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Introduction

Aqueous [Pd(en)(OH)2] (Pd-en) and solutions of related
palladium(II) complexes with an N2 set of ligating atoms are
currently the most-versatile reagents for the reliable trans-
formation of the diol groups of a carbohydrate into dianion-
ic ligands in chelation to the PdN2 moiety. The stability of
the complexes is underlined by the fact that complete metal-
ation can be achieved. Hence, all the vicinal diol groups of
an anomeric mixture of a- and b-d-glucopyranose were
transformed into palladacycles when glucose formed
[{Pd(en)}2(a-d-Glcp1,2;3,4H�4)] and [{Pd(en)}2(b-d-

Glcp1,2;3,4H�4)] upon reaction with Pd-en (Glcp=glucopyr-
anose).[1,2] The same holds true for glucosides such as cellu-
lose, whose O2/3 diol groups were entirely metalated in the
course of cellulose dissolution in Pd-en.[3] In view of these
results, the reaction of open-chain carbohydrate derivatives
is intriguing. Entire, or in this case, threefold metalation of a
hexitol such as dulcitol appeared inaccessible in preliminary
experiments with Pd-en. This result was particularly annoy-
ing when the significance of open-chain derivatives in carbo-
hydrate chemistry is considered. There exist not only stable
open-chain compounds such as sugar alcohols and aldonic
and aldaric acids, but also, most challengingly, the unstable
open-chain forms of the monosaccharides themselves. The
development of spectator-ligand–metal fragments that can
be used as tools to stabilize and manipulate the most-reac-
tive forms of a monosaccharide, that is, the aldehyde and al-
dehyde hydrate, is therefore a major goal of carbohydrate-
directed coordination chemistry. The aim of this work is
thus to clarify the reasons for restricted metal bonding to
open-chain polyol ligands and to develop a strategy to over-
come these restrictions. For this purpose, the typical ligand
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properties of representative sugar alcohols (Scheme 1) with
up to six hydroxy groups were investigated, and the most-
stable ligating forms were identified. Finally, the spectator
ligand was adapted to support a metalation pattern so stable
that even the most-conservative ligating moiety, the tetra-
dentate Dulc2,3;4,5H�4 tetraanion, was broken up.

Results and Discussion

Ethanediol, Propane-1,3-diol, and Glycerol: Five- versus
Six-Membered Ring Chelation

To provide basic spectroscopic and structural data, the in-
vestigation began with some simple hydroxy compounds. 13C
and 1H NMR spectra of equimolar amounts of ethanediol
dissolved in 0.2m Pd-en revealed complex formation even
for this, the least-acidic 1,2-diol in this work. Under the con-
ditions chosen, about 70% of the diol formed the diolato
complex with the Pd(en) moiety. Reaction of double the
molar amount of palladium reagent with ethylene glycol at
a Pd concentration of 0.32m left about 10% of the diol un-
complexed.

The triol glycerol was found as a bidentate triolato(2�)
ligand bonded to palladium. At a Pd/glycerol molar ratio of
2:1, only a small amount of free triol was detected in the
13C NMR spectrum. The bonding mode of the triol is almost
exclusively that of a k2O1,O2 five-ring chelator with minute
amounts of the k2O1,O3 six-ring isomer detectable in the
NMR spectra. To confirm the assignment of the NMR sig-
nals, propane-1,3-diol was also investigated. As expected,
propane-1,3-diolate turned out to be a much poorer ligand
than the 1,2-diol moiety due to the lower acidity of the

former. In 0.2m Pd-en, less than 20% of the diol was ob-
served to be bonded to palladium. However, complex for-
mation was significant enough to show the characteristic
spectral features of the different bonding modes. Table 1

shows the typical coordination-induced shift (CIS; Dd)
values, which are of diagnostic value in the case of the 1,2-
diolato bonding mode. For this mode, the 13C NMR signals
of the carbon atoms that bear a palladium-bonded oxygen
atom were shifted downfield by about 10 ppm. As was
pointed out for levoglucosane as another example of a 1,3-
diol,[3b] the CIS values for this bonding mode are less infor-
mative. Attempts to crystallize any of these forms were suc-
cessful for the propanediolato complex only. The crystal-
structure analysis revealed the expected bonding pattern.[4]

Crystals of the ethanediol and glycerol complexes were ob-
tained in low quality only. A preliminary structure analysis
of the glycerol derivative confirmed the spectroscopic as-
signment of a five-membered chelate ring.

Erythritol and Threitol: The Basic Binucleating Bis ACHTUNGTRENNUNG(diolato)
Patterns

In terms of the 13C NMR spectra, the isomeric tetraols er-
ythritol (Eryt) and d-threitol (d-Thre) form the fully meta-
lated [Pd2(en)2(tetraol1,2;3,4H�4)] species in aqueous solu-
tions of Pd/tetraol of molar ratio 3:1 (3:1 solutions). With
erythritol, the binuclear species is the main species in solu-
tion, whereas, as a rough estimate, only half of the d-threitol
binds two Pd(en) moieties; the other half acts as a ligand in
the mononuclear [Pd(en)(d-Thre2,3H�2)] species. The minor
tetraolato species (less than about 10% of tetraol-containing
complexes) are [Pd(en)(d-Thre1,2H�2)] , [Pd(en)(Eryt-
ACHTUNGTRENNUNG1,2H�2)], and, even less abundant, [Pd(en)(Eryt2,3H�2)]
(Table 2). No signals of free tetraol were observed at the 3:1
molar ratio. The pronounced stability of binuclear
[Pd2(en)2(Eryt1,2;3,4H�4)] and mononuclear [Pd(en)(d-
Thre2,3H�2)] in the respective solutions dominates the spe-
cies distribution in 1:1 solutions as well. In the case of eryth-
ritol, about one quarter of the tetraol was found as a ligand

Scheme 1. Fischer projections, including atomic numbering, of the sugar
alcohols used in this work.

