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Abstract: Intermolecularhydrogen bonding of acidic alcohols (PhOH, ¢E&EHOH (HFIP), (Ck)sCHOH (PFTB))

to the hydride ligand of WH(CQJNO)L, (L = PMe; (1), PE% (2), P(OPr) (3), PPh (4)) has been observed and
characterized by IR and NMR spectroscopy in hexane, toldgnand CDCI, solutions. The H-bonding is an
equilibrium process with mediumAH® of 4.1-6.9 kcal/mol; the enthalpy increases on going fréto 1, i.e., the
strongest bonding is found for the smallest and the most basidAMe;. The value of—~AH° depends on thelfy

of the proton donors, increasing as the acidity does (PROHFIP < PFTB). The IR and NMR data suggesy,
symmetry around tungsten in the ROHHW(CO)(NO)L, adduct, with the +-H distance of 1.77 A (l= PMe)
estimated from the hydrid&;mi, relaxation time. The relevance of the hydrogen bonding to the mechanism of
protonation of metal hydrides is suggested.

Introduction In a recent meticulous IR study? hydrogen bonding of
fluoro alcohols to the metal center afCsHs)ML , was clearly
identified in liquid xenon and krypton. This novel type of
bonding is also found and extensively studied for phenol and
fluoro alcohols in regular nonpolar and low-polarity solveiits.
Important examples of linear three-center four-electron H-bonds

More familiar as exemblified by oraanic molecules. hvdrogen of the NH--M type are structurally characterized in the solid
P yorg » YAT0g state! some of these also exibit hydrogen bonding to the

bonding has frequently been observed in transition metal chloring? and nitrogef® atoms of the counterions. Other

complexes, and many structural components of organometallic. - . . .
. ' T ) investigations in organometallic solids show that complexes
or inorganic compounds are potential binding sites. In terms

of a “natural” classification, known cases include hydrogen contzining a hydregen donor and accepting sites as COOH, OH,
. ’ . _nydrog CH, COOR, and CO have features similar to those of related
bonding to the metal centers and coordinated ligands and

between the ligands organic solids.
The inter- and intramolecular interactions betweer HN Closely related to the matter of the present study are well-

moieties and halide ligands oF counterions (e.g., in comalex documentedhtramolecularinteractions found between ligands
have been thoroughly studiédOther examples concern H- with acidic hydrogen (NH, OH) and ligands representing weak

bonding to the oxygen atom of carbonyl and nitrosyl gréups _ (4) (a) Kogley, S. E.; Schaverien, C.; Fredenberger, J. H.; Bergman, R.

i 23 : G.; Nolan, S. P.; Hoff, C. DJ. Am. Chem. S0d.987, 109, 6563. (b) Kim,
as well as tar Ilgands. Rather strong bpndlng of alcohols Y1 Osakado. K. Takenak. A.: Yamamoto, AAm. Chem. Sod99q
and phenols with alkoxyand phenoxy ligands has been  112"1096.

Hydrogen bonding is an important but generally weak (2
10 kcal/mol) chemical bonding phenomenon. It can occur both
in intra- and intermolecular fashion between proton donor groups
from one side and lone pairs of heteroatomsglectrons of
aromatic rings, and multiple bonds from another.

established both in the solid state and in solution. (5) (a) Osakado, K.; Ohchiro, K.; Yamamoto, @rganometallics1997,
10, 404. (b) Alsters, P. L.; Baesjou, P. J.; Janssen, M. D.; Kooijman, H.;
T Russian Academy of Sciences. Contributors of the IR work. Sicherer-Roetman, A.; Spek, A. L.; Koten Grganometallics1992 11,
* Universita Zirich. Contributors of the NMR work. 4124,
® Abstract published im\dvance ACS Abstractdanuary 15, 1996. (6) (a) Kazarian, S. G.; Hamley, P. A.; Poliakoff, M. Chem. Soc.,
(1) (a) Fuijita, J.; Kobayashi, M.; Nakamoto, &.Am. Chem. So4956 Chem. Commuri992 994. (b) Kazarian, S. G.; Hamley, P. A.; Poliakoff,

78, 3295. (b) Osborn, J. A.; Powell, A. R.; Thomas, K.; Wilkinson,JG. M. J. Am. Chem. S0d.993 115, 9069. (c) Vinogradova, L. E.; Kreindlin,
Chem. Soc. A968 1801. (c) Chatt, J.; Leigh, G. J.; Thankarajan,JN. A. Z,; Leytes, L. A,; Chizhevskii, I. T.; Shubina, E. S.; Epstein, L. M.

Chem. Soc. AL971, 3168. (d) Bronty, C.; Spinat, P.; Whuler, Acta Organomet. Chem. USSR®9Q 3, 618. (d) Epstein, L. M.; Shubina, E. S.
Crystallogr., Sect. BL98Q 36, 1967. (e) Fryzuk, M. D.; MacNeil, P. A,; Metalloorg. Khim.1992 5, 61. (e) Shubina, E. S.; Krylov, A. N.;Kreindlin,
Rettig, S. J.J. Am. Chem. S0d.987 109, 2803. A. Z.; Rybinskaya, M. I.; Epstein, L. MTHEOCHEM 1993 301, 1. (f)

(2) (a) Lokshin, B. V.; Kazarian, S. G.; Ginzburg, A. Bv. Akad. Nauk Epstein, L. M.; Krylov, A. N.; Shubina, E. STHEOCHEM 1994 322,
SSSR, Ser. Khinmhi986 2605. (b) Lokshin, B. V.; Kazarian, S. G.; Ginzburg,  345.

