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Molar conductances in water and dimethylformamide and *C NMR spectra in D,0 and (CD,),SO
solutions and solid-state '*C cross polarization magic angle spinning NMR spectra have been
measured for the chloride salts of 2-(«-hydroxybenzyl)thiamine (hbt), 2-(x-hydroxycyclohexylmethyl)-
thiamine (hcmt), their protonated forms [hbt]CI-HCI and [hcmt]CI-HCI and zwitterionic complexes
of the type [M(hbt)Cl,] and [M(hcmt)Cl,] (M =Zn, Cd or Hg). The data affords good evidence for
bonding of the metals to the N(1°) atom of the pyrimidine moieties in the ligands, as well as of the S
conformation of the ligands in solution. The small chemical shifts observed for the carbon atoms
situated adjacent to the N(1’) site [C(2’), C(6’) and 2'-CH,] in the solid-state and solution *C NMR
spectra of the complexes are attributed to the synergic interaction of metal complexation which
causes a downfield shift and the accumulation of negative charge at the same position due to
[MCI,]~ which leads to an opposing upfield shift. The *®*Hg NMR spectra of [Hg(hbt)Cl,] and
[Hg(hcmt)Cl,] in (CD,),SO further substantiate these conclusions. Overall, the results strongly
support earlier suggestions for the role of metal ions in the enzymatic action of thiamine.

The so-called ‘active aldehyde’ derivatives of thiamine pyro-
phosphate of general formula 1 are intermediates in the

enzymatic action of the thiamine enzymes'-? carboxylase, Me
pyruvic dehydrogenase, transketolase and phosphoketolase.

These biochemical processes require Mg?* ions to take place in

vivo and other bivalent metals such as Co?*, Zn?*, Cd?* and CH;CH,OH

Ni2* also in vitro.2:3 Investigation of the role that the bivalent
metals play in these enzymatic reactions has been hampered
because thiamine itself and its phosphate derivatives do not

-

. S ! . R
readily form complexes containing direct metal-ligand (M-L)
bonds, principally because of the net positive charge located on Me  2-(a-Hydroxyethyl)thiamine (het)
the thiazolium moiety which leads to the formation of ionic Ph 2-(a-Hydroxybenzyl)thiamine (hbt)

salts* of the type [L1?*[MX,1?~, [L1**2[MX,]™ or 2[L]*- CeHy1 2-(a-Hydroxycyclohexylmethyl)thiamine (hcmt)
[MX,]?". The ‘active aldehyde’ derivatives, on the other hand,
do form complexes with a direct M—-N(1") bonding to the
pyrimidine moiety.>

In the crystal structure of [Hg(hbt)Cl;]-H,O ° the hbt ligand
adopts the S conformation.® The three possible conformations
S, V and F of thiamine ® are defined by the torsional angles ¢p =
N(3)-C(b)-C(5)-C@4’) and ¢ = C(5)C(b)~-N(3)-C(2) (see
structure 1) as follows: for the S conformation ¢ = + 100,
¢p = + 150:for the V conformation, ¢t = +90,0p, = +90;and H
for the F conformation, ¢ = 0, ¢p = +90°. The S con- PO.>
formation of the ligand together with M—N(1’) bonding are P02
also apparently present in the complexes of hbt with Zn?*,
Cd?*, Co?* and Ni** 2 from their identical, band-by-band,

NH,

o

CH,CH,OR’
R’
Thiamine

Thiamine monophosphate
Thiamine pyrophosphate

vibrational (IR, Raman) spectra compared to those of
[Hg(hbt)Cl;], with the exception of the metal-ligand
vibrations.”*® Furthermore, the formation of similar complexes
of hcmt with the same metals and the similarity of their
behaviour to that of the corresponding hbt complexes allowed
us to conclude that these complexes should also have an

+ Thiamine = 3-(4-amino-2-methylpyrimidin-5-ylmethyl)-5-(2-
hydroxyethyl)-4-methylthiazolium.

