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Abstract—The structure and intramolecular transitions of N,N'-bis[N-disopropoxythiophosphorylaminothio-
carbonyl]-1,7-diaminoheptane in CD,Cl, and CD3CN 3-10% solutions were studied by means of 'H, C, and
*'P NMR spectroscopy. Combined analysis of the NMR data confirmed a high lability of the molecules with
the realization of two conformational forms of the macromolecule, the amide—amide proton exchange, and

existence of various tautomeric forms.
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In the study of intramolecular transformations of
N,N'-bis(thio)phosphoryl(thio)ureas of various structures
existing in solution in the state of the complicated
tautomeric and stereoisomeric equilibrium both poorly
solvating (CD,Cl, and CD;CN) and polar solvating
[(CD;),C=0 and (CD3),S=0] [1-4] solvents were
used. The choice of solvent is determined by its ability
to affect the position of tautomeric equilibrium, as well
as by a substantial expansion of the temperature range
(373-183 K).

Aiming at the study of structure and dynamic
properties of the compounds of this type at the changes
in temperature and solvent, we obtained the 'H, Bc

and *'P NMR spectra of N,N'-bis[N-disopropoxythio-
phosphorylaminothiocarbonyl]-1,7-diaminoheptane
(i-PrO),P(S)N'HC(S)N*H(CH,),N*HC(S)N'HP(S)(OPr-i),
(I, A) in CD,Clyand CD;CN solutions (¢ 8.9 and 36.2,
respectively).

Study of intramolecular transformations of I in
(CDs),C=0 solution (¢ 20.7) showed [4] that the amide
form A is predominant [5]. In addition, amide—amide
exchange and prototropy (leading to structures B and C)
were observed occurring simultaneously with the con-
formational transformations of macromolecules, as well
as the formation of phosphorylotropic structure D with
the existence of Z,E-isomers relative to the C=N' bond:

>P—N1:(\I—N2\(CH2)7— >P—N1—(\3=N2\(CH2)7— HN1=?_N2H\(CH2)7—
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Comparative analysis of the "H NMR spectra of
compound I in CD,Cl, and CD;CN solutions (5%) at
room temperature showed that the signals of the most

! For communication XV, see [1].
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important for the analysis amide protons N'H and N*H
appeared as a broadened doublet and a singlet, respec-
tively (Table 1). The signals assignment was done with
accounting for the spin—spin coupling of the proton
N'H with the phosphorus nucleus (doublet) and of the
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Table 1. 'H NMR spectra [8, ppm (Jiy, Jup, Hz)] of N,N'-bis[N-disopropoxythiophosphorylaminothiocarbonyl]-1,7-diamino-
heptane in CD,Cl, and CD;CN solutions

OCH (CHs;), . ) (0-CH,), (CH,)s o
T,K L . N'H N°H . . Additive signals, form
(in i-PrO) (in i-PrO) [in (CH»)/] [in (CH,)/]
293* 4.1 0.7 8.9 br.d 10.2 br.s 32s 0.4-0.9 K>:3.8,0.7, 1.4 and 1.37, 10.5 br.s (D)
(6.0, 10.9) (6.0) (~11.0)
298" 4.7 1.26 6.9d 7.7 br.s 3.5dt 1.4 (B) br.s, K> 4.56 (~6.0, ~11.0), ~1.1 ( i-PrO),
(~6.0, ~11.0) (~6.0) (-10.4) (~6.0,~6.0) | 1.3 (y), 1.1 (3) | 3.4 d.t (~6.0, ~6.0), 0.95-1.6 [(CH>)/],
2.8 br.s (B), 8.2 br.s (D)
263° 4.7 1.3 6.9d 7.7 br.s 3.5dt 1.I.1-1.6 m | K,: 4.5 (~6.0, ~11.0), ~1.2 ( i-PrO),
(~6.0, 10.6) (6.0) (-11.84) (~6.0, ~6.0) 3.37 d.t (~6.0, ~6.0), 0.95-1.6 [(CH,)/],
2.8 and 2.9 (B in K| and K;), 8.2 br.s
243° 4.75 1.25 7.0d 7.6 br.t 3.5d.t(7.0) | 1.6 (B) (D)
(6.3, 10.6) (6.3) (-12.3) 1.1-1.3m K>: 4.5 (~6.0, ~11.0), ~1.23 (i-PrO), 3.8
d.t (~6.0, ~6.0), 0.95-1.6 [(CHy)/], 2.8
and 2.9 (B in K, and K3), 8.2 br.s (D)
223 4.78 1.25 7.1d 7.6 br.t 3.5dt 1.7 (B) K>: 4.58, ~1.25 (i-PrO), 3.4, 0.95-1.78
(6.3, 10.65) (6.3) (-12.6) 4.2) 1.1-14 m [(CH,),], 2.8 and 2.9 (B in K| and K3),
8.18 br.s (D)
203" 4.78 1.25 7.2d 7.5br.t 35brm |1.1-1.7m Ky 47, ~1.3 (i-PrO), 3.8, 1.3-1.5
(6.3, 10.65) 6.3) (-13.43) 4.2) [(CH,)/], 2.8 (B), 8.18 br.s (D)
183° 4.78 br.m 1.3 7.38 7.45 br.t 35brs |1.1-1.8brm |K,: 4.5, ~1.2 (i-PrO), 3.3, 1.3-1.5
(6.3) (-13.7) 4.5) [(CH,),], 2.95 (B), 8.18 br.s (D)