A. G. J. Mol. Struct.1988 174, 29. (c) Lokshin, B. V.; Kazarian, S. G; (7) (a) Brammer, L.; Charnock, P. L.; Goggin, P. L.; Goodfellow, R. J.;
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bases such as halides and hydritieSxamplesB andC, and,
already mentioned abov#, bear clear chemical resemblance,

Shubina et al.

bonding. Another important factor (c) is sterics: it should be
difficult for a proton donor to get access to a binding site in a

although there is a substantial difference in the nature of the sterically crowded complex with bulky ligands (e.g., phos-

bonding, which occurs with a lone pair of Cl in one c&send
with the o-bonding pair of Ie-H in the other$ed
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One (and chronologically the first) example of intramolecular
M—H---HO interaction was characterized by neutron diffraction,
a method most reliable for location of hydrogens. In structure
D, the H--H distance is 2.40(1), which was interpreted as “too
long for the interaction to be considered a normal hydrogen
bond" %
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ComplexesB andC and related molecules studied spectro-
scopically by NMR and IR (in few cases by X-ray) have
intramolecular XH--HIr bonds of medium strength (estimated
experimentall§f and calculate¥ ab initio to be in the range
2.9-5 and 5-7 kcal/mol, respectively) with the +tH distances
of 1.7-1.8 A?

In this work, we experimentally address the problem of
intermolecularXH---HM hydrogen bonding in solution. Some
fundamental differences between theer- andintramolecular
interactions should now be emphasized.

In the intramolecular case: (a) preassembling interacting
fragments (ligands) at the metal center is, in a way, the driving
force that might be responsible for the resulting geometry
without any additional specific interligand interaction. More
importantly, (b) for the thermodynamics of the system, intramo-

phines). Finally, (d) we do not know exactly how weak
solvent-solute interaction can contribute to distinguish between
the intra- and intermolecular cases. One should expect a greater
influence for a bimolecular process.

For the present work, a series of tungsten monohyrides,
known to have polarized metahydride bondd! has been

L
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L = PMe; (1), PEt;(2), P(O'Pr);(3), PPhy (4)

selected and systematically studied in solution in the presence
of acidic alcohols (phenol, hexafluoro-2-propanol (HFIP), and
perfluoro-2-methyl-2-propanol (PFTB)). Here, we report the
first IR and NMR spectroscopic evidence for the hydride of
WH(CO)(NO)L, complexes acting indeed as a proton acceptor
in intermolecularW—H--*H—0O bonding. This evidence in-
cludes distinct changes of all significant IR bands (OH, CO,
NO, and MH) as well as the following NMR parameters: shifts,
couplings, andrl; relaxation times. It becomes apparent that
attractive X-H---H—M interaction is a real driving force re-
sponsible for the specificity of protonation of hydride complexes,
which as a rule occurs kinetically determined at the hydride
site1?

Experimental Section

The monohydrides WH(CQNO)L, studied in this work were
prepared as described elsewhéfeHFIP was purchased from Aldrich.
(CRs)sCOH was prepared as described in the literatéire.

The IR spectra were recorded on a Specord M-82 spectrometer. All
measurements were made under dry Ar atmosphere in freshly distilled
oxygen-free nonpolar (hexane) and low-polarity media (hexang/CH
Cl, 2:1). For the low-temperature experiments: cold10Q0 °C)
solutions of ROH and WH(CQ)NO)L, were mixed and transferred
into the precooled celld= 0.1 cm) of the cryostat against counterflow
of argon. These experiments were run from 190 to 250 K. The error
of the temperature determination w#$€.5 K.

For the NMR samples, in a typical case: HFIP solution in dry,
oxygen-free solvent (CETI,, tolueneds) (0.65 mL) was prepared under
nitrogen in a dry box in a Schlenk flask fitted with Teflon stopcock.
This solution was vacuum transferredarst 5 mm NMRtube containing
a weighed amount of WH(C@NO)L, and the tube was then flame
sealed under vacuum and transferred into a celdiOQ °C) ethanol
bath. The NMR experiments were run starting at low temperatures on
a Varian Gemini 300 spectrometer. Standard Varian software was used
for the inversion-recoveryl; determinations and NOE (DIFNOE)
measurements.

Results and Discussion

I. IR Evidence for Hydrogen Bonding of Phenols and
Fluoro Alcohols with WH(CO) »(NO)L, (L = PMes (1), PEts

lecular interaction does not necessarily require an entropy (2), P(OPr)3 (3), and PPk (4)). (a) v(OH) Range. The first

change, while an associative bimolecular process should assume

—AS in the range of 520 eul® Then, at room temperature,
TAS’ < 6 kcal/mol, which represents a significant force against

(9) (a) Lough, A J ; Park, S.; Ramachandran, R.; Morris, R.JHAm.
Chem. Soc1994 116, 8356. (b) Park, S.; Ramachandran, R.; Lough, A.
J.; Morris, R. H.J. Chem. Soc., Chem. Commu®894 2201. (c) Lee, J.
C.; Rheingold, A. L.; Muller, B.; Pregosin, P. S.; Crabtree, RIHChem.
Soc., Chem. Commuh994 1021. (d) Lee, J. C.; Peris, E.; Rheingold, A.
L.; Crabtree, R. HJ. Am. Chem. S0d.994,116, 11014. (e) Stevens, R.
C.; Bau, R.; Milstein, D.; Blum, O.; Koetzle, T. B. Chem. Soc., Dalton
Trans.199Q 1429. (f) Peris, E.; Lee, J. C.; Rambo, J. R.; Eisenstein, O.;
Grabtree, R. HJ. Am. Chem. S0d.995 117, 3485.

(10) (a) Jaffe, H. HJ. Am. Chem. Sod.957, 79, 2373. (b) Arnett, E.
M.; Joris, L.; Mitchell, E.; Murty, T. S. S. R.; Gorrie, T. M.; Schleyer, P.
V. R J. Am. Chem Sod.970 92, 2365. (c) Lopes M. C. S Thompson,
H. W. Spectrochim. Actd968 24A 1367.

(11) (a) van der Zeijden, A. A. H.; Sontag, C.; Bosch, W.; Shklover, V.;
Berke, H.; Nanz, D.; von Philipsborn, Wielvetica Chim. Actal991 74,
1194. (b) van der Zeijden, A. A. H.; Bgi, T.; Berke, H.Inorg. Chem.
1992 201, 131. (c) Berke, H.; Burger, RComments Inorg. Chemi994
16, 279.

