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ABSTRACT: Solid-state stereochemistry and mobility of
paramagnetic copper(Il) complexes formed by aliphatic
amino acids (L-alanine, D,i-alanine, 1-amino-2-methyl-alanine)
and 1-amino(cyclo)alkane-1-carboxylic acids (alkane = pro-
pane, butane, pentane, hexane) as bidentate ligands has been
studied by ">C and *H solid-state fast magic angle spinning
(MAS) NMR spectroscopy. We examined the prospective
method to characterize solid-state paramagnetic compounds in
a routine way. Both *C and *H MAS spectra can distinguish
pL and L diastereomers of natural and polydeuterated
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bis([D, ]alaninato)copper(Il) (n = 0, 2, 8) complexes with axial and/or equatorial methyl positions (conformations) primarily
due to different Fermi-contact (FC) contributions. The three-bond hyperfine couplings clearly show Karplus-like dependence on
the torsional angles which turned out to be a useful assignment aid. Density functional theory calculations of the FC term and
crystal structures were also used to aid the final assignments. The correlations obtained for bis(alaninato-x*N,O)copper(II)
complexes were successfully used to characterize other complexes. The usefulness of the *H MAS spectra of the deuterated
complexes was underlined. Even the spectra of the easily exchangeable amine protons contained essential stereochemical
information. In the case of a dimer structure of bis(1-aminohexane-1-carboxylato-k’N,O)copper(II) both the *C and *H
resolutions were good enough to confirm the presence of the cis and trans forms in the asymmetric unit. With regard to the
internal solid-state motions in the crystal lattice, the obtained quadrupolar tensor parameters were similar for the p,L- and L,L-
alaninato isomers and also for the cis—trans forms suggesting similar crystal packing effects, static amine deuterons involved in

hydrogen bonding, and fast rotating methyl groups.

B INTRODUCTION

Stereochemistry of paramagnetic organometallic complexes
formed by bidentate ligands is of general interest both in liquid
and solid states. In crystalline solids single-crystal diffraction is
the standard method for providing molecular structure.
However, NMR has much to offer the chemist because it can
both supplement and complement the diffraction results.'*™*
Unfortunately, NMR spectroscopy of paramagnetic compounds
is often elusive as positions of resonances may change
unpredictably and signals often broaden beyond detectio-
n.*~%* Thus, information on spectra may remain unexploited.
However, a recently proposed solid-state NMR methodology,
coined by Ishii and co-workers as very fast magic angle spinning
(VEMAS) method,*™® promised a breakthrough in such
applications, at least for paramagnetic centers possessing a
small magnetic susceptibility (electron spin S = !/,).*® For
recording of NMR spectra of systems containing metal ions
with larger susceptibilities and with S > '/, these methods have
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recently been combined with new pulse schemes utilizing short
high-powered adiabatic pulses.”*® Kumara Swarmy et al. have
pointed out very recently that nearly complete assignment of a
paramagnetic metalorganic system (Cu-Cyclam) can be
achieved by dipolar '"H—'H and 'H-"3C correlations."’ We
too have recently demonstrated that the combination of *C
and *H fast-MAS spectra of the crystals of anhydrous trans and
aqua cis bis(L-valinato)copper(II) complexes is indeed a very
effective tool for studying conformational disorder and
molecular mobility in the solid state.'' While the easily
recordable "*C fast-MAS spectra are informative on the local
environment of the nuclei in the crystalline phase (e.g., the
spectra provide the number of crystallographically inequivalent
nuclei, which can be used in crystallographic space group
determination too'*"), the 2H MAS spectroscopy can detect
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internal motions present in the crystals.””"> In diamagnetic
compounds the spectral resolution of the *H MAS spectroscopy
is normally too small to be useful for stereochemical
assignments. However, in paramagnetic compounds the
enhanced *H chemical shift dispersion of the nuclei touched
by the paramagnetic effects can be huge, and thereby, the
spectra simultaneously carry information both on the stereo-
chemistry and the mobility of the molecules."*™"¢ It is known
that hydrogen bonding is vital in linking molecules into a three-
dimensional framework in the crystalline state. The *H MAS
spectra can provide essential information about hydrogen
bonds and their strengths. We are going to demonstrate that,
for paramagnetic compounds, whenever partially or completely
deuterated samples are available, “H MAS spectroscopy offers a
possibility not often exploited so far.

In the present paper we applied the VFMAS method to
stereoisomers and geometric isomers of copper(I) amino acid
complexes (S = !/,) for which experimental crystal and
molecular structures have already been reported. The
complexes studied were bis(p,L-alaninato-*N,0)copper(II)
(1a),"7*™9 bis(r-alaninato-k>N,0)copper(II) (1b),""*%7¢ bis-
(1-amino-2-methyl-alaninato-*N,O)copper(I) (2),"*" and
bis(1-amino(cyclo)alkane-1-carboxylato-x*N,0)copper(II),
where alkane stands for butane (3),”° pentane (4)'7* (Figure
1), and hexane (5)* (Figure 2). Where available, we also

trans 2

trans 1a hydrate

C3(a)
c2,

c3(e)
c1

trans 3

Figure 1. Studied copper(II) amino acidato complexes with known
crystal structures (the experimental Cartesian coordinates were used
for the drawings). The atom labeling shown was used for monomeric
structures throughout this paper. The axial and equatorial positions of
the C3 atom are denoted with (a) and (e), respectively.

studied their partially or completely deuterated forms. While in
1a the methyl carbon atoms adopted the equatorial position in
both chelate rings (ee conformation), in all 1b crystal structures
the conformation was axial—equatorial (ae) (Figure 1).

It is known that the assignment of NMR spectra is
notoriously difficult in paramagnetic compounds. To assist
signal assignments we have studied the conformation depend-
ence of the hyperfine coupling constants and performed
quantum chemical DFT calculations, suggested also by
others,*1742122ab23a=e24 4, bredict the Fermi-contact con-
tributions. In addition, a computational approach was recently
recommended to predict also the pseudocontact shift values for
the nuclei located in the close vicinity of the unpaired electron
by means of the DFT calculated electron probability density,
hyperfine tensor, and magnetic susceptibility tensor.”>*
Although the solid-state BC, 'H,* and *H NMR data'* and
computational DFT predictions have already been reported for
the trans 1a hydrate complex,'’® no such data exist for either
trans or cis 1b complex, apart from the 'H MAS spectrum.’

Clearly, further experiments were needed to gain deeper
insight into the applicability of this method for stereochemical
characterization, so we decided to revisit the alaninato case and
carry out a systematic NMR study including p,L (1,0) and L,L
(p,p) stereoisomers, cis and trans geometric isomers, and
several of their *H labeled forms. We examined the correlation
between the paramagnetic shift and structural features as well as
between the *H quadrupolar tensor anisotropy and molecular
mobility (including hydrogen-bonded molecules) in order to
apply them for cyclic amino acid complexes whose stereo-
chemistry was determined by X-ray diffraction structural
analysis (complexes 2,'9%% 320 4172 and 5*°) and IR methods
(complexes 2 and 4).*°

B THEORY: EFFECTS OF ELECTRON—NUCLEUS
INTERACTIONS ON NMR SPECTRA2A-B22A.25A—E,26

1. Paramagnetic Shift Contributions in Solids. A
paramagnetic center interacts with the surrounding nuclear
spins and changes the NMR spectrum. The effective field
observed by a target nucleus is the following:

Beff = Bdiamagnetic + BFermj—contact + Bpseudocontact + BBMS

(1)
Of these, the Bremicontact (FC) is often the largest (especially for
paramagnetic centers possessing small magnetic susceptibility).
It is a scalar coupling type of interaction that depends on the
sign and magnitude of the hyperfine coupling constant A, i.e.,
depends on the number and type of bonds connecting the
target nucleus with the unpaired electron. Therefore, like the |
couplings, it is a sensitive probe of the stereochemistry too. A

Figure 2. Asymmetry unit of the X-ray crystal structure of 5.>° Two views are given for clarity. Left: cis isomer on top. Right: trans isomer on top.
The atom numbering used here was taken from the crystal structure and is different from the one used for monomer complexes.
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78BPI*, where y, is the nuclear gyromagnetic ratio, g, & 2.003
is the free electron g-value, /3, is the Bohr magneton, and [¥|*
denotes the electron spin density at the nucleus. A is expressed
in J or in Hz (it changes sign and is on the MHz scale). The
Fermi-contact shift, g, is isotropic and temperature depend-
ent (1/T). Its contribution can be neglected at electron—
nucleus distances larger than S A. For polycrystalline solids
undergoing MAS, 8y is given by (ref 2a)

_ égﬁeS(S +1)

A < g B
h  3pkT ( 8/B,)

FC
@)
where k is the Boltzmann constant, 7/ is the Planck constant
divided by 2m, B, is the external magnetic field, T is the
temperature, § = (g + &, + &.)/3 is the average of the
principal components of the electron g-tensor, and S is the spin
angular momentum of the electron.

