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Density functional theory calculations of the vibrational circular dichroism (VCD) spectra of a transition
metal complex, £)-tris(ethylenediaminato)cobalt(lll) as a free ion and with associated chloride ions, are
reported. By comparison with experimental data obtained in our laboratory in 1986 (YoungJetAah.
Chem. Soc1986 108 7255) and new measurements, this study identifies, for the first time, the geometry
and absolute configuration of the association complexAa®d-Co(en}Cl,", in which two chloride ions
each associate with three NH bonds along @exis of aDs-symmetry complex. The DFT calculations,

carried out with both the LanL2DZ and 6-31G(d)[C, H, N]/Stuttgart ECP [Co] basis sets, predict the energy
order of ethylenediamine ring conformations/ds. < A16 < 166 < 696 for the free (gas phase}-Co-

(enk®*" ion, an order opposite to that deduced from solution studies. The VCD studies identify the
d-conformation as the most prevalent in solution for halide and sulfate counterions, suggesting an interaction

with solvent or weakly associated counterions that stabilizes this conformation.

Introduction

Vibrational circular dichroism, the differential absorbance of
left and right circularly polarized infrared radiation by a chiral
molecule during vibrational excitation, is a probe of absolute
configuration and solution conformatidn? Recent incorpora-
tion of routines into Gaussian 9&or the calculation of VCD
intensitie8 has greatly expanded these applications. Excellent
agreement between experimental and calculated VCD spéétra
is now routinely found for calculations on organic molecules
of moderate size, carried out at the DFT level with gauge-
invariant atomic orbitals, most often with B3LYP or BPW91
functionals and a 6-31G(d) basis &étAlthough comparisons
of experimental and calculated VCD spectra have focused
primarily on the mid-infrared region from 1800 to 800 tin
agreement between experimental and ab initio and DFT calcula-
tions has also been demonstrated for hydrogen stretching
motions®°® However, to date only one calculation of the VCD
for a metal complex has been reported in the literatfird/e (© @
have recently begun application of VCD intensity calculations Figure 1. A-Co(en)** conformations, viewed along th@-axis: (a)
to metal complexes with open and closed shell configurations, 55, (b) 664, (c) 844, and (d)AAL. '
including a recent application to metal complexes with sparf€ine.

To test the agreement between observed and calculated VCDstudies on metal complexésand an ab initio calculation of
for a closed shell transition metal complex that can assume achiroptical spectra in the visible regiéhOur VCD measure-
variety of conformations, we have calculated the VCD spectra ments of this system in 1986suggested that the chloride ion
for (4)-tris(ethylenediaminato)cobalt(lll) (Co(ef}), with and association stabilizes a specific conformation of the en rings in
without associated chloride ions. This complex cation is a the presence of excess chloritfe.
benchmark for studying optical activity in metal complexes,  The achiral ethylenediamine ligand can assume two enan-
serving as the subject of the first absolute configuration tiomeric conformations, with the-€C bond nearly parallelj¢
determination with anomalous X-ray scatteriigthe first form) or oblique 4-form) to theCs-axis in theA-configuration,
solution and solid-state electronic circular dichroism measure- leading to four conformations for the complex (Figure 1). On
ments of the same transition metal complérecent extension  the basis of an assessment of nonbonded interactionggthe
of CD measurement to the X-ray regighgne of the first VCD form for the A-Co(en}®" configuration was suggested to be

the most favored energetically put the intermediatédo and

t Part of the special issue “Mitsuo Tasumi Festschrift”. A0 are statistically favored over the extreme forfhs\MR
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Figure 2. Geometries of\-005-Co(en)*" with two associated chloride
ions along theCs-axis (Co(enyCl;") and three associated chloride ions
along the threeC,-axes (Co(enfls).
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complexes with a\-configuration. From their effect on NMR Wavenumber (cm™)

and electronic CD spectf&? counterions have been deduced Figure 3. NH- and CH-stretching absorbance (lower) and VCD spectra
to influence the en ring conformation in tris-chelated Co(lll) (upper) of A-[Co(en}]l3, 0.07 M in 1 M D,SQy, 50 um path length
complexes in solution. However, the specific nature of this cell with Infrasil windows, 12 cm* resolution.

interaction cannot be determined from those measurements. By

contrast, VCD uniquely combines stereostructural specificity 6-31G(d) basis set on C, N, and H and the Stuttgart relativistic
with subpicosecond time-domain response. As a result, we find Small core, ECP basis set for cob#tor comparison among
that VCD provides a direct probe of the solution conformation calculated spectra of the four conformers of the isolated ion,
of this complex through the affect of the ion association on the the calculated frequencies were uniformly scaled by 0.97 and

ligand vibrations and the VCD intensities.