(12) (a) Jessop, P. G.; Morris, Koord. Chem. Re 1992 121, 155.
(b) Heinekey, D. M.; Oldham, W. J., J€hem. Re. 1993 93, 913.

(13) Filler, R.; Schure, R. MJ. Org. Chem1967, 32, 1217.
(14) Cabana, A.; Sandorfy, Gpectrochim. Actd96Q 16, 335.
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Figure 1. IR spectra in thes(OH) absorption region of (1) HFIP (0.01
mol/L), (2) HFIP/WH(CO}(NO)[P(OPr)], (0.01/0.05 mol/L), and (3)

HFIP/WH(CO)(NO)(PMe), (0.01/0.05 mol/L).

3160

Table 1. v(OH) Absorptions (cm?) of PhOH, HFIP, and PFTB in
the Presence of WH(C@NO)L, 1—4 in Hexane

proton A(OH)uonded
L donor v(OH)vonded Aviz Av(OH)° 1074 L/mol-cm?
PMe;(1) PhOH 3328 180 295 8.3
HFIP 3288 235 323 9.1
PFTB 3140 390 448 12.9
PE(2)  PhOH 3350 190 273 7.6
HFIP 3308 314 302 8.1
PFTB 3183 384 405 11.7
P(OPrs (3) HFIP 3375 176 236 6.4
PFTB 3262 233 320 9.4
PPh (4) HFIP 3375 150 215 e

aValues correspond to the centers of gravity of{@H)sondesbands.
b »(OH)ree = 3623 (PhOH), 3631 and 3592 (HFIP), 3588 ¢PFTB).
For HFIP, Av(OH) is calculated from the center of the double band.
¢ Integral intensities A(OH)ngeawere calculated by the method of ref
14.9Data from solution in hexane/GBlI, (2:1). ¢ Accurate determi-
nation was impossible because the solubility was too low.

J. Am. Chem. Soc., Vol. 118, No. 5, 19967

Table 2. »(CO) Bands (cm?) of the Complexed—4 with HFIP
at 200 K in Hexane

L »(COree Y(COonded Av(CO)
PMe; (1) 1914 1924 10
PE% (2) 1908 1922 14
P(OPr) (3) 1929 1944 13
PPh? (4) 1930 1945 15

2|n a mixture hexane/C¥l, (2:1).

v(CO) bonded

1930 1918 1906 cm1

Figure 2. Variable-temperature IR spectra of WH(@NO)(PE)./
HFIP (0.001/0.008 mol/L) in hexane in the range 190030 cnt?.

the alcohols, but they provide no structural information. In
particular, there is no clue to which of the four potential sites
(H, CO, NO, W) is engaged in the bonding. We therefore
thoroughly investigated the absorption region of tHEO),
v(NO), andv(WH) vibrations.

(b) »(CO), ¥(NO), and v(WH) IR Data. The IR spectra of
solutions containing WH(CQINO)L, and an excess of the
proton donors reveal the appearanceoné newy(CO) band,
shifted byAv(CO)= 10—17 cntto higherwavenumbers with
reference to the correspondinO)ee vibration in1—4 (Table
2). The intensity of this new band is temperature dependent
and increases (by decrease of the intensitw(@O)es) On
lowering the temperature (Figure 2). These intensity changes
are reversible, indicating that formation of the new species is

spectroscopic evidence for hydrogen bonding is often provided an equilibrium process.

by IR investigations in the absorption region of-M vibrations

The shiftAv(CO) shows dependence on the proton-donating

of the proton donors. When there is hydrogen bonding of XH ability (acidity) of the alcohols and increases when the latter

functionalities, broadv(XH) bands are expected to appear,
shifted to lower frequencies and increased in intensity.

does. For example, for complexAv(CO) = 11 (PhOH) <
14 (HFIP) < 17 cnT! (PFTB). The magnitude oAv(CO)

The IR spectra of HFIP, PFTB, and phenol (concentrations independently suggests assignment of the shifted band to some

of ROH varied in the range 0.069.01 mol/L to exclude self-

hydrogen-bonded species; a much greater shift;-1&0 cnt?,

association) were measured in hexane in the presence of arwould have been observed if the metal center had been

excess of complexes—3. A hexane/methylene chloride (2:1)
mixture was used for complek which is insoluble in hexane.
Interaction between the alcohols and hydrides4 brings

protonated®’ Another conclusive piece of information is worth
mentioning: hydrogen bonding to the oxygen atom of CO in a
O—H---O—C—M fashion, if it were present, would cause shifts

about the appearance of broad and intense IR bands over théo lower wavenumbers of at least om¢CO) vibration?2Pi.e.,
range 3108-3400 cnt! (Figure 1). These spectral changes are the opposite to what is observed 1r4.
indeed diagnostic for hydrogen bonding, and new bands are Some significant structural conclusions are now rendered

assigned to/(OH)pongeqVvibrations. Data in Table 1 show how
the shift Av(OH)), width (Av1/), and integral intensityA(OH))

possible. The observation of a singfCOongegband for the
H-bonded species ROH&WH(CNO)L, suggests that the

of the v(OH)nondedbands depend on electronic properties of the local symmetry around the metal center is retained. This implies

phosphorus ligands ib—4. The effect of changing phosphine
donicity is clear: v(OH) shifts to lower wavenumbers and the
value of Avyj, increases on going from £ P(OPr); (3) to more
basic PESin 2 and (also less bulky) PMen 1 for each proton

that ROH approaches the complex in the plane perpendicular
to the OC-W—CO axis. The bonding site is, thus, either the
nitrosyl or the hydride ligand of WH(CQNO)L,. We will
show further how théH NMR data most reliably establish that

donor used. The spectral parameters depend on the acidity ofit is the hydride location that is attacked. This conclusion is

the alcohols as well, and the shift’(OH) increases when the
acidity does, for instance, f& v(OH)pongea= 3328 (PhOH,
pKa = 10.0) > 3267 (HFIP, K, = 9.2) > 3150 cm! (PFTB,
pKa = 5.4).

