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Gold anode corrosion in an aqueous solution
of 2,2-dimethyl-1,3-diaminopropane

M. D. Vedenyapina,* V. V. Kuznetzov, A S. Dmitrenok, M. E. Minyaev, N. N. Makhova, and M. M. Kazakova

N. D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences,
47 Leninsky prosp., 119991 Moscow, Russian Federation.
FE-mail: mvedenyapina @yandex.ru

The kinetics and mechanism of corrosion of an Au anode in a weakly basic aqueous solution
of 2,2-dimethyl-1,3-diaminopropane (2,2-DM-1,3-DAP) were studied by gravimetry and cyclic
voltammetry. Scanning and transmission electron microscopy was used to determine that under
galvanostatic conditions the products of anode corrosion are reduced on a steel cathode with
the formation of not only an electrolytic Au deposition on the cathode, but also colloidal gold
nanoparticles in the electrolyte medium. The product of the interaction of 2,2-DM-1,3-DAP
with atmospheric CO,, namely, the carbamic acid internal salt 3-ammonio-2,2-dimethyl-
propylcarbamate, was isolated from the reaction solution.
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Metallic gold is characterized by resistance to chemi-
cal and electrochemical action. It is extracted from min-
eral raw materials using potassium cyanide solutions. The
search for safer methods of extracting gold from minerals,
including electrochemical methods, has been carried out
over many years.1=3 It was shown that the anodic dissolu-
tion of a gold electrode can take place both in HC1O,4 or
H,S0, solutions containing chloride or bromide ions,4—%
and in solutions of various organic compounds capable of
complexation. For example, in the work,” the authors
suggested that in solutions of 3-mercaptopropionic and
meso-2,3-dimethylsuccinic acids in the presence of LiCIO,
gold forms coordination compounds with these ligands.
Our earlier studies showed that anodic corrosion of an Au
electrode effectively proceeds in weakly basic aqueous
solutions (0.05 M K,COj; solution) of a series of organic
bases: hexahydropyrimidine (1),8 1,5-diazabicyclo[3.1.0]-
hexane (2),3? 6-methyl-1,5-diazabicyclo[3.1.0]hexane
(3),89 6,6-dimethyl-1,5-diazabicyclo[3.1.0]hexane (4),89
1,3-diaminopropane (1,3-DAP) (5),10:11 ethylenediamine
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(6),1112 1 4-diaminobutane (1,4-DAB) (7),11:13 and
1,2-diaminopropane (8).14

The corrosion of an Au electrode in solutions of organic
bases 1—8 and the transfer of gold to the cathode with the
formation of a compact precipitate were studied in the
works8—14 by gravimetry. The mass of gold contained in
the solution during any moment of electrolysis can be
determined by calculations based on gravimetry results
(the difference in anode and cathode mass). In a number
of cases, the products formed during gold corrosion, speci-
fically, Au complexes with the corresponding ligands, were
isolated.

In the work,!! diaminoalkanes 5—8 were studied by
cyclic voltammetry (CV) for a more detailed investigation
of the mechanism of gold corrosion in diamine solutions.
A comparative analysis of the cyclic voltammograms reg-
istered for gold electrodes in solutions of the investigated
compounds showed that only 1,2-diaminoalkanes 6 and
8 are strongly adsorbed on the gold anode surface, com-
pletely blocking it, while diaminoalkanes 5 and 7 do not
exhibit such strong adsorption. As a result, a linear depen-
dence of anodic peak currents on potential scanning rate
was observed only for diaminoalkanes 1,3-DAP and
1,4-DAB.

In this work, we use CV and gravimetry to investigate
the kinetics and mechanism of gold corrosion in a solution
of previously unexplored 2,2-dimethyl-1,3-diamino-
propane (2,2-DM-1,3-DAP) (9). It was expected that this
diaminoalkane would have a greater tendency to form
coordination bonds with gold compared to 1,3-DAP due
to the +/-effect of the two methyl substituents in the
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aliphatic part of the molecule and the limitation of the
conformational mobility of the chain.

