate cis-eq-
[Co(MED3A)(NO;)]~, we got two stable conformers
with the relative energy difference of 1.50 kcal /mol in-
cluding the zero-point energy (ZPE) correction, which
are structurally different only in the nitro orientation.
The dihedral angle N1-Co-N3-0O8 for the lowest en-
ergy conformer (conformer 1) is —40.5°, while for
the higher energy conformer (conformer 2), it is 54.3°.
Similarly, for the N-benzyl-substituted ED3A chelate
cis-eq-[Co(BED3A)(NO;)]~, the dihedral angles of
the corresponding conformers are —40.6° and 57.3°,
respectively, with the relative energy of 1.67 kcal/mol.

The influence of different orientations of the nitro
plane on the ECD spectra will be discussed later.

For the chelate trans-(05)-[Co(EDDS)]~, however,
the agreement between calculated and measured re-
sults is not as good as that in ED3A complex. The
largest deviation occurs in the bond lengths of Co-
N1 and Co-O1. We have tested other functionals and
found that the PBEIPBE [32, 33] functional (also
called PBEO [34]) can significantly improve the metal—
ligand bond lengths, giving 1.930 A for Co-N1 and
1.898 A for Co—O1; but it seems systematically un-
derestimating some C—C and N-C bond lengths, e. g.,
yielding 1.474 A for N1-C7. Since the N-C bond
lengths are also our main concern, for which the re-
sults based on B3LYP functional are clearly better than
those of PBE1PBE, therefore the B3LYP results will
be preferred.

3.2. DFT Energy Levels and Kohn—Sham Orbitals

The calculated DFT energy levels and Kohn—Sham
(KS) orbitals for the two series of chelates have been
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Fig. 3 (colour online). Comparison of the calculated and observed [10—12] ECD spectra: (al) and (a2) the cis-eq-
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are structurally different only in the nitro orientations.
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analyzed carefully in order to elucidate and assign
the related transitions. To facilitate comparisons, the
orientation of the coordinate system depicted in Fig-
ure 2d for the Cy-symmetric trans-(0s)-[Co(EDDS)]™
chelate has been taken as the standard orientation for
other chelates. Detailed analyses of the KS orbitals re-
vealed that, in all cases, the lowest two unoccupied
orbitals are dominated by the dxz and dx?-y* atomic
orbitals of the central Co(Ill) ion, forming the typi-
cal 0y con antibonding orbitals with the four (in the
equatorial plane) or six (including the axial direction)
coordinating atoms, respectively. In the occupied or-
bitals, three are dominated by the dyz, dxy, and dz*
orbitals. The other occupied orbitals are either no-type
orbitals occupied by the lone pair electrons of carbonyl
oxygens, mixed with the 6cco bonding orbitals of the
glycinate or B-alaninate rings or nno,-type and 7no, -
type orbitals of the NO; group. Both groups also have
significant d—po bonding and d—pm conjugate char-
acteristics due to the participation of some d orbitals.
Since the general characteristics are very close to those
of the [Co(EDDA-type)(L)]~ complexes [18], they will
not be discussed in details here.

3.3. Rotational Strengths and Transition Moments

The calculated transition wavelengths, oscillator
and rotational strengths (both in length and velocity
forms), as well as the electric and magnetic transition
dipole moments of the two series of chelates have been
compiled in the supporting information. As the rota-
tional strengths calculated in velocity form are inde-
pendent of the choice of origin, only this form will be
addressed below, though no obvious discrepancy be-
tween the two forms was observed. To facilitate dis-
cussions, the parts of results for the first six excitations
of the most stable conformers, which cover the most
important spectral range of A > 350 nm, are given in
Tables 2 —4. To clarify the main features of the excita-
tions, a detailed analysis in terms of chromophore tran-
sitions has been carried out, and the dominant contri-
butions are listed in the last column of these tables.