well supported by the IR data, which shdwgh-wavenumber
andlow-wavenumbesshoulders in the(NO) andv(WH) bands,
respectively, in the presence of ROH (Figure 3a). The former
feature is better resolved (Figure 3b) in the WD(gQD)-

The IR data in the/(OH) range represent certain spectroscopic (PEg),—HFIP system, where the WD and N-O vibrations

evidence for hydrogen bonding between WH(@@)O)L, and

are not coupled!? The trend shown by the WH and NO bands
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a) i 1b)
N-O f1 WH N-O
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Figure 3. IR spectra of (a) WH(CQJNO)(PES)./HFIP (0.004/0.012
mol/L) and (b) WD(CO)(NO)(PE%)./HFIP (0.004/0.012 mol/L) at 200
K in hexane. In b, weak bands at 1589 and 1670 care due to
remaining WH(CO)NO)(PEt)..

clearly speaks against ROH binding to the nitrosyl oxygen (a
shift to low frequencies would then be expeétgcheither does

it support OH--W hydrogen bonding (a shift to higher frequen-
cies is expected for(WH) when the electron density on the
metal is decreaséd).

The possibility of some interaction between the oxygen atom
of the alcohols and the metal itself was also taken into
consideration (this would have occured in the vicinity of the
hydride ligand in any case). It is doubtful that the oxygen atom
can coordinate to an 18e metal center; the IR spectra of WH-
(COXR(NO)(PES)2 show unchanged(CO), »(NO), andv(WH)
bands in the presence of other oxygen donors g0 and
PhOCH.

(c) strength of the OH---HW Hydrogen Bond. Changes
in the »(OH) region, described above, reflect the strength of
hydrogen bonding: both the band shiftg(OH) and the integral
intensities A(OH)onded cOrrelate with the enthalpy of the
bonding, AH°. Different equations have been suggested to
quantify thisl® We applied here those proposed by logansen
(initially for organic molecules): eqs 1 and 2 have been
successfully used to characterize hydrogen bonding in a numbe
of precedents in organometallic systeth&d Correlation eq

—AH° = 18Av(OH)/(Av(OH) + 720) (1)
—AH?° = 0.30(Av(OH))*? (2)
—AH° = 2.9(AA(OH))*? (3)

Shubina et al.

Table 3. Enthalpies of Hydrogen Bond FormatierAH® (kcal/
mol) and Basicity Factors Calculated from egs4l

L proton donor —AH°(1) —AH°(2) —AH°(3) E#
PMe; (1) PhOH 5.2 5.2 5.2 0.92
HFIP 5.6 55 5.6 0.91
PFTB 6.9 6.5 6.8 0.90
PE& (2) PhOH 5.0 5.1 4.9 0.87
HFIP 5.3 53 51 0.87
PFTB 6.5 6.2 6.4 0.85
P(OPr% (3) HFIP 4.4 4.7 4.2 0.73
PFTB 5.5 55 5.3 0.72
PPh (4) HFIP 41 45 b 0.70

a Basicity factors calculated from eq 4 usingi°(1—3) and averaged
to give E; reported in this table? Integral intensity is not available in
this case (see also Table 1).

In K

1/T-103

Figure 4. Ln K vs. 17T for WH(CO),(NO)(PE%)./HFIP (0.001/0.004
mol/L) in the range 196250 K.

temperature range 19250 K18 The temperature dependence
In K vs 11T, presented in Figure 4, givesAH® = 4.9+ 0.3
kcal/mol, in agreement with the values (53.3 kcal/mol)
calculated in Table 3. The value &S = —9.8 + 1 eu,
determined from the plot in Figure 4, lies in the range- 2D
eu) reported for hydrogen bonding in organic systépAs?®
Similar characteristics are, for example, known fefluoro-
phenol withN-methylformamide £ AH® = 5.5 kcal/mol,AS’
—9.5 eu)iod

1 is considered to be more general and applicable in the range Hydrogen bonding of the alcohols to the hydrides4 is of

of Av(OH) = 0—2000 cn1?, while eq 2 is limited to the cases
when Av(OH) > 200 cntl. Most versatile is eq®3, which
we use here for the first time as applied to H-bonding with a
metal complex. Table 3 shows that all correlations provide
consistent results.

Experimental values df = [2']/([2][HFIP]) were determined
for the equilibrium

(CF;),CHOH + HW(CO),(NO)(PEt), =
2
(CF;),CHOH:--HW(CO),(NO)(PEL),
2!
by measuring the absorbtion af(CO)ee band over the
(15) Girling, R. B.; Grebenik, P.; Perutz, R. horg. Chem198§ 25,
31

(16) (a) Badger, R. M.; Bauer, S. H. Chem. Phys1937, 5, 839. (b)
logansen, A. V.; Kurkchi, G. A.; Furman, V. M.; Glazunov, V. P.; Odinokov,
S. E. Zh. Prikl. Spektrosk198Q 33, 460. (c) logansen, A. VHydrogen
Bond Nauka: Moscow, 1981; p. 13. (d) Zeegers-Huyskens, T. In
Intermolecular Forces; An Introduction to Modern Methods and Results
Huyskens, P. L., Luck, W. A. P., Zeegers-Huyskens, T., Eds.; Springer-
Verlag: Berlin, 1991; p 123.

(17) AA(OH)UZ = A(OH)freell2 - A(OH)bonde&/Z-

medium strength (4:26.9 kcal/mol), comparable to that
determined for the bonding of MHORS These values are
also close to the estimated energy iotramolecular Ir—
H--*H—N hydrogen bonds (35 kcal/mol)%f For all WH-
(COX%(NO)L, derivatives the association enthalpyAH® par-
allels the proton donating ability (acidity) of the alcohols. For
complex2, for instance, it increases in the order 4.9 (PhGH)
5.1 (HFIP) < 6.4 kcal/mol (PFTB).

Another empirical correlation seems to be perfectly applicable
in our system. Introduced by logansen, the “factor of basicity”,
Ej, is expected to characterize the proton accepting site in
hydrogen bond formatio#f.

