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a b s t r a c t

The hydridic reactivity of the complex W(CO)(H)(NO)(PMe3)3 (1) was investigated applying a variety of
protic donors. Formation of organyloxide complexes W(CO)(NO)(PMe3)3(OR) (R = C6H5 (2), 3,4,5-Me3C6H2

(3), CF3CH2 (4), C6H5CH2 (5), Me (6) and iPr (7)) and H2 evolution was observed. The reactions of 1 accel-
erated with increasing acidity of the protic donor: Me2CHOH (pKa = 17) < MeOH (pKa = 15.5) <
C6H5CH2OH (pKa = 15) < CF3CH2OH (pKa = 12.4) < C6H2Me3OH (pKa = 10.6) < C6H5OH (pKa = 10).

Regioselective hydrogen bonding of 1 was probed with two of the protic donors furnishing equilibrium
formation of the dihydrogen bonded complexes ROH���HW(CO)(NO)(PMe3)3 (R = 3,4,5-Me3C6H2, 3a and
iPr, 7a) and the ONO hydrogen bonded species ROH���ONW(CO)(H)(PMe3)3 (R = C6H2Me3, 3b and iPr, 7b)
which were studied in hexane and d8-toluene solutions using variable temperature IR and NMR spectros-
copy. Quantitative IR experiments at low temperatures using 3,4,5-trimethylphenol (TMP) confirmed the
two types of competitive equilibria: dihydrogen bonding to give 3a (DH1 = �5.8 ± 0.4 kcal/mol and DS1 =
�15.3 ± 1.4 e.u.) and hydrogen bonding to give 3b (DH2 = �2.8 ± 0.1 kcal/mol and DS2 = �5.8 ± 0.3 e.u.).
Additional data for the hydrogen bonded complexes 3a,b and 7a,b were determined via NMR titrations
in d8-toluene from the equilibrium constants K(Dd) and KðDR1Þ measuring either changes in the chemical
shifts of HW(Dd) or the excess relaxation rates of HW (DR1) (3a,b: DH(Dd) = �0.8 ± 0.1 kcal/mol; DS(Dd) =
�1.4 ± 0.3 e.u. and DHðDR1Þ = �5.8 ± 0.4 kcal/mol; DSðDR1Þ = �22.9 ± 1.9 e.u) (7a,b: DH(Dd) = �2.3 ±
0.2 kcal/mol; DS(Dd) = �11.7 ± 0.9 e.u. and DHðDR1Þ = �2.9 ± 0.2 kcal/mol; DSðDR1Þ = �14.6 ± 1.0 e.u). Dihy-
drogen bonding distances of 1.9 Å and 2.1 Å were derived for 3a and 7a from the NMR excess relaxation
rate measurements of HW in d8-toluene. An X-ray diffraction study was carried out on compound 2.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Proton transfers from protic donors to metal hydrides are
thought to be preceded by hydrogen bonding, in particular dihy-
drogen bonding between the hydride and the protic substrate
[1–31]. In conjunction with catalysis, such as ‘‘ionic hydrogena-
tions” proceeding with proton and hydride transfers [32–37], the
significance of particularly dihydrogen bonding is still a matter of
dispute. Intramolecular hydrogen bonding of the hydride ligand
was first discovered in the solid state in the groups of Morris and
Crabtree [9–11], while the groups of Shubina and Berke provided
spectroscopic, thermodynamic and structural evidence for inter-
molecular MH���HX bonding in solution [12–16].

Tracing intermolecular dihydrogen bonding between metal hy-
drides [M]�H and protic donors A–H is a difficult challenge, since
the involved attractive forces are similar in magnitude to the coun-
teracting entropy terms of the association process at room temper-
All rights reserved.
ature. Different methods might be applied to study dihydrogen
bonding of transition metal hydride complexes. The superior meth-
odologies to examine these interactions include variable tempera-
ture (VT) IR and NMR spectroscopic studies, X-ray and neutron
diffraction studies and supporting density functional theory
(DFT) calculations. Crabtree’s group observed intermolecular dihy-
drogen bonding in the crystal of the rhenium complex Re-
H5(PPh3)3�indole by an X-ray diffraction study [38–41]. Based on
H���H bond distances and their corresponding bond angles, the
strength of the H���H bond and linearity of the H���HRe fragments
could be established. In comparison to the solid state, VT IR spec-
troscopy carried out in solution allows observation of unique
hydrogen bonded species in equilibrium. Dihydrogen bonding
established with many tungsten and rhenium hydrides and acidic
alcohols like phenol, hexafluoro-2-propanol (HFIP) and perfluoro-
2-methyl-2-propanol (PFTB) was studied in our group using VT
IR spectroscopy [12,13,27]. Various other VT IR studies showed
that dihydrogen bonding species indeed precede the proton
transfer processes [42–44]. Examples are the protonations of [Re-
(CO)(NO)(PMe3)2H2] [15] and [CpRuH(CO)(PCy3)] [14,45,46] with
alcohols. In the latter case full protonation occurred with an
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intermediate identified as the ion pair [CpRu(CO)(PCy3)(g2-
H2)]+���[OR]�. Additional stabilization originated from the contact
between the dihydrogen ligand and the counter-ion. Structural
elucidation of quite a few examples of these intermediates allowed
for the generalization of the mechanism of the proton transfer pro-
cesses under consideration [47,48,3]. NMR spectroscopic evidence
for the MH���HX hydrogen bonding is acquired by upfield shifts of
the hydride resonance and a decrease of the relaxation times
(T1min) [12]. Since such equilibrations are usually fast on the
NMR time scale, respective resonances of the hydride species aver-
age and shift with the position of the equilibria. The equilibrium
chemical shift Dhydride, which is thus dependent on the concentra-
tions of the hydride and the protic donor HX and on temperature,
allows one to determine the equilibrium constants by curve fitting
of the NMR titration. Short H���H distances, less than the sum of the
van der Waals radii, were determined by NMR spectroscopy for
intermolecular dihydrogen bonding in solutions of W(CO)2(NO)(P-
Me3)2H and Re(CO)(NO)(PMe3)2H2 in the presence of the relative
strongly acidic alcohol components (CF3)2CHOH (HFIP) and
(CF3)3COH (PFTB) [13,49]. In addition to this, r(H���H) distances
were also derived by measuring T1 relaxation times for rhenium
and ruthenium complexes [50,51].