The Bpeudocontact (PCS) interaction is of much smaller
magnitude (on the order of a few to tens of ppm) but is of
special interest because it is a direct electron/nucleus dipolar
effect. As such, it depends on the distance between the target
nucleus and the unpaired electron. The pseudocontact shift can
take on positive or negative values. Its isotropic part is nil if the
magnetic susceptibility tensor of the paramagnetic center is
isotropic. In the cases of Cu®*’, Mn®*, and Gd*' ions the
anisotropy of the magnetic susceptibility tensor is generally
small. Its anisotropic part [removable by MAS and temperature
dependent (1/T)] can be readily detected since it causes a
spinning sideband manifold. This anisotropy, A, is related
to the distance, r, between the target nucleus and the unpaired
electron (r3). The pseudocontact shift is conveniently
expressed in terms of a magnetic susceptibility tensor, y, the
principal component of which is related to the principal
components of g, the electron g-tensor:**

= upg’ S(S+1)
ore i 3kT 3)
where ii = xx, yy, or zz, and y, is the magnetic permeability of

the free space. Under rapid MAS conditions the PCS
contribution is given by eq 4:>*

Zii

1
578 = —3[A)(ax (3 cos® H-1) + %A){rh sin” @ cos 2g0]

127r
4)

where r is the electron—nucleus distance,  and ¢ are the polar
and azimuthal angles, respectively, describing the orientation of
the electron—nucleus vector in the principal axis frame of the
susceptibility tensor. The axial and rhombic components of the
susceptibility tensor are given by

Y T X,
A)(ax =Xzz - % (5)
A)(rh z)(xx _){yy (6)

Bgys describes the bulk magnetic susceptibility contribu-
tion.” Itis a demagnetization field which, like the PCS term, is
orientation-dependent and may produce shift and broadening
of the resonance lines. In principle it can be quite large,
especially for paramagnetic centers featuring a large spin (S >
1/,);* however, it is generally ignored in structural NMR
studies of electron spin S = '/, cases, such as Cu(II).

2. Paramagnetic Relaxation Enhancements (PREs).
One should consider five independent relaxation rates when
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investigating the relaxation of I = 1 nuclei, that is, two spin—
lattice [R,, (return of the Zeeman energy to its equilibrium
value) and R, (decay of the quadrupolar energy)] and three
spin—spin relaxation times.”® Measurements of R,, and Ryq are
particularly useful since they are very sensitive to molecular
motions.

In paramagnetic solids the Solomon dipolar relaxation rate
(SL), RS, which originates from the modulation of the
electron—nucleus dipolar relaxation,**" is the main source of
PRE. Since R;" is proportional to the square of the
gyromagnetic ratio of the nucleus, 75, '*C or "N signals may
be observable even if 'H signals are very broad. The Curie
relaxation mechanism, often dominant in solutions, is practi-
cally absent in the solid state. >4

As demonstrated earlier by the Ishii’s group,” > important
structural information such as absolute and relative electron—
nucleus distances is also available from the *C spectra, but
these are beyond the scope of this Article.

B EXPERIMENTAL SECTION

1. Sample Preparations. We synthesized copper(Il) amino
acidates and prepared single crystals by following the published
procedures for trans la hydrate,'”® trans 1b,*° and 3.*° All other
complexes were synthesized as described for 3.%°

2. NMR Spectroscopy. All solid-state NMR spectra were recorded
on a Bruker Avance II spectrometer with proton frequency of 400.13
MHz (9.38 T) equipped with a 2.5 mm CPMAS probe. There were
8—12 mg polycrystalline samples used to fill up the Zirkonia rotors.
The C spectra (100.61 MHz) were recorded under proton
decoupling; without 'H decoupling, the spectra were somewhat
inferior. At 20 kHz rotation the lines are still about 20% broader,
relative to those obtained with "H decoupling. Several strengths for the
decoupling 1f field were tried, but practically no change was observed
between 150 and 75 kHz; however, below that the line broadening sets
in. No decoupling was applied in the case of the *H spectra (61.42
MHz). The typical relaxation delay and acquisition times were 200 ms
and 0.005 s, respectively, enabling extremely fast signal accumulation.
a-Glycine was used as an external reference for the *C spectra (5c—q
176.5 ppm). All spectra were recorded at ambient temperature (~300
K) without regulation. The actual temperature of the samples was
estimated by using a calibration curve obtained for external PbNO;. At
20 kHz rotation the temperature increase due to the frictional heat of
the bearing gas was <10 K.

For the measurements we have used the following standard NMR
methods (Bruker BioSpin Topspin 2.1.3.): fast-MAS (>20 kHz);
rotor-synchronized Hahn-echo'® under fast-MAS (rotation >20 kHz)
condition; cross-polarization magic angle spinning (CPMAS)?!
(rotation range 11—24 kHz); cross-polarization—polarization inversion
(CPPI)** under fast-MAS (rotation >15 kHz). For *H spectra we
found that by careful calibration of the preacquisition delay the simple
direct excitation sequence provides spectra comparable to those
obtained using the solid-echo scheme. Experimental *H MAS NMR
spectra were simulated using the Bruker Solid State Analysis Software
(Topspin 2.1.3.).%* It simulates the spinning sidebands (SSBs) for the
first-order quadrupolar interaction of all transitions. The Haeberlen
notation'” was used to describe the chemical shift anisotropy (CSA)
and quadrupolar tensors. The assumed motional models were also
checked by simulations using the NMR-WEBLAB package.>*

It was found that by repeated slow crystallization the attainable
spectral resolution could be improved.

3. Quantum Chemical Calculations. As already stated, the
hyperfine coupling constant A (eq 2) is proportional to the electron
spin density at the nucleus, I'¥I>. The spin density can be obtained
from quantum chemical calculations by means of the spin-up and spin-
down molecular orbitals, ie, the difference in the @ and f spin
densities at the nucleus, pa/,Ba
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Table 1. Experimental *C NMR Chemical Shifts (§,’s), Calculated DFT/B3LYP '3C FC Shifts (§5t""’s), Diamagnetic Shifts
(852*s), and Chemical Shifts ('°"s, §cemiey’s) of the Studied Copper(II) Complexes, and Experimental Solid-State *C

Diamagnetic Shifts (64,) of Their Corresponding Free Ligands (FLs)”