M-N(1") bonding and a S conformation of the ligand in the
solid state.>-7-8

These results emphasize the importance of the S conformation
during the enzymatic reactions, as well as that of the N(1")
pyridimine site in complex formation.® The easier formation of
metal complexes with the ‘active aldehyde’ derivatives of
thiamine than with thiamine itself led us to the conclusion that
complex formation follows the initial formation of these
intermediates.®

Since all the thiamine enzymatic reactions take place in
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Fig. 1 Carbon-13 NMR spectra in D,0O of (a) [hbt]Cl, (b)
[hbt]JCI-HCl and (¢) [Cd(hbt)Cl,]): (i) APT spectra; (if) normal spectra

,CH,OH

2 M= an*, Cdz‘, Hg2+‘ COZ+, Niz‘

aqueous solutions, it is important to demonstrate whether or
not the same type of complexes [M—N(1") bonding and S ligand
conformation] also exists in solution, thereby substantiating the
above conclusion.>”-® In this paper, we present '*C NMR
spectra of complexes of Zn?*, Cd>* and Hg?* of hbt and hcmt
in the solid state and in (CD;),SO and D,O solutions. The
similarity of the solid-state '*C NMR spectra once again
strongly supports the structural similarity of the complexes in
the solid state, while the similarity of the solution and solid-state
spectra shows that the same structures persist also in solution.
The '*°Hg NMR spectra of [Hg(hbt)Cl;] and [Hg(hcmt)Cl,]
in (CD,),SO provide additional support for this conclusion.

Experimental
The ligands [hbt]Cl and [hemt]Cl were prepared according to
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the literature.’ The preparation of their complexes with Zn2™,
Cd?* and Hg?" has also been described.’

The molar conductances were determined for 10-> mol dm™3
solutions of the complexes in water and dimethylformamide
(dmf), at 20°C with a Conductoscope E365 (Metrohm,
Herisau, Switzerland). The 13C NMR spectra in solution were
recorded with a Varian XL 300 spectrometer (H, 299.945; C,
75.429 MHz) with dioxane as an internal reference, calibrated in
such a way that SiMe, corresponds to 0 ppm. The 1°°Hg NMR
spectra were recorded with the same instrument (53.652 MHz).
The internal reference was HgMe, corresponding to 0 ppm. The
solid-state '*C cross polarization magic angle spinning (CP
MAS) NMR spectra were obtained on a Chemagnetics CMX-
300 spectrometer (H, 299.604; C, 75.34 MHz). Hexamethyl-
benzene was used as a reference with 8(CH,;) 17.4. The
instrumental conditions employed were: proton decoupling
field 65 KHz, spinning speed 4 kHz (in zirconia rotors, 7.5 mm
diameter), acquisition time 34 ms, 'H % pulse width 4 ps, contact
time 2 ms, recycle delay 2 s, and applied line broadening 15 Hz.

Owing to the different solubilities of the compounds and for
the purposes of comparison, the following solution NMR
spectra were recorded: [hbt]Cl, [hbtJCI-HCI, [Zn(hbt)Cl,] and
[Cd(hbt)Cl;] in D,0, [hbt]JCI-HCI, [Cd(hbt)Cl,] and [Hg-
(hbt)Cl;] in (CD;),SO; [hemt]Cl, [hemt]Cl-HCI, [Zn(hcmt)-
Cl,] and [Cd(hemt)Cly] in D,O; and [hcmt]Cl, [hemt]-
CI-HC], [Cd(hemt)Cl;] and Hg(hemt)Cly in (CD5),SO.

Results and Discussion

The molar conductance values (Ay) of the complexes in dmf
solutions > were in the range 41-51 Q! cm™2 mol! and in
aqueous solutions were 282-322 ! cm=2 mol-'. The values in
dmf are lower than those expected for 1:1 electrolytes '° and
increase with time. The values in water, on the other hand,
correspond to 1:3 electrolytes '® and do not change with time.
These observations can be explained either by slow replacement
of a CI” ion by a dmf molecule in the first case and the
immediate replacement of all three C1~ ions by H,O molecules
in the second, or by the concomitant rupture of the M—N(1")
and M-CI bonds in both cases. The latter process is less likely
and would result in decomposition of the complexes in solution.
For this reason an examination of the NMR spectra of the
complexes in solution and subsequent comparison with corres-
ponding solid-state data would be expected to provide a more
definitive answer as to the existence or not in solution of the
complexes found in the solid state.>-7-8

13C NMR Spectra in Solution—The '3C NMR chemical
shifts of the compounds in D,O and (CD,),SO are given in
Table 1. The spectral assignments are based on those of [hbt]C1*!
at pH 0.9 and 6.7, comparison with the spectra of [hemt]Cl
(containing a cyclohexyl instead of the phenyl group) and
attached proton test (APT) experiments'?'® in which the
methyl and methine groups display negative resonances, while
the methylene and tertiary carbons appear positive (Fig. 1).

