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Abstract—A vector model of the multiplet-selective excitation of spin systems by a three-pulse sequence is
considered, and, on this basis, a new two-dimensional exchange NMR spectroscopy technique is suggested.
This technique provides means to investigate intramolecular and intermolecular chemical and spin
exchanges by observing the dynamic behavior of the multiplet pattern of a nucleus that is scalarwise coupled

with the unobservable nucleus undergoing exchange.
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INTRODUCTION

At present, there are numerous selective experi-
mental NMR techniques intended for the study of
molecular behaviors in the liquid and solid states [1—
4]. Here, we present a new technique for investigating
molecular dynamic processes. In this technique, only
one nucleus of a coupled spin system is excited.

Earlier, we described a procedure in which coher-
ent transfer effects are suppressed by the multiplet-
selective excitation (MUSEX) of the spin system [5].
The usefulness of this technique lies in the fact that it
minimizes the loss of information about spin—spin
coupling. Its drawback is that information on the
chain of scalarwise coupled spins is lost in the study of
exchange processes. In order to avoid this situation, it
is necessary to combine selective and nonselective
excitations in the NMR experiment.

Three-pulse sequences are used in the experiment
suggested here. Each sequence is a combination of two
multiplet-selective pulses and one nonselective pulse.
The MUSEX EXSY experiment is a combination of
correlation spectroscopy (COSY) methods and
exchange spectroscopy (EXSY) methods. We will con-
sider all possible combinations of nonselective and
selective pulses. There are altogether 32 variants of the
experiment, and an appropriate pulse sequence should
be selected for solving a particular problem. All our
calculations are based on the vector operator formal-
ism (VOF) [6]. The results will be presented for
sequences exciting the weakly coupled system AX
(IS). The main distinctive feature of these sequences is
use of alternating excitation (ALEX) of spins based on
multiplet-selective excitation (MUSEX).

MUSEX EXSY EXPERIMENT
Vector Operator Formalism

Here, we will discuss the results obtained by apply-
ing the vector operator formalism [7] to a system of
two coupled spins (IS = AX) subjected to the action of
the pulse sequences specified below.

I. Pulse sequence [90] — #, —905(I) — T —

90 (I) — t,],. Note that the first pair of pulses in this
sequence is actually a MUSEX COSY experiment [8].
After the action of the second selective pulse exciting
nucleus I, the remaining transverse components con-
tinue to precess at the same frequency as within the
period #, and the longitudinal components are involved
in exchange processes (if the latter take place) during
the mixing period t,,,. The third, selective, 90° pulse,
applied to the nucleus A, serves to record the signal.

The third, 902(1) pulse about the x axis leaves only
the x-components . Only nucleus I is re-excited here.
This means that the spectrum for the nucleus I is
unchanged, as was demonstrated for the case of two
selective pulses applied to the nucleus I (see the table
in [6]). As for the nucleus S, since the channels for S
are closed, the resonance lines of the square multiplet
pattern that lie precisely on the diagonal disappear,
while the nondiagonal lines remain, as is proved by
calculations based on the formalism suggested here
(see below). The spin diagram for the nucleus I is
shown in Fig. 1. Trigonometric transformations even-
tually yield the same positions of the signals from the
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Fig. 1. Diagram of the evolution of the vector operators of spin I in the COSY experiment: (/) diagonal peaks, (2) antiphase mag-
netization, and (3) longitudinal magnetization.
spin of I as in the case of the two-pulse sequence x sin(wg + 1Jig)t, — sin(wg + 7Jg)?sin(wg — 1lg)t,

[905 — 1, — 90,(I) — 1,].