“c 84 (FL) e Sp sre geled i
1a trans
CL1l’ 177.4 175.4 —209.6 —469 —292 —294
C2,2' 50.3 47.0 —290.2 -374 -324 =327
C3,3’ 19.5 0.2 1779 (e) 176 (e) 196 (e) 176 (e)
la cis”
CL1’ 177.4 176.0 —207.0 —483, —479 —306, —302 -307, —303
C2,2' 50.3 53.3 —30S5.0 —397, =392 =347, =342 —344, —339
C3,3' 19.5 22.8 19.3 (a), 233.5 (e) —16 (a), =16 (a) 4 (a), 4 (a) 7 (a), 7 (a)
1b trans
CL1’ 1774 174.8, 181.4 —20S8.5 —489, —423 -312, —246 =315, =245
C2,2' 50.3 43.0, 42.9 —296.1, 312.9 —391, =351 —341, =301 —338, —308
C3,3’ 19.5 =77 (a), =7.1 (e) 18.0 (a), 240.1 (e) —11 (a), 264 (e) 9 (a), 284 (e) —19 (a), 257 (e)
1b cis®
C1,1’ 177.4 174.0, 178.3 —444, —364 —267, =187 —270, —186
C22’ 50.3 53.3, 54.7 —444, —376 -394, —326 —391, =321
C3,3' 19.5 19.4 (a), 19.2 (e) —6 (a), 162 (e) 14 (a), 182 (e) 13 (a), 181 (e)
2
CL1’ 178.3 179.1 —208.0 —464 —286 —285
C22’ 59.4 62.6 —276.1 -391 -332 —328
C3,3’ 24.1 (a), 22.0 (e) 27.3 (a), 26.1 (e) 34.3 (a), 232.5 (e) —4 (a), 256 (e) 20 (a), 278 (e) 23 (a), 282 (e)
39
CL1’ 178.0 181.1 —241.1 —483 -30S -302
C2,2' 58.7 56.7 —306.1 —421 —362 —364
C3,3’ 31.2 (a), 29.8 (e) —8.0 (a), 124 (e) 34.6 (a), 243.4 (e) 8 (a), 202 (e) 39 (a), 232 (e) 0 (a), 214 (e)
C4,4' 16.5 15.8 61.8 8 25 24
4°
CL1’ 178.6 179.6 —239.5 —491 =312 =311
C2,2' 69.1 71.0 —275.8 —389 —320 -318
C3,3’ 38.0 (a), 38.0 (e) 27.5 (a), 21.9 (e) 41.3 (a), 199.0 (e) —19 (a), 129 (e) 19 (a), 167 (e) 9 (a), 151 (e)
C4,4' 23.3 4.8 22.7 -15 8 -10
Cs5,8 23.3 6.5 30.9 -7 16 -1

“The chemical shifts are expressed in ppm. The experimental §; values are referred to external a-glycine (C=0 = 176.5 ppm). The axial and
equatorial C3,3’ positions are denoted with (a) and (e), respectively (Figure 1). The calculated chemical shifts are defined in eqs 9—11. ®The &,

dominant signal C3 (a) (Figure 3, bottom) is assigned to cis 1a with the aa conformation, and the minor C3’ (e) signal is assigned to the mixture of

all possible cis conformers with the equatorial C3’ position. The 5g? and &

<led are calculated for a predicted crystal structure of cis 1a hydrate with

the aa conformation (Supporting Information Figure S9). “For cis 1b only the calculated '*C chemical shifts are available (the DFT/B3LYP
calculations were based on a previously reported experimental crystal structure'®c). 954, (FL) values are the average of two polymorphs. “Sz, (FL)

values are a tentative assignment.

fy = 2 (% (0)F — I¥H(0)P] )

where i goes over all occupied molecular orbitals and is calculated at
the position of a target nucleus. The calculated value of the FC
hyperfine shift, 5&?, was estimated using eq 9, which is obtained by
substituting eq 8 for the hyperfine coupling constant A into eq 2:***

Hohrg fi

35 W (8)

5ca[cd _ ‘uOﬂ:gez(S + 1)
e ok ©)

Here S stands for the electronic spin state of the studied copper(II)
systems ('/,), T is the temperature, and the other physical constants
have their usual meaning.

To calculate the spin densities at the *C and 'H nuclei in trans 1a
hydrate, cis 1a hydrate, trans and cis 1b, trans 2, trans 3, trans 4, and the
trans—cis dimeric § in the solid state, we applied the cluster approach**
in which the central metal complex was surrounded with a number of
closest complexes from a crystal structure. The cluster models were
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constructed for all of the studied compounds from their experimental
crystal structures, except for cis la because there is no reported
molecular and crystal structure for that stereoisomer. Instead, a cluster
model was built from a predicted crystal structure of cis 1a hydrate,
which is described in the Supporting Information (Figure S9). The
DFT method with the unrestricted B3LYP hybrid density
functional®* ™ was used for the calculations with the following basis
set combination:'’*** a Wachters’ basis (62111111/3311111/3111)
for Cu,**® 6-311G* for other heavy atoms, 6-31G for hydrogen atoms
of the central cluster unit, and 3-21G* for the noncentral cluster-unit
atoms. The choice of the functional/basis set used is based on the
study of Oldfield and co-workers on the principal electronic
interactions in the solid-state MAS NMR shifts of trans 1a hydrate
clusters."”® The calculation and result details for the cluster systems are
given in the Supporting Information.

If PCS and BMS terms (eq 1) can be neglected, then the *C NMR
hyperfine shift can be solely related with the diamagnetic and FC
terms.”> DFT/B3LYP 3C NMR isotropic shielding constants, o,
were calculated using the gauge-including atomic orbitals (GIAO)
method®*f for the molecular structures of the studied complexes taken
from their experimental and predicted crystal structures. The *C

diamagnetic shift, 55 was accounted for using eq 10:

DOI: 10.1021/ic502987e
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Figure 3. 100.61 MHz solid-state *C fast-MAS and CPMAS spectra of different bis(alaninato)copper(II) complexes. Top: rotor-synchronized
Hahn-echo spectrum of the anhydrous trans 1b. Middle: Hahn-echo spectrum of trans 1a. Bottom: CPMAS of suspected cis isomer cis 1a (or mixture
of cis isomers) prepared using D,L-alanine as ligand. Note that, using CPMAS, signals of C1,1’ are missing from the spectrum. Asterisks indicate
spinning sidebands. The axial and equatorial C3,3’ positions are denoted with (a) and (e), respectively.

Oiso

ot = (10)
Here, 6, is the calculated reference isotropic '*C magnetic shielding in
tetramethylsilane (183.3 ppm).'" For spectra signal assignment
purposes, we evaluated the reproduction of the observed hyperfine

chemical shifts ,’s with the calculated 6" and éﬁgﬁ‘;kx:

ref

57 = G + o, (11a)
lcd lcd lcd
éci)arrjplex = 5;?:0 + 5;1:c (llb)

In eq lla, &y, stands for the experimental solid-state '>C
diamagnetic shifts of the complexes’ corresponding free ligands. The
evaluation was motivated by the fact that, for the bis(L-valinato)-
copper(Il) complexes, the measured &y, values for the vL-valine
crystalline sample reproduced the measured hyperfine chemical shift
better than the DFT/B3LYP 85 values did.""

The same density functional/basis set was used for the calculations
of the equilibrium structures and relative energies of the trans and cis
aa, ae, and ee conformers of 1a and 1b stereoisomers in the gas phase,
and in the water medium within the polarized continuum model
(PCM) approximation. The PCM of Tomasi and co-workers,®
modified by Barone and co-workers,**® was used to describe the effects
of the aqueous medium in the self-consistent reaction field
calculations. The environmental temperature was set to 300 K. The
water solvent was specified by the dielectric constant of 78.39. The
united-atom topological model was applied to solvent radii optimized
for the PBE0/6-31G(d) level of theory.**® The DFT/B3LYP
calculations were performed with the Gaussian 03 program package.””

B RESULTS AND DISCUSSION

1. Stereochemistry of Bis(alaninato)copper(ll) Com-
plexes Based on 3C Very Fast-MAS and CPMAS Spectra.
Prediction of the paramagnetic shifts is difficult, especially in
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case of heteroatoms.” In copper(Il) complexes the FC
contribution is expected to dominate the spectra. As
mentioned, FC changes as the sign and magnitude of the
hyperfine coupling constant A change. For instance, in aliphatic
amino acidates the signals of carbon atoms two bonds away
from the copper (Cl,1’ and C22’ in Figure 1) are low-
frequency shifted (A/# is negative) and may broaden beyond
detection; carbon atoms three bonds away (e.g, C3,3') are
high-frequency shifted (A/# is positive), and are, normally,
clearly visible.” No clear trend was observed for carbons more
than three bonds away from the paramagnetic center, and the
effect attenuated rapidly. Though in a complicated manner, the
three-bond hyperfine couplings depend also on the relative
positions of the unpaired electron density and the target
nucleus. Thereby the p,L and L,L isomers, representing ee and
ae methyl configurations in the complexes studied, can,
probably, be distinguished.