 Solvent is CD;CN. ® Solvent is CD,Cl,.

proton N’H with the o-methylene protons of the
fragment (CH,); (triplet). The data of Table 1 show
that in CD;CN solution both protons resonate down-
field compared with the solution in CD,Cl, and with
larger difference in the chemical shifts (A 1.3 and
0.8 ppm, respectively, Table 1). This is likely due to
the participation of the amide protons in the formation
of the stronger intramolecular hydrogen bond of type
NH--S=P or NH--S=C in the first solvent. For com-
parison, the Ad value in (CD3),CO at room tempera-
ture equals 0.13 ppm [4]. The spectral characteristics
of the remaining protons of I are summarized in Table 1.
All signals are broadened.

Measuring the '"H NMR spectra of compound I in
CD,Cl, solution at variable temperature showed that
N°H singlet is transformed into a broadened triplet
with *J(HN?CH) 4.5 Hz as the temperature is lowered
to 183 K (Fig. 1, Table 1). The N'H proton doublet is
shifted downfield by 0.48 ppm, and the N°H triplet,
upfield by 0.25 ppm. At 183 K the chemical shifts of
the two amide protons are almost identical (Table 1).

The presence of a single N'H proton signal in both
solvents which remains a doublet in the whole
temperature range indicates the existence of a single
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trans-rotamer (N'H and C=S relative to the bond C-N")
[4]. The same applies to the N*H proton. Thus, each of
the amide protons has a transoid orientation with
respect to the thiocarbonyl group realative to the bonds
C-N' and C-N?, and mutual cis-orientation, as shows
the structure below (Z,Z-form):

S
N
/ﬁ\NI/C\Nz/(CH2)7\
S | |
NOE
A

The spatial proximity of the amide protons in the
form A is confirmed by the presence of the NOE
(nuclear Overhauser effect) between them in the NMR
2MOC NOESY spectrum of the solution in CD;CN.
Considering the lability of these protons, a fast amide—
amide exchange N'H . N°H is not excluded.

However, the opposite direction in the oy change
with temperature in CD,Cl, solution (Table 1)
indicates the participation of N'H and N*H protons in
different intramolecular processes. At the same time,
the rigid steric arrangement in the A form excludes
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Fig. 1. Temperature dependence of the signals of amide
protons N'H, N?H and =HN of N,N"bis(N-diisopropoxy-
thiophosphorylthiocarbonyl)-1,7-diaminoheptane I in CD,Cl,
solution.

from the consideration the process of rotation around
the C-N' bond. However, in the "H NMR spectra in
the range of 298—183 K there are some characteristics
of the involvement of amide protons into the other
intramolecular processes (Table 1): The broadening of
the signals N'H and N?H while retaining their
multiplicity, the instability of the values of “J(PN'H)
(-10.4 and -13.7 Hz) and S hnCen constants, the
presence of additional broadened signals at 6 2.8, 2.9,
and 8.2 ppm, the doubling of the proton signals of
groups OPr-i and mobile fragment (CH,); with a ratio
of integral intensities ~86:14% at 298 K.