Association of a chloride ion with NH bonds from adjacent
en rings stabilizes thé-conformation for theA-configuration.
We consider here two possible complexeg\e€o(en}®" with
all three en rings in thé conformation, one with three chloride
ions associated with NH bonds along the th@eaxes, and a
second with two chloride ions associated with NH bonds along
the Cz-axis of thisDsz-symmetry complex (Figure 2).

Experimental and Computational Methods

The preparation of the iodide and chloride salts-6j-Co-
(en)x®" and the details of the VCD measurements are reported
in our 1986 publicatiod* The (+)-enantiomer is assigned to
the A-configuration. The absorption and VCD spectra presented
in the earlier study were recorded with a dispersive instrument
in the NH- and CH-stretching regiod$and with a modified
Nicolet 7199 FT-VCD instrument in the 1660100 cnt?
region2® For comparison to the calculations, selected spectra
from this previous study are reproduced here, with relevant
experimental conditions included in the corresponding figure

calculated intensities were converted to Lorentzian bands with
5-cn ! half-width and plotted with Axum (Mathsoft, Inc.). For
more direct comparison to experiment in the case of chloride
association, the calculated intensities were converted to Lorent-
zian bands with 30 cmi half-width for the associated NH-
stretching modes, 15 crhfor free NH- and CH-stretches, and

6 cn ! for the region below 2000 cm, as estimated from the
observed spectra. For the association complexes, the frequencies
of the free NH-stretches and the CH-stretches were uniformly
scaled by 0.94 to align the frequencies of the calculated CH-
stretches with the observed. The frequencies of the calculated
associated NH bonds were uniformly scaled by 1.03 for
comparison with the observed data, since the shift to lower
frequency due to ion association is overestimated in the
calculation, which is for the gas-phase species. Descriptions of
calculated modes discussed below are based on animations of
the modes with Gaussview (Gaussian, Inc.) or HyperChem
(Hypercube, Inc.).

Results

caption. For improved signal-to-noise and spectral coverage in The observed absorption and VCD spectraAsCo(en}ls

the 1606-1100 cnt! region, new VCD spectra were recorded
for a sample of Co(esls from our original study, in DMSQls
with a 10-fold excess of LiCl, utilizing a modified ChiraVCD
spectrometer (ABB Bomem/BioTool3%).

The optimized geometries and IR and VCD spectra for the
four A-Co(en}®*" conformers shown in Figure 1 and the
association complexeq and 2 shown in Figure 2 were
calculated with Gaussian 98, utilizing a B3LYP functional and
the basis set LanL2DZ in Gaussian 98, which includes Dunning/
Huzinaga full double= on the first row elements, and the Los
Alamos ECP (effective core potential) plus doufjlen Na—
Bi.2526The optimized geometries of the association complexes
corresponding td with a single chloride ion and corresponding
to 2 with one or two chloride ions were also calculated with
this basis set. The VCD intensities were calculated with the
magnetic field perturbation meth&dncorporated into Gaussian
98, using gauge invariant atomic orbit&sFor the conformers
in Figure 1, these calculations were also carried out with the

in the presence of excess sulfatelibis reproduced in Figure

3 for the NH- and CH-stretching regions. The CH-stretching
spectra for samples in £ as a function of halide idf are
shown in Figure 4. The absorption and VCD spectraeCo-
(enP* for a sample of the chloride salt in DMS@-with a
10-fold excess of chloridé are displayed in Figure 5 for the
NH/CH-stretching regions, compared to the calculationfor
Our new measurements AFCo(en}l; in DMSO-ds with a 10-
fold excess of LiCl are compared to the calculated spectfa of
and2 in the 1606-1130 cnt! region in Figure 6. The calculated
spectra shown in Figures 5 and 6 utilized the B3LYP functional
and LanL2DZ basis set.