Experimental

We used commercially available 2,2-dimethyl-1,3-diamino-
propane 9 (ACROS). Working solutions were prepared in bidis-
tilled water. Analytical grade potassium carbonate K,CO; was
used. Cyclic voltammograms were obtained using a computer-
controlled IPC-Compact potentiostat in a three-electrode cell.
An Au wire (99.99% Au), sealed into glass, 0.3 mm in diameter
and 0.3 cm in length was used as a working electrode; a steel wire
with the same dimensions and sealed into glass acted as an aux-
iliary electrode; a silver chloride electrode (Ag/AgCl/3M KCI)
served as a reference electrode. The supporting electrolyte was
0.05 M K,COj; solution (pH 11.1). The concentration of
2,2-DM-1,3-DAP was 0.1 mol L~!. During study by CV, the
potential scanning rate was varied v, mVs~1: 200, 175, 150, 125,
100, 75, 50, 25.

Anodic corrosion of gold was carried out in a two-electrode
cell without separate anode and cathode compartments. Gold
and steel wires 0.3 mm in diameter, immersed in an elec-
trolyte solution by 15 mm, served as the anode and the cath-
ode, respectively. Electrolysis was carried out in the galvano-
static mode at 25 °C. The volume of the working solution was
20 mL.

The process was characterized by a decrease of electrode
mass. The electrodes were weighed on an ABJ220-4NM elec-
tronic analytical balance (Kern, United States) (d = 0.0001 g)
at specific time intervals for 50 h.

To isolate product 10, obtained after electrolysis of the Au
anode in a solution of diamine 9, the reaction solution (electro-
lyte) was placed in a vacuum desiccator over NaOH for drying
at room temperature until the water was completely evaporated
after 2—3 days. The resulting solid residue was extracted with
methanol (2x50 mL), followed by concentration of the solvent
in vacuo.

The structure of the obtained new compound 10 was deter-
mined by IR and NMR spectroscopy. IR spectra were recorded
on a Bruker Alpha instrument in the range 400—4000 cm~!. The
IR spectrum of the starting diamine 9 was recorded using a thin
layer between KBr plates, while that of the new compound 10
was obtained by pressing the sample with KBr.

For the starting compound 9, 'H and !3C NMR spectra were
recorded on a Bruker AM-300 spectrometer (operating fre-
quency 300 MHz for 'H and 75.47 MHz for 13C); for the new
compound 10, 1D and 2D 'H and 13C NMR spectra were re-
corded on a Bruker AV-600 spectrometer (600 and 150.90 MHz,
respectively). The position of the signals in the 'H NMR spectra
was determined relative to the signals of the residual protons
of the deuterated solvent (D,0). The 13C NMR spectra were
recorded relative to tetramethylsilyl propionate (TSP), a chem-
ical shift standard. All correlation NMR spectra were obtained
using standard Bruker software. Acquisition time of NOESY
was 0.7 s.

The microstructure of the electrodes obtained after the elec-
trolysis of gold in an aqueous solution of diaminoalkane 9 was
studied by field emission scanning electron microscopy (FE-SEM)
using a Hitachi SU8000 electron microscope. The images were
taken in the secondary electrons registration mode at an accel-

erating voltage of 2—30 kV and a working distance of 8.4—
11.0 mm. The study of the samples by energy-dispersive X-ray
spectroscopy (EDX) was carried out using an OxfordInstruments
X-max energy-dispersive spectrometer (United Kingdom). After
electrolysis in a diaminoalkane 9 solution, gold and steel wire
samples were placed on the surface of an aluminum table with
a diameter of 25 mm and were fixed with two screws. Elemental
analysis of samples of products obtained after electrolysis was
carried out on a PerkinElmer model 2400 CHN analyzer.