E = AH/5.7P, 4)
whereP; is the acidity factor for the proton donor ad;; =
_AHO_ZOb

E; for 1-4 must show no dependence on the acidity of the
proton donors, and they are constant indeed: for example, 0.91

(18) Equilibrium concentrations were calculated from the decrease of
1(CO)ree band intensity for every temperature.

(29) In the case of hydrogen bonding to the metal, HROp*Ir(CO),,
a larger changAS= —19 eu is reporte&
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4 0.01 for 1 with all ROH in this work (Table 3). There is, -1.4
however, expected dependence of the calculated proton accept-
ing ability E; of the hydridic hydrogen i1—4 on the electronic 1.6

and steric properties of the phosphigésone angle/basicity
= 145/2.73 PP¥ 130/4.08 P(@Pr), 132/8.69 PEt 118/8.65
PMe;. Values off increase in the same order: BPh P(O-
Pri < PEg < PMe; (Table 3). Thegj's for 1 and2 are rather
close (0.91 vs. 0.87) but lower f@ and4 (0.72 and 0.70,
respectively).
IIl. NMR Evidence for the Interaction between the WH- 22 .
(CO)2(NO)L, Complexes 4 and HFIP. The IR data give 0.05 0.15
clear evidence for hydrogen bonding between the WHO) [HFIP], mol/l
(NO)L, complexesl—4 and HFIP. In this section, we attempt
characterization of this interaction by NMR, a relatively “slow”
spectroscopic method. The energies estimated abeveKdal/
mol) suggest that association and dissociation of the molecules
(exchange) must be fast on the NMR time scale. This should
result in averaging of all NMR parameters in the available  Figure 5 shows the concentration dependencé(¥fH) at
temperature range. three temperatures (from70 to —90 °C). Assuming a fast
Another circumstance, which unfavorably distinguishes NMR  bimolecular reaction,
from IR, is the natural demand of the method for higher
concentrations and the use of deuterated solvents. In the(CF;),CHOH+ HW(CO),(NO)(PMe,), =

8 (WH), ppm

Figure 5. Hydride chemical shifo(WH) in WH(CO)L(NO)(PMe)
(0.06 mol/L) at—70 (v), —80 (), —90°C (O) in tolueneds solutions
containing variable amounts of HFIP.

solvents employed here, GOI, and toluenedg, the complexes 1
show different stability: as all stable are in toluene (within (CF,),CHOH~HW(CO),(NO)(PMe,),
the time of the measurements), there were two representatives 1

(L = PMe; and PE#) subjected to protonation by HFIP in GD

Clo. In this solvent, WH(COINO)(PMe). is especially  one can relate the averaged chemical sBtvH) to the

unstable even at low temperature, and therefore no reliable datgnhemical shifts of the free and hydrogen bonded complexes,

could be collected. and &,, via the equilibrium constantK) and the initial
(a) Temperature and Concentration Dependence of the  concentrations of WH(CQINO)L, (w) and HFIP, the latter

W—H Chemical Shift. IR spectroscopically we have observed being expressed as

the tightest adduct formation for HFIP with WH(C{\O)-

(PMey)2 (1). This complex was selected for a series of NMR  §(WH) = (6, + 0,562((a2 + 4Kx)¥2 — @)/

experiments in toluends with concentration of HFIP varying 2 12

from nil to 0.19 mol/L and the tungsten concentratiat [ (1+0.5(@° + 4Kx) ™ — a))

constant at 0.06 mol/L, i.e., the ratio of both species increasedwherea — Kw — Kx + 1

from 0 to 3.2. . By computer fitting of the experimental data to the above
The 'H NMR spectra of these solutions, recorded between equation, the two unknown parametei€, and d, were
—70 and—100°C, show resonances of the gKCH, WH, and determined. The chemical shift in the hydrogen-bonded com-
OH protons, with remarkable changes revealed by the latter ey 1, 9, expectedly shows no significant variation between
two. The OH proton appears as a broad-400 Hz) line that —70 and—90 °C as —2.67 + 0.05 ppm. The equilibrium
shifts fromé 4 to 7 ppm progressively upon cooling and/or  .qnstant increases from 6.370°C) to 10.8 L/mol (90 °C).
decreasing the concentration of HFIP in solution. The hydride e magnitude oK implies some small free energy change
triplet of WH(COL(NO)(PMey), broadens by 24 Hz upon AG of ca. —0.7 kcal/mol in favor of the hydrogen bonded
lowering the temperature and/or increase of the HFIP concentra-comp|ex formation; this gives a qualitative picture for the

tion. The line width reaches the maximum of 7 Hz-al00 thermodynamics of the bonding under conditions of the NMR
°C; a sample without HFIP is 3 Hz broad at this temperature. gyneriments.

The direction of the change of the chemical sh{ftVH) is less The experimental (IR) values &€ in hexaneare between
apparent than that for OH: the hydride resonance drifts upfield. 140 (23°C) and 3000 L/mol £83 °C) for the system HFIP/
In the most concentrated sample t.he resulting shift (f®m  ¢omplex2 (Figure 4). It appears, therefore, that equilibrium
(WH) —1.41 in1) is remarkably large:Ad is 0.72 ppm at-100 constants for the HFIP binding tb in hexanemust also be

C. appreciably higher than thosetiwiuene derived from the NMR

(20) (@) logansen, A. VTheor. Exp. Khim1971 7, 302. (b) As a result analysis. We have no clear understan_dmg for this qbserva'uon.
of analysis of a large array of spectroscopic and calorimetric data (in TWO possible reasons can be mentioned. One is that the
particular for phenols and fluorinated alcohols) logansen introduced what thermodynamics in the NMR experiments is influenced by the
he named a “rule of factors”, an empirical correlation assuming constant higher concentration and, thus, self-association of the HFIP
acidic and basic properties in hydrogen bond formation. The general equation | | Th d ' | - h he th
for a proton donoi and acceptoy is: AX; = AXsPiEj, whereAX stands mo ecu. es. e second explanation assum?s that the thermo-
for either a spectroscopid¢, AA) or thermodynamic-£ AH°) characteristic dynamics can be affected by hydrogen bonding of HFIP to the
in a specific solvent; that on the right side is for the “standard” H-bonded gromatic ring of the solvent, toluertg-

complex, phenotether (AH°s = 5.7 kcal/mol). For the standard complex : : S LAt :
both the basicity and acidity factors then are taken as uBjty; P; = 1. (b) Tl(\_NH) Relaxatlon Time. Spln. lattice relaxat_lon of the
The acidity factors of the other alcohols in this work are 1.07 (HFIP) and hydride ligand in all WH(COXNO)L; is clearly dominated by