For the spin of S, the four pathways that lead to the

observable y-components appear in complete form as
follows:

1
G4 = —S5,C08M | COSTLS |51 COSMsFHCOSTL |51,

1
= —ZSy[cos(oas — ntJig)t) + cos(wg + 1Jig)t ]
x [cos(wg — TJi5)t, + cos(mg + T/ i5)1]
= —iSy[cos(ws — mtJg)t cos(wg — TJi)t, + cos(mg
— nJig)t cos(wg + mJis)t, + cos(mg + TS g)f cos(mg
— mtJ1g)t + cos(wg + 1Jig)t cos(wg + 551,
ci = —§,c08mgtSinTtJ gt COSWshSinTS g, = 1 S,
x [sin(wg + TJig)t; — sin(wg — nJig)? ] [sin(wg + TJ1g)

t, — sin(wg —mJig)t] = —iSy[sin(oas + i) 1
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— sin(wg — 1Jig)tsin(wg + mJig)f, + sin(wg — 1J;g)
x fisin(wg — mis)h],

3 . .
Gy = §,8inwgt COSTS (gt SinWgt,COSTS |51, = lSy

x [sin(mwg — mJig)t, + sin(wg + mJ1g)? ] [sin(wg — 7/ig)

% t,+ sin(og + Thg)t,] = iSy[sin(ws — ot

x sin(wg — mJig)t, + sin(wg — 1Jig)tsin(wg + /157,
+ sin(wg + mJig)t sin(wg — mJig)t, + sin(wg + nJig)
x tisin(wg + Jig)h],

4 . . . .
G4 = S,sinwgt sinnt/isfsinwghHsinmd g, = ‘l‘ S,

x [cos(mg — TJi5)t; — cos(wg + mJi5)? ] [cos(wg
— nJig)t, — cos(wg + TJi5)t] = iSy[cos(ms — 1)
x t,cos(mg —

1tJ15)t, — cos(mwg — 15t cos(wg + T/ i5)t,
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Table 1. y-Components of the density operator in the #, step, represented as 2D spectra for two coupled nuclei

Nucleus A Diagonal Nucleus B Diagonal

peaks peaks

[ I ] O O

1 5yCp,CaB,CA,CaB, PR —18yCg Cag,CamC aBmCB,CaB, e
(O J ® O

L ayCa,SaB,CanCamCa,SAB, ® O —18,Cp,SAB,CAnCaBmCB,SAB, o e
[ N ] o 0

I aySa, CaB,CamCABnCA,CaB, PR I5yS8,Ca,CamCaBmCs,CaB, PR
® O Cc e

LapSA,SaBSa,SAB, o e IS8, SaB,CamCamSB,SAB, ® O
® O ( I J

—L oy Ca,SaB,SamS aBmS a,CaB, ® O IgyCg ,CaB,SamCaBmSB,CaB, PR
o O ® O

—L ApSA,CaB,SamS aBmCa,S A, PR I5yCy,SAB,CamSABmSB,S AB, o e
o 0

I5,S8,CaB, SAmCaBmCr,C B, PR

® O

I5,S8,SAB, CAmS aBnCB,S AB, o e

CanBiy) = C0sQamY12);  CaBym =CosQam)m;  CaBy, = COSTIABNR);  CaBym = COSTABIM;  SApByp) = SINQAB) 1)

Sa®m = SinQaBYm; SAB,,, = Sin T AB12); SaByn = SINTJ Aplw; aB)y 18 in-phase magnetization; @, positive intensity of the absorp-

tion signal; O, negative intensity of the absorption signal.

— cos(wg + TJig)t cos(mwg — Ti5)1
+ cos(mg + i)t cos(mg + mSig)t].

By summing these expressions and grouping like
terms, we obtain

obs

C, = —%Sy [COS(O\)S - TEJls)thOS((DS + Tchs)tz

+ cos(wg + 157 cos(wg — Tg)h | + %S , [sin(og + 1tis)
x fysin(wg — ig)1, + sin(ws — ys)fisin(ws + is)h].

For comparison, we list, in Table 1, the observable
terms of the density operator that describe the behav-
ior of the system of two coupled spins during the pre-
cession period %. In Table 2, we schematize some of
the calculated spectra for three-pulse sequences. As is
clear from Table 2, the cross peak pattern for these
sequences is significantly simplified, depending on the
mixing coefficient.