In the last 15 years our group has reported the syntheses of a
series of transition metal hydrides [52–80]. One of the main goals
was to establish correlation between hydridicity of the hydride li-
gands and their activity in hydride transfers. As just derived the
hydridicity of hydride ligands is one of the major parameters
for dihydrogen bonding and the subsequent reaction of the protic
donor with the hydrides [77–80]. Acidity and alcohol concentra-
tions, temperature and the type of solvent played a major role
in these processes [50,53,80]. We anticipated that both types of
reactions might follow the same electronic principles. The tung-
sten hydride W(CO)(H)(NO)(PMe3)3 was studied in our group
for hydride transfer reactions. Apparently due to the presence of
three strong phosphine r-donors and the nitrosyl group in trans
position to the hydride ligand, W(CO)(H)(NO)(PMe3)3 shows a
strong hydridic polarization of the M–H bond [64,78]. In support
of such hydridic hydride reactions, we wanted to generate more
quantitative data, which were acquired by aid of IR and VT
NMR spectroscopies and in suitable cases also X-ray diffraction
studies.
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2. Results and discussion

2.1. Reaction of W(CO)(H)(NO)(PMe3)3 (1) with a variety of alcohols

It was mentioned before that the reactions of hydride com-
plexes with protic donors to yield organyloxide complexes and
H2 presumably proceed via the intermediacy of dihydrogen bond-
ing adducts as contact pairs (K1). The overall reaction rates may be
related to stereoelectronic influences of the protic donors via the
tightness of the K1 equilibria (adduct concentrations) and the bar-
riers of the subsequent reactions represented by k(H2). We thought
we could quantitatively probe such reactivity of 1 with phenols
and alcohols of different steric bulks and acidities, such as phenol
(pKa = 10), 3,4,5-trimethylphenol (pKa = 10.6), 2,2,2-trifluoroetha-
nol (pKa = 12.4), benzyl alcohol (pKa = 15), methanol (pKa = 15.5)
and isopropanol (pKa = 17) and look for correlation of the reactions
of 1 with the alcohols and their acidities. Using quantitative 1H and
31P1H NMR, such reactions were followed in toluene-d8 at 60 �C
yielding the organyloxide complexes (ON)(OC)(Me3P)3W(OR)
(R = C6H5 (2), 3,4,5-Me3C6H2 (3), CH2CF3 (4), CH2C6H5 (5), Me (6),
Me2CH (7)) and H2.

The reactions were complete after approximately 4, 5, 20, 24,
24 and 72 h for phenol, 3,4,5-trimethylphenol (TMP), benzyl alco-
hol, 2,2,2-trifluoroethanol, methanol and isopropanol, respec-
tively. For the reactions with phenol and TMP two equivalents
were used, but in the cases of the generally less acidic aliphatic
alcohols, three equivalents of the alcohols were needed to drive
the reactions to completion within a reasonable span of time.
Plots of the decay of 1 vs. time t allowed an exponentional fitting
with a first order law. A mechanism could not be demonstrated
from these studies nevertheless, it is clear that these reactions
do not involve a rate determining bimolecular step (second order)
of the hydride with the alcohols. In agreement with the evidence
to be described later, we assume the involvement of dihydrogen
bonding pre-equilibria and subsequent rate determining first or-
der decays of the formed dihydrogen bonding adducts (Scheme 1).
The half-life times of these reactions to 2–7 were 46, 57, 216, 218,
275 and 815 min. A plot of these half-life times vs. pKa of the cor-
responding protic donor confirms gross dependence on the acid-
ity of the protic donor, i.e. predominant electronic influence
(Fig. 1). Steric influence was apparently prevailing in the case of
the reaction of 1 with isopropanol being somewhat outside of
the correlation window of the fairly linear dependence of the
other protic donors of Fig. 1. Isopropanol possesses a much
slower reaction rate.

The IR spectra of compounds 2–7 displayed m(NO) and m(CO)
bands in the region of 1500–2000 cm�1. While the m(CO) bands
of these compounds showed a quite small spread of 5 cm�1, the
m(NO) bands appeared between 1584 and 1565 cm�1and were
more sensitive to the nature of their trans organyloxide moieties
[64] showing increasing wavenumbers in the order of
7 < 6 < 5 < 4 < 3 < 2. An almost linear regression was found for the
m(NO) bands with the pKa of the reacting protic donors (Fig. 2)
proving in this order lower basicity of the organyloxy residue.

The 1H NMR spectra supported the structures of the organylox-
ide complexes further. For all compounds characteristic resonances
could be attributed to the OCH moieties appearing as a quartet at
3.87 ppm for 4, as singlets at 4.86 for 5 and at 3.67 for 6 and as a
septet at 3.78 ppm for 7. In addition, the 13C{1H} NMR spectra of
4–7 displayed characteristic signals for the OCH carbon atoms at
71.8, 75.8, 62.3 and 70.9 ppm and signals for the CO ligands at
around 229 ppm. Crystals of 2 suitable for X-ray diffraction study
were grown from a saturated pentane solution at �30 �C. The
structure displays a tungsten center with pseudo-octahedral coor-
dination. The nitrosyl group is located trans to the alkoxide ligand
and the three PMe3 ligands lie together with the CO ligand in a
plane (Fig. 3).
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Fig. 3. View of the molecular structure of compound 2 (ellipsoids drawn at the 30%
probability level). All hydrogen atoms have been omitted for clarity. Selected bond
lengths (Å) and bond angles (�): W1–N1 1.800(3), W1–C1 2.009(4), W1–O3
2.102(3), W1–P1 2.5113(9), W1–P2 2.4996(9), W1–P3 2.5502(11); W1–N1–O1
177.4(3), N1–W1–O3 171.83(13), W1–O3–C2 134.8(2).
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2.2. Hydrogen bonding of 1 with protic donors: VT IR and VT NMR
studies

It was mentioned before that dihydrogen bonding adducts char-
acterized by K1, but also hydrogen bonding adducts to ONO (K2),
may precede the formation of the organyloxy products according
to Scheme 1. Therefore we found it intriguing to trace the nature
of these hydrogen bonding equilibria between 1 and the protic do-
nors by quantitative variable temperature IR and NMR methodolo-
gies [2–6,12–28]. The experiments were carried out in hexane
using protic donors of substantially different pKa values (isopropa-
nol, pKa = 17; benzylalcohol, pKa = 15 and 3,4,5-trimethylphenol,
pKa = 10.6) in the temperature range from 213 to 293 K. The short
time scale set by the IR pursuit was expected to allow detection of
the hydrogen bonded intermediates. Contrary to this, we expected
the equilibrations in the NMR experiments to be fast on the NMR
timescale with concomitant signal averaging of the involved
species.
2.3. IR spectroscopic investigations

For the IR measurements in the low temperature regime, cold
solutions of 1 and the protic donors were mixed at 213 K and
transferred into a pre-cooled VT IR cell (d = 0.1 cm). The addition
of isopropanol or benzyl alcohol to 1 in hexane caused practically
no changes in the IR spectra. We concluded that hydrogen bonding
of any kind appeared only to a small extent and adduct formation
occurred in concentrations below the IR detection limits.