For these chelates, the first three excitations are
dominated by the typical metal-centered d—d transi-
tions with large magnetic dipole transition moments
of 1.6—1.8 Bohr magneton, while the latter three are
more like the weak ligand centered n/n—c* transi-
tions. These characteristics are quite similar to those of
the [Co(EDDA-type)(L)]~ complexes [18]. However,
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we noted that transitions arising from the dz>-orbital
usually have the largest electric dipole transition mo-
ments, which are distinctly different from those of the
EDDA-type complexes.

In Tables 2 and 3, the signs of rotational strengths
for the first three transitions of the N-alkyl-substituted
isomers are generally different from those of the corre-
sponding unsubstituted one, indicating unambiguously
the unusual vicinal effects of the ED3A-type chelates.
In Table 4, the calculated rotational strengths of the
first two transitions slightly decrease in magnitude with
increase in the methyl substituents. This is in good
agreement with the observed [12] ECD intensities of
the EDDS-type complexes, and demonstrates the neg-
ligible vicinal effects.

3.4. Calculated and Observed ECD Spectra

By use of the excitation energies and rotational
strengths calculated at the TDDFT level, theoretical
ECD spectra for these complexes were generated as
a sum of Gaussians, centered at the calculated wave-
lengths Acye with integral intensities proportional to
the rotational strengths R of the corresponding tran-
sitions. The half bandwidths I' at the A&max/e of

Gaussians, were assumed as [35] ' = klfa/lz with
k = 4.234-1073 to best reproduce the experimental
spectra (except for the series of chelates [Co(ED3A-
type)(NO,)]~, where k = 5.773 - 1073, allowing for the
influence of NO; ). The resulting ECD curves together
with the observed [10—12] ones are displayed in Fig-
ure 3, where the green (light gray) bars indicate the
calculated wavelengths and rotational strengths of the
transitions. Numbers beside the ECD curves are A,y
and Agn,x (in parentheses) of the related absorption
bands, respectively.

Generally speaking, the calculated ECD curves are
in good agreement with the observed ones, except for
those of [Co(MED3A)(NO,)]™. In the experimental
ECD of this chelate, the negative band around 490 nm
significantly splits into two bands, while in the cal-
culated ECD spectrum of the most stable conformer
(b2) the corresponding ECD band does not split. Since
the conformer (b2’) is about 1.50 keal/mol higher in
energy than (b2), it seems also impossible to repro-
duce the experimental ECD by Boltzmann weighted
average. To solve this discrepancy, we have made ad-
ditional calculations, including a trans-eg-isomer ef-
fect, a hydrolysis effect, or the formation of a hydrogen
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bond in solution, as depicted in Figure 4, but none of
these curves look more reasonable. In view of the com-
plicated interactions between the nitro-chelate and sol-
vent in solution, we thought that a molecular dynam-
ics simulation for the solvent effects may be needed
to interpret the splitting of the observed band, which
is beyond the scope of this paper, and will be reported
later.

3.5. The Unusual N-Vicinal Effects
According to the interpretation of Maricondi and

Douglas [9], the vicinal effect of an asymmetric nitro-
gen atom arises from the increase in symmetry of its

(b) Hydrolysis effect
Fig. 4 (colour online). Factors which may affect the ECD curve of the cis-eq-[Co(MED3A)(NO,)]™

A (nm)

(¢) Hydrogen bond effect

2.(nm)

isomer.