The morphology of colloidal gold particles obtained after
electrolysis of the gold anode in an aqueous solution of diamino-
alkane 9 was investigated by transmission electron microscopy
(TEM) on a Hitachi HT7700 electron microscope (Japan). The
images were taken in the transmitted electrons registration mode
(bright field mode) at an accelerating voltage of 100 kV. The
working solution was applied to a thin carbon film fixed on
a copper mesh with a diameter of 3 mm. The mesh was then fixed
in a special holder. The sample was applied in liquid form, fol-
lowed by vacuum drying. The optimization of analytical measure-
ments was carried out within the framework of the previously
described approach.15

2,2-Dimethyl-1,3-diaminopropane (9) (2,2-DM-1,3-DAP).
IR, v/em~1: 518, 559, 721 (p(CH,)), 843, 918 (w(NH,)), 1065,
1144, 1208, 1235, 1316, 1367 (d(CHj3)), 1389, 1472 (8(CH,)),
1602 (8(NH,)), 2206, 2864 (v,(CH,)), 2909, 2951 (v{(CHj3)),
3299 (v{(NH,)), 3374 (v¢(NH,)). 'H NMR (D,0), 8:0.92 (s, 6 H,
Me); 2.49 (s, 4 H, CH,). 13C NMR (D,0, TSP), &: 23.4 (Me),
36.4 (C), 50.3 (CH,).

3-Ammonio-2,2-dimethylpropylcarbamate (10). IR, v/cm~!:
540, 620, 702 (p(CH,)), 814, 886, 917, 1020, 1090, 1143

Table 1. Basic crystallographic data and structure refinement
statistics for compound 10

Parameter 10
Molecular formula C¢H4N,0O,
Molecular weight/g mol~! 146.19
Crystal system Orthorhombic
Space group P2,2,2,
a/A 5.7450(1)
b/A 10.0815(2)
c/A 12.9215(3)
V/A3 748.39(3)
4 4
Deqic/g cm™3 1.297
u/mm-! 0.097
6-Range for data collection/deg 2.56—33.73
Number of reflections

collected 22938

unique (R;,) 2981 (0.0604)

with I > 20(1) 2415
Number of refined parameters 147
R, (I >20(1)) 0.0418
WR, (for all reflections) 0.0981
GOOF on F? 1.040
Flack parameter —0.4(6)
Residual electron density —0.372/-0.254

(Apmin/Apmax)/e A73
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(o(NH,)), 1201, 1231, 1279, 1315, 1376 (8(CHj3)), 1435, 1483
(8(CH,)), 1567 (d(NH,)), 1635, 2197, 2375, 2457, 2658, 2787,
2883 (v{(CH,)), 2969 (v,(CH3)), 3390 (v4(NH,)), 3431 (v4(NH>)).
"H NMR (D,0), 8: 0.82 (s, 6 H, Me); 2.62 (s, 2 H CH,); 2.80
(s, 2 H CH,). 3C NMR (D,0, TSP), &: 23.6 (Me), 35.4 (C),
47.3 (CH,), 48.8 (CH,), 166.0 (CO,).

A single crystal sample of 10 was obtained by recrystallization
from ethanol. X-ray diffraction of crystal 10 was carried out on
a Bruker Quest D8 diffractometer equipped with a Photon-111
detector (graphite monochromator, @- and w-scan techniques,
step 0.5°, exposure time 50 s) using X-ray radiation MoKa
(A=0.71073 A) at a temperature of 100 K. The data on reflection
intensities were obtained using SAINT software.10 Correction
for absorption was carried out semi-empirically on equivalent
reflections using SADABS software.!” The structures were solved
by the direct method using SHELXT18 software and refined by
the least squares method in the anisotropic (isotropic for hydro-
gen atoms) full-matrix approximation on 2 using SHELXL-2018
software.1? The positions of all the hydrogen atoms were deter-
mined from the electron density difference map. The crystallo-
graphic results and X-ray diffraction parameters are given in
Table 1. The structural data for compound 10 were deposited
with the Cambridge Crystallographic Data Center (CCDC
2039098).