Concerning the experimental crystal structures available in
the literature, there are several reported X-ray crystal structure
redefinements of the same crystal modification for trans 1b
(space group P2, ae conformation),'”**** trans 1a hydrate
(space group C2/c, ee conformation),’”* ™ and two neutron
diffraction crystal structures of cis 1b (measured at 7 K and
room temperature; space group P2,2,2, ae conformation).18c
These single-crystal structures served as references for the
copper—carbon and copper—deuteron distances, valence, and
dihedral angles (assuming that Cu--D and Cu—N-D can be
approximated with the corresponding Cu---H and Cu—N-H
values). The structure of microcrystals used in the NMR
measurements was generally assumed to be identical to that of
the single crystals used for diffraction measurements.

DOI: 10.1021/ic502987e
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1.1. Distinction of p. (,0) and L (p,p) Isomers of
Bis(alaninato)copper(ll) Complexes. We have collected the
measured and calculated chemical shifts in Table 1. The "*C
MAS and CPMAS spectra of the available isomers (p,L-cis and
p,L-trans; and D,L-trans) are compared in Figure 3.

1.1.1. trans 1a Hydrate. The reported X-ray structure is a
ID polymer with water—Cu chains, and these chains are
connected by a large 3D hydrogen-bond network.'*™ In this
form both methyl groups take equatorial position (ee). The
solid-state *C MAS spectrum (Figure 1, middle) indicates only
three crystallographically inequivalent carbon sites, i.e., a 2-fold
symmetry.” Thus, either a proper C, axis and/or a center of
inversion must exist.>® Therefore, assignment of the spectrum
was relatively straightforward. With the help of CPMAS
spectra31 the C1,1" and C2,2" carbons could be distinguished
and assigned to the signals at —209.6 and —290.2 ppm,
respectively. More subtle was the interpretation of the +177.9
ppm shift. With the assumption that our crystals were identical
to the single crystal from which the X-ray structure was
solved,'”* this chemical shift should correspond to the
equatorial methyl position. DFT/B3LYP calculations of *C
and 'H NMR chemical shifts confirmed the assignment of the
+177.9 ppm signal to the equatorial position.'”®

1.1.2. Anhydrous 1b Isomers. The reported X-ray
structures' %~ show anhydrous complexes in either trans
or cis configuration but always with (ae) arrangement of the
methyls. In agreement with such conformation, the 3¢ MAS
spectrum of the L,L isomer showed six different carbon sites
(Figure 3, top, and Table 1). The broad signal at —205.5 ppm
was assigned to the carbon of the coordinated C=0 (C1,1’)
groups (again by CPMAS experiments where the contact time
was systematically changed). Thus, the two slightly overlapping
broad signals at —296.1 and —312.9 ppm could be assigned to
the C2,2’ methine carbons.

Concerning the +240.1 and +18.0 ppm signals, CPPI
spectra®® with different repolarization times did not reveal
any difference between the spin dynamics of these signals
suggesting that both should belong to the same type of CH,
carbons (C3 and C3' methyls). Although the +240.1 ppm
signal was closer to the equatorial signal of the DL isomer
(+177.9 ppm), its assignment to the equatorial position was still
problematic. Interpretation of the size of the FC contribution
to the equatorial and axial methyl positions was attempted by
assuming Karplus-like***® behavior of the three-bond contact
hyperfine coupling. The available X-ray structures all show Cu—
N—C2—C3 torsional angle values, 6, in the range 90°—100° for
the axial C3’ carbons and 170 + 5° for the equatorial C3
carbons. According to the general Karplus equation (cos’0
dependence) the FC contribution will show a minimum at
about 90° of the Cu—N—C2—C3 torsional angle.

DFT/B3LYP calculations of the FC contributions (Table 1)
gave the predicted shifts for carbons C1,1" and C2,2" in the
right range, but the deviations from the experimental values
were occasionally too great, and therefore useless for
stereochemical assignment. At the same time, we obtained
very good correlation between the experimental d, and
calculated 65'¢ and 5231;111“ values (Table 1 and Supporting
Information Figure S10). The measured &, values were better

reproduced by means of Jy, than 63 (ie., the regression

coefficient R = 0.98 for 6! and R = 0.97 for 5§f,lélplex, the
regression line slope was 1.1 ppm in both cases, and the

caled

intercept was —15.9 and —30.2 ppm for 5! and Ocomplew
respectively; Supporting Information Figure S$10). Like for
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bis(L-valinato)copper(II),"" this finding suggests that when the
complexes’ diamagnetic analogues are unavailable, the *C
diamagnetic shifts measured for polycrystalline free ligands can
serve as a suitable approximation to the diamagnetic reference
(bearing in mind that Cu®" is a relaxation reagent rather than a
shift agent) for signal assignment purposes. DFT/B3LYP
calculations using the clusters of 21-Cu supermolecular
assemblies to mimic the solid phase for the trans L,L isomer
predicted +284 and +9 ppm values (Table 1) for the equatorial
and axial C3 methyls, respectively. On the basis of these data
and also on the spectral analogy with the symmetric D,L-isomer,
the signal at +240.1 ppm was assigned to the equatorial
position (Table 1).

1.2. Distinction and Assignment of the cis—trans Geo-
metric Isomers (Coordination Modes) of the Bis(alaninato)-
copper(ll) Complexes. As mentioned, single-crystal X-ray
structures'®* ¢ confirmed the crystallization of both cis and
trans bis(alaninato)copper(II). The distinction of these geo-
metric isomers on the basis of their *C MAS spectra should be
straightforward, but the assignment of signals to a particular
isomer is ambiguous. IR spectroscopy, widely used for this
purpose for a long time,*" suffers from the same limitation. The
distinction ability of EPR spectroscopy, similar to that of NMR
spectroscopy, depends on the sensitivity of hyperfine coupling
constants A to the coordination mode.*”

In the cis and trans isomers the copper—carbon and copper—
proton (deuteron) distances are practically identical; the small
PCS term, though it depends also on the orientation of the
dipolar coupling vector relative to the susceptibility tensor (eq
4), is probably useless for distinction purposes, even if we could
separate it from other contributions. At first sight, significant
cis—trans differences of the FC contributions may be expected,
as they were observed for the bis(L-valinato)copper(Il)
complexes.'' Namely, in the cis and trans forms the bond-
weakening “trans effect” of the coordinating groups® is
different, and may result in different hyperfine coupling values.
However, the exgerimental Cu—N and Cu—O distances found
in the cis (ae)'™ and trans (ee)'”* ™ and trans (ae)'7>!%*P
isomers did not show remarkable deviations. Unfortunately, we
did not have either (ee) or (ae) cis/trans sample pairs to
separate the cis/trans coordination effect from the effect of the
axial/equatorial methyl substitution on C2 and C2'.

Whenever we followed the synthesis method suggested for
the preparation of the trans p,L isomer by O’Brien,'”® the
spectrum of the resulting blue powder looked like the one
shown at the bottom of Figure 1. Surprisingly, apart from the
increased line widths of the signals, it was rather similar to the
spectrum of the 1,L-isomer (Figure 1, top); ie., it exhibited,
though minor and broad, an “equatorial” (~ +235 ppm) and a
dominant “axial” (~+20 ppm) methyl signal (Figure 1,
bottom). Recrystallization of this powder from H,O or from
D,0 resulted in the middle spectrum in Figure 1, ie., that of
the already known symmetric trans monohydrate p,L complex.
The phenomenon and the dominant signal can be explained by
immediate formation of a cis D,L isomer in an (aa)
conformation and with C, symmetry (Supporting Information
Figure S9, Table 1, and Supporting Information Table S1).
Additionally, all possible variants arising from the racemic p,L
ligand, i.e., the L,L, D,b, D,L stereoisomers, could be credited for
the appearance of signals both in the “equatorial” and in the
“axial” regions.