However, in the case of the mixture of 1 with 3.2 equivalents of
3,4,5-trimethylphenol (TMP) strong changes became visible in the
IR spectrum between 1500 and 2000 cm�1 in the temperature
range of 213–293 K (Fig. 4). A reference spectrum of 1 was practi-
cally temperature independent showing three strong bands at
1895, 1618 and 1531 cm�1. In the presence of TMP the adducts
3a and 3b were formed interacting with 1 at the hydride and the
ONO site (K1 and K2 of Scheme 2). The IR spectra showed overlaid
m(CO) bands of both species falling together in a band with in-
creased half-height width in comparison with the m(CO) band of
1. The band maximum of the superimposed m(CO) bands shifted
to higher wavenumbers with decreasing temperature (maximum
shift of 9 cm�1 with respect to the corresponding band of 1 at
213 K). This relatively small m(CO) shift suggests that the closer
environment of the CO group changes only marginally upon TMP
addition excluding that the OCO atom gets involved in hydrogen
bonding. Hydrogen-bonding interaction at the OCO site would any-
way be expected to cause a band shift in the direction opposite to
what was observed [29]. Similarly when the tungsten center of 1
would get involved in hydrogen bonding with a proton donor,
the m(CO), m(WH) and m(NO) bands are expected to be shifted to-
ward higher wave numbers by Dm = +100–150 cm�1 [18–
20,28,29]. No such bands were observed in the IR spectra in the
presence of TMP concluding that such hydrogen bonding is not
occurring.
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The adduct 3b with hydrogen bonded TMP attached to the NO
group causes indeed a new m(NO) band at considerably lower
wavenumbers appearing for all temperatures at 1502 cm�1

(Fig. 6). This band of 3b is of low intensity and is located shoul-
der-like at the flank of a neighbouring strong band of lower wave-
numbers. The strong shift of the band of 3b with respect to m(NO)
of 1 (–29 cm�1) speaks for hydrogen bonding to the ONO atom [29].
The VT IR spectra of the m(NO) region provide vague additional evi-
dence for the dihydrogen binding equilibrium of TMP with 1 to
form 3a. Since hydrogen bonding to HW can not cause much elec-
tronic perturbation at the NO ligand, the m(NO) band of 3a is ex-
pected to appear in relative close vicinity to the m(NO) absorption
of 1. In the 293 K IR spectrum, for instance, a m(NO) band appears
at 1542 cm�1, which is tentatively assigned to 3a. Some ambiguity
in this assignment arises from the fact that the m(NO) bands of
compounds of type 1 have generally low intensities and that spe-
cies like 1, 3a and 3b appear in lowered equilibrium concentrations
so that the observed bands are at the detection limits.

Analyzing the m(WH) region of the VT IR spectra, significant
changes were seen upon TMP addition. Three overlapping bands
were detected attributed to the band of free 1 at 1618 cm�1, to a
band for the W–H���HOR dihydrogen bonded adduct 3a at
1599 cm�1 and a shoulder at around 1625 cm�1 attributed to 3b
with hydrogen bonding to the ONO atom (Fig. 5) [29]. The intensity
of the band of 3a increases at the expense of the intensity of the
m(WH) band of 1 upon lowering of the temperature. These intensity
changes are reversible indicating that the adduct formation is an
equilibrium. The m(WH) band of 3b appearing as a shoulder to
the m(WH) of 1 persists at 293 K. Its temperature dependence
was somewhat unexpected, since upon lowering of the tempera-
ture it decreases in intensity, while the m(WH) band of 3a gets
stronger and prevails at low temperature at the expense of the cor-
responding band of 3b. This can be explained in terms of a compe-
tition of the 1/3a and 1/3b equilibria competing for 1. The
association process to form 3a shows the stronger temperature
dependence due to a larger entropic term (vide infra). Apparently
3a possesses a stronger dihydrogen bond and concomitant with
this it achieves also a tighter solvate packing.

The 1/3a and 1/3b equilibria according to Scheme 2 were then
quantitatively analyzed between 253 and 293 K via deconvolution
of the overlapping m(WH) bands and subsequent integration. Cal-
culational details of the 1/TMP system for the determination of
the equilibrium constants K1 of the 1/3a and K2 of the 1/3b equilib-
ria in hexane can be found in the Supplementary material.

K1 and K2 belonging to the two competitive processes of Scheme
2 were analyzed as a function of temperature using Eqs. (1) and (2).



Fig. 5. Enlargement of the IR spectra in the m(WH) region of 1 (0.0173 mol/L) at
213 K in hexane (black) and of 1 in the presence of 3.2 eq of TMP (0.0567 mol/L) at
213 K (green), 233 K (blue), 243 K (purple) and 293 K (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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K1 ¼ ½3a�=½1�½ROH� ¼ expð�DH0
1=RTþ DS0

1=RÞ ð1Þ
K2 ¼ ½3b�=½1�½ROH� ¼ expð�DH0
2=RTþ DS0

2=RÞ ð2Þ
At all temperatures measured K1 is larger than K2 indicating pre-
dominance for K1 and hydrogen bonding between HW of 1 and
TMP (dihydrogen bonding) (Fig. 6). At 253 K for instance, K1 is ap-
prox. 3 times larger than K2. The temperature dependencies of
ln(K1) and ln(K2) vs. 1/T according to Eqs. (1) and (2) allowed to ex-
tract enthalpies: DH1 = �5.8 ± 0.4 and DH2 = �2.8 ± 0.1 kcal/mol
and entropies: DS1 = �15.3 ± 1.4 and DS2 = �5.8 ± 0.3 e.u. The �DS
values lie in the typical range of 5–20 e.u. reported for hydrogen
bonding in organic systems [2,12,29,81,82] and additionally stress
that dihydrogen bonding in 3a is prevalent over hydrogen bonding
in 3b and has the higher temperature gradient.
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2.4. 1H NMR spectroscopic investigations

1H NMR spectroscopy is well-suited for probing hydrogen
bonding through hydride ligands using titrations as quantitative
experiments [9–11,23,27,29]. The equilibration processes of
Scheme 2 were expected to be fast on the NMR time scale with
concomitant signal averaging. We studied the cases of the interac-
tion of 1 with isopropanol and TMP as weak and strong protic do-
nor binding cases.

First we pursued changes in the chemical shifts by 1H NMR
spectroscopy occurring upon addition of the protic donors to 1.
Solutions of 1 were pre-mixed with various ratios of isopropanol
and TMP at temperatures below �55 �C and then the chemical
shifts of the hydride resonance were determined at various tem-
peratures. The plots of the chemical shift differences (Dd) vs. T(K)
are presented in the Supplementary material (Figs. S2 and S3).
The averaged signals of the hydrogen bonded adducts 7a,b with
isopropanol in toluene-d8 showed upfield shifted Dd values, which
became more pronounced when the concentration of isopropanol
was increased or the temperature lowered. The Dd values of 3a,b
displayed higher values of Dd in comparison with 7a,b apparently
due to a stronger interaction with the hydride ligand.

T1
1H NMR experiments of 1 with isopropanol and TMP exhib-

ited substantially shorter T1 of the HW nucleus, once the acidic sub-
strate was added (see Figs. S4 and S5 in Supplementary material),
with higher concentrations of the alcohols, the minima of the pseu-
do-parabolae shift toward higher temperatures and shorter relax-
ation times. The T1 values were significantly shorter for the
addition of TMP. This reflects a larger equilibrium shift according
to Scheme 2 toward the dihydrogen bonded adducts with TMP
than with isopropanol. These T1 results obtained in the presence
of different concentrations of the alcohols are fully consistent with
the conclusions reached from the chemical shift experiments.