1.31 (PFTB), which permits calculation & for any of the partners in proton—proton dipole-dipole interactions. The strength of the

hydrogen bonding, complexds-4. ; - . - . .
(21) (a) Tolman, C. AChem. Re. 1977 77, 313. (b) Rahman, M. M.; mte_r?ctlon is strongly distance dependeiit; is proportional
Liu, H.-Y.; Eriks, K.; Prock, A.; Giering, W. POrganometallics1989 8, to r=°(H---H). These factors mak& measurements probably

1. the most reliable and sensitive experiment to determine ROH
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NOE in HFIP & WH(CO) 2(NO)(PMe 3)»

37% at -90 °C
10 / 11%

Soor L———Jl——————-"k—

19.3% 26%

1.0}
0.0045 0.0050 0.0055 —J -"L L
1/TEMPERATURE
Figure 6. Variable-temperaturéH T; relaxation times in WH(CQ) OH CH CHg WH
(NO)(PMQ)leFlp T]_(WH) O, @ N T]_(CH3): *ox, +. The 10% 2.5%

concentrations are 0.034/0, 0.034/0.125, and 0.056/0.186 mol/L, —
respectively. Ay | S
mmﬂmwmﬂmﬂmﬂ

4 32 { 0 -1 2P )
Figure 7. H NOE difference spectra of WH(C&NO)(PMe)/HFIP
(0.056/0.186 mol/L) in toluends at —90 °C. The irradiated positions
are indicated with thunderbolt signs.

HW/(CO)(NO)L, bonding: if OH in1' is close to WH, there
must be substantially faster relaxation (shofgrof the metal-
bound proton.

Figure 6 shows théH T; relaxation times in WH(CQJNO)-
(PMes), in the presence/absence of HFIP. A small difference discussion of the temperature dependence of NOE see ref 24).
is expected and observed for the methyl protons; after addition At —90 °C, negatve NOE is remarkably strong between the
of HFIP the relaxation times are close to those measuredl for protons (OH, CH) of HFIP and WH (Figure 7): irradiation of
alone. The hydrideTl; changes abruptly: there is a 3-fold OH gives 19.3 and 26% decreases of CH and WH, and
decrease from the estimat&ghn of 1.15 s in WH(CO)(NO)- irradiation of WH reduces the signal intensities of OH and CH
(PMe;), without HFIP to 0.38 s wherl]/[HFIP] = 0.034/0.125 by 10 and 2.5%, respectively. Finally, when the decoupler is
mol/L. Further shortening ofimin to 0.33 s is apparent in a  applied at the frequency of CH, there are negative NOE'’s of
more concentrated sample (0.056/0.186 mol/L), reflecting the 37% for OH and 11% for WH. Practically no NOE was

equlibrium shift to form morel'. detected in these experiments between the irradiated protons
For the simplest model assuming bonding of one molecule and the CH groups of the PMeligands. _
of HFIP to WH(COX(NO)(PMe),, the change iff; is due to These NOE results provide unambigous evidence for hydro-

the contribution ARy) from dipole-dipole interaction between ~ gen bonding between HFIP and WH(GMO)(PMe). that
the alcoholic proton and the metal hydride separated by somebrings the OH and WH protons together and establishes an
distancer(H---H). This distance can be easily estimated from additional (longer) contact betwen the hydride and CH of HFIP.

the following equatior?? r(H+-H) (&) = 5.817¢ARumin) Y8, One circumstance in the relaxation and NOE data presented
where v is the NMR frequency in MHz andARimi, is a above deserves special comment. The observatioegdtve
difference between T{n,in 1' and1. NOE indicates that the internuclear vector connecting OH and

In the present case, the equilibrium constant at the temperaturé W protons inl” has a slow tumbling rate on the NMR time
when Timin is observed {80 °C) is 8.0 L/mol. This estimates ~ Scale at-90°C, i.e., the correlation time; < 1/w (v = 27v).
47 and 55% of the hydrogen-bonded complex in fast equilibrium ThiS is also supported by direct observation of Theninimum
with free WH(COXNO)(PMe), (tungsten/alcohol concentra-  IN Figure 6 at about-80 °C, whenz = 0.62». For complex
tions are 0.034/0.125 and 0.056/0.186 mol/L, respectively). This 1 the minimum is predicted by fitting the data in Figure 5 at

in turn permits the calculation of trueThnin = 5.05 s in the about—110°C. Physical meaning of the observed shift of the
hydrogen-bonded complé from the exchange-averag&ghin Tamin temperature is clear: hydrogen b_ondl_ng of HFIP to WH-
values of 0.38 and 0.33 s arfg of 1.94 s in1 at —80 °C. (COXR(NO)(PMey); increases the effective size of the tungsten
Consequently, the relaxation contribution from the+-H complex which makes the tumbling slower and correlation time
bonding, ARymin, is 4.18 s and r(H+-H) = 1.77 A. longer. Total motion of the aggregate is apparently anisotropic,

since the methyl protons havien,, at some lower temperature.
We have already observed distinct cases of this behavior for
rhenium hydrideg®@ and related examples are known for
macromolecule&®

(d) H—P Coupling Constant. The two-bond hydride
d)hosphorus coupling in WH(C@NO)(PMey)2 shows no tem-

This distance is in the range of values @19 A) reported
recently for the NH:-HIr and OH--HIr intramolecularhydro-
gen bond$ and represents clear evidence for assigning the
hydride in1' as the proton accepting site.

