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The mixture of creatinine, activated charcoal and water was stirred. As a result the conversion of creati-
nine into two products was observed. 'H, *C NMR and HMBC spectra were recorded and the chemical
shifts assigned. Two uremic toxins: creatol and N-methylguanidine were identified. To interpret the NMR
data obtained, the optimum structure of creatol, which can exist in the forms of seven tautomers, has
been calculated using the DFT B3LYP/6-311G(2d,p) method. The influence of the solvent was described
by the polarizable continuum model (PCM). The calculated energy of the most energetically stable tau-

{\(ﬁ\;j/{\gords: tomeric form A is lower by 12.2, 16.9, 33.8, 81.5, 106.3, 130.4 kJ/mol in water than that of the tautomers
Creatinine B-G, respectively, which suggests that the A form of creatol should prevail in solution. In DMSO, the
Creatol calculated energy of the most energetically stable tautomeric form A is lower than that of both D and B

and the remaining tautomeric forms (C, E-G) are less energetically stable. Subsequently, we sought the
correlations between the experimental and the calculated chemical shifts of protons and carbons-13 for
the forms - A, B (in water) and A, B, D (in DMSO) - of creatol. The population of the A tautomer is pre-
dominant in both H,0 and DMSO. We have also recorded the spectra of creatol and N-methylguanidine

N-methylguanidine
DFT calculations

at different pH. Our data are complete enough to be used in the analysis of body fluids.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Creatol (5-hydroxycreatinine, 1), first identified at the begin-
ning of 1990s [1], is the key precursor in the synthesis of
N-methylguanidine uremic toxin (2) [2,3]. Diabetic patients with
chronic renal failure accumulate the creatinine oxidative metabo-
lites such as creatol and methylguanidine in their sera. Many toxic
guanidino compounds are produced in the final stage of renal dis-
ease (ESRD). For example, guanidinosuccinic acid (GSA) has been
identified as the major cause of bleeding tendency, a Na-K ATPase
inhibitor and a reason of convulsions in ESRD. GSA is formed from
argininosuccinic acid and the hydroxyl radical [4,5]. The signifi-
cance of creatol lies in the fact that in vivo it is a direct product
of the reaction of creatinine (3) with the hydroxyl radical [2,3]. The
hydroxyl radical has the highest reactivity among various species
of free radicals, although it is known to attack nucleic acids pro-
teins, nucleotides, amino acids, saccharides and organic acids [6].
It is known that in position 5 of creatinine under oxidative condi-
tions, a group containing an oxygen atom [7,8] or an amine group
[8] substitutes one of the protons at C-5 of the imidazoline ring.
On the other hand, it was reported previously that activated car-
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bon has oxidative properties and can oxidise organic acids [9].
Furthermore, Tijsen [10] and Smith [11] have shown that creati-
nine, adsorbed on activated carbon, undergoes catalytic oxidation,
but they have not identified the product of this reaction. This
observation is important, as activated carbon, coated with dif-
ferent types of polymers, is being widely used as a sorbent in
haemoperfusion techniques for the removal of various toxic prod-
ucts and metabolites from blood [12]. Taking this into account,
we investigated the product of the reaction of creatinine with
water in the presence of activated carbon. In this paper we report
the results of this study and the NMR analysis of the creatinine
derivatives.

2. Materials and methods

Commercial creatinine (Sigma, C-4255) and activated charcoal
(Sigma, C-4386) were used in the syntheses without purification.

To a 50 ml round-bottom flask equipped with a thermometer, a
reflux condenser and a magnetic stir bar, 0.5g (4.4 mmol) of cre-
atinine, 2 g of activated charcoal and 25 ml of water were added.
The mixture was stirred at 40°C for 25h. The reaction progress
was monitored by TLC (i-PrOH:H,0:NH4OH = 7:2:1) and NMR. After
completion, the reaction mixture was filtrated, thoroughly washed
with water and concentrated in an evaporator. The residue was sep-
arated via the preparative thin layer chromatography on 20 x 20 cm
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Fig. 1. Conversion of creatinine (3) into methylguanidine(2) via creatol(1).

Table 1
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Experimental and calculated, using GIAO-DFT [B3LYP/6-311G(2d,p)] (PCM)method and the Gaussian 03 W program, 'H and >C chemical shifts, § [ppm], of 5-hydroxycreatinine.