Table 1. 13C NMR chemical shifts (ppm) of Pd–ethanediol, –propane-1,3-
diol, and –glycerol complexes.[a]

C1 C2 C3

[Pd(en)ACHTUNGTRENNUNG(EthdH�2)]
(Dd)

72.9
ACHTUNGTRENNUNG(8.5)

[Pd(en)ACHTUNGTRENNUNG(PrndH�2)]
(Dd)

63.9
ACHTUNGTRENNUNG(3.5)

40.0
ACHTUNGTRENNUNG(4.4)

[Pd(en)(Glyc1,2H�2)]
(Dd)

73.1
ACHTUNGTRENNUNG(9.9)

81.5
ACHTUNGTRENNUNG(8.8)

63.5
ACHTUNGTRENNUNG(0.4)

[Pd(en)(Glyc1,3H�2)]
(Dd)

67.4
ACHTUNGTRENNUNG(4.3)

74.0
ACHTUNGTRENNUNG(1.3)

[a] Atoms are numbered as in Scheme 1. The signals of the en ligands are
omitted. Dd is the difference between the chemical shifts of the free and
the palladium-binding polyols taken from the same spectrum in each
case. Dd values that indicate a CIS due to 1,2-diolate coordination are in
bold. The Glyc1,3 species (last entry) is present as a trace component.
Ethd=ethane-1,2-diol, Glyc=glycerol, Prnd=propane-1,3-diol.
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in the binuclear complex despite the fact that an equivalent
amount of erythritol remains uncomplexed in the equimolar
solutions. With d-threitol, the [Pd(en)(d-Thre2,3H�2)] com-
plex is almost the only species in 1:1 solutions. Hence, threi-
tol is the “normal case”, as the most-acidic hydroxy groups
are deprotonated to form a complex of the expected molar
ratio (compare the results of Andrews et al. for mononu-
clear bis(phosphane)tetraolato(2�)platinum(II) com-
plexes[5]).

As a result, the binding of a single metal atom to the diol
group of a tetraol follows the stability relationship threo>
terminal>erythro. This result agrees with stereochemical
considerations: the threo configuration of a central diol
moiety allows the bulky substituents (hydroxymethyl in the
case of a tetraol) to be far apart, whereas in an erythro-con-
figured diol, a conformation closer to an ecliptic arrange-
ment of the substituents is forced. Terminal metalation of a
tetraol appears more favorable than erythro coordination as
a result of the combination of low steric strain on the one
hand and deprotonation of a less-acidic terminal hydroxy
group on the other. The rule is illustrated in Scheme 2 by
means of Fischer and Newman projections.

Attempts to crystallize some of the tetraol–palladium
complexes were successful for the binuclear erythritolato
compound, which was obtained in the form of yellow crys-
tals from palladium-rich solutions. Crystals of
[Pd2(en)2(Eryt1,2;3,4H�4)]·10H2O (1), the decahydrate of
the main solution species, are composed of almost-flat, cen-
trosymmetric molecules (Figure 1 and Table 3) whose struc-
ture resembles that of the ammine analogue.[6] The alkoxo
O atoms of the fully deprotonated, tetraanionic erythritolato
ligands act as hydrogen-bond acceptors in two H bonds
each.

The most-stable Pd1–Eryt species, [Pd(en)(Eryt1,2H�2)] ,
is clearly stabilized by an intramolecular hydrogen bond
from the O4�H donor to the O2 acceptor. Though not sub-

stantiated by crystal-structure data on a palladium com-
pound, structure analysis of a salt of the related [CoIII-
ACHTUNGTRENNUNG(tren)(Eryt1,2H�2)]

+ ion (tren=N,N,N-triaminoethylACHTUNGTRENNUNGamine)
showed the O4�H···O2 bond.[7] In the case of threitol, the
O3 hydroxy group would be in an unfavorable position in
the O4�H···O2 hydrogen-bonded conformation. Hence, the
analogous complex with a d-Thre1,2H�2 ligand is only a
minor species in solution.

d-Arabitol, Ribitol, and Xylitol: Hydrogen-Bond-Supported
erythro and threo Patterns

The pentitols d-arabitol (d-Arab), ribitol (Ribt), and xylitol
(Xylt) exhibit rather different bonding capabilities. Whereas
ribitol and xylitol are, under full metalation conditions, re-
stricted to an erythro- and threo-configured bis ACHTUNGTRENNUNG(diolato) pat-
tern, respectively, d-arabitol is expected to bind both as a d-
threo (C1–C4) or erythro (C2–C5) bisdiol ligand.

However, despite this presumed ambiguity of the latter
pentitol, the 13C NMR spectra of d-arabitol in excess Pd-en
showed five polyol signals of a dominant component, which
were assigned to the erythro-linked bis ACHTUNGTRENNUNG(diolato) binding
mode (Table 4). The structure of the Pd2–d-Arab species
was unravelled by crystal-structure analysis. The binuclear-
complex molecules in yellow crystals of [Pd2(en)2(d-Arab-
ACHTUNGTRENNUNG2,3;4,5H�4)]·7H2O (2 ; Table 3), which were isolated from 3:1

Table 2. 13C NMR chemical shifts (ppm) of the observed solution species in
solutions of tetritol of different Pd-en/tetritol molar ratios.[a]

C1 C2 C3 C4 3:1 1:1

d-Thre 63.3 72.3 n.d. �
[Pd(en)(d-Thre1,2H�2)] 72.2 81.9 73.5 63.7 � +

(Dd) ACHTUNGTRENNUNG(8.9) ACHTUNGTRENNUNG(9.6) ACHTUNGTRENNUNG(1.2) ACHTUNGTRENNUNG(0.4)
[Pd(en)(d-Thre2,3H�2)] 64.8 82.0 ++ +++

(Dd) ACHTUNGTRENNUNG(1.5) ACHTUNGTRENNUNG(9.7)
ACHTUNGTRENNUNG[Pd2(en)2(d-Thre1,2;3,4H�4)] 72.6 84.1 ++ �
(Dd) ACHTUNGTRENNUNG(9.3) ACHTUNGTRENNUNG(11.8)
Eryt 63.3 72.7 n.d. +

[Pd(en)(Eryt1,2H�2)] 73.7 82.0 73.7 64.3 � ++

(Dd) ACHTUNGTRENNUNG(10.4) ACHTUNGTRENNUNG(9.3) ACHTUNGTRENNUNG(1.0) ACHTUNGTRENNUNG(1.0)
[Pd(en)(Eryt2,3H�2)] 62.5 82.1 trace �
(Dd) ACHTUNGTRENNUNG(�0.8) ACHTUNGTRENNUNG(9.4)
ACHTUNGTRENNUNG[Pd2(en)2(Eryt1,2;3,4H�4)] 75.4 83.8 ++++ +

(Dd) ACHTUNGTRENNUNG(12.1) ACHTUNGTRENNUNG(11.1)

[a] Atoms are numbered as in Scheme 1. The signals of the en ligands are
omitted. Dd values that indicate a CIS due to 1,2-diolate coordination are in
bold. As a rough assessment of the molar concentrations of individual spe-
cies, “+”=about 1=4 of the total tetritol concentration, “�”=about 10% or
less, “trace”=an NMR-detectable species, “n.d.”=not detected.

Scheme 2. Complex stability for various tetraol binding modes (see text).