The spectrum is of use in the study of exchange
processes occurring in complex spin systems, particu-
larly in systems characterized by overlapping and over-
crowded regions. Therefore, this method can be used
to prove the existence of a dynamic process in molec-
ular systems. Exchange processes can also be observed

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

using the diagonal and cross peak model. After the
excitation of any random exchange processes, reso-
nance exchange lines appear inside diagonal peaks; in
other words, the square pattern of these peaks is
restored.

I1. Pulse sequence [90(A) — #; — 907 — Ty —

907 (A) — 1,],. The observable terms of the AX system
can be represented in the same way as in the previous
case. The two-dimensional (2D) spectrum is actually
one of the two symmetric halves of the standard spec-
trum. In the 2D spectrum, the signal from the S (A)
nuclei is unobservable:

© = —S,cosmgt,cosnt,

= _%[Sy(cos(coS — nJ)t, + cos(wg + wS)1)].

I11. Pulse sequence [90 (A) — ¢, — 90° (A) — T, —
90° — 1,],. As would be expected, the spectrum in this
case degenerates again, changing its cross peak pattern
relative to that in the two previous cases. Note that the
two selective pulses in the alternating excitation
(ALEX) of the A/X nuclei (one 90° (A/X) pulse and

Vol. 9 No. 2 2015
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Table 2. Variants of the MUSEX EXSY experiment
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Technique Pulse sequence 2D spectra
F2
(o)X} O O
B [oNe} O O
NSP-NSP-SP(A) 1907 — 1 — 90 — i = 903(A)— 1],
[ONe} [ONe
A OO [ONe
A B F
F
o ([ ]
B [ ] ([ ]
NSP-SPA)-NSP 11907 — ;= 907(A) — iy =90~ 11,
[ N J (ONe}
A o0 LN J
A B F
P
B ® O
SP(A)-NSP-NSP"1[901(A) — 1, = 90~ Tyix = 90, = 1],
AL,
A B F
P
B ° °
NSP-SP(A)-SP(A) |90, — 1, = 90(A) = Ty —901(A) — 1],
Alg®
A B F
F
® O
B ® O
SP(A)-NSP-SP(A) | [90{(A) — 1; = 90, = Tyix —904(A) — 3],
[ N J
A [ N J
A B F
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Table 2. (Contd.)

Technique Pulse sequence 2D spectra
F,
O
B [ ]
SP(A)-SP(A)-NSP1[903(A) — 1, = 90(A) — Ty — 907 — 11,
[ X J
A [ N ]
A B F
F,
oce
B ® O
SP(A)-SP(A)-SP(B) | [90(A) — ; = 90(A) — Ty — 90(B) — 1],
[ X J
Alee
A B F
F2
B
SP(A)-SP(B)-SP(A) | [90(A) — 1 — 90(B) — Tiy ~901(A) — 1,
[ N ]
A o0
A B F
F,
B *.
SP(B)-SP(A)-SP(A) | [907(B) — £, — 907(A) — Tyyix— 90,(A) — ],,
®
A ®
A B F

one 90° (X/A) pulse) give reflection-symmetric 2D
spectra (Fig. 2).

Sequences I and III provide means to visualize
each coupling in a multiplet system and chemical
exchange. Thus, these sequences can be used step-by-
step to identify all coupled partners in a complex spin
system, since the above-considered MUSEX COSY
experiment makes it possible to observe all couplings
simultaneously. Sequence I is convenient in the inves-
tigation of relaxation mechanisms. The resulting spec-
trum in the case of sequence II has a diagonal peak
from the spin of A as a consequence of the interference
of eight components, among which four ones arise
from single-quantum coherences and the others arise

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

from two-quantum and zero-quantum coherences. In
this case, the first two pulses are ALEX COSY and the
third pulse, applied to the nucleus X, is used as the
detecting pulse. As T, is varied, the two rectangular
lines for the diagonal peaks may disappear, leaving the
diagonal lines.