Protonation of both ligands [hbt]Cl and [hemt]Cl chiefly
affects the C(2"), C(6’) and 2’-CH, carbons adjacent to N(1),!!
which shift upfield in D,O by 3.1,9.0 and 1.9 ppm for the former
ligand and 3.9, 8.9 and 2.3 ppm for the latter. In the case of hcmt
the corresponding shifts in (CD),SO are 4.5, 10.0 and 3.9 ppm
respectively. The shifts of the remaining carbons are much
smaller and insignificant on going from the ligands to the
complexes (Table 1).

Surprisingly, complexation of both ligands at N(1’) causes
much smaller upfield shifts of these carbons and the spectra
closely resemble those of the free ligands. For example, the three
more sensitive carbons [C(2"), C(6") and 2’-CH,] shift upfield in
D,O by only 1.0, 2.3 and 0.6 ppm for [Zn(hbt)Cl;] compared
to [hbt]Cl and downfield by 0.6, 1.8 and 0.5 ppm for
[Zn(hcmt)Cl;] compared to [hemt]CL In (CD3),SO the shifts
are even smaller (Table 1). This unusual behaviour of the metal
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Table 1 Carbon-13 NMR chemical shifts of the compounds in solution

Compound C(2) C(2) C@) C@) CE) CU”) C(5) C@) C(3") C(2") C(5) C, CH,0OH C, 5CH, 2-CH, 4-CH,
[hbt]C1° 177.6 165.6 159.3 144.3 147.7 1358 1340 129.6 129.5 127.5 1053 71.8 60.2 475 292 23.0 10.9
[hbt]CI-HC1* 1789 162.5 161.6 145.1 138.7 136.8 1353 130.5 130.5 128.5 107.7 72.5 609 475 300 21.1 11.6
[Zn(hbt)Cl5]° 177.8 164.6 1447 1454 1359 134.1 129.6 129.6 127.5 105.7 71.8 60.2 473 292 224 10.9
[Cd(hbt)C1,4] 1715 1444 148.0 135.7 1340 129.6 129.5 1274 1060 71.8 60.2 474 29.2 230 10.8
[hemt]Cl1¢ 1780 166.6 160.2 143.6 148.1 43.1 1344 291 258 252 1075 72.7 600 472 292 23.1 10.9
[hemt]Cl-HCI® 177.8 162.7 161.6 1434 139.2 433 1348 29.1 263 253 108.7 724 60.0 46.7 29.2 20.8 11.0
[Zn(hcmt)Cl;]° 178.0 1672 160.0 143.7 1499 43.1 1342 292 257 253 1074 727 60.1 474 29.2 23.6 11.0
[Cd(hcmt)Cl5]“ 178.0 167.2 1599 143.7 1498 430 1343 292 257 252 1073 72.7 60.2 474 29.2 23.7 11.1
[hbt]CI-HCI® 178.5 161.3 160.8 1433 139.1 138.2 134.5 1293 129.0 1280 107.7 700 59.6 472 298 20.8 115
[Cd(hbt)Cl;]* 177.6 165.8 160.0 143.0 137.8 1344 1290 129.0 127.6 105.3 70.5 59.6 476 29.7 24.6 11.3
[Hg(hbt)Cl;]* 177.5 1658 160.0 1430 1462 1379 1344 1292 129.1 127.6 1054 703 59.6 475 297 11.5
[hemt]CI® 179.5 166.3 160.4 1425 1508 43.0 1341 290 259 257 1068 717 59.7 476 29.7 25.0 11.6
[hemt]CI-HCI® 180.0 161.8 161.5 1424 1408 434 1342 289 261 257 1086 716 59.6 46.8 29.7 21.1 11.6
[Cd(hcmt)Cl;]*® 179.0 166.6 160.3 1425 1509 430 1341 290 257 255 1066 720 59.7 473 29.7 25.2 11.6
[Hg(hemt)Cl,]®  179.0 1664 1604 1425 431 1342 290 257 255 1068 719 59.7 472 297 249 11.6

“In D,0 solution. * In (CD,),SO solution.

complexes can be explained in terms of two opposing effects: the
metal complexation at N(1’) which should cause a downfield
shift of the adjacent carbon atoms,'* while localization of the
net negative charge of the [MCl;] ™ moiety at the same position
should cause a deshielding effect on the carbons. The stacking
interaction of the pyrimidine and benzene rings in [hbt]-
CI-HCI'5 and [Hg(hbt)Cl;],° being almost parallel with an
average distance of 3.5 A, probably also contributes to the very
small shifts of the carbon atoms situated near N(1"). This latter
suggestion is supported by the fact that for the hemt ligand and
its complexes,® which lack a similar stacking interaction, the
corresponding carbons are shifted by 1-4 ppm downfield,
compared to the hbt ligand and its complexes.