Figure 1. ORTEP plot (ellipsoids drawn at 60% probability) of the Ci-
symmetric erythritol complex in 1. Bond lengths (S): Pd�O1 2.002(2),
Pd�O2 2.008(2), Pd�N2 2.032(3), Pd�N1 2.040(2), O1�C1 1.423(4), O2�
C2 1.433(3), C1�C2 1.513(4), C2�C2’ 1.516(5). Bond and torsion angles
(8): O1�Pd�O2 85.37(8), N2�Pd�N1 83.67(11), C1�C2�C2’ 112.8(3);
O1�C1�C2�O2 52.0(3), N1�C3�C4�N2 �53.2(3).
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solutions, are closely related to
the complex molecules in 1.
Upon examination of their
structure in Figure 2, oneTs at-
tention is drawn to an addition-
al feature of the arabitol com-
plex. A short, intramolecular
O1�H···O4 hydrogen bond,
which uses the free hydroxy
group as the donor, is present.
In relation to the carbon atom
(a position) bound to the ac-
ceptor oxygen atom, the
carbon atom of the donor hy-
droxy group is in the d posi-
tion, and this bond is thus re-
ferred to as a d hydrogen bond.
Compared with erythritol, the
d bond stabilizes the binuclear
species to such an extent that
the monometalated species was
observed in the 3:1 solutions in
trace amounts only.

An analogous intramolecular
hydrogen bond appears to be
the reason for a relatively high
content of binuclear species de-
rived from the threo-linked bis-
ACHTUNGTRENNUNG(diolato) moiety in xylitol.
Contrary to the spectroscopic
result obtained for the parent
bisdiol threitol, the Pd2 com-

Table 3. Crystallographic data of 1–4.

1 2 3 4

Net formula C8H42N4O14Pd2 C9H38N4O12Pd2 C9H32N4O9Pd2 C10H36N4O11Pd2

Mr [gmol�1] 631.26 607.26 553.21 601.25
Crystal size [mm] 0.25U0.20U0.13 0.33U0.13U0.10 0.23U0.11U0.02 0.40U0.25U0.04
T [K] 298(3) 200(3) 200(3) 200(3)
Diffractometer Stoe IPDS Stoe IPDS Stoe IPDS Stoe IPDS
Crystal system triclinic triclinic monoclinic monoclinic
Space group P1̄ P1 C2/c P21
a [S] 7.334(2) 7.451(2) 26.436(2) 8.7495(9)
b [S] 9.048(2) 9.259(2) 7.5466(7) 14.1545(9)
c [S] 9.989(2) 9.463(2) 18.895(1) 9.0350(8)
a [8] 82.81(2) 114.31(2) 90 90
b [8] 78.38(2) 89.58(2) 91.066(7) 110.41(1)
g [8] 68.89(2) 106.11(2) 90 90
V [S3] 604.7(2) 567.3(2) 3769.0(5) 1048.7(2)
Z 1 1 8 2
1calcd [g cm

�3] 1.7335(6) 1.7775(5) 1.9499(3) 1.9041(3)
m [mm�1] 1.550 1.642 1.956 1.772
Absorption correction numerical numerical numerical numerical
Transmission factors 0.8507–0.9112 0.7102–0.8689 0.7585–0.9614 0.6223–0.9427
Reflections measured 7607 5935 7632 10070
Rint 0.0259 0.0191 0.0488 0.0202
Mean s(I)/I 0.0218 0.0191 0.0689 0.0245
q range 3.02–28.00 2.63–28.07 2.16–25.73 2.41–27.88
Observed refls. 2359 4426 2581 4224
x, y (weighting scheme) 0.0282, 0.1168 0.0369, 0.2361 0.0289, 0 0.0195, 0
Flack parameter 0.04(3) �0.02(2)
Reflections in refinement 2606 4699 3516 4684
Parameters 204 360 246 388
Restraints 14 7 0 1
R ACHTUNGTRENNUNG(Fobs) 0.0189 0.0205 0.0314 0.0164
Rw(F

2) 0.0439 0.0585 0.0631 0.0346
S 1.051 1.125 0.872 0.962
Shift/errormax �0.002 0.002 0.001 0.007
Max. electron density [eS�3] 0.582 0.567 1.043 0.410
Min. electron density [eS�3] �0.635 �0.740 �0.677 �0.309

Table 4. 13C NMR chemical shifts (ppm) of the observed solution species in pentitol solutions of different Pd-en/pentitol molar ratios.[a]

C1 C2 C3 C4 C5 3:1 2:1 1:1

d-Arab 63.7 70.9 71.1 71.6 63.6 n.d. n.d. +

[Pd(en)(d-Arab2,3H�2)] 65.3 81.4 82.6 73.2 64.5 trace � ++

(Dd) ACHTUNGTRENNUNG(1.6) ACHTUNGTRENNUNG(10.5) ACHTUNGTRENNUNG(11.5) ACHTUNGTRENNUNG(1.6) ACHTUNGTRENNUNG(0.9)
ACHTUNGTRENNUNG[Pd2(en)2(d-Arab2,3;4,5H�4)] 64.0 85.8 86.3 83.5 73.4 ++++ ++++ +

(Dd) ACHTUNGTRENNUNG(0.3) ACHTUNGTRENNUNG(14.9) ACHTUNGTRENNUNG(15.2) ACHTUNGTRENNUNG(11.9) ACHTUNGTRENNUNG(9.8)
Ribt 63.0 72.7 72.9 n.d. n.d. �
[Pd(en)(Ribt1,2H�2)] 72.6 82.4 74.5 72.3 62.8 trace � ++

(Dd) ACHTUNGTRENNUNG(9.6) ACHTUNGTRENNUNG(9.7) ACHTUNGTRENNUNG(1.6) ACHTUNGTRENNUNG(�0.4) ACHTUNGTRENNUNG(�0.2)
[Pd(en)(Ribt2,3H�2)] 64.5 81.8 82.6 72.2 63.1 trace � ++

(Dd) ACHTUNGTRENNUNG(1.5) ACHTUNGTRENNUNG(9.1) ACHTUNGTRENNUNG(9.7) ACHTUNGTRENNUNG(�0.5) ACHTUNGTRENNUNG(0.1)
ACHTUNGTRENNUNG[Pd2(en)2(Ribt1,2;3,4H�4)] 74.9 82.4 84.2 81.9 63.2 +++ +++ �
(Dd) ACHTUNGTRENNUNG(11.9) ACHTUNGTRENNUNG(9.7) ACHTUNGTRENNUNG(11.3) ACHTUNGTRENNUNG(9.2) ACHTUNGTRENNUNG(0.2)
ACHTUNGTRENNUNG[Pd2(en)2(Ribt1,2;4,5H�2)] 72.2 82.2 74.7 + + trace
(Dd) ACHTUNGTRENNUNG(9.2) ACHTUNGTRENNUNG(9.5) ACHTUNGTRENNUNG(1.8)
Xylt 63.3 72.6 71.4 n.d. n.d. �
[Pd(en)(Xylt2,3H�2)] 65.2 80.5 81.0 73.8 63.1 � + +++