DFT/B3LYP calculations of the FC contributions, S,
predict that shifts of C3 (e) of the trans and cis isomers of 1b
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Figure 4. Comparison of solid-state '*C MAS rotor-synchronized Hahn-echo spectra of complexes trans 1b, 2, 3, and 4. Asterisks indicate spinning
sidebands. Larmor frequency 100.61 MHz, rotation 20 kHz, temperature 300 K.

may differ by 102 ppm (Table 1). At the same time the shifts
predicted for the C3’ (a) carbons practically do not differ
(Table 1).

The DFT/B3LYP calculated energy difference between each
of the trans and cis group of aa, ee, and ea conformers of 1a and
1b was up to 5.9 kJ mol™ in the gas phase (Supporting
Information Table S4). While the trans ee conformers are more
stable than the cis ee ones by 50.4 k] mol™" in the vacuum,
these energy differences drop significantly to 4.2 and 3.8 kJ
mol™! for the 1, (1b) and b, (1a) isomer, respectively, in the
aqueous solution according to the PCM calculations. The
maximum relative energy between the trans L,L ee and cis D,L aa
conformers in the vacuum (56.3 kJ mol™") dropped to 10.6 k]
mol ™" in the water medium. The energy drop can be explained
by more favorable intermolecular interactions with water
molecules and cis isomers as compared the same interactions
with trans isomers.***~ Relatively small energy differences may
suggest the presence of all 12 conformers in aqueous solution at
room temperature. This suggests that the domination of the cis
isomer in the initially synthesized powder may be owed to a
kinetically driven crystallization. On the other hand, the
available chemical evidence reveals that the anhydrous trans
LL and aqua frans D,L isomers recrystallized from the aqueous
solution by slow evaporation at room temperature may be
influenced by both thermodynamic and kinetic factors. Apart
from that, the formation of the ae and ee conformations in their
crystal structures may be affected by the crystal packing effects.

2. 3C MAS Study of Bis(1-amino(cyclo)alkane-1-
carboxylato-x*N,0)copper(ll) Complexes. In bis(1-amino-
(cyclo)alkane-1-carboxylato-k>N,0)copper(Il) complexes the
size of the C2 attached cycloalkane ring is increasing stepwise
(Figure 1), which makes easy following of the spectral changes
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in relation to the information obtained from la and 1b
possible. The cycloalkane ring reduces the conformational
mobility of the chelate ring, so similar stereochemistry is
expected for all complexes. The C MAS spectra of the
anhydrous trans 1b, 2, 3, and 4 are compared in Figure 4. Given
the ambiguity of the assignment of 1b discussed above, this
compound may serve as reference as it has both axial and
equatorial methyl groups attached to the C2 carbon (Figure 1).
The available chemical shifts are given in Table 1.

2.1. Complex 2. The single-crystal structure'®*" proves that
there is a center of inversion between the ligands. Not
surprisingly the basic features of the spectrum were rather
similar to that of 1b (Figure 4, bottom). Note that in 2 C3 (a)
and C3 (e) of the same ligand (Figure 1) can produce a
spectrum similar to that of trans 1b. The FC and the PCS
contributions may be very similar independent of the fact that
C3 (e) and C3’ (a) in trans 1b belong to different ligands
(Figure 1).

The signal at 34.3 ppm, being very close to the axial methyl
signal of 1b, was preliminarily assigned to the axial position. At
the same time, as indicated by the presence of spinning
sidebands, its dipolar anisotropy was much larger in comparison
with that of the 232.5 ppm signal. The DFT/B3LYP &5
prediction was 20 and 278 ppm for C3 (2) and (e), respectively
(Table 1).

While the large positive paramagnetic shift (~+230 ppm)
implies a large positive hyperfine coupling value for C3 (e), the
practically unchanged (almost diamagnetic) position of C3 (a)
(+34.3 ppm) indicates a much smaller hyperfine contribution.
Since the dominant two-bond FC contribution is the largest for
the C1,1” and C2,2" carbons their assignments are more or less
evident. Thus, the broad signals at —202.6 and —283.1 ppm
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Figure 5. *C CPMAS spectrum of complex 5. Only the central part is shown where carbons three and more bonds away from the paramagnetic
center give rise to signals. Signals in the indicated regions, four in each, are thought to belong to a specific group of atoms (possessing three- and
four-bond hyperfine couplings to the copper), e.g,, to that of the equatorial Cj carbons in the red and the axial ones in the black regions. The green
and blue regions (2 and 3) are assigned to the four-bond hyperfine couplings. Larmor frequency 100.61 MHz, rotation 10 kHz, temperature 300 K.

were assigned to the carbonyl (C1,1’) and methine (C2,2)
carbons, respectively. With regard to the overall stereo-
chemistry, our conclusion was the following: trans complex
with a symmetry element and C3 atoms in the equatorial and
axial positions.

2.2. Complex 3. In comparison to the spectra of 2, one more
signal was seen at 61.8 ppm (Figure 4, Table 1), as expected.
The new signal was assigned to the C4 methylene carbon
(Figure 1). Its moderate high-frequency shift is caused by the
interplay of the five-bond Cu—O—C1-C2—-C3—C4 and four-
bond Cu—N—-C2—C3—-C4 hyperfine couplings. Our conclu-
sion on the stereochemistry was the following: trans
coordination mode with a center of inversion (Cu), and
axial—equatorial arrangement for the C3 (a) and (e)
methylenes bound to C2 atom of the cyclobutane ring in
agreement with the single-crystal X-ray structure®® (Figure 1).

2.3. Complex 4. In comparison to the spectra for 3 (Figure
4), one more “diamagnetic” signal appeared at 22.7 ppm. It
could belong to either C4 or CS; the DFT/B3LYP results
suggest that it belongs to C4 (Table 1). In addition, small
changes of other “paramagnetic” signals [C1, C2, C3(a), and
C3(e)] were seen (Figure 4), suggesting the same trans-N,O,
coordination configuration and the presence of a center of
inversion as already seen in 2 and 3. The X-ray structure'”®
confirmed this prediction.

2.4. Complex 5. We knew from the X-ray structure®® that we
faced a dimer composed of one trans and one cis aqua complex
(Figure 2). The dimer was formed by coordination of a
carbonyl oxygen of the cis isomer to the Cu atom of the trans
isomer in apical position.”® The fact that this compound has
two paramagnetic centers has several consequences on the
spectral appearance and assignments. Namely, in the "C
CPMAS spectrum (Figure S), apart from the hardly detectable
carbonyl (C1,1’) and C2 and C2’' carbons, 20, partly
unresolved, protonated carbon signals were observed in the
region from +200 to +10 ppm. That is exactly the number we
expected for the four different cyclohexyl groups. This confirms
the presence of two different bis complexes in the asymmetric
unit, and the C; symmetry of the dimer. Starting from the high
frequencies (Figure 5), one can further divide the spectrum into
four subregions. The first three contain four signals each, and
the fourth contains eight signals. We attempted to assign these
groups to specific groups of carbons, such as “axial” and
“equatorial” Cy atoms two bonds away from Cu. Note that in
the cyclohexane rings the stereochemistry of these C4 cannot

4670

be properly described as axial or equatorial; however, as their
Cu—N—-C2—Cy dihedral angles, 6, do differ significantly, we
keep the axial—equatorial notation for clarity reasons.