chemical environment. This means it may significantly
reduce the intensity of ECD spectra but cannot reverse
their sign. In such a sense, the phenomena observed in
[Co(ED3A-type)(X)]~ and [Co(EDDS-type)]~ com-
plexes could be called unusual vicinal effects.
Structurally speaking, the N-vicinal effects incor-
porate both changes in substituents and in conforma-
tions. The contribution of each change to the overall
N-vicinal effects cannot be determined experimentally,
but it could be calculated theoretically by replacing
the hydrogen atom on the asymmetric nitrogen with
a methyl or benzyl group and then calculating the ro-
tational strengths or the ECD spectrum of this com-
plex without geometry re-optimization. To reduce ar-
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Fig. 5 (colour online). Calculated ECD curves to show the unusual and usual N-vicinal effects as well as the substituent
effects: (a)—(c) are the typical unusual cases; (d) and (e) are less unusual; (f) is the usual or normal case. The solid blue
line 1 and the dashed red line 2 are for the optimized and un-optimized geometries of the chelates, respectively, while the
dash-dotted green line 3 is for the corresponding unsubstitued chelate.
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Fig. 6 (colour online). ECD curves (a) and (b) were calculated by rotating the nitro group of the N-alkyl-substituted
chelates to the same orientation as in the unsubstituted one, and (c) was obtained by simply replacing the methyl group

of [Co(MED3A)(NO;)]™ by a hydrogen atom.

tificial error, the related C—N bond length and orien-
tation of the substituent group can be determined by
referring to the fully optimized geometry of this struc-
ture. Such results should contain only the contribution
of the change in substituent. To facilitate comparisons,
the ECD curves calculated for these ‘fixed’ geometries
together with those for the fully optimized structures
are shown in Figure 5, as depicted in dashed red and
solid blue lines, respectively. The dash-dotted green
lines are the ECD curves of the corresponding unsub-
stituted chelates.

This figure clearly shows the three cases of the N-
vicinal effects: (a)—(c) are the typical unusual cases
calculated for the [Co(ED3A-type)(X)]~ complexes,
in which the N-vicinal effects reverse the sign of
the ECD curve of [Co(ED3A)(CN)] ™, (d) and (e) are
the less unusual cases calculated for the [Co(EDDS-
type)]™ chelates, in which the N-vicinal effects are
negligible; (f) is the usual or normal case calculated
for the [Co(EDDA-type)(ox)]~ chelate [18], where the
N-vicinal effects sharply decrease the ECD intensity of
the [Co(EDDA)(0x)]~ chelate. It can be seen from the
figure that nearly in all cases the red curves are close or

very close to the blue lines. This means the change in
substituents, or the substituent effect, makes dominant
contribution to the total N-vicinal effects.

For the nitro-chelates [Co(MED3A)(NO,)]~ and
[Co(BED3A)(NO,)]~, the small difference between
the two curves in the long wavelength region may also
indicate that the possible effects resulting from the pre-
ferred orientation of the coordinated nitro group are
small. To confirm this conjecture, we calculated their
ECD curves using their optimized geometries modi-
fied by rotating the nitro group to the same orientation
as in the unsubstituted one (i. e., the dihedral angle N1-
Co-N3-08 is 28.0°) or replacing the methyl group by
a hydrogen atom without geometry re-optimizations.
The results are shown in Figure 6. Since the curves in
Figures 6a and b are very similar to the blue (solid)
lines in Figures 5b and c, respectively, it is evident
that the reorientation or at least the rigid rotation of
the nitro group makes little contribution to the un-
usual vicinal effects. Figure 6c¢ represents the contribu-
tion of the geometry change from [Co(ED3A)(NO,)]~
to [Co(MED3A)(NO;)]~ with no substituent effects,
which accounts for the bigger difference between the
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Fig. 7 (colour online). Variations of the angle (0) between the electric (1) and magnetic (m) dipole transition moments with
the geometries of the chelates: unsubstituted (the start points of the lines), substituted without (middle points) and with (last
points) geometry optimization. The first three transitions are represented by red (gray), green (light gray), and blue (dark)
lines, respectively. Angles are in degrees.
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Fig. 8 (colour online). Calculated CD curves of the chelates (a) [Co(ED3A)(CN)]~, (b) [Co(ED3A)NOy)]~, (c)
[Co(EDDS)]~, and the N-alkyl-substituted ED3A-type complexes (d)—(f), with (solid blue line 1) or without (dashed red

line 2) the contributions of the octahedral core.

red (dashed) and blue (solid) curves in the short wave-
length region of Figures 5b and c. In addition, for
the two conformers of [Co(MED3A)(NO,)]™ we also
found that the big difference between their ECD curves
(Figs. 3b2, b2') is not dominated by the nitro reorien-
tation, but by the dihedral angle N1-C1-C2-N2 of the
E-ring: It is 54.0° for conformer 1, and 51.7° for con-
former 2.