(Dd) ACHTUNGTRENNUNG(1.9) ACHTUNGTRENNUNG(7.9) ACHTUNGTRENNUNG(9.6) ACHTUNGTRENNUNG(1.2) ACHTUNGTRENNUNG(�0.2)
[Pd(en)(Xylt1,2H�2)] 71.9 81.3 72.4 71.7 63.8 trace � �
(Dd) ACHTUNGTRENNUNG(8.6) ACHTUNGTRENNUNG(8.7) ACHTUNGTRENNUNG(1.0) ACHTUNGTRENNUNG(�0.9) ACHTUNGTRENNUNG(0.5)
ACHTUNGTRENNUNG[Pd2(en)2(Xylt1,2;3,4H�4)] 71.4 84.1 86.4 80.4 64.7 +++ ++ �
(Dd) ACHTUNGTRENNUNG(8.1) ACHTUNGTRENNUNG(11.5) ACHTUNGTRENNUNG(15.0) ACHTUNGTRENNUNG(7.8) ACHTUNGTRENNUNG(1.4)
ACHTUNGTRENNUNG[Pd2(en)2(Xylt1,2;4,5H�2)] 73.2 81.6 71.7 � � trace
(Dd) ACHTUNGTRENNUNG(9.9) ACHTUNGTRENNUNG(9.0) ACHTUNGTRENNUNG(0.3)

[a] Atoms are numbered as in Scheme 1. The signals of the en ligands are omitted. Dd values that indicate a CIS due to 1,2-diolate coordination are in
bold. As a rough assessment of the molar concentrations of individual species, “+”=about 1=4 of the total pentitol concentration, “�”=about 10% or
less, “trace”=NMR-detectable species, “n.d.”=not detected.
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plex was found as the main solution species at a Pd/xylitol
molar ratio of 3:1, although the Pd2 species is not as pre-
dominant as with arabitol. Accordingly, the expected mono-
nuclear species [Pd(en)(Xylt2,3H�2)], which is the racemic
(due to equivalence with [Pd(en)(Xylt3,4H�2)]) hydroxy-
methyl homologue of the predominant [Pd(en)(d-
Thre2,3H�2)] parent complex, is a clearly detectable minor
species in the case of xylitol in excess Pd-en (Table 4). The
structure of the binuclear xylitol complex was determined
by X-ray crystallography. Yellow crystals of [Pd2(en)2-
(Xylt1,2;3,4H�4)]·4H2O (3 ; Table 3) with a relatively low
water content are composed of the complex molecules de-
picted in Figure 3. In fact, the bis ACHTUNGTRENNUNG(diolato) complex is stabi-

lized by a d hydrogen bond as short as that in 2. Closer in-
spection of the environment of the individual alkoxy groups,
however, reveals a difference between the binuclear pentitol
structures, which may be the reason for the generally ob-
served preference of binuclear complexes for erythro-linked
bis ACHTUNGTRENNUNG(diolato) ligands. Whereas each of the alkoxy O atoms in
the erythro-linked structures is an acceptor of two hydrogen

bonds, for steric reasons, the O3 atom in 3 accepts a single
hydrogen bond only, with a water molecule as the donor.
The second lone pair of electrons of this oxygen atom is
clearly too close to the carbon backbone to bind another
water molecule.

At an equimolar Pd/pentitol ratio, both arabitol as well as
xylitol form the expected chelate ring according to the threo
rule derived above (Table 4). Thus, [Pd(en)(d-Arab2,3H�2)]
was the only monometalated species in 1:1 solutions for the
former, the minor species being the stable dimetalated com-
plex together with a molar equivalent of free arabitol. As
the dimetalated complex is less predominant with xylitol,
another monometalated species besides the main [Pd(en)-
(Xylt2,3H�2)] species was observable, namely, the terminally
chelated [Pd(en)(Xylt1,2H�2)].

Owing to the lack of favorable threo chelation, ribitol is a
particularly useful tool for investigating the rules derived
above. Monometalation is reliably predictable: the [Pd(en)-
(Ribt1,2H�2)] species is expected to dominate over [Pd(en)-
(Ribt2,3H�2)] and, in fact, it does (Table 4). The dimetalated
case is less unambiguous. The [Pd2(en)2(Ribt ACHTUNGTRENNUNG1,2;3,4H�4)]
species showed the favorable erythro-linked bischelate,
which is stabilized by a d hydrogen bond between the donor
hydroxy group at C5 and the O2 alkoxido ligand; this bond
is missing in the [Pd2(en)2(Ribt1,2;4,5H�4)] species, but one
of the Pd atoms does not reside in an erythro chelate. The
13C NMR spectra (Table 4) showed that the hydrogen-
bonded complex is the more stable one; its bis ACHTUNGTRENNUNG(terminal)
competitor is thus only a minor species.

d-Mannitol and Dulcitol: Hydrogen Bonding versus Metal
Coordination

Hexitols are composed of three adjacent diol groups; hence,
a maximum of three Pd(en) fragments may be expected to
be bonded at high metal/polyol ratios. To investigate the
competition between metalation and intramolecular hydro-
gen bonding, the two common symmetrical hexitols d-man-
nitol (d-Mann) and dulcitol (Dulc) were investigated.

By using a Pd/hexitol molar ratio of 1:1, the threo rule de-
rived above was confirmed (Table 5). In fact, the threo-con-
figured [Pd(en)(Dulc ACHTUNGTRENNUNG2,3H�2)] racemate was the only com-
plex of 1:1 Pd/hexitol stoichiometry. Neither terminal
(Dulc1,2H�2) nor erythro (Dulc3,4H�2) chelation were de-
tected by 13C NMR spectroscopy, thus leaving, as is usual at
the 1:1 ratio, only two additional species in the solution
equilibrium: a dimetalated DulcH�4 species and the equiva-
lent amount of free dulcitol. To examine the rules of mono-
metalation, mannitol is a particularly suitable probe. The fa-
vored threo diol occurs only once in mannitol, but there are
two terminal and erythro-configured diol groups. According-
ly, at the 1:1 Pd/Mann ratio, equal amounts of [Pd(en)(d-
Mann1,2H�2)] and [Pd(en)(d-Mann3,4H�2)] were detected;
erythro coordination did not appear competitive. Only weak
signals were assigned to [Pd(en)(d-Mann2,3H�2)] . However,
owing to accidental signal overlap and ambiguities regarding
the correct assignment of signals to the individual carbon

Figure 2. ORTEP plot (ellipsoids drawn at 60% probability) of the arabi-
tol complex in 2. Bond lengths (S): Pd1�O4 2.001(5), Pd1�O5 1.991(6),
Pd1�N1 2.055(6), Pd1�N2 2.034(6), Pd2�O2 2.010(5), Pd2�O3 2.013(4),
Pd2�N3 2.047(6), Pd2�N4 2.033(7), C1�O1 1.434(4), C2�O2 1.421(9),
C3�O3 1.441(9), C4�O4 1.427(9), C5�O5 1.438(9), C1�C2 1.531(7), C2�
C3 1.532(10), C3�C4 1.534(3), C4�C5 1.513(10). Bond and torsion angles
(8): O4�Pd1�O5 84.8(2), N1�Pd1�N2 84.3(3), O2�Pd2�O3 84.2(2), N3�
Pd2�N4 83.1(3), C2�C3�C4 115.3(5), C1�C2�C3 116.7(5), C3�C4�C5
113.9(4), C2�C3�O3 105.5(5), C1�C2�O2 106.4(5), C2�C1�O1 112.5(4);
O2�C2�C3�O3 58.4(8), O4�C4�C5�O5 50.1(8). Donor–acceptor dis-
tance in the intramolecular hydrogen bond: O1···O4 2.511 S.