Note that the set of these sequences can be consid-
ered as a complete MUSEX EXSY experiment. This
experiment has the following advantages over standard
EXSY spectroscopy:

(1) Assignment of resonance signals in a compli-
cated NMR spectrum is easier to do and is more
unambiguous.

Vol. 9 No. 2 2015
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SP(A)-SP(X)-SP(A)

F2
X

® O
A

® O

177

SP(X)-SP(A)-SP(A)

A X F,

SP(A)-SP(X)-SP(X)

.

SP(X)-SP(A)-SP(X)

Fig. 2. Variants of the ALEX EXSY experiment. SP(A)/(X) is the selective pulse.

(2) This method can readily be carried out in prac-
tice, since any spectrometer fitted with a selective
attachment is suitable for its implementation.

(3) This method is particularly helpful in proving
the uniqueness of an exchange mechanism.

(4) Selective pulses are used in this experiment.

In addition, the above calculations coincide with
the classical description and, as will be demonstrated
below, with strict quantum chemical calculations [9].

Quantum Chemical Interpretation of the Method

Consider the pulse sequence [90] — #, — 90(A) —

Toie— 905(A) — 1], exciting the spin system AX. The
transformation matrix of the rotation operator
((1/2)R(m/2)) in explicit form in the orthonormal
basis appears as follows [10, 11]:

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B
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The density matrix for a thermally equilibrated sys-
tem appears as

I+p00 0 1000
0 10 0 0000
Geq=l :lE+£ ,
4 0 01 O 4 4000 0
0 001-p 000 -1
where 6., = o, (0, is the density matrix at ¢ = 0),

p =hw,/kT, w, is the Larmor frequency of the spin of
A; o, = m, since populations are considered. In the
calculations presented below, it is possible to omit the
first term, since the rotation operator R, commutes
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with the unit operator. We will then obtain o, =
R.'(1/2)5,R (1/2) or, in matrix notation,

0-1-10
ipl1 0 0 -1
0-1 __Q .
81 0 0 -1
01 1 0

In the evolution period ¢,, the system being irradi-
ated evolves under the action of precession in the fol-
lowing way:

BORODKIN et al.

where e, designates the exp(i®,,?;) exponentials,
3= (DA] =Wp— TCJ, D= (DX1 = (DX—TCJ, Wy = ('OAZ =
®p + 1/, and 034 = 0y, = 0x + /.

The second pulse, which is selective toward the
nucleus A, (n/2),(A), generates the following state:

03= R, (T/2)A0; X R(1/2), OF

—i(e;y+ey) —(en+ey) (—es+ey) i(—epn +ey)
ip (ex +eus) —ilex +ep) iey —egs) (—ey +eu)
16 (_913 +331) i(el2 _934) i(el3 + 931) _(elz + 634) '

i(—ey +es3) (—en+ep) (e +ey) i(exy+ey)

0 —ep —e; 0 Since exp(im; ;) = exp(—im 1)), exp(ingt;) =
G = ip| e 0 0 —ey exp(—im,,t,), and so on, introducing the designations
> 16 e, 0 0 —eyl| Sin® 3t = Sy, SinOyf = Sy, cosow;3f; = C4, and
0 ey ey O cosmyt; = C,,, we obtain
1=Cy, 0 0 0
p 0 -1-C4, 0 0
G3p - = )
8 0 0 1+C,y, 0
0 0 0 —1+C,4,
—iCx, +S8x —
0 . X X s, 0
—iCx, + Sx, :
iCx, —Sx +
{ .X1 X } 0 0 SA2
G _£ +lCX2 _SX2
Ys —iCy, + Sx, ) |
Sa 0 0 )
] _lC‘X2 + SX2
iCx +S8%x +
0 SA ‘Xl X, 0
’ +iCyx, + Sy,