The first three characteristics are related to the pro-
totropy, i.e. migration of the amide protons to the

p

reaction center C=S to give B or C forms (see scheme
and Table 1), or both simultaneously (in this case, their
chemical shifts are averaged). Taking into account the
greater lability of the proton N'H, the form B is
preferred. The prototropy in the triad N'-P=Y to form
N-acylphosphazene >P(CH)=N'-C(S)- was not con-
sidered, because such compounds, being products of
intermediate stage of the synthesis of N-(thio)phos-
phoryl(thio)amides, are very unstable and easily con-
verted into the corresponding amides [5, 6], which
makes difficult their spectral registration. In any case,
in the >C NMR spectrum (Fig. 2) the upfield signal of
imine carbon atom C=N at 6 139 ppm was assigned to
the form B and the second signal at § 154 ppm to the
C=N carbon atom of the phosphorylotropic form D
formed at the migration of thiophosphoryl group
(OPr-i),P(S) to the sulfur atom C=S [7]. The
broadened signal of the =NH proton of the form D also
exists in the "H NMR spectrum (Fig. 1, Table 1).

Consider the fragment (CH,);, which contains two
0-CH, (directly attached to the group N°H), p-CH, and
y-CH, groups, and one &-CH, group: N?H-
C*H,CPH,C'H,C°H,C"H,CPH,C*H,~N*H. The signals
of these groups were identified taking into account the
distance of each one from the nitrogen atom (chemical
shift), the doubling of the relative integral intensities of
the signals of the first three groups with respect to the
fourth, and their multiplet structures. Thus, the signal
of the two C"H, groups is a triplet of doublets, and of
CP"®H, groups, the triplets of triplets.

The temperature evolution of the signals of labile
fragment is shown in Table 1 which indicates that the
C*"*H, signals do not practically change the position

p

(r’-l’r())zl’(S)Nll1(‘(S)N2I ICHy CH; CHj cng’ CH; CH; CHy NzlI(‘(S)NIl]l’(S)((,)I’r-fh

C=S (X))

OcH DLl c’

= KD L
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Fig. 2. The *C NMR spectrum of N, N'-bis(N-diisopropoxythiophosphorylthiocarbonyl)-1,7-diaminoheptane I in CD,Cl, solution at

298 K.
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Table 2. Temperature dependence of 3'P NMR spectra [8p, ppm (%)]*

® of N,N'-bis[N-diisopropoxythiophosphoryl-

aminothiocarbonyl]-1,7-diamino-heptane in CD,Cl, and CD;CN solutions

T,K K (A) K; (A) K, (B,C,D) K, (B, D)

289¢ 59.92 (72.2) 60.05 (15.0) 60.2 (9.94), 63.52 60.7 (2.07)

296° 53.62 (64.15) 53.7(14.2) B 53.72(9.65), D 58.4 (1.8), traces | B 53.8(1.72), traces
D 53.82 (2.23)

273 53.62 (61.55) 53.71 (21.1) 53.74 (7.2), 58.2 (1.52) -

228 52.87 (74.9) 52.96 (22.0) in A form region, 57.1, ~62.0 traces 56.8, ~62.0 traces

193 53.21 br.s (98.85) 56.9.0 -

* Integral intensities were determined approximately because of small differences in & values. ® There are additional signals in spectra at
3p44.7-46.2 ppm (4-8 wt %). © In CD,Cl, solutions. ¢ In CD;CN solutions.

and remain well-resolved. The signal of CPH, is
broadened (as the signal of N°H) and shifted downfield
by 0.4 ppm, i.e. the signals of C’H, and N*H approach
each other. The realization of the dynamic equilibrium
of two conformations of macromolecules with
different locations of the two equivalent substituents
(N-thiophosphorylthioureas) in the sterically non-rigid
open-chain fragment (CH,); is the most probable
reason for the signals doubling [4]. A similar result
was obtained in studying the structure of this
compound in (CD;3),C=0O solution [4] and that of
crown-containing N-thiophosphorylthioureas [3]. In
turn, the approaching and broadening of the proton
signals of C"H, and N’H indicate the spatial proximity
of these groups at folding the molecule. This
conformation is evidently advantageous.

In the *C NMR spectrum at 298 K the signals of
the open-chain fragment are also doubled (Fig. 2). The
ratio of integral intensities of the well-separated
signals of the carbon atom C"H, in two conformations
(8 47 and 46 ppm) coincides similarly to the "H NMR
spectrum. In addition, the doubled signals of thio-
carbonyl and isopropyl groups are sensitive to the
changes in molecular conformation [3, 4], and the
doublet signal of C=S [ZJ(PN'C) = —9.5 Hz] is a
characteristic feature of the amide form A.