Figure 3. ORTEP plot (ellipsoids drawn at 60% probability) of the xylitol
complex in 3. Bond lengths (S): Pd1�O2 2.004(3), Pd1�O1 2.006(3),
Pd1�N1 2.021(4), Pd1�N2 2.030(3), Pd2�O3 1.983(3), Pd2�O4 1.993(3),
Pd2�N4 2.046(4), Pd2�N3 2.049(4), C1�O1 1.429(5), C2�O2 1.434(5),
C3�O3 1.435(5), C4�O4 1.430(5), C5�O5 1.431(5), C1�C2 1.520(6), C2�
C3 1.537(6), C3�C4 1.518(7), C4�C5 1.526(6). Bond and torsion angles
(8): O2�Pd1�O1 85.24(12), N1�Pd1�N2 84.08(15), C1�C2�C3 115.6(4),
C4�C3�C2 117.0(4), O4�C4�C5 106.3(4), C3�C4�C5 112.8(4), O5�C5�
C4 114.4(4); O1�C1�C2�O2 53.6(5), O3�C3�C4�O4 43.4(5). Donor–ac-
ceptor distance in the intramolecular hydrogen bond: O5···O2 2.506 S.
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atoms, this species is not included in Table 5. Therefore, the
data for the tetritol species (Table 2) match the ligand prop-
erties of mannitol in terms of the particularly restricted abil-
ity of the erythro-configured diol moiety to act as a chelator.

At a higher Pd/hexitol ratio, the dimetalated species
became the main solution species for both hexitols. In a re-
flection of the weakness of erythro chelation and the
strength of the erythro link between two adjacent diol chela-
tors, no symmetrical [Pd2(en)2(d-Mann2,3;4,5H�4)] species
was detected in the spectra despite the fact that two intra-
molecular hydrogen bonds could be established to stabilize
this hypothetical species. Instead, the main solution species
was [Pd2(en)2(d-Mann1,2;3,4H�4)], which comprises pair-
wise terminal/threo chelation with an erythro link in be-
tween. The structure of the complex molecules in yellow
crystals of [Pd2(en)2(d-Mann1,2;3,4H�4)]·6H2O (4 ; Table 3)
confirms the NMR spectroscopic result and highlights an-
other structural feature: the d hydrogen bond, which is
clearly the most-stable type of intramolecular hydrogen
bond in a polyolato ligand (Figure 4). As this d bond is es-
tablished in favor of an e bond, the C6 terminus of the hexi-
tol is left hanging without a particular function for the struc-
ture of the complex. Accordingly, another dimetalated spe-
cies, [Pd2(en)2(d-Mann1,2;5,6H�4)], was detected as a minor
component (Table 5).

In the case of dulcitol, all the optimum conditions for di-
metalation coincide: each individual palladium atom is in-
corporated into a threo chelate, the two Pd binding sites are
erythro-linked, and the terminal hydroxy groups can act as
donors in d hydrogen bonds. When the palladium content of
the solution exceeded the Pd/Dulc ratio of 2:1, the result
was a simple three-signal 13C NMR spectrum of the expect-
ed Ci-symmetrical [Pd2(en)2(Dulc2,3;4,5H�4)] species. Crys-
tallization from 2:1 solutions was successful. Structural anal-

ysis of [Pd2(en)2(Dulc2,3;4,5H�4)]·6H2O (5) showed the dul-
citolato ligand as the same rigid bis ACHTUNGTRENNUNG(diolato) ligand found in
copper(II) and nickel(II) complexes in our previous work
(Figure 5 and Table 6).[8]

The conservative formation of the Pd2(Dulc2,3;4,5H�4)
pattern is underlined by experiments with the sterically
more demanding PdII

ACHTUNGTRENNUNG(MeNH2)2 metal fragment. The addi-
tion of dulcitol to a 0.3m solution of [PdII

ACHTUNGTRENNUNG(MeNH2)2(OH)2]
according to a Pd/polyol molar ratio of 3.5:1 yielded a
yellow solution that contained the binuclear
Pd2(Dulc2,3;4,5H�4) core, as shown by the 13C NMR spectra.
The diffusion of acetone vapor at 4 8C resulted in the forma-
tion of yellow crystals over the course of three weeks. Struc-

Table 5. 13C NMR chemical shifts (ppm) of the observed solution species in hexitol solutions of different Pd-en/hexitol molar ratios.[a]

C1 C2 C3 C4 C5 C6 3:1 2:1 1:1

Dulc 63.9 70.8 70.0 n.d. n.d. +

[Pd(en)(Dulc2,3H�2)] 65.5 80.8 81.1 72.2 73.2 63.9 n.d. � ++

(Dd) ACHTUNGTRENNUNG(1.6) ACHTUNGTRENNUNG(10.0) ACHTUNGTRENNUNG(11.1) ACHTUNGTRENNUNG(2.2) ACHTUNGTRENNUNG(2.4) ACHTUNGTRENNUNG(0.0)
ACHTUNGTRENNUNG[Pd2(en)2(Dulc2,3;4,5H�4)] 64.8 83.3 84.9 ++++ ++++ +

(Dd) ACHTUNGTRENNUNG(0.9) ACHTUNGTRENNUNG(12.5) ACHTUNGTRENNUNG(14.9)
d-Mann 63.9 71.5 69.9 n.d. n.d. +

[Pd(en)(d-Mann1,2H�2)] 73.5[b] 80.8 –[c] –[c] –[c] 63.9 n.d. trace +

(Dd) ACHTUNGTRENNUNG(9.6) ACHTUNGTRENNUNG(9.3) ACHTUNGTRENNUNG(0.0)
[Pd(en)(d-Mann3,4H�2)] 64.4 73.5 82.1 n.d. � +

(Dd) ACHTUNGTRENNUNG(0.5) ACHTUNGTRENNUNG(2.0) ACHTUNGTRENNUNG(12.2)
ACHTUNGTRENNUNG[Pd2(en)2(d-Mann1,2;3,4H�4)] 73.7 86.7 83.3 86.1 73.1 63.9 +++ +++ +