where the component G5, represents populations and
consists of two parts, one of them being the population
tagged with the frequencies of the excited transitions.
The single-quantum coherence o5, is responsible for
the observed transverse magnetization of the spins of A
and X. Obviously, no coherence transfer is observed for
the spin of A. As for the spin of X, the 1 — 2 transition
between the energy levels of the AX spin system turns
out to be modulated by both frequencies of the spin of
X, namely Cy, +iSx, and Cx, +iSx . This means that,
during the evolution period ¢, the 1 — 2 transition,
tagged with the spin X, frequency, leads to the mixing
of the frequencies of the spins of X, and X,; that is,
after a double Fourier transform, peaks at the frequen-
cies (Fx, Fx) and (Fy,, Fy ) appear in the 2D spec-
trum. By similar considerations for the 2 — 4 transi-
tion, we obtain two more peaks, namely, (Fy , Fx,) and

(Fx, Fx,)-

RUSSIAN JOURNAL

It is of interest to consider the 2D spectrum that
results from the action of the second selective pulse
. (A), in place of the (1t/2),(A) pulse, on the AX sys-
tem. Now the second selective pulse, applied to the
nucleus A, generates the following state: o; =

R, 1(7t) A0, R ()5 Or1, in matrix notation,

0 —ey e 0
ip| €s 0 0 ey
4| —; 0 0 —ep, |

0 —eye O

After a double Fourier transform, we obtain a
unique 2D spectrum in which there are no strictly
diagonal peaks due to the nucleus X. Obviously, this
2D spectral pattern makes it possible to unambigu-
ously determine scalar couplings for two coupled spins
in an analysis of NMR spectra, particularly for macro-
molecules.

OF PHYSICAL CHEMISTRY B VWol. 9 No.2 2015
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Fig. 3. Nonselective 2D exchange proton NMR spectra of methanol recorded in the CH; group region (f= 100 MHz) at (a) 22,

(b) —42, and (c) —70°C.

Returning to the three-pulse sequence [90? — -

90%(A) — Tyix — 905(A) — 1,],,, we can draw the conclu-
sion that the two selective pulses exciting the nucleus
A act on the AX spin system in the same way as the sin-
gle selective pulse m(A) does. The ultimate effect of
this pulse sequence differs from the effect of the pulse

sequence [90; - - 180i(A)]n by the coefficient
e;(Tmiy) and the signals from the nucleus X that lie
strictly on the diagonal disappear from the spectrum.
If the spin system undergoes exchange processes, then
the square pattern of the diagonal peaks from both
nuclei will restore and exchange cross peaks will
appear.

RESULTS AND DISCUSSION

To achieve the purpose of the experiment, NMR
spectra were recorded on Varian and Bruker spectrom-
eters operating at 100, 200, 300, and 500 MHz. The
solvents were chloroform-d,, acetone-dqs, water-d,
methylene chloride, dimethyl sulfoxides-dg, nitroben-
zene-ds, bromobenzene-ds, and toluene-dg. Prior to
being used in an experiment, the solvents were held
over molecular sieve 4 A for at least 1 day.

The kinetics of the observed dynamic processes was
quantitatively studied by recording the temperature
evolution of line shape of indicator signals in NMR
spectra and by comparing the experimental spectra
with the set of theoretically calculated lifetimes of
exchanging states (1., s) [7].

The two types of spectra were matched by compar-
ing their characteristic parameters, namely, the full
width at half-maximum of the lines, interpeak dis-
tance, the ratio of the maximum signal amplitude to
central minimum, etc.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B
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Methanol

The advantages of the MUSEX technique will be
demonstrated using intermolecular proton exchange
in methanol as an example [7]. The one-dimensional
'H NMR spectrum of methanol in the absence of
chemical exchange is well known. The fine structure of
the spectrum shows itself because the chemical
exchange in methanol slows down as the sample tem-
perature is decreased.

This chemical exchange in methanol is known to
proceed via the following reaction:

cHoH" + cH?OH?

< CHYOH® + CHYOH".