(c) NOE Difference Data. From theT; relaxation data

presented above, some NOE is anticipated between the OH an .
WH protons, which must be a case of “transferred NOE” or perature dependence. Measured as a distance between the

TRNOEZ In a series of experiments with WH(CENO)- outermost transitions, i.e., beingdPH—P), it is 51.6-51.5 Hz

. . - between—30 and—100°C. In the sample containing an excess
gfegﬁzzgiféité%owlo'l% mol/L) in toluends this was in fact of HFIP (0.125-0.034 mol/L), this coupling steadily decreased

At —30 °C, irradiation of the OH resonance leads to 11% on lowering the temperature from 48.4-a80 °C to 46.7 Hz at

enhancement of the WH triplet. On lowering the temperature —100°C. Gradual decrease of the coupling was also evident
this effect gets weaker and then changes the sign (for a detailed” experiments with an increasing [HFIPfratio: 51.0 (0.32:

(24) Neuhaus, D.; Williamson, M. Pthe Nuclear @erhauser Effect
(22) Desrosiers, L. H.; Cai, Z. R.; Lin, R.; Richards, R.; Halpern].J. in Structural and Conformational Analysi¥CH Publishers, Inc.: New

Am. Chem. Sod 991, 113 4173. York, 1989; pp 89-94.
(23) Neuhaus, D.; Williamson, M. Ahe Nuclear @erhauser Effect in (25) (a) Gusev, D. G.; Nietlispach, D.; Vymenits, A. B.; Bakhmutov, V.
Structural and Conformational Analysi€CH Publishers, Inc.: New York, I.; Berke, H.Inorg. Chem.1993 32, 3270. (b) Ley, S. V.; Neuhaus, D.;

1989; pp 175-181. Williams, D. J.Tetrahedron Lett1982 23, 1207.
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Table 4. H NMR Data for the Hydride Resonances of WH(CQNO)L, without and with Added HFIP

L solvent: [W]/[HFIPP 0 (ppm) without/with 2J(H—P) (Hz) without/with Timin (MS) without/with ARc(s™)

PMe; (1) toluenees —1.45-2.06 51.5/47.0 1147/380 1.76
0.034/0.12 A6 =0.61

PE& (2) tolueneds —1.96/-2.08 46.1/45.8 764/455 0.89
0.036/0.11 A6 =0.12

CD.Cl, —2.61+2.94 46.6/44.3 718/349 1.47
0.043/0.10 A6 =0.33

P(OPr) (3) CD.Cl, —2.19/-2.41 63.4/62.2 700/460 0.75
0.027/0.040 A6 =0.22

PPh (4) CD.Cl, —0.37+0.40 44.1/44.0 635/544 0.26
0.023/0.034 A6 =0.03

aThe chemical shifts and couplings @80 °C. ® Concentrations: [complex]/[HFIP], mol/L.Difference in the relaxation rates calculated as
1T imin(with) —1/Tymin(without HFIP).

1),50.2 (0.54:1), 48.3 (1.2:1), 47.0 Hz (2.3:1). These data were
taken at—90 °C, at a constant concentration{0.06 mol/L).

In none of the experiments did we note any appreciable
variation of the hydride coupling to the metaf3W nucleus.
This certainly correlates with the IR observation of only subtle
changes in the WH stretching frequency upon addition of
HFIP. The energy of the hydrogen bonding;3tkcal/mol, is
1 order of magnitude weaker than the energy of typical metal
hydride bonds (5675 kcal/mol) and can, in fact, only slightly
perturb the hydride binding to tungsten. Any change&lgf—

P) must be attributed to some conformational deformations in 1980 1940 cm-1

the complex. This coupling is a sensitive function of the Figure 8. Intensity changes in the(CO) range of the IR spectra
H—M—P angle, and even slight bending of the phosphorus following the reaction of WH(CGJNO)(PE#). with HFIP (0.004/0.03
ligands (caused by addition of HFIP) might change it by some m_oI/L) in hexane at 20C. The measurements were repeated every 30

1900

Hz.26

(e) How Does the Interaction between HFIP and WH-
(CO)2(NO)L, Depend on the Nature of L? In this section
we will show how addition of HFIP results in distinct changes
of 6(WH), 2J(H—P), and Ty(WH) in the WH(CO}NO)L,
complexes. Data were obtained in &I, for L = PE% (2),
P(OPr)s (3), PPy (4). In addition to this, data fo2 were also
taken in tolueneds.

WH(CO)(NO)(PPh). (4), the most reluctant species in terms
of the adduct formation, exhibits essentially identié&@VH)
with and without HFIP betweer90 °C and room temperature.
The largest differencAd amounts to 0.03 ppm, i.e., lies within
the experimental error. The chemical shifts are the sam2 for
at 20°C but deviate on cooling witihé = 0.22 ppm at—60
and 0.33 ppm at-90 °C . A difference of 0.2+0.22 ppm is
detected for3 at —90 and—100°C.

Like the chemical shift, theJ(H—P) coupling also remains
unchanged when HFIP is added4to Some noticeable decrease
of 2J(H—P) is observable in the other cases. Represented as
coupling between the outermost lined)(@—P), it amounts to
46.6/44.3 Hz 2) and 63.4/62.2 Hz3) in the absence/presence
of the alcohol.

From the data above, it follows that among the monohydrides
1-4, WH(CO)(NO)(PPh), (4) represents the case of the
weakest interaction with HFIP. This is also reflected in The
times of4 showing small difference in the presence/absence of
the alcohol. On the contraryfl; decreases significantly when
HFIP is added t@ and3. The minimum of the relaxation time,
T1min, drops from 718 to 349 ms for WH(C&NO)(PE%), and
from 700 to 460 ms for WH(CQJNO)[P(OPr)]>.