The relative energies (kcal/mol) calculated for theCo(en§+
isolated (gas phase) ion in th&Jd, 004, 044, and 114
conformations aret-1.0, +0.30,+0.03, and 0.0, respectively,
for the LanL2DZ basis set, and0.81,+0.24,40.04, and 0.0,
respectively, for the 6-31G(d)[C, H, N]/Stuttgart [Co] basis set.
The calculated spectra for the two basis sets are similar, with
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iodide salt, (---) chloride salt, (--) chloride salt with 2M NaCl. Lorentzian bands, frequencies scaled by 0.97. Spectra offset for clarity.
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some variation in relative intensities. The free energies (kcal/ 3500 3450 3400 3350 3300 3250
mol) calculated with the LanL2DZ basis set for changes in ring Wavenumber (cm™)

conformation, including the statistical entropy term for ldgl Figure 7. Calculated NH-stretching absorbance and VCD spectra for
and 044 forms (—RT In 3), are—0.93 ©d6 — 664), —1.17 A-[Co(en}]*" conformers, DFT (B3LYP/LanL2DZ), scale factor 0.97,
(000 — 6424) and—0.64 PSS — ALA). 5-cm ! half-width Lorentzian bands.

Since agreement with the experimental intensity patterns was
somewhat better for calculations with the LanL2DZ basis set, and Figure 9 (mid-IR region). Calculated NH/CH-stretching
only those results are displayed here. The calculated absorbanc&CD spectra for association complexesnd2 are compared
and VCD spectra for the fouA-Co(en§™ conformers are in Figure 10. Calculated NH-stretching frequencies, intensities,
presented in Figure 7 (NH-stretches), Figure 8 (CH-stretches)and band assignments forand2 are listed in Table 1, where
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Figure 10. Calculated NH/CH-stretching molar absorptivity (lower
traces) and VCD spectra (upper traces)/&sdd6-Co(en) with two
associated chloride ions (Co(e@),*, 1) and three associated chloride
ions (Co(enyCls, 2). Lorentzian bands with 30-cmh half-width for
associated NH-stretches, 15-chhalf-width for free NH- and CH-

stretches.
TABLE 1: Calculated NH-stretching Frequencies,
Intensities, and Mode Assignments for 1 and 2
frequency dipole rotational stretching mode
(scaled, cm?) strength strength assignment
»»»»»»»»»» ~8A
<V I T A Co(en)Cl* (1)
$600 3290 65 +77 free NH (A, Az, 2E)
‘g 3165 0 0 NH:-Cl (A1)
2400 3153 4500 —445 NH--Cl (A2)
< ] 3023 1047 +698 NH----Cl (2E)
g & 2958 93 +121 CH? (A4, A, 2E)
=200 f 2901 162 —43 CHs (Ay, Az, 2E)
) Co(en)Cls (2)
ot LN e s 3290 41 -30 free NH (A, Az, 2E)
1700 1600 1500 1400 1300 1200 1100 3107 0 0 NH:-Cl (Ay)
Wavenumber (cm'1) 3091 5515 +2067 NH--Cl (E)
Figure 9. Calculated mid-IR absorbance and VCD spectraX¢iCo- %gg? 8§é _fgg gga((/_:\ll(ﬁé I;)E)
(en}]?* conformers, DFT (B3LYP/LanL2DZ), scale factor 0.97, 5-¢m 2901 187 +167 CH (A1’ Ay 2E)

half-width Lorentzian bands.
21074 esf cn?. P 10744 esit cn?. ¢ CH,® = antisymmetric Ch+

stretch.d CH;® = symmetric CH-stretch.
the calculated intensities represent a sum of the dipole or

rotational strengths for the bands in each region. With a single Discussion

chloride ion lying along theCs-axis, an intense—{/+) VCD For a complex witlD3; symmetry, the Amodes are inactive,
pattern for the associated NH-stretches is calculated, similar toand the IR-active AE mode pairs will generate bisignate VCD
that for two chloride ions irl, and an intense#/—) VCD features when these two components are resolved. For Co-
pattern is calculated for the associated NH-stretches for the (enk®", the modes involving predominantly NH motion should
complexes with one or two chloride ions lying alo@g-axes, be most sensitive to configuration, whereas CH-modes should
similar to the pattern for three chloride ions2nThe observed be most sensitive to the ring conformation. The calculated
frequencies and intensities at band maximaAe€o(en}?* in spectra for the four conformations agree with this predicted