CH
HONE
)—NH;
N
0]
Position TH chemical shifts § [ppm] of proton number 13C chemical shifts § [ppm]
of carbon number
3 4 5 6 7 8 2 4 5 6

EXP. 514 3.08 171.32 190.50 85.98 30.63
CALC.” in H,0 for form A 5,52 298 493 5.66 175.63 195.51 90.32 28.37
CALC.” in H,0 for form B 8.00 5.7 3.00 468 594 160.19 180.33 88.87 27.87
CALC. in H,O for form A from Eq (1). 170.81 189.95 88.66 29.00
CALC. in H,O for form B from Eq (1) 168.68 190.23 92.39 27.13
Theoretical absolute values of carbon atom shielding constans in H,O for form A 26.43 2897 27.02 26.29 8.56 -11.32 93.87 155.82
Theoretical absolute values of carbon atom shielding constans in H,O for form B  23.95 26.25 2895 2727 26.01 2400 3.86 9532 156.32
EXP" 495 298 171.22 188.41 84.87 29.87
CALC.” in DMSO for form A 535 292 413 5.29 175.06 194.55 89.09 27.61
CALC.” in DMSO for form B 7.93 553 294 438 598 159.76 181.05 87.68 28.03
CALC.” in DMSO for form D 5.82 5.63 297 417 643 164.33 84.01 182.26 25.52
CALC. in DMSO for form A from Eq. (1) 169.91 188.63 8742 28.41
CALC. in DMSO for form B from Eq. (1) 16712 189.76 90.46 27.03
Theoretical absolute values of carbon atom shielding constans in DMSO for A 26.56 28.99 27.78 26.62 8.50 —-10.99 94.47 155.95
Theoretical absolute values of carbon atom shielding constans in DMSO for B 23.98 26.38 28.97 27.53 2593 23.80 2.51 95.88 155.53
Theoretical absolute values of carbon atom shielding constans in DMSO for D 26.09 26.28 28.94 2774 2548 19.23 9955 130 158.04

" Data (in H,0 with TSP-d4 sodium salt in pH 7.0).

" Data calculated from: §$[ppm] = o¢f — 0¢3¢, for the 'H and 3C spectra, o' is equal to 31.95 and 31.91 ppm and 184.19 and 183.56 ppm for H,0 and DMSO, respectively.

“" Data in DMSO-ds.

glass plates coated with the 2 mm thick layer of silica gel 60 F,s4

NMR measurements were performed on 0.55 ml samples, each

(Merck 1.05717.0001) with i-PrOH:H,0:NH4OH=7:2:1 as mobile one consisting of 0.15M solution of the compound 1, 2 or 3 in

phase. The purity was confirmed by NMR.

water, to which 50 pl of D,O containing 3-trimethylsilyl-2,2,3,3-

The conversion degree for creatinine was 76% and the yield for tetradeuteropropionic acid (TSP-d4 sodium salt; Dr. Glaser AG
creatol was 9% (MS(EI, 70eV): 129(M™*), 127, 101, 73, 56, 42), and Basel), was added as the spectrometer field lock and the internal
for methylguanidine 67% (HRMS (EI): 73.06400 calcd for C;H70N3; chemical shift reference. The pH was controlled directly in an NMR

found 73.06366).

%

—e— creatol (1)

—s— N-methylguanidine (2)
—a— creatinine (3)

0 1 5 10
time [h]

tube using a pH electrode and a pH-meter (Aldrich). This measuring

k k
Fig. 2. Time course of creatinine (1) degradation and formation N-methylguanidine (2)(product) and creatol (1)) (intermediate) in the reaction creatinine —L, creatol -2

N-methylguanidine where k; > k;.
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Table 2

Total (a.u) and relative (kJ/mol) theoretical energy, calculated using DFT [B3LYP/6-311G(2d,p)] calculatated using PCM method and the Gaussian 03W program for 5-

hydroxycreatinine tautomers.