(Dd) ACHTUNGTRENNUNG(9.8) ACHTUNGTRENNUNG(15.2) ACHTUNGTRENNUNG(13.4) ACHTUNGTRENNUNG(16.2) ACHTUNGTRENNUNG(1.6) ACHTUNGTRENNUNG(0.0)
ACHTUNGTRENNUNG[Pd2(en)2(d-Mann1,2;5,6H�4)] 73.5 80.8 71.0 � � trace
(Dd) ACHTUNGTRENNUNG(9.6) ACHTUNGTRENNUNG(9.3) ACHTUNGTRENNUNG(1.1)
ACHTUNGTRENNUNG[Pd3(en)3(d-MannH�6)] 75.1 83.3[d] 81.6[d] + � n.d.
(Dd) ACHTUNGTRENNUNG(11.2) ACHTUNGTRENNUNG(11.8) ACHTUNGTRENNUNG(11.7)

[a] Atoms numbered as in Scheme 1. The signals of the en ligand are omitted. Dd values that indicate a CIS due to 1,2-diolate coordination are in bold.
Chemical shifts are relative to D2O/MeOH except for [Pd(en)(d-Mann1,2H�2)], [Pd2(en)2(d-Mann1,2;5,6H�4)], and [Pd3(en)3(d-MannH�6)], whose spec-
tra were recorded in H2O; to scale the measurements, 1.3 ppm has been added to the values for these species. As a rough assessment of the molar con-
centrations of the individual species, “+”=about 1=4 of the total hexitol concentration, “�”=about 10% or less, “trace”=NMR-detectable species,
“n.d.”=not detected. [b] Coincidental with [Pd(en)(d-Mann3,4H�2)]-C2. [c] Assignment ambiguous, d=71.8, 71.6, 70.8 ppm. [d] Signals may be inter-
changed.

Figure 4. ORTEP plot (ellipsoids drawn at 60% probability) of the man-
nitol complex in 4. Bond lengths (S): Pd1�O2 1.999(2), Pd1�O1
2.000(2), Pd1�N1 2.034(2), Pd1�N2 2.047(2), Pd2�O4 1.977(2), Pd2�O3
2.012(2), Pd2�N3 2.042(2), Pd2�N4 2.047(2), C1�O1 1.435(3), C2�O2
1.441(3), C3�O3 1.436(3), C4�O4 1.418(3), C5�O5 1.423(3), C6�O6
1.426(3), C1�C2 1.500(4), C2�C3 1.539(3), C3�C4 1.541(3), C4�C5
1.536(3), C5�C6 1.513(3). Bond and torsion angles (8): O2�Pd1�O1
83.78(7), N1�Pd1�N2 83.77(9), C1�C2�C3 116.0(2), O3�C3�C4 106.4(2),
C2�C3�C4 115.0(2), O4�C4�C5 106.5(2), C5�C4�C3 118.1(2), O5�C5�
C6 105.6(2), O5�C5�C4 113.5(2), C2�O2�Pd1 105.80(15); O1�C1�C2�
O2 51.9(2), O3�C3�C4�O4 �55.6(2). Donor–acceptor distance in the in-
tramolecular hydrogen bond: O5···O2 2.533 S.
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tural analysis of monoclinic crystals of [{Pd ACHTUNGTRENNUNG(MeNH2)ACHTUNGTRENNUNG(Me2C=
NMe)}2(Dulc2,3;4,5H�4)]·6H2O (6 ; Table 6) revealed partial

transformation of one of the two methylamine ligands. Con-
densation with the precipitating agent acetone led to the for-
mation of the isopropylidene methylimine ligand (Figure 6).
The S-shaped dulcitolato ligand gave almost identical struc-
tural data for 5 and 6 in terms of torsion angles and hydro-
gen-bond distances.

With the various contributions to the overall stability of a
metal complex of a particular hexitol configuration in mind,
complete metalation at high Pd/hexitol ratios appears possi-
ble for mannitol but a challenge in the case of dulcitol. In
fact, the three signals of the [Pd3(en)3(d-
Mann1,2;3,4;5,6H�6)] species were detected in such solu-
tions of mannitol (Table 5). In the case of dulcitol, however,
not even a trace of trimetalated species was observed.

Shift Patterns in 13C NMR Spectra

Although the 13C NMR signal assignments made in Tables 2,
4, and 5 were derived from correlated spectra, the resulting
shifts, particularly the CIS values, support the assignments
made by a consistent pattern of chemical-shift values. As
shown by the data for the dimetalated species, chelation of
the palladium center resulted in a 9–11-ppm CIS of the re-
spective carbon signal. This range was shifted to 11–12 ppm
if a carbon atom of one chelate ring is adjacent to a carbon
atom of another. The only factor that remains to be consid-
ered at this point is d hydrogen bonding. With the exception
of xylitol, all the d-bond-supported bischelates are erythro-
linked. In these molecules, the downfield shift of the chelate
carbon signals is in the 12–16-ppm range. The xylitol case is
different. An unusual 15.0–7.8-ppm CIS pattern was ob-
served for the 3,4 chelate, that is, the CIS of the C4 signal is
unexpectedly low. However, this result seems to be typical
and indicative of this stereochemistry. Preliminary data on
d-iditol (d-Idit), the only hexitol with an all-threo configura-
tion, showed almost identical shifts. At the 3:1 ratio, the
main solution species exhibited three signals. The clearly C2-

Figure 5. ORTEP plot (ellipsoids drawn at 70% probability) of the Ci-
symmetric dulcitolato(4�) complex in 5. Bond lengths (S): Pd�O3
1.999(3), Pd�O2 2.010(3), Pd�N2 2.043(4), Pd�N1 2.042(4), O1�C1
1.427(6), O2�C2 1.429(5), O3�C3 1.442(5), C1�C2 1.520(6), C2�C3
1.535(5), C3�C3’ 1.515(8). Bond and torsion angles (8): O3�Pd�O2
83.97(12), N2�Pd�N1 83.89(15), O1�C1�C2 113.1(4), C1�C2�C3
118.0(3), O3�C3�C2 105.3(3), C3’�C3�C2 117.2(4); O2�C2�C3�O3
56.2(4). Donor–acceptor distance in the two intramolecular hydrogen
bonds: O1···O3’ 2.526 S.

Table 6. Crystallographic data of the dulcitolato complexes 5, 6, and 8.