Experimentally, the N-vicinal effects were mea-
sured [9, 10] by subtracting the ECD curve of the N-
alkyl-substituted chelate from that of the unsubstituted
one. Theoretically, it is not only convenient but also
necessary to calculate the vicinal effects as differences
in rotational strengths instead of the ECD curves, be-
cause exact band-shape functions for the transitions
are not available. The generally used Gauss line-shape
functions and assumed half band widths may yield in-
correct conclusions in some cases. For this reason, the
N-vicinal effects of the chelates have been calculated
by subtracting the rotational strengths of the fully-
optimized geometries (3rd column in Table 5) from
those of corresponding unsubstituted chelates (2nd col-
umn). The results for the first three d—d transitions are
shown in the 5th column in Table 5. Similarly, contri-
butions of the change in substituents to the total N-
vicinal effects were obtained by subtracting the rota-
tional strengths of the fixed geometries (4th column)

from those of the unsubstituted chelates and have been
given in the 6th column, followed by its percentage to
the total vicinal effects. As differences between the to-
tal vicinal effects and the substituent effects, the con-
tributions of change in conformations can be found in
the 8th column. As seen from this table, the substituent
effects are usually the dominant components of the N-
vicinal effects, while the conformational relaxation ef-
fects are in most cases opposite in sign to the sub-
stituent effects for the first two transitions. Therefore,
the total N-vicinal effects are the partially cancelled re-
sults of the two contributions.

3.6. The Origin of Unusual N-Vicinal Effects

Previously, we have discussed the structural factors
responsible for the N-vicinal effects. In the view of
electron transitions, however, these structural factors
must play a role to alter the rotational strengths of tran-
sitions. To check how they are functioning, the angles
(0) between the electric (1) and magnetic (m) dipole
transition moments as a function of the structures of
unsubstituted, substituted without and with geometry
optimization, have been plotted in Figure 7. In which,
the first three transitions are represented by the red
(gray), green (light gray), and blue (dark) lines, respec-
tively. What we see immediately from this figure is
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that: For the first three transitions of the [Co(ED3A-
type)(X)]~ chelates, the angle 6 varies not very much
but always around 90°; especially in the first and third
transitions, it always passes through the 90° in the vari-
ation of the chelate structure, which leads to the change
in sign of the rotational strengths. This phenomenon
has not been observed in the [Co(EDDS-type)] ™ series
chelates as well as in others we have treated.

We thought that this phenomenon might be as-
sociated with the chirality of the octahedral core
CoN303/ CoN,O3C, because the octahedral core of
the cis-eq-[Co(ED3A)(X)]™ isomer has no net chiral-
ity according to the IUPAC rules [20] or ring-pairing
method [21], as has been mentioned in the section of
computational details. We could assign it a A-chirality,
of course, according to the distribution of the chelate
rings around the pseudo-Cs-symmetry axis, but re-
member that only two of the four chelate rings make
contributions to this chirality. It means that the A-type
octahedral core may make less contribution to the op-
tical activities of these series chelates. To confirm this
guess, we propose a novel method to calculate the ECD
curves of the chelates, namely, without contribution of
the octahedral core. The first step is performing a re-
stricted geometry optimization for the chelates by con-
fining the octahedral core with a Cy-symmetry. The
second step is the conventional TDDFT calculation us-
ing the geometries obtained in the first step. Since the
octahedral core now has mirror symmetry, it cannot
make direct contributions to the optical activity of the
chelates. In this way, we have calculated the ECD spec-
tra of all the chelates mentioned above. Parts of them
are displayed in Figure 8.