Tautomers In H,O In DMSO
Energy (a.u.) Energy [k]/mol] Energy (a.u.) Energy [k]/mol]
CH;
HO I\’I
A >:N H 471540474 0 —471.538699 0
N
O |
H
CH
o 3
B />—N H, —471536021 122 —471.535465 8.8
N
HO
CHs
O N
C >: NH 471534278 169 471533222 15.0
N
HO I
H
CH,
HO |\,|
D | />—N H, 471528108 3338 471537748 26
N
HO
CH,
HO |\]
E >:NH 471510604 815 —471.509632 79.3
=N
HO
CHs
HO l\fJ
F I >:NH 471501547 1063 471513748 68.1
N
HO [
H
6
7 CH3
HO . N’
e 1 8 471492707 1304 471491230 1296
4 />—2 NH»
N
0 3

system was standardised using pH 1.68, 4, 7, and 10 (Cole-Parmer
Instrument Co.) buffers. The pH of the samples was adjusted by
adding small amounts of 1 MHCl or 0.55 M NaOH solutions. The pro-
ton and proton-decoupled >C NMR spectra were recorded using a
Varian UNITYplus spectrometer operating at 11.7 T magnetic field.
The proton spectra were recorded using the following measure-
ment parameter set: pulse angle 30°, acquisition time 5 s. The water

signal was suppressed by selective irradiation during the relaxation
delay (5s). 1000 scans were accumulated. This set of parameters
guarantees that saturation effects are avoided. The standard mea-
surement parameter set for 13C spectra was: pulse width 7 s (the
90° pulse width was 12.5 us), acquisition time 1s, spectral width
200 ppm, WALTZ 16 'H decoupling. 4000-8000 scans were accu-
mulated and after zero-filling to 64 K, the FID signals were subjected
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to Fourier transformation after applying a 1 Hz line broadening. The
TH-13C gs-HMQC 2-D spectra were also recorded using the standard
Varian software. The measurements were performed at room tem-
perature. The optimum ground-state geometries for all compounds
were calculated using the density functional theory (DFT) and the
proton and carbon chemical shifts by the GIAO-DFT method. At both
calculation stages the B3LYP functional and 6-311G(2d,p) basis set
were employed and the continuum model (PCM; Gaussian 03 W)
[13,14] was used in order to simulate the effects of the solvent. The
relative chemical shift of a given nucleus X in the molecule was
defined as §3°[ppm] = o} — o'!¢. For the 'H and '3C spectra, o}
is equal to 31.95 and 184.19 ppm for H,0 and a)rff is equal to 31.91
and 183.56 ppm for DMSO, as found on the basis of DFT [B3LYP/6-
311G(2d,p)] geometry of the dual-reference standard (TMS).

3. Results and discussion

The mixture of creatinine, activated charcoal and water was
stirred at 37 °C for 25 h. As a result we observed conversion of cre-
atinine into two products (Fig. 1). We could detect the presence
of the new compounds just after an hour (TLC). Smith et al. [11]
had observed that when a creatinine solution was placed in contact
with activated carbon in air, the concentration of the solution con-
tinued to decrease considerably over a number of days. The authors
demonstrated that at pH of dialysate and at 37 °C the creatinine (the
equilibrium creatinine—creatine was established in one day [15])
was rapidly oxidised. However, no creatine was produced simulta-
neously. In other words, the rate of oxidised creatinine on activated
carbon was higher than equilibration—creatinine-creatine. On the
other hand, Tijssen et al. [10] reported that they had observed
an unknown product in the course of the contact of creatinine
with activated carbon. Chemical oxidative conversion (with var-
ious active oxygen species) of creatol into N-methylguanidine is
known and described in the literature [16]. We have analysed all
the published information and our investigations into creatinine
and activated carbon. 'H and 3C NMR and HMBC spectra of the
new products were recorded and the chemical shifts assigned (in
water and DMSO-dg, Tables 1-3). We have identified creatol (1) and
N-methylguanidine (2). Graphs of the concentration dependences
of (1-3) on time can be drawn (Fig. 2). Once the intermediate (1)
is formed, it is rapidly converted to the product (2). The magni-
tude of the intermediate (1) concentration is almost always low
but steady and remains almost constant at this value until the
reaction is virtually complete. This phenomenon takes place when
ky > k1. This course of reaction shows that creatinine in the pres-

ence of activated carbon is converted to N-methylguanidine via
creatol.