Results and Discussion

Cyclic voltammetry resulted for a gold electrode in
a solution of the studied diaminoalkane 9 in the range of
potentials from —200 to +1200 mV and for different scan-
ning rates (Fig. 1) show that responses on the anodic and
cathodic branches can be observed in the first and subse-
quent cycles. This indicates the absence of strong adsorp-
tion of the ligand, leading to passivation of the anode

I/mA
0.5F

0.4F

0.3F

0.2F

0.1F

1000 E/mV

Fig. 1. Cyclic voltammograms of a solution of diaminoalkane 9
taken at different potential scanning rates, v(mV s—1): 200 (7),
175 (2), 150 (3), 125 (4), 100 (5), 75 (6), 50 (7), and 25 mV s~ (8).

1 1 1
0 250 500 750

surface. The anodic branches have peaks in the range of
potentials £ = 400—1000 mV. The [, , values increase
with the potential scanning rate (v). The potentials at these
current maxima are 200 mV higher than the potentials on
the cyclic voltammograms recorded for gold in a solution
of compound 5 with a potential scanning rate of 200 mVs~!
(see the results in Refs 10 and 11).

Due to the high potential of the current maximum on
the anodic branch of the cyclic voltammogram, the stoi-
chiometry of the anodic process could not be determined
directly. Apparently, the anodic process is multielectron,
and each anodic peak is the sum of peaks corresponding
to the transfer of individual electrons. This is indirectly
confirmed by the absence of a linear dependence of the
current maxima on the potential scanning rate for the
anodic process.

In the reverse scan of potential, the cathodic branches
are shown to have peaks in the range of potentials
E=300—0 mV, the presence of which indicates the reduc-
tion of the products of corrosion of the Au anode. The
currents corresponding to the maxima of the cathodic
peaks (/, o) depend linearly on the potential scanning rate
(Fig. 2). This indicates that the reduction of the products
of the gold corrosion process proceeds directly on the
electrode surface, and the rate-limiting step of the reaction
is electron transfer. In this case, the Laviron equation
applies:20

I, .= nFQv/4RT,

where # is the number of electrons participating in the
reaction calculated per molecule, F is the Faraday con-
stant equal to 96485 C mol~!, Qs the charge correspond-
ing to the area of the peak on the cathodic branch, v is
the potential scanning rate, mV s—!, R is the gas con-

I, o/mA

—0.025

—0.050

—0.075 & L L L
50 100 150

y/mVs~!

Fig. 2. Dependence of cathodic current maxima on the potential
scanning rate (according to CV).
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stant equal to 8.314 J mol~! K—!, T'is the absolute tem-
perature, K.

The number of electrons participating in the reaction
was calculated for the cathodic process using the Laviron
equation. The value of n was equal to 2.05—1.84 in the
range v = 200—120 mV s~!. Therefore, two electrons
participate in the process of cathodic reduction of corro-
sion products in the diaminoalkane 9 solution.

According to the results of the work,!! there is a de-
crease in I, cand [, , and an increase in E, , in the series
of diamines 6, 8, 5, 7. This indicates that the corrosion of
the Au anode proceeds more easily in the substrate 6 solu-
tion. The investigated diamine 9 exhibits the least activity
in the gold corrosion process in comparison with the
previously!! studied substrates.

This regularity in the change of the electrochemical
properties of the Au anode in various diamines can be
related both to the difference in electron density on nitro-
gen atoms in these compounds and to the action of struc-
tural factors.