DMSO-ds with excess chloride ion, from our original study pattern. The antisymmetric Nkétretches (Figure 7, scaled
and new measurements, are compared to those obtained fronfrequency ~3400 cntl) generate a positively biased VCD
the calculations o -Co(en}Cl," in the dd0-conformation in couplet for theddd (+/—) andiiA (—/+) Ds-symmetry cases;

Table 2. the VCD is predominantly positive for all four conformations.
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TABLE 2: Comparison of Observed Absorbance and VCD Spectra of Co(er§" with Excess Chloride lon with Calculated

Spectra for A-000-Co(enkCl,™ (1)

observed Co(en)Cl,", calculated

frequency €max 10°A€max frequency €max 10°A€max assignmerit

3180 +28 3288 105 +10 Free NHastr.

3125 1098 -89 3153 1630 —60 NH..Cl str. (&)

3041 792 +200 3035 415 +104 NH..Cl str. (E)

2975 125 +43 2955 152 (sh) +36 CHz2stretch

2950 120 -8 CH*stretch

2893 80 -23 2903 153 -8 CHsstretch
1629 172 —161 NH scissors

1458, 1462 144 —-17 1487 196 —-16 CH, scissors

1394 54 +25 CHwag

1377 81 +107 1380 62 +31 CHywag (A)

1331, 1325 45 -29 1306 (sh) =27 CH twist, NH, wag (A)
1292 330 +22 CHtwist, NH,wag (E)

1284 136 +90 1273 204 +106 NH, twist, CH, rock

1236,1247 60 —13 NH,wag

1211 60 (sh) —56 1237 112 —217 NH.wag

1160 306 +23 1190 447 +20 NH,wag, CH twist

a2 Hydrogen stretching data from ref 13, 0.060 M in DM$®with 0.6 M LiCl. ? Lorentzian bands. Below 2000 cf 6-cnt half-width,
frequencies scaled by 0.97. Free NH/CH-stretch: 15ichalf-width, frequencies scaled by 0.94. Associated NH-stretch: 30-twalf-width,
frequencies scaled by 1.03NH,?, CH,%: antisymmetric stretch. Cff symmetric stretch? cm™; frequency for absorbance followed by frequency
for VCD, when these differ by more than 5 cin®e, molar absorptivity in 1®cnm? mol=2.

The symmetric Nkstretching VCD 3325 cntl) has net
negative intensity for thé-configuration, independent of ring
conformation. Comparison of the calculations in this region with
the experimental spectrum fot-J-Co(en}®" in Figure 3 shows
agreement in sign for the antisymmetric and symmetric NH-
stretching VCD for theA-configuration. This comparison
provides an independent identification of the absolute config-
uration of the sample.

The calculated CH-stretching VCD spectra (Figure 8) exhibit
strong sensitivity to ring conformation, with net positive VCD
for the antisymmetric Chistretches {3074, 3060 cm') and
net negative VCD for the symmetric GHdtrethes {3004 cn1?)
for the 6-conformation of the en ring, and the opposite signs
for these regions for thé-conformation. Comparison with the
observed VCD (Figures 3 and 4) provides identification of the
dominant ring conformation a® for the A-configuration
aqueous solution of Co(efj salts and demonstrates that
addition of excess chloride ion increases the fraction of rings
in the d-conformation.

In the 1706-1100 cnt?! region, the calculated VCD for
modes dominated by NHscissors motion~1665 cnt?, E;
1650 cnt?, Ay) or NH, wagging motion 1230 cnt?, A,; 1190
cm1, E) are markers for configuration, whereas the VCD sign
for modes involving predominantly Gkscissors {1485 cnt?),
CHp-wag (~1375 cntl), or CHy-twist (~1310, 1290 cm?)
correlates with the ring conformation. The calculated VCD for
the A—000 structure (Figure 9) correlates well with the
observed VCD forA-Co(en}®*" in DMSO-ds in the presence
of excess chloride ion (Figure 6, Table 2), taking into account
shifts to higher energy for the associated Nithgging modes.
Comparison of the calculations shown in Figure 9 with our
previous measurements on halide salts of Cg(emm)d Cr(eny*"
in this regiod*16confirms an increase in the population of the
A-ring conformation in going from the chloride to bromide to
iodide salt. The NH-scissors modes for this complex were
beyond the region of measurement in DM8§However, our

experimental measurements on the corresponding Cr(lll) com-
plexes exhibit an intense negative VCD band for this mode at

1570 cn1! for A-Cr(en)Cl; and a distinct intenseH/—) VCD
couplet below 1600 cmi for A-Cr(en}ls,*® which correspond
to the calculated intensity fok-Co(en}®* conformers between
1700 and 1600 cri.