To be able to make a tentative assignment we made use of
the dihedral angle dependence of the dominating three-bond
FC term confirmed earlier in alaninato complexes (see above).
A fairly linear correlation was found between the estimated FC
contributions (Sgc = 8 — &g,) and cos* & (Supporting
Information Figure S11). On this basis the suspected equatorial
and axial Cj signals (Figure 2; trans isomer, C14, C19, C31, C2;
and cis isomer, C53, C65, C36, C48) are most likely found in
the red and black regions, respectively. As indicated by DFT
calculations (Supporting Information Table S3) the suspected
C, carbons (see C5, C22, C11, C28, C39, C62, C45, C56 in
Figure 2, here four-bond hyperfine couplings are involved) are
probably found in the green and blue regions. Signals of all Cs
(C8, C25, C42, CS9 in Figure 2, five bonds away from Cu) are
buried under the broad singlet at about 22 ppm. Assignment of
the signals to the trans and cis isomer was not possible. Note
that in this case both Cu atoms can produce unpaired electron
densities on several carbon atoms of both complexes, which can
add to the complexity of the problem.

3. Study of Stereochemistry and Solid-State Mobility
of the Bis([D,Jamino acidato)copper(ll) Complexes As
Reflected in 2H Fast-MAS Spectra. 3.1. General Features of
2H MAS Spectroscopy. "H MAS spectra for hydrous p,. and
anhydrous L, (D,b) alaninato complexes were reported by Ishii
et al.> Even though this nucleus promises high sensitivity, the
recording of high-resolution '"H MAS spectra requires
extremely fast sample rotation (>60 kHz) combined with
special NMR methodolog}7.4sa’b A comparison between the 'H
and *H MAS spectra of 1b is given in Supporting Information
Figure S8.

*H MAS spectroscopy is a generally accepted method for
studying motions in the solid state of labeled diamagnetic
compounds.’®*® This is because even small modulation
(motions on the microsecond to nanosecond time scale) of a
large effect (namely, the quadrupolar coupling Cy) can more
easily be detected. In paramagnetic solids, like the diamagnetic
cases, the centerband positions give the isotropic values, and
the spectra are characterized by a large number of quadrupolar
spinning sidebands. The *H line shape depends also on the
geometry of the motional process;*® thus, motional models can
be validated and identified by simulations of the experimental
spectra.>* Dipolar couplings, rotation speed, temperature, and
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mutual orientation of the quadrupolar and dipolar tensors
influence the spectra.”> The strength of the electron—nucleus
dipolar interaction affects the extent of asymmetry of the
quadrupolar line shape, and also reflects motion. Its value may
range from a few to about 100 kHz. Very recently lijima et al.*’
demonstrated on solid paramagnetic samples that separation of
the quadrupole and paramagnetic tensors is possible by a 2D
*H NMR method using strong radio frequency (rf) pulses. The
H MAS spectra can provide essential information about
hydrogen bonding too. Chiba already found long ago*** that
deuterons that take part in short, strong hydrogen bonds have
smaller *H C, values than those forming weak hydrogen bonds.
Furthermore, significant rhombicity in the quadrupolar tensor
is observed in compounds with strong hydrogen bonds.**
More recently Zhao et al.*’ confirmed this correlation by ab
initio calculations. Webber and Penner*’ studied the problem of
inequivalent hydrogen bonds very recently using a combined
experimental and quantum chemical approach and found that
the quadrupolar tensor asymmetry parameter 7 also depends
on the geometry of hydrogen bonds (the larger its value, the
more linear the bond). For instance, the Cu—N—D valence
angles may depend on the geometry of hydrogen bonds, and
thus affect two-bond hyperfine couplings. It is also noteworthy
that, as already pointed out in the Theory section, the *H line
width is often smaller that of the 'H due to its smaller y value.'*

3.2. Exchangeable Deuterons: °H Fast-MAS Experiments
on Amine Deuterated Complexes. 3.2.1. Bis([D,]alaninato)-
copper(ll) Complexes. To further validate the assignment of
the cis and trans isomers and to gain insight into the internal
dynamics we recorded the *H fast-MAS spectra of several
polydeuterated (D,, Dg) or perdeuterated (D,,) bis(alaninato)-
copper(IT) complexes. The “H data are collected in Table 2.

Originally Lui et al. reported'* the H MAS spectra of the
selectively deuterated aqua DL la (ee). Later trans config-
uration was confirmed by X-ray crystal structures.'”*¢ Our 2H
MAS spectra obtained for amine-deuterated D, forms of trans
1a, cis 1a, and 1b are shown in Figure 6. As revealed by the
inspection of the spinning sideband manifolds (for the
complete spectrum see Supporting Information Figure S7)
the sideband intensities were only slightly asymmetric, which
indicated that the electron—>H dipolar interaction is small."®
The relevant Cu-to-D distances were about 2.5-2.7
A48 Only two low-frequency shifted signals were
seen in the spectrum (due to the negative two-bond FC
contribution) of the trans p,L aqua complex (Figure 2, middle).
The obtained shifts were very close to the reported data'* of
the aqua D,L-D5,5(yater) (€€) form (Table 2). Furthermore, the
water deuterons were invisible on our room-temperature
spectrum, which is also in agreement with the previously
reported spectrum.'* Our Cq and 7o values (Table 2) agree
reasonably well with the values reported by Lee et al. (Cq = 190
kHz, g = 0.2)."°

In the spectrum of the anhydrous L,L isomer 1b (Table 2 and
Figure 6, top), in agreement with the C; symmetry proposed
above on the basis of *C MAS spectra, four different ND sites
were observed. It is noteworthy that two of them were very
close to those observed in the trans p,L isomer (Figure 4,
middle). We know that in the D,L isomer the methyls are in the
equatorial positions; thus, it is tempting to also assume trans
arrangement of the ligands in the 1,L complex, and to assign the
ND signals at —124.0 and —150.5 ppm to the ligand with
equatorial methyl and the other two to the other ligand with
axial methyl group.
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Table 2. >H MAS Chemical Shift §, (ppm), DFT/B3LYP
55! (ppm), Motion-Averaged Quadrupolar Coupling Co
(kHz), and Quadrupolar Tensor Asymmetry 7] Values of
the Studied Amine-Deuterated D, Complexes trans 1a, cis 1a,
trans 1b, 2, 3, and 4“

deuterium 0y o2 Cq n
1a trans (ee)
ND (a) —127.6 191 0.10
ND (e) ~153.0 193 0.15
1a cis (aa)
ND (a) —-117.3 ~190-210 ~0.10—0.00
ND (e) —1542 ~190-210 ~0.15—0.00
1b trans (ea)

ND (a) ~103.9 ~210 ~0.00

ND (e) —124.0 ~210 ~0.00

ND' (a) —143.9 ~210 ~0.00

ND' (e) —150.5 ~210 ~0.00
2

ND (a) ~125.1 -167 200 025

ND (e) —154.4 ~196 207 0.20
3

ND (a) —122.8 —145 196 0.05

ND (e) —144.0 ~169 186 0.20
4

ND (a) —1132 187 023

ND (e) ~160.0 187 023

“The assignments of the ND deuterons to the axial (a) and equatorial
(e) positions of the chelate rings are based on the O—Cu—N-D
torsional angles and are tentative only.

The spectrum of the suspected mixture of the metastable cis
(p,L; DD; LL; 1,D) isomers (Figure 6, bottom) also exhibited
two signals. Therefore, this complex must have 2-fold symmetry
too. Apart from the relative heights, the signals were similar to
those of the trans pL form (Figure 6, middle). Only nearly
identical and dominant two-bond FC contributions can explain
this. Remember that the *C MAS spectra of the trans b, form
and the metastable cis sample were different (see Figure 3,
middle and bottom); their difference was explained by the
different methyl configurations (aa) and (ee). Data obtained
from the known cis and trans single-crystal structures'”*~ %82~
indicate that the Cu—N—D distances and valence angles are
indeed similar (the deviations are +0.01 A and +1.5°
respectively). A thorough inspection of the available exper-
imental crystal structures also revealed that in the trans p,L (ee)
isomer the coordination plane was irregular square-planar but
in the cis and trans L,L (ae) isomers the copper(Il) coordination
was distorted planar (e.g,, in the cis isomer'* the trans O—Cu~—
N angles are ~175° and —177°). It seems that the impact of the
(a) or (e) neighboring methyl group on Cu-to-D distances
and/or Cu—N-D valence angles, and therefore on the PCS
and two-bond FC contributions, is practically negligible.