Similarly to the works, it was shown by
gravimetry method that the Au anode undergoes corrosion
with a loss of mass during electrolysis in a solution of di-
aminoalkane 9 (/= 10 mA). During this process, metallic
gold is deposited on the cathode (steel wire). Figure 3
shows the kinetics of the decrease of mass of the gold
anode (m.y;) and the increase of mass of the cathode
deposition (mge,). The difference between these values
was used to calculate the mass of gold in the working solu-
tion (mg). It was shown that m . increases linearly during
electrolysis, while mg., and mg, increase nonlinearly, but
monotonically. When comparing the obtained results with
those of the works, 1912 where other diaminoalkanes were
used as ligands, some similarities can be observed, however,
for the same duration of electrolysis, the mass of corroded
gold in diamine 9 solution is less than in solutions of com-
pounds 5—8 (Table 2).

Similarly to previously published works,
when interpreting the observed kinetic regularities, the
sum of the reactions of anodic dissolution and cathodic
precipitate of gold can be represented in the form of
a system of differential equations:

8—10,12—14

8—10,12—14

L L 1 1

50 t/h

Fig. 3. Kinetics of decreasing Au anode mass (., /) and in-
creasing cathodic deposition mass (mgep, 2) and gold mass in the
solution (3).

10 20 30 40

dml/dt=kl, (l)
dm2/dt = kl — k2fﬂ2, (2)
dm;3/dt = kymy, (3)

where my is meopp, My is mg,), and ms is myep,. The solution
of this system of equations using the Mathcad system made
it possible to find k; and k, for diaminoalkane 9, which
most accurately describe the experimental results shown
in Fig. 3. The values k| and k; are given in Table 2 and are
equal to 0.09 mg h—! and 0.02 h—!, respectively, for sub-
strate 9. Comparing the constants k| and k, for the sub-
strates given in Table 2, it can be inferred that different
the corrosion process in the diamine 9 solution studied in
this work is more difficult and slower. This is also con-
firmed by the rate of dissolution of the gold anode during
electrolysis given in Table 2. The intensity of the electro-
chemical process occurring at the cathode with the
participation of the studied substrate 9, taking into account
the constant k,, is also the lowest compared to all the
previously studied substrates (see Table 2).

After the completion of electrolysis of a diamine 9
solution using an Au anode, the anode, the cathode, and

Table 2. Kinetic and electrochemical characteristics of gold corrosion in aqueous solutions of diaminoalkanes

Compound k;/mgh~! k2/h—1 *E,/mV  Dissolution Reference
rate
/mgcm~2 h~!

1,2-Diaminopropane 8 0.31 0.060 600 4.76 11, 14
1,3-Diaminopropane 5 0.42 0.040 680 6.66 10, 11
Ethylenediamine 6 0.55 0.110 572 8.73 11, 12
1,4-Diaminobutane 7 0.23 0.035 660 3.65 11, 13
2,2-Dimethyl-1,3-diaminopropane 9 0.09 0.020 770 1.43 Present work

*F, is the potential of the current maxima on the anodic branch of the cyclic voltammogram.
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the electrolysis products were studied before and after
extraction. During the corrosion of gold in a substrate 9
solution with a current of 10 mA, a deposition of gold is
formed on the cathode, and the solution acquires an in-
tense yellow color. Electron microscopy studies demon-
strate that during electrolysis the Au anode undergoes
corrosion (Fig. 4, a), and a deposition of gold in the form
of dendrites forms on the surface of the steel cathode
(Fig. 4, b). The study of the chemical composition of the
steel cathode surface by EDX determined the presence of
Au on the surface.

When studying the working solution by transmission
electron microscopy (TEM), the obtained micrographs
(Fig. 5) show colloidal gold particles having a round shape
with sizes of 10—30 nm. The review?! shows TEM images
of colloidal gold nanoparticles synthesized by various

Fig. 4. SEM image of the surface of the Au anode (a) and steel
cathode (b) after electrolysis in an aqueous solution of diamino-
alkane 9.

-l

Fig. 5. TEM image of the substrate 9 solution after the anodic
dissolution of gold.

chemical methods. Despite the possibility of obtaining
colloidal gold by different chemical methods,20:21 elec-
trochemical synthesis of nanoparticles in diamine solution
has been described only in a single work.14 When extract-
ing the products of electrolysis from the working solution
with methanol, colloidal gold particles were not detected
by TEM. A solid residue of new compound 10 was obtained
after concentrating the methanol extract.