On the other hand, comparison of the protonated ligand
[hbt]CI-HCI with the [Zn(hbt)Cl;] complex reveals downfield
shifts of 2.1, 6.7 and 1.3 ppm respectively of the C(2"), C(6")
and 2'-CH; carbons, in D,0O. The analogous values for
[hemt]CLI-HCI and [Zn(hemt)Cl;] in D,O are 4.5, 10.7 and 2.8
ppm respectively. In (CD;),SO comparisons of [hbt]CI-HCI
and [Hg(hbt)Cl;] and [hemt]CI-HCI and [Hg(hemt)Cl;], for
example, give the following downfield shifts of these three
carbon atoms: 4.5, 7.1 and 3.7 ppm for the former pair and 4.6,
10.0 and 3.8 ppm for the latter pair. Similar comparisons and
behaviour of thiamine chloride hydrochloride = [thm]CI-HCI
and its zwitterionic complexes with Pt2*, Pd?*, Cd?*!7 and
Hg?*,'8 of the type M(thm)Cl; (M is the metal) led to the
conclusion of direct M-N(1’) bonding in solution. Such
bonding was supported by crystal structure data for
[Pt(thm)Cl;] *° and [Cd(thm)Cl;].2°

It is therefore reasonable for us to conclude that the M-N(1")
bonding and S ligand conformation found in the solid com-
plexes should also persist in D,0 and (CD;),SO solutions, as in
the structure for [Hg(hbt)Cl;]-H,0.3 Further support for this
comes from the isostructural complexes [Co(hbt)Cl;], [Co-
(hemt)Cl;] and [Ni(hcmt)Cl;],% which apparently have the
same pseudo-tetrahedral structure in the solid state (by diffuse
reflectance) and in dmf solutions, as revealed by their UV/VIS
spectra.

13C CP MAS NMR Spectra—More evidence for the
existence of M-N(1’) bonding and the S conformation of the
ligands in solution comes from a comparison of the solid state,
high-resolution 3C NMR spectra with the corresponding !3C
NMR solution data. Such a comparative NMR technique,
which has only been exploited quite recently, is an important
complement to X-ray crystallography.?! The chemical shifts of
the various carbon atoms are included in Table 2.

The proposed assignments for the solid-state NMR spectra are
based on comparisons with the related solution spectra, internal
comparisons of the spectra of the compounds containing the hbt

and hemt ligands and cross-polarization interrupted-decoupling
experiments, in which the methine and methylene carbons do not
appear.?? High-quality spectra are obtained (Fig. 2).

Although the chemical shifts of the corresponding spectra in
D,0 and (CD;),SO solutions and the solid state do differ
somewhat irregularly, each solution peak does have a counter-
part in the solid-state spectrum. The differences are presumably
attributable to intermolecular solid-state packing effects. These
effects should influence most those carbons situated at the
molecular periphery,?® e.g. the CH,OH, C,, 5-CH,, 4-CH; and
C(2) and C(4) carbons to which the peripheral functional
groups are attached (Table 2).

The carbons located near to the N(1) site, however, undergo
similar shifts for the ligands and the complexes, to those in
solution. Thus, the C(2), C(6) and 2’-CHj carbons shift upfield
by 4.0, 7.9 and 0.6 ppm on passing from [hbt]Cl to [hbt]CI-HC1
and by 3.2, 4.2 and 4.8 from [hemt]Cl to [hemt]CI-HCL. In the
case of [Hg(hbt)Cl,] these carbons shift downfield by 0.6, 0.5
and 4.1 ppm, respectively, compared to free [hbt]JCl. For
[Hg(hcmt)Cl;], however, these downfield shifts are 3.1, 1.8 and
2.1 ppm respectively. The explanation for this behaviour must
be related to that given earlier for the solution ! *C NMR results.
With the exception of 2’-CH carbon, for which packing effects
should also be important, the downfield shifts are again larger
for the hcmt complexes, possibly reflecting the lack of the
additional pyrimidine-benzene stacking effect which exists for
the hbt complexes.’-%-13

Finally, a comparison of the data for the protonated ligands
with those for metal complexes such as [Hg(hbt)Cl;] and
[Hg(hcmt)Cl;] reveals that once again the C(2'), C(6") and
2’-CH, carbon atoms shift respectively downfield by 4.6, 8.4 and
4.7 ppm with hbt and by 7.3, 6.1 and 6.7 ppm with hcmt. A
similar conclusion concerning the existence of the M-N(1")
bonding in the solid state 5-7 may therefore also be made here, as
in the case of the solutions.!®~!® Unfortunately, the presence of
several peaks in the regions associated with the C(2") and C(6")
carbon atoms obscured the observation of any 2J(*3C-19°Hg)
coupling. Such coupling would be quite small, but might have
been detected otherwise,2* as is the case for the solution spectra.