Line shape simulations™ (accounting only for the quad-
rupolar tensor) of the ND signals of the cis isomer resulted in
rather large residual C, and indicated near axial symmetry of 7o,
for all signals (Table 2). These data suggest the presence of
static amine deuterons not related by symmetry.

3.2.2. Bis([D,]1-amino(cyclo)alkane-1-carboxylato-iN,0)-
copper(ll) Complexes. Only two low-frequency ND signals
were observed in “H MAS spectra of amine-deuterated
complexes 2, 3, and 4, but not § (Figure 7, Table 2), which
is in agreement with the symmetry suggested by the '*C MAS
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Figure 6. Comparison between the *H fast-MAS spectra of the bis([D,]alaninato)copper(Il): aqua D,L isomer (1a trans, middle), the anhydrous L,L
isomer (1b trans, top), and the suspected mixture of cis (D,L; D,D; L,L; 1,D) isomers (1a cis, bottom). 61.42 MHz, rotation 20 kHz. The isotropic
signals are indicated by arrows; in addition, five low-frequency SSBs are also shown.
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Figure 7. Comparison of solid-state *H fast-MAS spectra of ND, forms of complexes trans 1a 20 kHz, 2 20 kHz, 3 20 kHz, and 4 10 kHz. Whole
spectra, 61.42 MHz, 2.5 mm rotor, room temperature ~300 K. The dotted arrow line indicates an artifact (the carrier frequency).

(Table 1) and X-ray diffraction results.)7>1922% Not have a center of inversion. In 3 the Cu—N—D valence angles
surprisingly, the observed *H ND chemical shifts of 2 were obtained from the X-ray structure®® were 110 + 0.2° for both
very close to those of 1a. The *H ND shift values obtained for 3 deuterons. Therefore, the observed 21—22 ppm chemical shift
were also similar to those of 2. Remember that both 2 and 3 difference of the two deuterium sites (in the five-membered
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Bis(1-amino-1-cyclohexanecarboxylic acid)copper(ll)

complex 5, cis—trans dimer
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Figure 8. *H fast-MAS spectrum of the ND, form of 5. Top: extension, second to fourth low-frequency spinning sidebands. The red and blue arrows
indicate the third spinning sidebands of the ND and OD deuterons, respectively. Bottom: whole spectrum. Larmor frequency 61.42 MHz, rotation

20 kHz, 2.5 mm rotor, 300 K.

>

Table 3. ’H Paramagnetic Shifts §,’s (ppm), Relative Signal Intensities, Quadrupolar Coupling Values C(%s (kHz), Asymmetry
calcd>

Parameters 7]’s, Cu—N—H Valence Angles (deg) from the X-ray Crystal Structure,”® and DFT/B3LYP

trans Dimer in 5°

ND deuterons

s s (ppm) of the cis—

OD deuterons

cis trans trans

p —128.8 —147.4 —150.1
intensity 2 1 1
Cq 187 197 197
g 0.28 0.43 0.43
Cu—N-H 116.2 105.4 110.2

114.3
Feled —140 —-163 -201

—150

trans cis cis

—159.5 —196.3 -201.7 19.8 10.2

2 1 1
199 203 203 100 108

0.47 0.45 0.45 ~1 ~1
109.4 100.5 98.2
109.4
—166 -219 -231 —4 -1
—-167

“The signal assignment to either cis or trans isomer is based on the assumption that the FC term depends on the Cu—N—D valence angles (it is
assumed that the Cu—N—D values do not differ significantly from the Cu—N—H values). The accuracy of the angles is limited by the ill-defined

position of protons.

chelate rings these deuterons take axial and equatorial
positions) can hardly be explained by intramolecular causes
even if we take into account the location error for the protons.
It is noteworthy that the low-frequency signal [—144 ppm, ND
(e)] has a smaller Cq value and a larger 77q value than ND (a)
(Table 2). We consider these results as possible indications for
hydrogen-bond involvement.*

The largest chemical shift difference (~56.8 ppm) between
the amine deuterons was found in the cyclopentyl derivative 4
(Figure 7, Table 2). The reason is unclear. Values of the
obtained quadrupolar coupling constants and paramagnetic
shift tensor asymmetry parameters proved static ND deuterons
in all complexes.

The situation was quite different with complex S. Eight
different ND deuterium sites were expected in the cis—trans
dimer with C; symmetry. In the H MAS spectrum, apart from

the two signals of the D,O molecules, only six different sites
were observed (Figure 8 and Table 3) but with 2:1:1:2:1:1
intensity ratios; i.e., there were two overlaps. The experimental
Cu—N-D valence angles (Table 3) could be correlated with
the size of the FC contribution by a quadratic function
(Supporting Information Figure S12). The X-ray crystal
structure showed two identical Cu=N—D angles and another
similar angle pair (114.2°, 116.2°).>° Also note that the X-ray
structure analysis>® did not produce very accurate positions for
hydrogen atoms. In addition, the observed H line widths were
about 7 ppm (~420 Hz) wide.

The Cq and #q values (Table 3) clearly suggest motionally
rigid ND deuterons taking part in hydrogen bonds. Indeed, the
X-ray structure shows that they form hydrogen bonds to the
carbonyl oxygen atoms of the neighboring complexes. In
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Table 4. Collected *H Isotropic Chemical Shifts 6, (ppm), Estimates of Motionally Averaged Quadrupolar Coupling C,, (kHz),
Quadrupolar Tensor Asymmetry 7, and Hyperfine Coupling A of Available Deuterated Forms of Bis([D,]alaninato)copper(II)

Complexes (n = 4, 8, 12) trans la, cis la, and trans 1b“

[D,] form; D nuclei 3, Cq n
1a trans (ee)
[D,]; NN'D, (4, < 0) —127.6, —153.0 1919, 193% 0.10, 0.15
—132.7,° —159.5¢ 190° 0.20°
[“N][D,];* N/N'D, (4, < 0) —128.3, —155.4 193, 192 0.15, 0.10
[D1,]i NN'D, (4, < 0) —130.6°, —159.0°
[D,,]; C22'D (4, > 0) 8.4¢, 09
[D1,]; C3,3'D; (4, > 0) 32,05 204, 34
la cis (aa)
[D,]; NN'D, (4, < 0) —117.3, —154.2 190—210 0.10—0.00, 0.15—0.00
1b trans (ae)
[D,]; ND, (4, < 0) —~103.9, —124.0 ~210 ~0.00
[D,]; N'D, (A4, < 0) —143.9, —150.5 ~210 ~0.00
[Dg]; C2,2'D (4, > 0) 103.7, 48¢ (e) 156 (e) 0.01 (e)
32.8, 677 (a) 167 (a) 0.01 (a)
[Ds]; C3,3'D; (4, > 0) 415, 317 (e) 54 (e) 030 (e)
9.6,3% (a) 52 (a) 0.37 (a)
[D,,]; ND, (A, < 0) —104.3, —125.1 206, 211 0.00
[Dy,]; N'D, (4, < 0) —141.1, —149.3 207, 200 0.00
[Dy,]; C22'D (4; > 0) 100.1 (e) 155 (e) 0.17 (e)
31.7 (a) 147 (a) 0.16 (a)
[Dy,]; C3,3'D; (A4 > 0) 40.1 (e) 59 (e) 0.12 (e)
9.2 (a) 55 (a) 0.12 (a)

“The signal assignment to the axial and equatorial chelate-ring conformations [denoted with (a) and (e), respectively] was based on the assumption
of a Karplus-like dihedral angle dependence of the three-bond Cu—N—C—D hyperfine couplings [the average values of the Cu=N—C—D dihedral
angles obtained from the reported single-crystal structures'’*"$*" are 135 + 5° in (e), and 85—95° in (a)]. "Results of simulations based solely on
the quadrupolar interaction.”® “Reference 14. “Results of the DFT/B3LYP calculations (Supporting Information Table S1; the average value used for
the CD; groups). “Data obtained for the "*N labeled compound are included only to show the reproducibility of the experimental values on different

samples (crystals).

contrast, the OD deuterons, as indicated by their much smaller
Cq and large 7 values, are much less rigid in the crystal lattice.