VT NMR spectroscopy can also provide thermodynamic data
and geometrical parameters of dihydrogen bonding [27,29] at-
tained via titrations, in our case with changes of the concentrations
of the added protic donors. Changes in the equilibrium positions of
Scheme 2 would be expressed as chemical shift changes (Dd meth-
od), while in the case of the 1H T1 NMR measurements changes in
the equilibrium positions would be expected to cause changes in
the excess relaxation rates (DR1(min) = 1/T1(min)(add) – 1/
T1(min)(WH)) (DR1(min)). Equilibrium constants K(Dd) and KðDR1Þ
were obtained via pursuit of the changes in the chemical shifts of
the HW signal (Dd) or of the excess relaxation rates (DR1(min))
and via curve fitting of the plots of these parameters of HW vs. con-
centrations of the protic donors. All hydride components of the
equilibria of Scheme 2 average to one HW signal. The Dd method
is expected to show response for both equilibria of Scheme 2, while
the DR1(min) method was expected to be sensitive merely to
changes of the closer chemical environment of the hydride ligand
of 1, thus specifically addressing interactions with HW of 3a and
7a only, while the equilibrium interactions with ONO of 7b and
3b are expected to stay with this method ‘‘silent”. The strength
of hydrogen bonding is solvent dependent and in more polar sol-
vents the equilibria are expected to shift toward the dissociated
side. Since relatively small equilibrium constants were expected
to evolve, we used the least polar solvent applicable, which was
toluene with practical solubilities for all reaction components at
all temperatures.

The K(Dd) and KðDR1Þ values obtained for the hydrogen bonded
adducts of isopropanol with 1 showed similar dependencies in
temperature and the van’t Hoff plots of lnK vs. 1/T (Eq. (1), (2)) pro-
duced satisfactory linear regressions (Fig. 7). The thermodynamic
data calculated from K(Dd) and KðDR1Þ values were similar (DH(Dd) =
�2.3 kcal/mol; DS(Dd) = �11.7 e.u. and DHðDR1Þ = �2.9 kcal/mol;
DSðDR1Þ = �14.6 e.u.) presumably indicating that involvement of
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the hydrogen bonding equilibrium with ONO leading to 7b is very
small and practically non-existent.

In the case of the adduct formation of 1 with TMP producing 3a
and 3b, the van’t Hoffs plots showed also good linear regressions,
however, with quite different slopes for K(Dd) and KðDR1Þ (Fig. 7)
and consequently with large differences in the calculated thermo-
dynamic data (DH(Dd) = �0.8 kcal/mol; DS(Dd) = �1.4 e.u. and
DHðDR1Þ = �5.8 kcal/mol; DSðDR1Þ = �22.9 e.u.). This is interpreted in
terms of the appearance of stronger hydrogen bonding to ONO

implicitly contained in the Dd measurements, but not in the DR1

measurements. The hydrogen bonding equilibrium of the proton
of TMP with the ONO group of 3b (also evidenced from the IR spec-
troscopic studies) interferes strongly in the averaging of the chem-
ical shifts of HW and the calculated K(Dd) values are indeed a
mixture of both the K1 and K2 values according to Scheme 2. The
KðDR1Þ values represent only dihydrogen bonding interaction with
the hydride ligand of 1 to form 3a.

As described in the previous chapter the DH of the interaction of
1 with TMP was also determined by IR spectroscopy in the temper-
ature range of 253–293 K (Table 1). Equilibrium constants were di-
rectly calculated from the scaled band intensities. The only
difference between the IR and the NMR experiments was the sol-
vent used: hexane vs. toluene, as unpolar solvents these apparently
did not cause great differences. Thus, the DH values obtained for
the formation of 3a by both the IR and the DR1 method agree very
well showing exactly the same value of �5.8 kcal/mol (Table 1).
The DH for the interaction in 3b could reliably be obtained only
Table 1
IR and NMR derived DH and DS values and H���H distance in hexane (IR) or d8-toluene
(NMR) for the hydrogen bonding adducts 3a,b and 7a,b with reference to Figs. 6 and
7.

Equilibrium and method DH (kcal/mol) DS (e.u.) r(H���H) (Å)

KðDR1Þ (7a) �2.9 ± 0.2 �14.6 ± 1.0 2.1
K(IR) (3a) �5.8 ± 0.1 �15.3 ± 0.3
K(IR) (3b) �2.8 ± 0.1 �5.8 ± 0.3
KðDR1Þ (3a) �5.8 ± 0.4 �22.9 ± 1.9 1.9
by the IR method (2.8 kcal/mol). The studies of hydrogen-bonding
interactions of rhenium hydrides reported earlier with fluorinated
alcohols in hexane and in toluene showed similar qualitative
agreement [27].

The small negative free energy difference DG of ca. �0.9 kcal/
mol of the IR derived results for 1 and TMP was in favour of K1 with
3a over K2 with 3b. The KðDR1Þ values of 7a were determined to be
less than 1 L/mol in the temperature range of 193–223 K, which
goes along with the very small positive free energy differences
revealing that the formation of any hydrogen bonded adduct of 1
with the weak acid isopropanol is generally less favourable. The
twice higher negative value of DHðDR1Þ of 3a than of 7a (Table 1)
confirmed much stronger hydrogen-bonding interaction between
1 and the more acidic TMP. It was also worth analyzing the entropy
effects of the hydrogen bonding adducts, although these are ex-
pected to possess greater errors. The DS value of 3a observed by
IR spectroscopy has a slightly smaller negative value than DS ob-
tained by the T1 NMR spectroscopic measurements (DR1) (Table
1). A lower DS value was determined by the IR analyses in hexane,
which might be explained by a solvent effect and a somewhat dif-
ferent self-association process of the free TMP in hexane and tolu-
ene solution.

The dihydrogen bond distance r(H���H) [Å] obtained from
r(H���H) = 5.817(m�DR1(min))�1/6 are 2.1 Å for the dihydrogen bond-
ing between 1 and isopropanol (7a) and 1.9 Å for the one between
1 and TMP (3a) (Table 1) showing a difference in the contact dis-
tance of 0.2 Å. The 1.9 Å intermolecular bonding of 3a expresses
a relatively strong interaction, while the 2.1 Å contact of 7a is
weak, falling into the upper range for dihydrogen bonding interac-
tions (1.7–2.2 Å) [1,2,29].
3. Conclusion