Investigation of process (1) in the temperature
range from —70 to 40°C by means of conventional 2D
exchange spectroscopy using a standard three-pulse
sequence without suppressing all types of coherences
seems to be impossible, because the nonselective mul-
tiple-pulse excitation of the coupled spin system of
CH;0OH causes coherent magnetization transfer along
the scalar coupling chains (J cross peaks). Therefore,
the exchange cross peaks will overlap with J cross
peaks and information concerning chemical exchange
will be lost. Indeed, in the case of nonselective excita-
tion (Fig. 3), the intramultiplet cross peaks (ICPs)
observed at —42°C might seem to be evidence of an
exchange process taking place owing to the averaging
of the indirect spin—spin coupling constant 3/, as a
result of intramolecular proton exchange between
hydroxyl groups. However, as this exchange is further
frozen (the temperature is lowered to —70°C), the
ICPs in the spectrum persist, and this can only be due
to coherent magnetization transfer in the coupled spin
system, which is nonselectively excited in this case.

The MUSEX excitation of either proton-contain-
ing group of methanol causes no coherent magnetiza-
tion transfer between the coupled transitions, as was
demonstrated above. This is the reason why the signal
from the methyl group, at —70°C, when there is no

o))
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Fig. 4. MUSEX 2D exchange proton NMR spectra of methanol recorded in the CH; group region at (a) 22, (b) —42, and (c) —70°C.
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Fig. 5. One-dimensional '"H NMR spectrum of sucrose (500 MHz). The arrow indicates the signal from H(5').

chemical exchange (reaction (1)), as distinct from the
same signal shown in Fig. 3, consists of only two reso-
nance lines located along the principal diagonal of the
2D exchange spectrum (Fig. 4). Likewise, the four res-
onance lines of the signal from the hydroxyl proton are
observed. Once the chemical exchange begins, ICPs
appear in the spectrum and the intensity of these peaks
increases as the rate of exchange is increased by raising
the sample temperature. Thus, the MUSEX 2D
exchange spectra obtained describe only pure chemical
exchange in methanol.

The advantage of pulse sequence II in the assign-
ment of chemical shifts of resonance signals will be
demonstrated using the NMR spectrum of sucrose as
an example.

It is very often impossible to selectively excite the
proton signal if the latter is in a heavily overlapped
spectral range or in the immediate vicinity of other sig-
nals, as in the case of the H(5') proton in the 500 MHz
'H NMR spectrum of sucrose in D,O (Fig. 5).

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

Nevertheless, in a proton magnetic resonance
spectrum of any complexity, there is always a well-
resolved resonance line that can be selectively excited
with a high spectral purity (e.g., the proton H(1') line)
by using one of the above pulse sequences, such as
[905(H —1') — £, — 905 — 4,],,. The first, selective pulse
excites only the H(1') proton, which is registered at
some frequency during the time period #,. The second,
nonselective, mixing pulse serves to transfer the fre-
quency-registered coherent magnetization of the
H(1") proton only to the protons that are scalarwise
coupled with it. Figure 6 shows its 2D spectrum. The
first, selective pulse excites the H(1') proton. The
spectrum displays only the signal from the H(2') pro-
ton, which is scalarwise coupled with H(1").

Mechanism of Degenerate Ligand Exchange Reactions
in Cadmium Complexes

The scientific literature contains many examples of
how a change in spin—spin splitting is used to carry out
No. 2
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Fig. 6. Two-dimensional 'H NMR spectrum of sucrose
(500 MHz).
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1

Fig. 7. Structural formula of N,N'-ethylenebis(c.-isopro-
pyl-B-mercaptopropylenealdiminato)cadmium(II).

a quantum chemical analysis of spin systems in which
one of the nuclei is unobservable in the given experi-
ment and how information about the exchange pro-
cess is gained using the effect of scalar spin—spin cou-
pling on the spectral behavior of an observable nucleus
coupled with the unobservable nucleus [12]. An unex-
pected result was obtained in the investigation of
exchange processes in coordination compounds like
complex I [8] (Fig. 7).