As expected, the minor difference between the ECD
curves depicted in Figures 8a or b clearly show that
the contribution of the octahedral core to the opti-
cal activity of the ED3A chelates is very small; while
in the EDDS chelate (Fig. 8c), it makes a significant
contribution. Compared with the unsubstituted ED3A
chelates, Figures 8d —f indicate that the contribution of
the octahedral core in the N-alkyl-substituted ED3A-
type complexes increases in certain degree. Although
the increase is not very much, the results are signifi-
cant: For the chelate [Co(MED3A)(CN)], it is this in-
crease that reverses the sign of the first two ECD bands,
because the dashed red curve is quite different from
the solid blue one; for chelates [Co(MED3A)(NO,)]~
and [Co(BED3A)(NO,)]~, this increase is also a major
factor to change the sign of the first two bands, albeit
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it is not the unique factor due to the red curves being
already similar to the blue ones in shape (but not in
intensity). Note that for most cobalt(IIl) chelates with
a A-type octahedral core, the first ECD band is positive
and the second one negative. Therefore, the ECD spec-
tra of the unsubstituted chelates [Co(ED3A)(X)]™ are
special since their first two ECD bands have opposite
sign to the normal cases. In other words, the unusual
vicinal effects observed in this series chelates reflects
an increase in the contribution of the octahedral core
or a recovery in the sign of the ECD spectra from the
special cases (unsubstituted) to the normal ones (sub-
stituted).

Besides this, Figure 8 also supplies some informa-
tion on the equilibrium structure of the ED3A chelate
in solution, because the curve shape of the dashed red
line in Figure 8a looks slightly similar to the experi-
mental spectrum than that of the blue line. This fact
may tell us that the octahedral core makes no contribu-
tion to the experimental ECD due to thermal vibrations
of the chelate, but it makes some contribution, though
very small, to the lowest energy conformer.

At this stage, we see that the unusual N-vicinal ef-
fects of the cobalt(IlIl) ED3A-type complexes originate
from the negligible chirality of the octahedral core in
the unsubstituted ED3A chelates. For this reason, the
optical activity of the ED3A chelates is dominated by
the asymmetric nitrogens and the E-ring conforma-
tions. It might be hard, if not impossible, to separate
the two contributions, because the asymmetric nitro-
gens act as bridge atoms between the octahedral core
and the E-ring. Any change on these atoms will lead to
significant change in the chiroptical properties of the
ED3A chelates.

4. Conclusions

In this paper, we have presented a detailed theoret-
ical analysis for the unusual N-vicinal effects on the
electronic circular dichroism spectra of the cobalt(IIl)
complexes with ED3A-type and EDDS-type ligands at
the DFT/B3P86/6-311++G(2d,p) level of theory (for
EDDS-type complexes, the functional is B3LYP). The
optimized geometries and calculated ECD curves of
the chelates are in good agreement with the observed
ones. Based on this agreement, the characteristics of
the usual, less usual, and unusual N-vicinal effects as
well as related chiral stereochemistry phenomena have
been discussed. To reveal the origin of the unusual N-
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vicinal effects, a novel calculation scheme has been
proposed, which permits efficiently assessing the con-
tribution of the octahedral core to the optical activity
of the chelates. The main conclusions are as follows:

The vicinal effects of asymmetric nitrogens incor-
porate both the substituent effects and conformational
relaxation effects. They usually make opposite con-
tributions to the overall N-vicinal effects for the first
two d—d transitions of the cobalt(Ill) ED3A-type and
EDDS-type chelates, with the former being domi-
nant.

The unusual N-vicinal effects observed in the
cobalt(IlT) ED3A-type chelates originate from the neg-
ligible chirality of the octahedral core in the unsubsti-
tuted complexes. For this reason, the optical activity
of the ED3A chelates is dominated by the asymmet-
ric nitrogens. Any change on these atoms will lead to
a significant change in the chiroptical properties. The
unusual vicinal effects reflect an increase in the chi-
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