Protonation of 1 with various ROH protic donors produced orga-
nyloxide complexes with evolution of H2. Experimental evidence
was provided for intermolecular dihydrogen bonding between 1
and the protic donors, which might precede the H2 evolution pro-
cess. In general hydrogen-bonding interactions are equilibria and
therefore dependent on temperature and type of solvent, the
ROH concentration, the ROH acid strength and to some extent also
on steric effects. IR experiments at low temperatures revealed in
the case of the protic donor TMP the expected dihydrogen bonding
to HW of 1 (3a) and another competitive equilibrium process of
hydrogen bonding to the ONO group to form 3b. The interaction
enthalpies of 3a observed in the IR (DH1) and NMR titrations
(DHðDR1Þ) gave the same value of �5.8 kcal/mol demonstrating
excellent agreement between these different spectroscopic meth-
odologies. From NMR relaxation time measurements of the hydride
ligand of 1 in d8-toluene, a shorter dihydrogen bonding distance
value was derived for 3a than for 7a demonstrating the pKa depen-
dence of the dihydrogen bonding interactions and stressing the
involvement of such species as intermediates in the protonation
of hydridic transition metal hydrides.
4. Experimental

4.1. General considerations

All reactions and manipulations were performed under an
atmosphere of dry nitrogen using conventional Schlenk techniques
or a glove box. Solvents were dried by standard methods and
freshly distilled before use. Reagents of commercial quality were
obtained from commercial suppliers and used as received. NMR
spectra were recorded on the following spectrometers: Varian
Gemini-200 instrument; 1H at 199.98 MHz, 13C at 50.29 MHz, 19F
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at 188.15 MHz, 31P at 80.95 MHz. Varian Gemini-300 instrument;
1H at 300.08 MHz, 13C at 75.46 MHz, 19F at 282.33 MHz, 31P at
121.47 MHz. Bruker DRX-500 instrument; 1H at 500.13 MHz, 13C
at 125.23 MHz, 31P at 202.51 MHz. Chemical shifts d (1H) and d
(13C) were recorded rel. to the solvent, d (19F) rel. to CFCl3, and d
(31P) rel. to H3PO4. All NMR spectra were recorded at room temper-
ature unless otherwise stated. The two trans phosphines are re-
ferred to as ‘‘PMe3 trans”. IR spectra: Biorad FTS-45 and FTS-3500
instruments. Mass spectra: Finnigan-MAT-8400 spectrometer;
FAB spectra in 3-nitrobenzyl alcohol matrix. Elemental analyses:
Leco CHN(S)–932 instrument. mer-W(CO)(H)(NO)(PMe3)3 1 was
prepared according to a published procedure [64].
4.2. Preparation of mer-W(CO)(NO)(OC6H5)(PMe3)3 (2)

Orange 2 was prepared via the reaction of 1 (13 mg,
0.028 mmol) with phenol (2.7 mg, 0.028 mmol) in toluene-d8

(0.7 mL) at 60 �C stirring for 4 h. Yield: 11 mg (70%). IR (cm�1, pen-
tane): 1910 (CO), 1584 (NO). 1H NMR (300.0 MHz, C6D6): d 7.24 (m,
2H, Ph), 6.67 (m, 3H, Ph), 1.22 (m, 18H, 2 PMe3 trans), 1.11 (d,
2JHP = 7 Hz, 9H, 1 PMe3). 13C{1H} NMR (125.2 MHz, C6D6): d 228.3
(dt, 2JCP(trans to CO) = 55 Hz, CO), 168.2 (m, Ph), 129.6 (s, Ph), 119.5
(s, Ph), 115.2 (m, Ph), 18.3 (m, 2 PMe3 trans), 17.1 (dt, 1JCP = 21 Hz,
3JCP = 3 Hz, 1 PMe3). 31P{1H} NMR (121.5 MHz, C6D6): d �23.0
(d with satellites, 2JPP = 19 Hz, 1JPW = 289 Hz, 2 PMe3 trans), �26.9
(t with satellites, 2JPP = 19 Hz, 1JPW = 239 Hz, 1 PMe3). FAB-MS:
m/z 563 [M+], 535 [M+�CO], 487 [M+�PMe3]. Anal. Calc. for
C16H32NO3P3W: C, 34.12; H, 5.73; N, 2.49. Found: C, 34.51; H,
5.48; N, 2.34%.

4.3. Preparation of mer-W(CO)(NO)(O(3,4,5-Me3C6H2))(PMe3)3 (3)

To a solid mixture of 1 eq of 1 (0.030 g, 0.064 mmol) and 1.1 eq
of 3,4,5-trimethylphenol (0.0095 g, 0.070 mmol) was added 1 ml of
toluene-d8. After 5 h at 60 �C the reaction was complete (NMR
monitoring). The solvent was removed in vacuum and the residue
was recrystallized from THF at –30 �C to give an orange–yellow so-
lid of 3. Yield: 0.033 g (85%). IR (cm�1, pentane): 1582 (NO); 1908
(CO). 1H NMR (200 MHz, THF-d8, 25 �C): d 1.30 (m, 18H, 2PMe3,
trans), 1.10 (d, 9H, 1PMe3), 6.70 (s, 2H, Ph), 2.01 (s, 6H, 2CH3 from
Ph), 1.91 (s, 3H, CH3 from Ph). 31P{1H} NMR (80.9 MHz, THF-d8,
25 �C): d �30.3 (t with satellites 2JPP = 19.9 Hz, 1JPW = 300 Hz, 1
PMe3), �26.0 (d with satellites, 2JPP = 19.9 Hz, 1JPW = 350 Hz, 2
PMe3, trans). 13C{1H} NMR (50.3 MHz, THF-d8, 25 �C): d 228.6 (dt,
2JCP(trans to CO) = 56 Hz, 2JCP(cis to CO) = 6 Hz, CO), 166.5 (s, Ph), 135.2
(s, Ph), 119.7 (s, Ph), 118.0 (s, Ph), 21.0 (s, CH3 from Ph), 14.2 (s,
CH3 from Ph), 18.6 (td, 1JCP = 12.3 Hz, 3JCP = 2.1 Hz, 2 PMe3, trans),
17.6 (dt, 1JCP = 20.0 Hz, 3JCP = 3 Hz, PMe3). Anal. Calc. for
C19H38NO3P3W: C, 37.69; H, 6.28; N, 2.31. Found: C, 37.90; H,
6.23; N, 2.38%.

4.4. Preparation of mer-W(CO)(NO)(OCH2CF3)(PMe3)3 (4)

Yellow–orange 4 was prepared using the same procedure as for
3, reacting 1 (20 mg, 0.042 mmol) and 2,2,2-trifluoroethanol (9.3
lL, 0.127 mmol) in toluene-d8 (0.8 mL) at 60 �C for 1 d. Yield:
15 mg (62%). IR (cm�1, pentane): 1908 (CO), 1580 (NO). 1H NMR
(300.0 MHz, C6D6): d 3.86 (q, 3JHF = 10 Hz, 2H, –OCH2–), 1.26 (m,
18H, 2 PMe3 trans), 1.03 (d, 2JHP = 6 Hz, 9H, 1 PMe3). 13C{1H}
NMR (125.2 MHz, C6D6): d 229.0 (m, CO), 128.1 (q, 1JCF = 282 Hz,
-CF3), 71.8 (dtq, 2JCF = 31 Hz, 3JCP(trans to CO) = 8 Hz, 3JCP(cis to CO) =
2 Hz, –OCH2–), 18.2 (m, 2 PMe3 trans), 16.8 (m, 1 PMe3). 19F NMR
(282.3 MHz, C6D6): d -78.7 (t, 3JFH = 10 Hz, –CF3). 31P{1H} NMR
(202.5 MHz, C6D6): d �24.6 (m, 2 PMe3 trans), -25.4 (m, 1 PMe3).
EI-MS: m/z 569 [M+], 541 [M+–CO], 465 [M+–CO–PMe3]. Anal. Calc.
for C12H29F3NO3P3W: C, 25.32; H, 5.14; N, 2.46. Found: C, 25.40; H,
5.04; N, 2.44%.