In spite of the rigid planar tricyclic structure of the
molecule, the coalescence of the multiplets from the
methine protons, —-N=CH—, in its '"H NMR spectrum
is similar to the same process observed for bis chelate 11
(Fig. 7) and differs from the latter only in that the
transformations occur at higher temperatures. The
realization of the degenerate ligand exchange mecha-

nism ML, + M*Li © MLE +M7L, in compounds
like I is suggested by the examination of ICPs in the
MUSEX 2D exchange spectra of for the mixture of the
isotopomers ''Cd and '">Cd in the region of medium
exchange rates.

The introduction of a methyl group into the
diamine ring (passing to compound IIT) makes the sig-
nals from the protons of the six-membered chelate
rings nonequivalent, owing to which the signals from
the —N=CH-— protons in the 1D spectrum are two
doublets differing in chemical shifts, both character-

=28 Hz.

. : 3
ized by a coupling constant of °J 1 N=CH-

As the temperature is elevated, the components of
either doublet broaden and coalesce almost synchro-
nously. This is evidence that the life times of the two
Cd—N bonds in the degenerate ligand exchange reac-
tion are very similar. The presence of the methyl group
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R! in the diamine ring increases the activation barrier
to ligand exchange by ~8 kJ/mol over the barrier
observed for the unsubstituted analogue.

The structure of dimer I presented in Fig. 7 is in
agreement with X-ray crystallography data for
N, N'-ethylenebis(thiosalicylaldiminato)cadmium(II)
[13], which indicate that the central atom is pentaco-
ordinated in the crystal. The Cd—L bond exchange
leads to the formation of an intermediate dimer in
which the coordination bonds around the Cd atom are
arranged in the trigonal bipyramidal fashion. This
structure is typical of structurally similar complexes of
Zn(II) [14] and Cd(II) [15]. The series of concerted
bond breaking and formation processes, which,
according to the microscopic reversibility principle,
includes intermediate polytopic rearrangements of the
Berry pseudorotation type, ensures exchange of Cd
atoms between the two different molecules of dimer I.

2D exchange spectroscopy data indicate that rapid
intermolecular exchange reactions involving metal—
ligand (M—L) bond breaking take place in solutions of
planar cadmium complexes of type I (Fig. 7) with tet-
radentate ligands. A detailed analysis of the temper-
ature-dependent changes in the peak shape for the
signals from the —N=CH-— protons in the 1D NMR
spectrum and kinetic data (observation that the reac-
tion is second-order) are fully consistent with the
above inference.

Exchange Processes in Pb(11) Complexes

The application of the MUSEX 2D exchange
NMR technique to coupled spin systems made it pos-
sible to unambiguously identify the mechanisms of the
structural nonrigidity of lead(II) bischelates and to
distinguish two exchange processes, namely, degener-
ate intermolecular chemical ligand exchange and
intermolecular spin exchange that is due to the fact
that the anisotropy of the chemical shift of the heavy
magnetic nucleus 2’Pb makes a dominant contribu-
tion to the total longitudinal relaxation of the central
atom [16].

The 1D dynamic NMR spectrum of bis(1-isopropyl-
3-methylbenzylaldimino-5-selenopyrazolato)lead(1I)
(complex VII) enriched with 2’Pb nuclei to the extent
of 70% is shown in Fig. 8. At —40°C, the signal from
the proton of the N=CH group is a superposition of
the singlet signal from the Pb isotopomer (.8 = 0) and
the doublet signal from the 2°’Pb isotopomer (S= 1/2,
3po_n = 16.5 Hz). As the temperature is elevated, all of
the three signals broaden and coalesce, indicating the
occurrence of metal—ligand bond breaking and for-
mation reactions. The experimentally observed order
of the reaction is 2, as is suggested by the linear depen-
dence of the lifetimes of the spin states on the inverse
total concentration of the complex in the solution.
This is evidence of degenerate ligand exchange pro-
cesses taking place. Theoretical simulation of the tem-
perature-dependent line shape according to the ran-
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Fig. 8. 'H NMR spectra of complex VII (enriched with 207pp to the extents of 70%) in tetrachloroethane and the evolution of the

signal from the —N=CH— proton with temperature.

domization scheme is in agreement with the observed
spectra (Fig. 8). It was assumed that the probability of
ligand exchange between the isotopomeric complexes
is proportional to their content.