5 6 8

Net formula C10H38N4O12Pd2 C16H62N4O18Pd2 C30H96Cl2N8O22Pd4

Mr [gmol�1] 619.24 811.50 1417.71
Crystal size
[mm]

0.13U0.05U0.03 0.20U0.10U0.08 0.27U0.11U0.01

T [K] 200(3) 200(3) 200(3)
Diffractometer Stoe IPDS Stoe IPDS KappaCCD
Crystal system triclinic monoclinic triclinic
Space group P1̄ P21/c P1̄
a [S] 7.422(1) 7.3422(5) 7.7660(2)
b [S] 9.278(2) 19.580(2) 13.0114(4)
c [S] 9.636(2) 12.5550(9) 14.0568(4)
a [8] 117.71(1) 90 78.341(1)
b [8] 91.58(2) 104.104(8) 76.285(2)
g [8] 104.73(2) 90 81.223(2)
V [S3] 559.9(2) 1750.5(2) 1343.22(7)
Z 1 2 1
1calcd [gcm

�3] 1.8366(7) 1.5397(2) 1.75265(9)
m [mm�1] 1.666 1.098 1.494
Absorption cor-
rection

none numerical numerical

Transmission fac-
tors

– 0.8397–0.9433 0.7924–0.9819

Reflections mea-
sured

5127 8905 13219

Rint 0.0497 0.0545 0.0513
Mean s(I)/I 0.0653 0.0523 0.0504
q range 2.42–28.04 2.08–23.00 2.39–23.00
Observed refls. 1908 1842 3211
x, y (weighting
scheme)

0.0410, 0 0.0394, 0 0.0657, 0.9463

Reflections in re-
finement

2404 2400 3735

Parameters 150 221 348
Restraints 9 0 25
R ACHTUNGTRENNUNG(Fobs) 0.0320 0.0315 0.0377
Rw(F

2) 0.0776 0.0690 0.1143
S 0.984 0.923 1.140
Shift/errormax 0.001 0.001 0.001
Max. electron
density [eS�3]

0.929 0.768 0.988

Min. electron
density [eS�3]

�1.419 �0.468 �1.124

Figure 6. ORTEP plot (ellipsoids drawn at 40% probability) of the Cs-
symmetric dulcitolato(4�) complex in 6. Bond lengths (S): Pd�O2
1.997(3), Pd�O3 1.986(2), Pd�N1 2.044(4), Pd�N2 2.022(4). Bond and
torsion angles (8): O2�Pd�O3 84.3(1), N1�Pd�N2 92.6(2), O3�C3�C2
106.0(3), C2�C3�C3’ 116.2(4), C1�C2�C3 117.3(4); O3�C3�C2�O2:
53.9(4). Donor–acceptor distance in the two intramolecular hydrogen
bonds: O1···O3’ 2.537(5).
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symmetrical d-iditolato ligand constitutes the species
[Pd2(en)2(d-Idit2,3;4,5H�4)] , and the respective CIS pattern
was 15.3–7.9 ppm, close to that of xylitol.

Forcing Full Metalation: Binucleating Nitrogen Ligands

The competition between metal bonding to suitable coordi-
nation sites and intramolecular hydrogen bonding towards
the strong alkoxy acceptors appears to be the determining
factor for the structures of the compounds described above.
At the outset, an open-chain compound such as dulcitol
might have been supposed to be flexible. This work, howev-
er, demonstrates that the coincidence of suitable factors for
dimetalation is capable of completely restricting the accessi-
ble conformations of a polyolato ligand to a single one. Fur-
ther deprotonation and metalation of the Dulc2,3;4,5H�4

ligand thus emerges as a challenge for the design of metal–
spectator-ligand fragments that are able to compete with
strong hydrogen bonding. Attempts to construct metal frag-
ments that can cleave the intramolecular hydrogen bond of
the DulcH�4 entity were successful for the 1,3-bis(2’-di-
ACHTUNGTRENNUNGmethylaminoethyl)hexahydropyrimidine (tm-2,1:3,2-tet)
ligand (Scheme 3).

The dinuclear metal educt was prepared by reaction of
the tetradentate nitrogen ligand with bis(benzonitrile)di-
chloropalladium(II) and subsequent replacement of chloro
by hydroxo ligands. Yellow crystals of [Pd2(tm-2,1:3,2-tet)-
(OH)3]Cl·8H2O (7a) were isolated from these solutions
upon incomplete chloride/hydroxide exchange.[9] On the
basis of this structure determination, the alkaline aqueous
solution of the palladium reagent itself was determined to
be that of [Pd2(tm-2,1:3,2-tet)(OH)3]OH (7b).

After the reaction of 0.2m of 7b with dulcitol, a Ci-sym-
metric species was formed, as indicated by three signals in
the dulcitol part of the 13C NMR spectrum (d=90.4, 78.4,
73.7 ppm). The CIS pattern is consistent with full metalation
of the polyol: the atypically large CIS of 19.6 ppm indicates
a bridging position of the C2/5 atoms, whereas the other
carbon atoms are clearly connected to a single Pd atom
(CIS values: 8.4 ppm for C3/4, 9.8 ppm for C1/6). The addi-
tion of chloride yielded crystals of [Pd4(tm-2,1/3,2-tet)2
ACHTUNGTRENNUNG(DulcH�6)]Cl2·16H2O (8). Structural analysis confirmed the
spectroscopic result (Figure 7 and Table 6). Due to the
bonding of four palladium centers, full deprotonation was
forced, and there are no longer intramolecular hydrogen
bonds in the complex dication. A comparison of the bond
angles along the dulcitol–carbon chains of 5, 6, and 8 shows

that the release of the intramolecular hydrogen bonds lifts
the angle strain that is typical for the Dulc2,3;4,5H�4 ligand
(Figures 5–7; note the 38 criterion described in the Experi-
mental Section). Owing to the coordination of four instead
of two metal centers, hydrogen bonding is generally of less
importance in crystals of 8. The bridging O2 atom does not
accept any hydrogen bonds and uses its bonding capability
exclusively for metal binding. O3 acts as the acceptor of a
single hydrogen bond with a water molecule as the donor.
Only the terminal O1 atom accepts two hydrogen bonds
from two different water molecules.

Conclusions

Sugar alcohols, although open-chain carbohydrate deriva-
tives, are by no means the flexible ligands they are expected
to be. Most surprisingly, the ability of these polyfunctional
molecules to offer a variety of metal-binding sites is not gov-
erned by the chain length. Instead, a couple of stereochemi-
cal rules determine the ligand properties. Thus, the highest
stability is found if 1) the individual chelate ring is formed
by a threo-configured diol group, 2) two adjacent chelating
diol groups are erythro-linked, and 3) a d hydrogen bond,
that is, a hydrogen bond whose donor hydroxy and acceptor
alkoxido parts are separated by a C4 chain, can be establish-
ed. If a specific metalation pattern matches all these condi-
tions—an example is given with dimetalated dulcitol—the
polyolato ligand is invariably found in this bonding situa-
tion. If not, a variety of species of comparable stability is
then present in solution.

Conversely, it is a challenge to force full deprotonation
and metalation of a ligand such as dulcitolate(4�). Because
a powerful competitor to strong hydrogen bonding is
needed, a simple reagent such as Pd-en can no longer be

Scheme 3. The 1,3-bis(2’-dimethylaminoethyl)hexahydropyrimidine ligand
in 7 and 8.