4.5. Preparation of mer-W(CO)(NO)(OCH2Ph)(PMe3)3 (5)

Compound 1 (21 mg, 0.044 mmol) was dissolved in C6D6

(0.7 mL), and benzyl alcohol (5 lL, 0.066 mmol) was added. After
1 d NMR monitoring at 60 �C the reaction was complete and the
solvent removed in vacuo. The residue was extracted with pentane
(0.5 mL), the solution filtered, and orange 5 crystallized at –30 �C.
Yield: 20 mg (78%). IR (cm�1, pentane): 1904 (CO), 1572 (NO). 1H
NMR (300.0 MHz, C6D6): d 7.36 (m, 2H, Ph), 7.26 (m, 2H, Ph),
7.10 (m, 1H, Ph), 4.86 (s, 2H, –OCH2–), 1.29 (m, 18H, 2 PMe3 trans),
1.13 (d, 2JHP = 7 Hz, 9H, 1 PMe3).13C{1H} NMR (125.2 MHz, C6D6): d
229.2 (dt, 2JCP(cis zu CO) = 6 Hz, 2JCP(trans zu CO) = 54 Hz, CO), 149.4 (s,
Ph), 127.7 (s, Ph), 125.7 (s, Ph), 125.5 (s, Ph), 75.8 (dt, 3JCP(cis zu CO) =
1 Hz, 3JCP(trans zu CO) = 8 Hz, –OCH2–), 18.2 (m, 2 PMe3 trans), 17.2
(dt, 1JCP = 20 Hz, 3JCP = 3 Hz, 1 PMe3). 31P{1H} NMR (121.5 MHz,
C6D6): d �25.2 (m mit Satelliten, 2 PMe3 trans), �26.2 (m mit Sat-
elliten, 1 PMe3). MS (EI, 70 eV): m/z 577 [M+], 549 [M+–CO], 501
[M+–PMe3], 473 [M+–CO–PMe3], 321 [M+–CO–3 PMe3], 291 [M+–
CO–3 PMe3–NO]. Anal. Calc. for C17H34NO3P3W: C, 35.37; H, 5.94;
N, 2.43. Found: C, 35.12; H, 5.54; N, 2.35%.

4.6. Preparation of mer-W(CO)(NO)(OCH3)(PMe3)3 (6)

mer-W(CO)(H)(NO)(PMe3)3 1 (16 mg, 0.034 mmol), was dis-
solved in C6D6 (0.7 mL), and methanol (4 lL, 0.099 mmol) was
added. After 1 d at 60 �C the solvent was removed in vacuo. The res-
idue was extracted with pentane (0.5 mL), the solution filtered, and
orange 6 crystallized at –30 �C. Yield: 14 mg (82%). IR (cm�1, pen-
tane): 1904 (CO), 1569 (NO). 1H NMR (300.0 MHz, C6D6): d 3.92 (m,
3H, -OCH3), 1.36 (m, 18H, 2 PMe3 trans), 1.11 (d, 2JHP 7 Hz, 9H, 1
PMe3). 13C{1H} NMR (125.2 MHz, C6D6): d 229.2 (dt, 2JCP(trans to CO)

= 55 Hz, 2JCP(cis to CO) = 6 Hz, CO), 62.2 (dt, 3JCP(trans to CO) = 9 Hz,
3JCP(cis to CO) = 1 Hz, –OCH3), 18.2 (m, 2 PMe3 trans), 17.1 (dt,
1JCP = 20 Hz, 3JCP = 3 Hz, 1 PMe3). 31P{1H} NMR (121.5 MHz, C6D6):
d �24.4 (m with satellites, 2 PMe3 trans), -26.7 (m with satellites,
1 PMe3). EI-MS: m/z 501 [M+], 473 [M+–CO], 397 [M+–CO–PMe3].
For this compound no satisfactory elemental analysis could be
obtained.

4.7. Preparation of mer-W(CO)(NO)[OCHMe2](PMe3)3 (7)

Compound 1 (28 mg, 0.058 mmol), was dissolved in C6D6

(0.7 mL), and isopropanol (18 lL, 0.232 mmol) was added. After 3
d at 60 �C the solvent was removed in vacuo. The residue was ex-
tracted with pentane (0.5 mL), the solution filtered, and yellow–or-
ange 7 crystallized at –30 �C. Yield: 21 mg (68%). IR (cm-1,
pentane): 1905 (CO), 1565 (NO). 1H NMR (300.0 MHz, C6D6): d
3.73 (sept, 3JHH = 6 Hz, 1H, –OCHMe2), 1.37 (m, 18H, 2 PMe3 trans),
1.09 (d, 2JHP = 6 Hz, 9H, 1 PMe3), 1.05 (d, 3JHH = 6 Hz, 6H, –CH3).
13C{1H} NMR (125.2 MHz, C6D6): d 229.4 (m, CO), 70.9 (m,
–OCHMe2), 28.8 (s, –CH3), 18.3 (m, 2 PMe3 trans), 16.8 (m, 1
PMe3). 31P{1H} NMR (121.5 MHz, C6D6): d –27.9 (m mit Satelliten,
3 PMe3). (EI-MS): m/z 529 [M+], 501 [M+–CO], 425 [M+–O–PMe3],
349 [M+–CO–2 PMe3]. Anal. Calc. for C13H34NO3P3W: C, 29.51; H,
6.48; N, 2.65. Found: C, 29.45; H, 6.05; N, 2.68%.