The selective 2D exchange spectra of complex VII
(Fig. 9a) recorded at 25 and 40°C show, in the region
of the —N=CH-— protons, three diagonal autopeaks
from the Pb isotopomers (S = 0, central peak) and the
27Pb isotopomer (S = 1/2, extreme peaks) and six
cross peaks of similar intensities. The two extreme
cross peaks arise from ligand exchange processes
between 27Pb isotopomer molecules; the four other
ones, from ligand exchange between the 2°’Pb and Pb
(5 = 0) isotopomers. This kind of Fourier-transform
2D exchange NMR spectrum is strictly consistent
with the exchange kinetics matrix of the intermolecu-
lar ligand exchange process.

Specific effects were discovered in the study of the
low-temperature 1D "H NMR spectra of complexes VII
and VIII (Fig. 9b). Below 25°C, when the chemical
exchange was slow, we observed a broadening of the spec-
tral components of the doublet from the —N=CH-— pro-
tons relative to the central signal. This broadening was
concentration-independent and increased with a
decreasing temperature.

At the same time, as the temperature was decreased
from 0 to —50°C, the MUSEX 2D NMR spectra of
compound VIII (Fig. 9a) retained the intradoublet
pair of cross peaks, which were broadening together
with the extreme autopeaks. These data indicate the
occurrence of an intramolecular process that does not
involve the nonmagnetic Pb(II) (S = 0) isotopomers and
accelerates at the sample temperature is lowered. The
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presence of the “heavy nuclei” of lead in complex VIII
made it possible to attribute the observed temperature-
dependent dynamics of the MUSEX 2D exchange
spectra to the rapid relaxation of the nuclei of the mag-
netic lead isotope via the chemical shift anisotropy
mechanism [17]. This assumption was proved by the
fact that the rate of the spin—lattice relaxation of the
lead nuclei (recorded on spectrometers operating at
100, 200, and 500 MHz) increases with an increasing
constant magnetic field B,. The T, data obtained (96,
86, and 6 ms, respectively) are in good agreement with

the theoretical linear RISCA = f(Bg ) relationship [18].
This confirms that the above mechanism makes a
dominant contribution to the total relaxation of the
central metal atom.

CONCLUSIONS

The 2D exchange NMR experiment with the mul-
tiplet-selective excitation of spin systems was used to
unambiguously identify the mechanisms of the struc-
tural nonrigidity of bis chelate complexes of cad-
mium(II) and lead(II), including the topomerization
of the coordination polyhedron and degenerate ligand
exchange reactions with metal—ligand bond breaking
via an associative mechanism. The latter process was
discovered for the first time in planar tricyclic com-
plexes of """'Cd(II) and *"Pb(II) with enaminothione
(enaminoselenone) ligands.

Using VOF and the MUSEX technique, two
exchange processes were distinguished in the lead
complexes, namely, intermolecular degenerate chem-
ical ligand exchange and intramolecular spin
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Fig. 9. 'H NMR spectra of N,N'-ethylenebis(1-isopropyl-3-methyl-4-aldimino-5-selenopyrazolato)lead(Il) (enriched with

207py, to the extent of 70%) in tetrachloroethane and the evolution of the signal from the —N=CH— proton with temperature:
(a) temperature evolution of the MUSEX 2D exchange spectrum; (b) temperature evolution of the 1D NMR spectrum.
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exchange due to the dominant contribution from the
chemical shift anisotropy mechanism of relaxation of
the heavy magnetic nucleus 2°’Pb to the total longitu-
dinal relaxation of the central atom.
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