Figure 7. ORTEP plot (ellipsoids drawn at 30% probability) of the Ci-
symmetric dulcitolato(6�) complex in 8. Bond lengths (S): Pd1�O1
1.989(3), Pd1�O2 2.004(3), Pd1�N1 2.047(4), Pd1�N2 2.082(4), Pd2�O3
1.968(3), Pd2�O2 2.011(3), Pd2�N4 2.050(4), Pd2�N3 2.105(4); Pd1···Pd2
3.2373(5). Bond and torsion angles (8): O1�Pd1�O2 85.6(1), N1�Pd1�N2
87.1(2), O2�Pd2�O3 84.7(1), N4�Pd2�N3 86.2(2), Pd1�O2�Pd2
107.48(2); O1�C1�C2�O2 �47.7(5), O2�C2�C3�O3 �49.7(5).
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used for the purpose of full metalation. Instead, tailor-made
complexing agents that are adapted to the particular alkoxi-
do pattern to be supported are needed.

Experimental Section

Syntheses

General procedure for the preparation of Pd(en) complexes: Aqueous
solutions of Pd-en (0.2–0.4m) were prepared according to the method in
the literature.[3b] The respective polyol was added to the amounts given
above. The solutions were stirred for 2 h at 0 8C. NMR spectra of these
solutions were recorded. For crystallization, acetone vapor from acetone/
water mixtures was allowed to diffuse into the solutions at room temper-
ature. To obtain crystals of good quality, crystallization was interrupted
at a typical yield of 30%. Complex 1 formed from 0.4m Pd-en without
the addition of a precipitant over the course of 2 days.

Bis(benzonitrile)dichloropalladium(II): The procedure of reference [10]
was slightly modified: palladium(II) chloride (4.10 g, 23.0 mmol) and
benzonitrile (100 mL) were heated to 120 8C for 30 min under stirring,
after which the mixture was filtered. The filtrate was cooled to 30 8C, and
pentane (600 mL) was added. After the mixture was cooled to 4 8C for
2 h, the yellow precipitate was filtered off, washed with pentane, and
dried in vacuo to give bis(benzonitrile)dichloropalladium(II) (8.4 g,
22 mmol, 96%).

tm-2,1:3,2-tet: N,N-Dimethyl-1,2-diaminoethane (100 mL, 80.7 g,
0.915 mol) was heated to 40 8C. 1,3-Dibromopropane (28.0 mL, 55.4 g,
0.274 mol) was added with vigorous stirring over the course of 2 h. After
the mixture was heated to 80 8C for 1 h, the resulting suspension was dis-
solved in NaOH (500 mL, 0.4m). The solution was extracted with tri-
chloromethane (3U200 mL). The combined organic layers were dried
with sodium sulfate, and the solvent was removed. Fractional vacuum dis-
tillation (90 8C, 4.7U10�2 mbar) yielded 1,3-bis ACHTUNGTRENNUNG[2’-(dimethylamino)ethyl-
ACHTUNGTRENNUNGamino]propane as a colorless oil (10.6 g, 49 mmol, 18% relative to dibro-
mopropane). 13C{1H} NMR (CDCl3): d=30.3, 45.3, 47.2, 48.2, 58.9 ppm.
The tetraamine was then dissolved in water (15 mL). Formaldehyde
(4.5 mL, 53 mmol) was slowly added to the cooled solution with stirring,
which was continued for 30 min. The solution was extracted with tri-
chloromethane (3U100 mL). The combined organic layers were dried
with sodium sulfate, and the solvent was removed. Fractional vacuum dis-
tillation (74 8C, 10�3 mbar) yielded 1,3-bis ACHTUNGTRENNUNG[2’-(dimethylamino)ethyl]hexa-
hydropyrimidine (tm-2,1:3,2-tet) as a colorless oil (9.6 g, 42 mmol, 86%
relative to the tetraamine educt). 13C{1H} NMR (CDCl3): d=23.5, 46.2,
53.1, 53.5, 57.8, 77.0 ppm.

7b : Bis(benzonitrile)dichloropalladium(II) (5.0 g, 13.2 mmol) was dis-
solved in dichloromethane (250 mL) and acetonitrile (250 mL). tm-
2,1:3,2-tet (1.5 g, 6.6 mmol), dissolved in dichloromethane (100 mL), was
added over the course of 10 min. After the mixture was stirred for 2 h,
the yellow precipitate was filtered off and dried in vacuo (3.5 g,
6.0 mmol, 91%). Silver(I) oxide (2.9 g, 12.5 mmol) and water (30 mL)
were then added. The suspension was stirred for 15 min in the dark and
filtered. The yellow filtrate, an alkaline aqueous solution of 7b (0.2m),
was stable for months when stored under nitrogen at 4 8C in the dark.
13C{1H} NMR (H2O): d=20.1 (1C, CH2CH2CH2), 49.0 (2C, CH3), 50.9
(2C, CH3), 57.3 (2C), 60.0 (2C), 60.4 (2C), 80.7 (1C, NCH2N).

8 : Dulcitol (73 mg, 0.40 mmol) and lithium chloride (25 mg, 0.59 mmol)
were stirred in an aqueous solution of 7b (3.0 mL, 0.6 mmol, 0.2m) at
room temperature for 2 days. Acetone vapor was allowed to diffuse from
an acetone/water mixture (5:1) at room temperature until yellow plate-
lets of 8 formed.

Crystal-Structure Analysis

Crystals suitable for X-ray crystallography were selected by means of a
polarization microscope, mounted on the tip of a glass fiber, and subject-
ed to XRD on either a Nonius Kappa CCD or a Stoe IPDS diffractome-
ter, both with graphite-monochromated MoKa radiation (l=0.71073 S).
The structures were solved by direct methods (SIR 97, SHELXS) and re-
fined by full-matrix least-squares calculations on F2 (SHELXL-97). An-
ACHTUNGTRENNUNGisotropic displacement parameters were refined for all non-hydrogen
atoms. Crystallographic data are shown in Tables 3 and 6. The number of
restraints given refers to DFIX restraints. Bond angles in the polyolato
ligand are given in the tables if they deviate more than 38 from the tetra-
hedral angle. CCDC-617676 (1), -617677 (2), -617678 (3), -617679 (4),
-618044 (5), -617680 (6), and -617681 (8) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request.cif.

NMR Spectroscopy

13C{1H} NMR spectra were recorded by using 1 mL of filtered reaction
mixture in a 5-mm tube. Equipment used: Jeol EX-400, GSX 270, 400e
spectrometers. Signal assignment was based on distortionless enhance-
ment by polarization transfer (DEPT) and two-dimensional techniques.
All d values given relative to d=49.5 ppm for methanol in D2O as inter-
nal reference.
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