To interpret the NMR data obtained, the optimum structure of
creatol, which can exist in the forms of seven tautomers, has been
calculated using the DFT B3LYP/6-311G(2d,p) method (Table 2).
The influence of the solvent was described by the polarizable
continuum model (PCM) [13]. The calculated energy of the most
energetically stable tautomeric form A is lower by 12.2, 16.9, 33.8,
81.5, 106.3, 130.4 kJ/mol in water than that of the tautomers B-G,
respectively, which suggests that the A form of creatol should
prevail in solution. This corresponds with the literature data con-
cerning 5-substituted creatinines [8]. In DMSO, the calculated
energy of the most energetically stable tautomeric form A is lower
than that of both D and B (by 2.6 k]/mol than that of D and 8.8 k]/mol
than that of B). The remaining tautomeric forms (C, E-G) are less
energetically stable (Table 2). The calculations show that the dif-
ference between the forms A and D is very small. To get further
evidence to verify this conclusion, the NMR parameters have been
calculated for two (in water—A and B) and three (in DMSO—-A, B,
and D) tautomers of 5-hydroxycreatinine (Table 1). Subsequently,
we sought the correlations between the experimental and the cal-
culated chemical shifts of protons and carbons-13 simultaneously,
for the forms — A and B (in water) and A, B, and D (in DMSO) -
of creatol. The relative chemical shift of a given nucleus X in the
molecule was defined as §§[ppm] = 0" — oPI°. For the 'H and
13C spectra, o} is equal to 31.95 and 184.19 ppm for H,0 and offf
is equal to 31.91 and 183.56 ppm for DMSO, as found on the basis
of DFT [B3LYP/6-311G(2d,p)] geometry of the dual-reference stan-
dard (TMS). The correlations for the forms A and B in both solvents
are satisfactory (r>0.99). However, the best one is for the form A
(compare r=0.9999 for A to 0.9990 for B in water and r=0.9998 for
A t00.9991 for Bin DMSO). There is not any correlation for the form
D (r=0.6160). It has been found [17] that the experimental values
of the carbon chemical shifts of creatol in water and DMSO can be
reproduced, using the calculated absolute values of the shielding
constants for both energetically stable tautomeric forms A and B,
by the following equation:

8 exp = a[ocalcy — 0p] (1)

(in ideal situation a=—1, and 0g =0o1ps)

The values of adjustable parameters for A, a=-0.96297
(£0.01385), 0(=185.94 (+£2.03)ppm, for H,O (mean devia-
tion=1.61) and a=-0.95966 (+0.01382), 09 = 185.56 (+2.02) ppm,
(for DMSO) (mean deviation=1. 61102) were found using the least-
squares method. For the tautomer B for both H,O0 and DMSO the

Table 3
pH dependence of 'H and '3C chemical shifts  [ppm] of 5-hydroxycreatinine (1) and N-methylguanidine (2) in water solution.
7 CHs NH
HO 5
N 4 8
4 /> 2 NH; e
N H,N N
O 3 H
1 2
pH "H chemical shifts § [ppm] of hydrogen number for compounds 13C chemical shifts § [ppm] of carbon number for compounds
1 2 1 2
5 6 CHs; 2 4 5 6 CHs CN
2.70 5.42 3.17 2.84 159.47 175.63 84.00 31.05 30.31 160.19
3.50 5.38 3.17 2.84 161.66 178.26 84.46 31.01 30.30 160.17
6.40 5.16 3.10 2.86 170.93 190.15 85.94 30.65 30.27 160.19
7.80 5.14 3.08 2.86 171.32 190.56 85.99 30.62 30.32 160.22
8.90 5.14 3.07 2.85 171.39 190.70 86.05 30.61 30.32 160.31
10.80 5.07 3.07 2.85 170.88 191.88 87.24 30.51 30.31 160.20
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mean deviation is greater (3.88 and 3.81, respectively) and there-
fore it can be concluded that the population of the A tautomer
predominates in H;O and DMSO (Table 1). This information is
important when using combined prolonged haemoperfusion (HP)
and haemodialysis (HD) for severe dimethoate poisoning [18]. The
combined HP-HD is performed within 24 h using the same charcoal
column and dialyser. However, creatol is a product resulting from
the reaction of creatinine with hydroxyl radical and is identified
as a precursor of N-methylguanidine (MG). N-methylguanidine is a
toxic compound and its amount increases in uremic patients.

As far as the diagnostic applications of 'H and 13C NMR [19-22]
of 5-hydroxycreatinine and N-methylguanidine occuring in the
urine of patients with chronic renal failure are concerned, we
have also recorded the spectra of these compounds at different pH
(Table 3). Our data are complete enough to be used in the analysis
of body fluids.
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