An essential supplement to the understanding of
intramolecular processes in the compound I is the data
of the temperature dependence of *'P NMR spectra,
which allow qualitative and quantitative monitoring
the stereoisomeric and tautomeric forms in the
equilibrium. Table 2 summarizes the results of deter-
mination of the chemical shifts and the percentage of
each of the forms in the overall content. Figure 3
shows the temperature dependence of proton-coupled
and proton-decoupled *'P NMR spectra (upper spectrum

at 7296 K) in CD,Cl, solution. At 296 K the spectrum
contains two pairs of the signals in the resonance
region of amide and prototropic forms (6p 53.6-53.8
ppm, Table 2) with the ratio of integral intensities of
~82:12% in each of the pairs. In the range of 296228
K this ratio changed to 77:23%, i.e. the fraction of the
second conformation grows, while at 193 K there is a
broadened singlet. The assignment of signals to the
amide A and B prototropic forms in each of the two
conformations was done taking into account the
relevant ratio of the integral intensities C;:C, in the
spectra of all three nuclei [86:14% (‘H), 86:14% ('*C),
82:12%] indicates a significant advantage of the amide
form A in both conformations and explains the signals
multiplicity in the proton-decoupled spectrum. So, the
downfield signals disappearing in the range of 296—

A (K))

ﬁ:' 3JPOCH 10.6 Hz

A (K)

‘ﬁ[:l BJPOCH 10.6 Hz

183 K

228 K

53.0 52.8 op, ppm

53.8 53.7 53.6

5[’3 ppm

Fig. 3. The *'P NMR spectra in the resonance region of the
amide form of N,N'"-bis[N-diisopropoxythiophosphoryl-
aminothiocarbonyl]-1,7-diaminoheptane in CD,Cl, solution.
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228 K belong to the imidothiol form B (P-N'=C). In
addition, there is the downfield signal of phos-
phorylotropic form D (Table 2), whereas in CD,Cl,
solution the content of this form is no less than 7% [4].

In the temperature-controlled proton-decoupled *'P
NMR spectra (Fig. 3) each of the signals of amide
forms is a triplet instead of the expected triplet of
doublets characteristic of the stable amide form. It
should be assumed that the averaging the value of
geminal constant “J(PN'H) to zero (in contrast to the
"H NMR spectrum) is due, on the one hand, to the
participation of this proton in several intramolecular
processes, and, on the other hand, to the relaxation
effects (different relaxation times for the 'H and *'P),
depending on the temperature [8]. The signals of
prototropic forms appear as triplets. Transformation of
the signals in this resonance region as the temperature
decreases firstly into the two signals with unequal
intensities and then into the broadened singlet showed
that the rate of proton and conformational exchange is
reduced.

The above-stated changes in the temperature-
controlled NMR spectra of all three nuclei indicate that
in CD3;CN and CD,Cl, solutions thiourea I is in an
exchange state. Some intramolecular processes occur-
ring simultaneously were identified: firstly, the con-
formational transformation of the macromolecule with
the formation of two forms, Conf-1 and Conf-2. The
predominant Conf-1 form has folded structure with the
N?H proton located spatially close to the B-CH,
methylene group; secondly, the fast amide—amide
exchange N'H  N?; thirdly, the prototropy to form
imidothiol form >P(S)-N'=C(SH)—; fourthly, the
phosphorylotropy.

EXPERIMENTAL

The 'H NMR (300 MHz), *C (75.43 MHz), and *'P
(121.42 MHz) spectra at different temperatures and
concentrations of solutions were taken on a Varian
UNITY-300 spectrometer. The spectrometer operated
in the internal stabilization on “H resonance mode and
was equipped with a temperature control unit. For
recording the *'P NMR spectra typically 10-150°
pulses and 1-2 s delays between the pulses were
applied. The spectral width SW was 100 ppm. The scan
number NT is from 10 to 100, digital filtering was not
applied. The *C NMR spectra were usually obtained
with 20°-300° pulses and broad band proton-
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decoupling, RD = 0, SW =200 ppm, NT = 400-1000,
digital exponential filtration with LB = 2—4 Hz.

For the recording two-dimensional NOESY
spectrum the recommendations of the spectrometer
manual were used, NT > 8. Iterations number N/ in the
time interval #, to obtain the second frequency axis was
selected from the condition N/ > SW. Phase-sensitive
pulse sequence was used. For the construction of two-
dimensional spectrum we used algorithms of the
Fourier transform and of the linear prediction, for the
recovery of the truncated FID the Gaussian weighting
function was used as a digital filter. FID was added
with zero to obtain the spectrum dimension 2048-2048
points.

The samples were prepared as 3—5 wt % solutions
when recording the 'H NMR spectra, and 1015 wt %
in the case of the “C and *'P NMR spectra. The
chemical shifts are reported relative to the internal
references.
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