Consequently, the general similarity of the '*C NMR spectra
of the various compounds in the solid state, where any possible
rapid metal-ligand exchange that might take in solution is
frozen,’ to those in solution not only confirms the isostructural
nature of the complexes of the three metals with each ligand in
the solid state,>”'® but also confirms retention of both the
M-N(1") bonding and the S conformation of the ligands in the
complexes in solution.

19Hg NMR Spectra—Additional convincing evidence for
retention of the Hg—N(1") bonding in (CD3),SO was provided
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Table2 Carbon-13 NMR chemical shifts of the compounds in the solid state

Compound C(2) C2) C@) CH) C(6) CU1") C(5) C@) C3") Cc2m CB) C, CH,OH C, 5-CH, 2-CH; 4-CH,
[hbt]Cl1 181.2 166.8 1612 146.6 146.6 140.5 1355 129.3 129.3 1293 106.5 72.8 50.5 244 11.6
[hbt]CI-HC1 1760 162.8 162.8 1452 138.7 138.7 133.3 128.6 128.6 128.6 1053 729 60.2 48.1 30.7 238 12.7
[Cd(hbt)Cl4] 1809 167.2 159.8 1454 1454 1372 1341 1333 130.2 1263 1054 71.2 628 50.1 325 28.1 140
[Hg(hbt)Cl,] 185.1 1674 1594 147.1 147.1 137.5 1335 133.5 1299 127.2 107.0 71.5 63.8 50.7 322 28.5 13.7
[hcmt]Cl 184.1 166.6 162.1 146.7 1479 439 1358 268 268 257 106.1 743 64.5 51.1 311 26.8 13.3
[hemt]CI-HCI 1819 1634 1634 1437 143.7 438 1333 274 274 274 108.1 73.1 60.0 469 317 220 12.1
[Cd(hcmt)Cl4] 185.0 170.8 160.0 145.6 149.8 44.1 1356 287 265 256 1094 76.1 62.1 502 315 28.7 15.0
[Hg(hcmt)Cl,] 185.1 170.7 159.8 145.8 149.8 443 1362 28.7 269 259 109.7 763 62.7 504 318 28.7 15.1
(a) .
only one complex species in solution in each case. The chemical
(i) shifts of the '°Hg resonances range between 8 —900 and
— 1000 for complexes of HgMe™* with nucleic acid derivatives
and these shifts are more negative when the ligand bears a net
positive charge as in our case.2% For complexes of triazines with
Hg?* of formula [HgX{N,(C¢H,X-2),}] (X = F, Cl, Br, I or
Me) on the other hand, the '°*°Hg resonance 27 appears at about
) 8 —1400. Also [HgCl,]2~ with a similar environment to that in
(i) HgCl,-L[N(1")] shows its ' Hg band at & —1141.28
The breaking of the Hg-N(1") bond in (CD,;),SO can be
excluded, at least in freshly prepared solutions, because the
resulting [HgCl;{(CD;),SO}] species should exhibit '*°Hg
resonances at much less negative values2%2° (§ > —800). We
therefore conclude that Hg—N(1") bonding exists in (CD,),SO
200 150 100 50 0 solutions as well.
(b)

e
e

100

éé

200 150 50 0

100

-

Fig. 2 Carbon-13 CP MAS NMR spectra of (a) [hbt]Cl, (b)
[hbt]CI-HCI and (c) [Cd(hbt)Cl;]: (i) cross polarization interrupted-
decoupling spectra; (ii) normal spectra

S

(i)

54

200 150 50

by the '°?Hg NMR spectra of [Hg(hbt)Cl,] and [Hg(hcmt)
Cl,]. Both spectra show only one resonance for the Hg?*, at §
— 1200 and — 1210 respectively, thus confirming the existence of

Conclusion

The results of the present study (similar complexes in solution as
in the solid state) provide further evidence in favour of the
conclusions drawn for the enzymatic action of thiamine
enzymes,>”'® ie., (1) the bonding site of bivalent metals with
thiamine derivatives is the N(1’) atom of the pyrimidine moiety,
(2) the S conformation of the ligands in the complexes is
important for the deprotonation of the O(2B»H proton in
complexes 2, resulting from the intramolecular S(1) -+« O(2pB)
electrostatic interaction3® and (3) complex formation with
metals should occur following formation of the ‘active aldehyde’
intermediates of thiamine.5-7-3
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