According to IR and NMR spectroscopy, as well as
elemental analysis results, it can be assumed that, in con-
trast to the results presented in the works,8—10:12—14 the
new compound 10 is not a gold complex, because no in-
organic residue was found in it. Elemental analysis of the
isolated product 10 showed the following ratio of elements
(%): C, 49.10; H, 9.81; N, 19.63. If we assume that the
composition of the new compound includes oxygen, then
with the ratio of elements (%): C, 49.30; H, 9.64; N, 19.16,
the molecular formula would be C;H;NO or C4dH4N,O,.

The IR spectra of the starting diaminoalkane 9 and the
new compound 10 are shown in Fig. 6.

The spectrum of product 10 shows a shift of the bands
corresponding to the stretching and bending vibrations of
NH,, CH,, and CHj; groups and contains new bands,
which were attributed to the vibrations of the CO group.
Thus, the region of stretching vibrations of NH, groups
reveals a high-frequency shift of the bands of symmet-
ric stretching vibrations vy(NH,) from 3374 cm~! and
3299 cm™! in the starting diaminoalkane 9 to 3431 cm™!
and 3390 cm~! in compound 10 with Av, =57 and 91 cm~.
A high-frequency shift of the band of bending wagging
vibrations of the NH, group from 918 cm~! to w(NH,) =
= 1143 cm~! with Aw = 225 cm™! and a low-frequency
shift of the band of bending scissoring vibrations from
1602 cm~! to 8(NH,) = 1567 cm~! with A§ = —35 cm~!
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Fig. 6. IR spectra of diaminoalkane 9 (a¢) and new com-
pound 10 ().

is recorded in the spectra of free diamine 9 and product
10, respectively. In the region of vibrations of the CH,
group, there is a high-frequency shift of the bending scis-
soring vibration bands from 1472 cm~! in free 2,2-DM-
1,3-DAP 9 to 8(CH,) = 1483 cm~! in product 10 with
Ad = 11 cm~! and a low-frequency shift of the bending
rocking vibration bands from 721 cm™! in free diamino-
alkane 9 to p(CH,) = 702 cm~! in compound 10 with
Ap = —19 cm~!L. In the region of the main band of sym-
metric stretching vibrations v,(CH,), there is also a high-
frequency shift from 2864 cm™! in the starting diamine 9
to 2883 cm~! in compound 10 with Avy = 19 cm~!. In
the region of stretching vibrations of methyl groups
of product 10, a slight shift of the main band of sym-
metric stretching vibrations v{(CH;) = 2969 cm~!
(Avg = 18 cm~!) can be observed compared to the
starting diaminoalkane 9 (2951 cm~!), and there is
also a small high-frequency shift of the main band
of bending scissoring vibrations 8(CH;) = 1367 cm~! in

free 2,2-DM-1,3-DAP to 1376 cm™! in compound 10 with
Ad=9cm .

The IR spectrum of compound 10 revealed absorption
bands v, = 1567 cm~! and v, = 1435 cm~!, which can be
attributed to vibrations of the carboxylate anion, bands
corresponding to the absorption of the associated amide
group v(CO) = 1635 cm~! and v(NH,) = 3390 cm~!, as
well as an absorption band at 2969 cm~! assigned to the
symmetric vibrations of the v{(NH3)* group.23:24 The
absorption band at 1567 cm~! is very strong and broad. Tt
probably includes two bands, namely, v, of the carboxyl-
ate anion and v, of the NH, group. Most likely, a similar
superposition of absorption bands in the IR spectrum of
product 10 is observed for symmetric stretching vibrations
vi(CH3) and v{(NH3)" in the region of 2969 cm~!.