Our experimental and computational study of Cof&n)
agrees with previous X-ray;2NMR,*® and electronic CE21
studies, which have been used to identify the absolute config-
uration, assign solution conformations and study the effects of
temperature and counterion concentration on the solution
structure. However, these other methods cannot be used to
identify the mode of chloride association with Co(£h)in
solution. We consider here possible association with the chloride
ion lying alongCy-axes of the complex, bridging two NH-bonds
from adjacent en rings, or lying along t@g-axis, bridging three
NH-bonds from adjacent en rings (see Figure 2). Both types of
association stabilize thé&ring conformer. The VCD intensity
calculations (Figure 10, Tables 1 and 2) show that the stretches
of the NH-bonds associated with chloride ion on Bgaxis
generate an intense-(—) VCD couplet, whereas stretches of
the three NH-bonds associated with chloride lying on @e
axis generate a—(/+) VCD couplet. Comparison of these
calculated spectra with the observed VCD for Cog&h)n
DMSO-ds with a 10-fold excess of chloride ion (Figure 5, Table
2) clearly identifies the mode of chloride ion association in
solution as along theCz-axis. In addition, our calculations
indicate that two chloride ions are associated with Cafen)
under these conditions (association complBx since the
calculated spectra (not shown) for association of only one
chloride ion along theCz-axis predict that the positive VCD
band assigned to free NH-stretch will have comparable intensity
to the positive band for the associated NH-stretch, in contrast
to the observed VCD spectrum and the calculated VCD
spectrum for two chloride ions, for which the free NH-stretches
(positive VCD ~ 3200 cnt?) exhibit much weaker VCD. In
the 1606-1100 cnt?! region, excellent agreement in both
frequency and intensity between observed spectra with excess
chloride ion and calculated spectra for association complex
are found (Figure 6, Table 2). The calculated spectra2for
(Figure 6) show a much poorer agreement with the observed
spectra in the 16001100 cnt? region, both in frequency and
intensity.

The DFT calculations produce an energy order for the four
possible ring conformations and free energy values for confor-
mational changes from thédd-conformer that indicate an
equilibrium in favor of thei-ring conformation for the\-con-
figuration of the free (gas-phase) Co(¢m)ion. Our solution
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VCD spectra and previous NMR studi®are consistent witha  formation, and a unique identification of the mode of association
predominance of thé-ring conformer for this configuration.  of chloride ion. Although the fractional ring conformer popula-
This discrepancy suggests that interactions with the aqueous ottions cannot be determined from this study, the calculations
DMSO solvent molecules or ion association with even the more provide an understanding of the source of the variation of the
weakly interacting halide counterions or sulfate ions (inthe D  observed VCD spectra with counterion concentration. This study
SOy solutions) may stabilize thé-ring conformation. provides a basis for application of VCD calculations to closed-
VCD may be the only technique that can identify the location shell transition metal complexes and a benchmark for extension
of chloride ion interaction with Co(eg)" in solution. Our to open-shell cases.
calculations demonstrate that the local coupling of associated ) )
NH-stretches produces bisignate VCD couplets, the sense of Acknowledgment. This work was partially supported by the
which correlates with the location of the bound chloride. These National Computational Science Alliance and utilized the
VCD studies directly identify the preference for tidering University of Kentucky HP N-4000 complex.
conformation for theA-Co(en}*" in aqueous and DMSO
solution, and the increase in population of theng conformer ‘ ‘ o
with increasing chloride concentration. However, from our b (}) st'i' L. ﬁ;; Efegdman,L-B\}\l'@lgCU|3\f/D:ECQ(O\l:/T, Th§0W$ndk
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