The NMR data summarized in Table 4, especially the
differences in the relaxation rat&$x;, show stronger interaction
with HFIP in the order already established above by IR+ L
PPh < P(OPr) < PEk < PMes, which clearly correlates with
the steric and electronic properties of the phosphines. Appar-

(26) Gusev, D. G.; Kuhlman, R.; Rambo, J. R.; Berke, H.; Eisenstein,
O.; Caulton, K. GJ. Am. Chem. Sod.995 117, 281.

min.

ently, as exemplified by the cases of PMand PEj, the steric
component is important for a weak interaction when some tenths
of kcal/mol may significantly change the thermodynamics.

lll. Irreversible Reaction (Protonation) between the WH-
(CO)2(NO)L, Compounds and HFIP. Complexesl—4 are
subjected to protonation by HFIP with irreversible loss of
hydrogen. The rate of the reaction very much depends on the
temperature, nature of the solvent, and choice of L. It is slow
for all phosphorus ligands L in toluene and hexane (practically
no reaction at low temperature). Hydridésand 2 are quite
easily protonated in CETI,.

The kinetic product of protonation, [W@{CO)(NO)L]*,
is apparently very unstable and cannot be detectet-dreven
at low temperature. It is expected that substitution of the
strongerm-acid nitrosyl for one CO in the known and lalile
W(H2)(CO)L, (transto the dihydrogen ligand) should reduce

ack- donation to the” of the coordinated klligand and make

the Hb—W bond very weak in [W(H)(CO)(NO)L]*.28

After the loss of H, the subsequent transformation did not
afford W[(CFs),CHO](COX(NO)L; as an isolable product. The
reaction solutions studieid situ by IH and3P NMR showed
formation of at least three major species at room temperature.
In the IR study (carried out ihexang, a new CO band (denoted
as ¥(COew in Figure 8 and shifted further to higher wave-
numbers, 19481942 cntl) was observed upon protonation of
1and2. The intensity ofy(CO)ewgrew slowly when those of
v(CO)ree andv(COlondegdecreased, and an isosbestic point is
clearly seen in Figure 8. The intensitya(WH) andv(NO) of
complexesl and 2 in these solutions decreased in a similar
fashion, and one new(NO) band of the product increased in
intensity (also with isosbestic points), and shifted to higher
wavenumbers. Instability of the product prevented its isolation

(27) Kubas, G. JAcc. Chem. Red.988 21, 120.

(28) Burdett, J. K.; Eisenstein, O.; Jackson, S. AThansition Metal
Hydrides Dedieu, A., Ed.; VCH Publishers, Inc.: Deerfield Beach, Fl 1992;
Chapter 5.
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and proper characterization. Comparable valuegG0D) are
knowr?® for W(OPh)(CO)}(NO)[P(OPr)], (1945 cntl),
W(OMe)(COYNO)[P(CPr)]2 (1956 cntl), and W(OPh)(CGQ}
(NO)(PM&), (1934 cnt?), indicating that the new species
detected by IR might indeed be labile W[(§F¥-HO](CO)-
(NO)L..

Summary of the Structural Results, Conclusion

The NMR results firmly establish that the H-bonded complex
of HFIP and WH(CO)NO)L; has close WH and OH protons.
The H--H distance of 1.77 A is estimated faf, the adduct of
1, and HFIP. The observation of on¢CO) IR band for the
ROH:---HW(CO)(NO)L, complexes determines that ROH
should approach the hydride in a plane bisecting the-@C-

CO fragment. In consideration of the full set of structural
possibilities| —VI, we, thus, certainly rejedf andVI.

More complicated structures, which one should examine, are

Il andlll . They show ROH in the HW—L plane with the
W-H bond bent toward one L to accommodate the alcohol
molecule. Il involves OH--W hydrogen bonding andil

Shubina et al.
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V - hydrogen bonding to NO VI - hydrogen bonding to CO

represents a case of H-bonding to two centers (the distances in - gyrycure represents the most reasonable molecular geometry

the H-W—H triangle seem to be comparable). A related
possibility is1V, though it is highly questionable in view of
the instability of [W(H)(COX(NO)L,]™ (IV can be a transient

for the hydrogen-bonded complex. It shows the symmetry
required by IR around the metal center dimkar H---H—O
hydrogen bond, i.e., that type, which is usually considered to

species and has already been invoked to explain H/D exchangéye the strongest. Further rearrangemerit fa form unstable

in WH(CO)(NO)L,/CDsOD system&'d).
We have a number of observations against bbtandlll .
Most significant is thatll implies some decrease of electron

[W(H2)(COX(NO)L,] " should be required to overcome a certain
barrier to bring the proton closer to tungsten and break thelO
bond. The latter determines the clear tendency observed for

density on the metal, which should cause a high-wavenumberhe protonation reaction to accelerate when the acidity of ROH

shift of v(W—H); a low-wavenumber shift is actually reported.
Structurdll is expected to show rather fast WH/OH scrambling
(via the transition structur®/) that is in fact not detected on
the NMR time scale. Very moderate steric influence on the
enthalpy of the hydrogen bonding is evident from the values of
—AH? in Table 3 £0.03 kcal/mol betweeft and2). There is
much greater dependence fAH° on the acidity of ROH,
which isagainstthe sterics:—AH° changes from 5.2 (PhOH)
to 6.9 kcal/mol (PFTB) forl and from 5.0 (PhOH) to 6.8
(PFTB) kcal/mol for2. For the formation ofl andlll this is
unlikely. The rather close approach of ROH to the metal center,
required inll and Il , must be hindred when R is bulky.
Structurelll can be viewed only as a point on the reaction path
that leads to transieV and then to the product of complete
proton transfer, the unstable [y¢H,)(CO)(NO)L;]" com-
pounds.

(29) (a) Kundel, P.; Berke, HZ. Naturforsch.1987, 42b, 993. (b) van
der Zeijden, A. A. H.; Bosch, H. W.; Berke, Krganometallics1992 11,
2051.

increases.

Protonation is one of the most fundamental reactions in the
chemistry of transition metal complexes. In the last 10 years it
has also become a traditional route to dihydrogen complexes:
when a metal hydride is protonated, coordinatedsHformed
in the kinetic product!227 This synthetic evidence has always
been regarded as a strong indication for the hydride ligand to
be the proton accepting site. This paper presents experimental
evidence for the attractive interaction that results in formation
of a hydrogen-bonded ROHHW(CO)(NO)L, complex in
solution prior to protonation.
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