In the 'H NMR spectrum of the starting substrate 9,
the signals of the CH3 and CH, protons appear as singlets
with & = 0.92 and 2.49, respectively (Fig. 7, a). In the
IH NMR spectrum of compound 10, the signals of the
methyl group protons are upfield shifted by Ad = 0.1 ppm
and are registered as singlet with 6 = 0.82. The signals of
the CH, group proton belonging to compound 10 are
chemically nonequivalent and are registered as two singlets
with 6 = 2.62 and 2.80 with a downfield shift of Ad =0.13
and 0.31 ppm relative to the starting substrate 9 (Fig. 7, b).

In the 13C NMR spectrum of new compound 10, the
carbon atoms of the CH, groups are registered as two
signals with 6 = 47.3 and 48.8, in contrast to the single
signal observed for the starting diaminoalkane 9 (Fig. 7, c).
Both signals are upfield shifted (Ad) relative to the analo-
gous signal of the starting substrate 9 by A0 = 3.0 and
1.5 ppm, respectively. However, the main difference be-
tween the 13C NMR spectra of the starting 2,2-DM-1,3-
DAP and product 10 was the appearance of a downfield
signal with & = 166.0 characteristic of the carbon atom of
the carboxylate anion. These differences in spectral char-
acteristics indicate the transformation of the starting
substrate 9 during electrolysis.

To further determine the structure of the new com-
pound 10, a set of its 2D spectra was recorded: {{ H—13C}
HSQC (heteronuclear single-quantum correlation spec-
troscopy) (Fig. 8, a) and {{H—!3C}HMBC (heteronuclear
multiple-bond correlation spectroscopy) (Fig. 8, b),
{{H—!H}gCOSY (proton multiple-bonds correlation spectro-
scopy) (Fig. 8, ¢) and {{H—!H}gNOESY (nuclear Over-
hauser effect spectroscopy) (Fig. 8, d) in a D,0 solution
at 298 K.

In the {{H—13C}HSQC NMR spectrum of compound
10, for the carbon atom with a chemical shift 6 = 47.3,
a cross-peak is observed only with CH, protons, which
have a chemical shift d = 2.62, while for the carbon atom
with a shift 0 = 48.8, a cross-peak is observed only with
CH, protons having a chemical shift & = 2.80 (see Fig. 8,
a). Inthe {{H—13C}HMBC NMR spectrum of compound
10, for the carbon atom with a chemical shift d = 166.0,
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Fig. 7. Fragments of 'H (a, b) and 13C NMR spectra (c, d) of diaminoalkane 9 (a, ¢) and compound 10 (b, d) in D,0.

a cross-peak is observed only with CH, protons (& = 2.80)
(see Fig. 8, b), which confirms the chemical nonequiva-
lence of the carbon atoms of CH, groups belonging to the
same molecule 10.

The 2D homonuclear spectrum {{ H—H}gCOSY shows
how far from each other the protons are within the mol-
ecule, namely, are they separated by one or two—four
bonds. In the 2D {{H—1H}gNOESY NMR spectrum
(nuclear Overhauser effect), which shows the spatial ar-
rangement of protons in a molecule relative to each other,
cross-peaks are observed between the protons of different
CH, groups of a single molecule 10, which is possible only
when it has a nonlinear structure (see Fig. 8, d).

According to the results of elemental analysis, IR and
NMR spectroscopy, it is likely that the new compound is
an internal salt of carbamic acid (3-ammonio-2,2-di-
methylpropyl carbamate) with the molecular formula
CgH4N,0O,. X-ray diffraction results confirmed the pro-
posed structure of compound 10, shown in Fig. 9. The
hydrogen atoms of the ammonium group form intermo-
lecular hydrogen bonds with the oxygen atoms of three other

molecules (Table 3), developing a three-dimensional
network of hydrogen bonds; the carbamate group hydrogen
atoms are not involved in the formation of hydrogen bonds.