3.3. Nonexchangeable Deuterons: °H Fast-MAS Experi-
ments on the Bis([D,Jalaninato)copper(ll) Complexes: D,
(Aliphatic Only) and Dg,sumine-12 (Perdeuterated) Aqua
Forms, Identification of p,. and . Isomers. To further
validate the assignment of the DL and L,L isomers and to gain
insight into the internal dynamics of these complexes we
recorded the *H fast-MAS spectra of several polydeuterated
(D4, Dy) and/or perdeuterated (D;,) bis(alaninato)copper(II)
complexes (Table 4).

Literature data exist for the Dg form of the aqua trans p,L but
not for the L,L isomer. Three signals have been found for the
aqua DL isomer at 32.0 (CD,), 20.4 (CD,;), and 8.4 ppm
(CD)."* However, no reasoning was given for the presence of
two signals of very different intensities and their assignment to
the CD; deuterons.'* Different intensities of the isotropic
signals can be the consequence of different anisotropy and
asymmetry of the quadrupolar tensors; however, this
interpretation is unreasonable for two similarly rotating methyl
groups in the molecule with 2-fold symmetry, as indicated by
the '*C MAS spectra.*

Assignments of the ND,, C2,2'D, and C3,3'D; deuterons
were possible on the basis of the simulated motionally averaged
Cq values and the expected sign and magnitude of the
dominant FC contribution. Both the three-bond (C2,2'D) and
four-bond (C3,3'D) FC contributions are positive, but as
expected, the magnitude of the latter one is much smaller.”
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In trans 1b, unambiguous assignment of the signals to either
axial or equatorial chelate-ring atoms was not possible for the
nitrogen and methyl (C3,3’) bound deuterons. In cases of
deuterons bound to the C2,2’ carbons the axial and equatorial
descriptions were assigned again assuming a Karplus-like
dihedral angle dependence® of the three-bond Cu—N—C—D
hyperfine couplings (Supporting Information Figure S11). On
this basis the signals at 103.7 and 32.8 ppm (see data of
complex 1b in Table 4) were assigned to the equatorial and
axial positions, respectively.

The 1D spectrum of the trans 1,L.-Dg form is well-resolved,
and the quadrupolar line shape is near symmetrical (Figure 9
(bottom) and Supporting Information Figure S7). It is clear
that the ligands’ conformations are different, so the complex
lacks symmetry, which is in agreement with the '*C data (see
Figure 1, top). Note that both the sensitivity and the resolution
of the H MAS spectrum were superior to those of the '*C
MAS spectra. Shifts of the CD; and CD deuterons agree well
with the reported 'H data® (Supporting Information Figure
S8). Figure 9 illustrates the rapidly disappearing SSB intensities
of the methyl deuterons relative to those of the methine
deuterons in a comparison of the second and third spinning
sidebands.

The obtained Cq and 7 (Table 4) indicate that while the
CD deuterons are static the deuterons of the CD; groups are
possibly involved in a three-site fast jumping process® [Cq
(motionally averaged) = 52—59 kHz]. Shi et al.>" reported that
the Cq and 7 values of the U-[*H,/"°C;/"*N]-alanine were
155 kHz/0.0 and 160 kHz/0.0 for the unaveraged quadrupolar
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Figure 9. Comparison between H MAS spectra of the trans 1,L-Dg (bottom) and trans 1,L-Dg,4_y, (top) forms of the L-alaninato complex (1b). Only
the low-frequency second and third SSBs are shown for clarity. The N,N'D,, C2,2'D, and C3,3'D; signals are indicated by red, blue, and tilted brown
arrows, respectively. Larmor frequency 61.42 MHz, rotation speed 30 kHz, sample temperature 300 K. The total acquisition time was about 5 min.

tensor of the rotating methyl deuterons (using a three-site jump
model)** and for the static methine deuteron,> respectively,
which is in agreement with our findings.

In the spectrum of the trans L,L-Dy, complex (Table 4, Figure
9, top) four additional low-frequency shifted signals were
detected (indicated by red arrows). They can be assigned to the
different ND deuteron sites. The Cq and 7q values of the
quadrupolar tensors calculated for them are very similar to
those of the ND deuterons of the trans 1,.-D, complex (Table
2).

B CONCLUSIONS

In agreement with earlier reports* "' we confirmed that
recording of good quality NMR spectra of paramagnetic Cu(II)
complexes can be faster in solids than in solution state due
mainly to their favorable T,,, T)q, and T, relaxation properties.
Furthermore, the paramagnetic effects add to the chemical shift
differences existing in diamagnetic complexes making reso-
lution better and, thus, identification of stereoisomers easier.
Bis(alaninato)copper(I) complexes were studied in detail, and
we have shown that both *C and *H MAS spectra can
distinguish between the p,. (diaxial or diequatorial) and L.L
(axial—equatorial) diastereomers of bis([D,]alaninato)copper-
(II) (n =0, 2, 8) complexes primarily owing to the different FC
contributions. The three-bond hyperfine couplings clearly show
Karplus-like dependence (f(cos* #)) on the Cu—N—C2—C3 or
Cu—N-C2-D torsional angles which turns out to be a useful
assignment aid. At the same time the FC term is remarkably
less sensitive to the cis or trans CuN,O, configuration in the
studied complexes. Therefore, a priori identification of the
coordination mode is not possible from the NMR spectra
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alone. Crystal structures and DFT/B3LYP calculations were
also used to complement the final assignments. The
correlations obtained for bis(alaninato-x*N,0)copper(I) com-
plexes were successfully used to characterize the stereo-
chemistry of analogous bis(1-amino(cyclo)alkane-1-carboxyla-
to-k*N,0)copper(IT) complexes (2—4). Even in the case of the
double-sized cis—trans dimer (5), both the '*C and *H (ND)
resolutions were good enough to confirm the presence of two
different complexes in the asymmetric unit.

Even though deuteration of molecules of interest may be
expensive and tiresome, note that chances of routine measure-
ments at natural abundance are steadily increasing.’* Even
spectra of the easily exchangeable amine protons (i.e., those of
the bis-D, forms) contained a lot of essential stereochemical
information. With regard to the internal solid-state motions
going on in the crystal lattice of these molecules, the obtained
quadrupolar tensor parameters were similar for the p,L and L,L
alaninato isomers and also for the cis—trans forms. The
obtained C, values suggest static amine deuterons with
hydrogen-bond involvement in all complexes, and fast rotating
methyl groups (similar crystal packing effects) in trans 1b.

B ASSOCIATED CONTENT

© Supporting Information

General methodological remarks on ssNMR spectroscopy and
the fast-MAS method. Rotation rate dependence of the *C
MAS spectra (Figure S1), collection of *C CPMAS spectra of
the free crystalline ligands (Figure S2), comparison of *C
CPMAS spectra of the polycrystalline complexes and the free
ligands (Figures S3—S6). 'H and *H fast-MAS spectra of the
Cu(I)([Dy4]r-alanine), complex (Figures S7—S8). Details of
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the DFT/B3LYP calculations, *C and 'H spin densities, and
6;%“ of the cluster systems of trans 1b, cis 1b, trans 1a hydrate,
cis 1a hydrate (Table S1); 17-Cu cluster model generated from
MM predicted crystal structure of la cis hydrate (Figure S9);

3C and 'H spin densities, and 5;%“1 for complexes 2, 3, and 4
5calcd and 5calcd

(Table S2). *C and 'H spin densities, 55, 55, complex
for complex 5 (Table S3); correlations between the
experimental and calculated shift values of the C3,3’ atoms
(Figure S10); gas and solution phase DFT/B3LYP relative
energies of the 1a and 1b stereoisomers (Table S4). Karplus
dependence of the FC values on the dihedral angles (Figure
S11) and quadratic dependence of the FC values on Cu—N—D
valence angles (Figure S12) in complex S. This material is
available free of charge via the Internet at http://pubs.acs.org.
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