4.8. Quantitative NMR pursuits of the reaction of 1 with protic donors

Kinetic measurements were carried out on a Varian-Gemini-
200 spectrometer (80.9 MHz, 31P{1H}). 20 mg of 1 (0.0425 mmol)
was dissolved in 0.7 ml of toluene-d8 and 8.0 mg of phenol
(0.085 mol/L); 11.6 mg of 3,4,5-trimethylphenol (0.085 mol/L);
9.3 lL of trifluoroethanol (0.1275 mmol); 13.2 lL of benzylalcohol
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(0.1275 mmol); 5.2 lL of methanol (0.1275 mmol) and 9.8 lL of
isopropanol (0.1275 mmol) were placed in a Young tap NMR tube.
The rate of formation of the alkoxide complexes 2–7 and H2 evolu-
tion were monitored by integration of the phosphine doublets and
the triplet resonances of hydride 1 at –29.8 and –35.1 ppm in the
31P{1H} NMR spectra at every 8.5 min (2), 9.3 min (3), 32.5 min
(4), 32.5 min (5), 32.5 min (6) and 97.6 min (7) at 60 �C. The reac-
tions of formation of 2–7 were over after 4 h (2), 5 h (3), 20 h (4),
24 h (5), 24 h (6) and 72 h (7) when 1 was completely consumed.
Plot of the decay of [1] vs. time t allowed exponentional fitting
with a first order law. From the slope of the linear plot of lnc vs.
time t, the rate constant k was determined. The half-life times of
the reactions t1/2 were calculated based on the expression t1/2 =
ln2/k [83].
4.9. Quantitative IR analysis of hydrogen bonding of 1 with 3,4,5-
trimethylphenol in the m(WH) region

For these studies, the Merlin Software [84] was used to carry
out quantitative analysis using the Lambert–Beer law. The Lam-
bert–Beer law is defined by the linear relationship between the
absorption and the concentration of the sample:

Ak ¼ ek � b � c

where Ak is the absorbance value of the sample at specific wave-
length, in our case at 1618 cm�1 (m(W–H) band), ek is the molar
absorptivity at the wavelength (L mol�1 cm�1), b is path length
through the sample (b = 0.1 cm) and c is the concentration of the
sample (mol/L). The calibration was carried out with linear curves
of known concentrations of 1 in hexane (c = 0.0030, 0.0064, 0.0110,
0.0191, 0.0232, 0.0364 and 0.0490 mol/L) in dependence of the
measured peak areas (or absorbances) of the selected m(W–H)
band at 1618 cm�1 in the temperature range of 253–293 K. Further-
more, quantitative IR experiments were carried out involving a mix-
ture of 4.1 mg of 1 (0.0173 mol/L) and 3.9 mg (0.0567 mol/L) of
3,4,5-trimethylphenol in 0.5 ml of hexane. The temperature was
varied and the spectra were measured every 10 K starting from
253 K to 293 K. In the IR spectra the three overlapping bands of
the dihydrogen bonded species C6H2(CH3)3OH���H–W(CO)(N-
O)(PMe3)3 (3a) at 1599 cm�1, of the free hydride 1 at 1618 cm�1

and of the dihydrogen bonding species C6H2(CH3)3OH���ON–
W(CO)(H)(PMe3)3 (3b) at 1625 cm�1 were deconvoluted using a
programme with a Lorentzian line function [85] and then the equi-
librium concentrations of the species [3a], [1] and [3b] were deter-
mined using the calibration curves of 1 at each temperature. In
these calculations we used for the two adducts 3a and 3b the same
extinction coefficients for the W–H bands and we have good indica-
tion that the error stays within acceptable limits. The initial concen-
tration of 1 should be the sum of concentrations of all the species 1,
3a and 3b in equilibrium. Based on the peak areas calibrated to hy-
dride 1, the overall deviations of the sum of concentrations from
100% are in the range of 3.9–8.7%. The equilibrium concentrations
of 3,4,5-trimethylphenol were calculated from the initial concentra-
tion of C6H2(CH3)3OH by the relation: [C6H2(CH3)3OH] =
[C6H2(CH3)3OH]initial – [3a]–[3b]. The equilibrium constants K1

and K2 were calculated by the equations:

K1 ¼ ½3a�=½1�½C6H2ðCH3Þ3OH� ð1Þ
K2 ¼ ½3b�=½1�½C6H2ðCH3Þ3OH� ð2Þ
The calculated equilibrium constants K1 and K2 were fitted by

van’t Hoff linear regressions. From the van’t Hoff linear plots of
lnK1 and lnK2 vs. 1/T, the enthalpies DH1 and DH2 with errors of
7% and 4% and the entropies DS1 and DS2 with errors of 9% and
5% were determined.
4.10. Qualitative analysis of hydrogen bonding of 1 with isopropanol
and 3,4,5-trimethylphenol using VT 1H NMR spectroscopy

1H and T1 NMR experiments were obtained on a Bruker DRX-
500 spectrometer (500 MHz, 1H). The inversion-recovery method
(180-s-90) was used to determine T1 relaxation times. The calcula-
tion of the relaxation times was made using the nonlinear three-
parameter fitting routine of the spectrometer. In each experiment,
the waiting period was 10 times the expected relaxation time and
12 variable delays were employed. The duration of the pulses was
controlled at every studied temperature. Dihydrogen bonding is
solvent dependent and for this reason toluene-d8 was used as
one of the least polar solvents which still provided good solubility
of all reaction components especially at low temperature.

4.11. Equilibrium analysis of the dihydrogen bonded adducts 7a
(WH���HOCHMe2) and 7b (W–NO���HOCHMe2) obtained from 1 and
isopropanol

A solution of 1 (20 mg of 1 in 0.7 ml of toluene-d8, ct(WH) =
0.061 mol/L) was prepared in an NMR tube below 223 K and the
chemical shifts d(WH) and the temperature-dependent minimum
relaxation time T1(min)(WH) of the hydride ligand of 1 were deter-
mined in the temperature range of 193–228 K. Then, five different
solutions of 20 mg of 1 in 0.7 ml of toluene-d8 (ct(WH) = 0.061 mol/
L) with various concentrations of isopropanol (c(alc) = 0.0671,
0.1080, 0.1921, 0.2446 and 0.3019 mol/L) at temperature below
223 K were prepared in the NMR tubes sealed with the Teflon caps.
The chemical shifts d(eq) and the values T1(min)(eq) of the hydride
ligand of 1 were determined at every 5 K from 193 to 228 K. VT
NMR titrations were used in order to extract and compare equilib-
rium constants K(Dd) and KðDR1Þ from the given changes in the
chemical shift differences (Dd = d(eq) - d(WH)) and from the given
changes in the excess relaxation rates (DR1(min) = 1/T1(min)(eq)–
1/T1(min)(WH)) by curve fitting.

The equilibrium constants K(Dd) and KðDR1Þwere calculated from
Eqs. (3)–(6).

K ¼ cðaddÞ=cðWHÞ � cðalcÞ ð3Þ

dðeqÞ ¼ dðWHÞ þ ðdðaddÞ � dðWHÞÞ � XðaddÞ ð4Þ

1=T1ðminÞðeqÞ ¼ 1=T1ðminÞðaddÞ � XðaddÞ þ 1=T1ðWHÞ � XðWHÞ
ð5Þ

1=T1ðminÞðaddÞ ¼ ð1=T1ðminÞðeqÞ � 1=T1ðWHÞ � XðWHÞÞ=XðaddÞ
ð6Þ

c(add), c(WH) and c(alc) ofEq. (3) are the equilibrium concentrations
of 7a,b or 3a,b, 1 and the protic donors, respectively, and K is the
equilibrium constant. d(eq) of Eq. (4) is the averaged equilibrium
chemical shift of d(WH) and d(add), d(WH) and d(add) are the chem-
ical shifts of 1 and 7a,b or 3a,b, respectively. ct(WH) and ct(alc) are
the initial concentrations of 1 and of the alcohols. X(add) = (0.5/
ct(WH))�ct(WH) + c t(alc) + 1/K–(c t(WH) + c t(alc) + 1/K)2 –
4ct(WH)�ct(alc)1/2 is the molar fraction of 7a,b or 3a,b, which is ob-
tained from the curve fitting of the experimental data of Eq. (3). T1

(min)(eq) ofEq. (5) is the equilibrium-averaged temperature-depen-
dent minimum relaxation time; T1(WH) is the relaxation time of 1
at the temperature of T1(min); T1(min)(add) and T1(min)(WH) are
the temperature–dependent minimum relaxation times of the hy-
dride ligands of 7a or 3a and 1, respectively. X(WH) and X(add)
are the molar fractions of complexes 1 and 7a or 3a at the temper-
ature of T1(min)(eq).