+ _
HoN" > ~NHCO;

Me Me
10

In the work,24 compound 10 (3-ammonio-2,2-dimeth-
ylpropyl carbamate) was synthesized as a dihydrate, ob-
tained by maintaining a solution of diamine 9 in a small
amount of diluted acetic acid in air for a long period of
time (a day); its structure was confirmed by IR/Raman
spectra and X-ray diffraction results.24 In contrast to the
structure of product 10 which we determined, the struc-
ture of the 10+ 2H,O solvatomorph (CCDC number —
1844554, Cambridge Crystallographic Data Center code —
TIXROK) contains intra- and intermolecular hydrogen
bonds. The formation of these bonds involves the hydro-
gen atoms of both ammonium and carbamate groups, as
well as all the hydrogen atoms of water molecules. The

Table 3. Parameters of intermolecular hydrogen bonds in a crystal of compound 10 (D is donor, A is acceptor)

D—H...A bonds d/A DHA angle/deg Symmetry operation
D—H H...A D...A

N(2)—H(20)...0(1}) 0.94(2) 1.80(3)  2.7333(18) 173(2) —x,y+1/2,—z+1/2

N(2)—H(2D)...0(21) 0.88(2) 1.88(2)  2.7589(18) 178(2) —x+1/2,—y+1,z—1/2

N(2)—H(2E)...0(2iii) 0.89(3) 1.90(3) 2.7807(19) 166(2) —x+t1,y+1/2,—z+1/2
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Fig. 8. 2D spectra { H—'3C}HSQC (a), {{ H—'3CYHMBC (b), {' H—'H}gCOSY (c), and {{H—H}gNOESY (d) of new compound 10

(D,0 + TSP).

other bond lengths in these structures are similar. No NMR
spectra of dihydrate 10 « 2H,O were recorded. The authors
believe that compound 10 was formed as a result of the
interaction of the starting amine with carbon dioxide CO,
in air. Clearly, in our case, compound 10 was formed in
a similar way upon contact of the free ligand with CO,
during electrolysis, which lasted for 50 h. The presence of
free diamine in the solution is probably a result of insuf-
ficient stability of its complex with gold, which, apparently,
quite rapidly reduces at the cathode, or decomposes in the
solution with the formation of colloidal gold. The insuf-
ficient stability of the 2,2-DM-1,3-DAP 9 complex with
gold is probably a result of steric hindrances due to the two
methyl groups bound to the C(2) carbon atom of this ligand.

The formation of salts of carbamic acid 11 during the
transmission of a CO, current through a solution of the

corresponding amine is a fairly well-known process.26-27
However, it is usually carried out using monoalkylamines
and, therefore, the formation of type 10 internal salt is
very rare (Scheme 1).

Scheme 1
+ _
RoNH, +  CO» = RoNHCO,

+ -+
RoNHCO2 + RoNH =<=—= R>NCO2R2NH3
1
+ _
HoN NH, HsN NHCO,
Me~ Me + CO; == Me” Me
9 10
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Fig. 9. Geometry and hydrogen bonds of compound 10; hydrogen atoms of methyl and methylene groups are not shown. Anisotropic
thermal vibrations of hydrogen-free nitrogen atoms are given with a 50% probability (for symmetry operations see Table 3).

In conclusion, the study of the corrosion of an Au
anode by gravimetry and cyclic voltammetry in a weakly
basic aqueous solution of substrate 9 showed that the
products of anode corrosion (gold complexes with
2,2-DM-1,3-DAP) under galvanostatic conditions reduce
on the steel cathode with the formation of an electrolytic
precipitate of crystalline Au on the cathode and the forma-
tion of colloidal gold nanoparticles in the electrolyte
medium. Isolated from the reaction solution after the
separation of colloidal gold, product 10, obtained upon
contact of the free ligand with atmospheric CO, during
electrolysis, is the internal salt of carbamic acid (3-am-
monio-2,2-dimethylpropylcarbamate).
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