Eqs. (4) and (5) represent the basic equations of the NMR titra-
tion experiments [12,27,86], which can be approached by curve fit-



Table 2
Summary of crystallographic data for complex 2.

Compound 2

Empirical formula C16H32NO3P3W
Formula weight (g�mol�1) 563.19
Temperature (K) 183(2)
Wavelength (Å) 0.71073
Crystal system, space group Monoclinic, P 21/n
a (Å) 11.4798(8)
b (Å) 13.9009(8)
c (Å) 15.1070(10)
a (�) 90
b (�) 107.912(8)
c (�) 90
Volume (Å3) 2293.9(3)
Z, density (calcd) (Mg�m�3) 4, 1.631
Abs coefficient (mm�1) 5.258
Crystal size (mm3) 0.26 � 0.26 � 0.17
Absorption correction Numerical
Max/min transmission 0.487/0.342
Final R1 and wR2 indices [I > 2r(I)] 0.0351, 0.0707
R1 and wR2 indices (all data) 0.0624, 0.0734
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ting of the curves of d(eq) and 1/T1(min)(eq) vs. the initial alcohol
concentrations ct(alc). The K values were obtained by nonlinear fits
using a Levenberg–Marquardt algorithm.[45] For this purpose, Eq.
(7) (modified Eq. (4)) [87] was used (see below) where Q = 0.5 �
(S–a), S = (a2 + 4 � K �ct (WH))1/2 and a = K � (ct(WH) – ct (alc)) + 1.

dðeqÞ ¼ ðdðWHÞ þ Q � dðaddÞÞ=ð1þ QÞ ð7Þ

In this way, the association constants K(Dd) and KðDR1Þ for the ad-
duct formation reaction were determined at different tempera-
tures and then X(add) and X(WH) were calculated by solving Eq.
(3).

1
ctðWHÞ�x

þHORðR ¼ CHðCH3Þ2;3;4;5�Me3C2H2Þ
ctðalcÞ�x

!
x

7a;b;3a;b

K ¼ cðaddÞ=cðWHÞ � cðalcÞ ¼ x=ðctðWHÞ � xÞ � ðctðalcÞ � xÞ ð8Þ

XðaddÞ ¼ x=ctðWHÞ ð9Þ

XðWHÞ ¼ 1� XðaddÞ ð10Þ

c(add) = x is calculated solving Eq. (8) and X(add) and X(WH) are
calculated from Eq. (9) and (10). Then, based on Eqs. (4) and (5),
d(add) and 1/T1(min)(add) values were calculated.

From the determined T1(min) values of the averaged hydride
resonance and subsequently from their excess relaxation rates
DR1(min), the distance to the OH protons could be calculated
[12,27,86,88–90]. Distances r(H���H) in [Å] can be obtained from
Eq. (11) [12,27,91–95] where m is the NMR frequency in MHz and
DR1(min) = 1/T1(min)(add) – 1/T1(min)(WH).

rðH � � �HÞ ¼ 5:817ðm � DR1ðminÞÞ�1=6 ð11Þ

From van’t Hoff linear regressions of lnK(Dd) and lnKðDR1Þ vs. 1/T
the enthalpies DH(Dd) and DHðDR1Þ with errors of 8.7% and 6.9% and
the entropies DS(Dd) and DSðDR1Þ with errors of 7.7% and 6.8% were
determined.

4.12. Equilibrium analysis of the dihydrogen bonded adducts 3a
(WH���HOC6H2(CH3)3) and 3b (W–NO���HOC6H2(CH3)3) between 1 and
3,4,5-trimethylphenol (TMP)

Compound 1 was dissolved in 0.5 ml of toluene-d8 (7 mg,
ct(WH) = 0.0297 mol/L) in an NMR tube below 223 K and the chem-
ical shifts d(WH) and T1(min)(WH) of the hydride ligand of 1 were
determined in the temperature range of 203–243 K. Under the
same conditions the chemical shifts d(eq) and the values
T1(min)(eq) of the hydride ligand of 1 were determined for the five
different solutions of 7 mg of 1 in 0.7 ml of toluene-d8 (ct(WH) =
0.0297 mol/L) with various concentrations of 3,4,5-trimethylphe-
nol (c(alc) = 0.0315, 0.0591, 0.0784, 0.1099 and 0.1342 mol/L) pre-
pared in Young tap NMR tubes. Equilibrium constants K(Dd ) and
KðDR1Þ were determined in an analogous way as for the equilibrium
analysis of 1 and isopropanol. The determined enthalpies DH(Dd)

and DHðDR1Þ were obtained with errors of 12.5% and 6.9%, while
the entropies DS(Dd ) and DSðDR1Þ were obtained with errors of
21.4% and 8.3%.

4.13. X-ray diffraction study

A single crystal of 2 was mounted on top of a glass fibre using
polybutene oil as protecting agent, and immediately transferred
to the diffractometer. There the crystal was cooled to 183(2) K
by an Oxford cryogenic system. The determination of the unit cell
parameters and the collection of intensity data were performed
with an image plate detector system (Stoe IPDS diffractometer)
with graphite monochromated Mo Ka radiation using the Stoe
IPDS software version 2.92 (1999) [96]. A total of 167 images were
exposed at a constant time of 1.50 min/image. The total exposure
and read-out time was 16 h. The crystal-to-image distance was
set to 50 mm (hmax = 30.31�). The / rotation mode was selected
for the / increment of 1.2� per exposure. A total of 8000 reflections
with I > 6r(I) was selected out of the whole limiting sphere for the
cell parameter refinements. A total of 26902 was collected of
which 6588 were unique (Rint = 0.0544). The intensities were cor-
rected from Lorentz and polarization factors and numerical absorp-
tion corrections based on 8 indexed crystal faces were also applied.
The Patterson method was used to solve the crystal structures of 2
by applying the software options of the program shelxs-97 [97].
The structure refinements were performed with the program shel-
xl-97 [97]. The program PLATON [98] was used to check the result of
the X-ray analysis and the program ORTEP [99] used to give a repre-
sentation of the structure. Details of crystallographic data and
refinements of complex 2 are summarized in Table 2.
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