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Abstract: The indenylruthenium hydride complex (17°-CqH7)Ru(dppm)H was found to be active in catalyzing
the hydration of nitriles to amides. The chloro analogue (°-CoH7)Ru(dppm)CI was, however, found to be
inactive. Density functional theory calculations at the B3LYP level provide explanations for the effectiveness
of the hydride complex and the ineffectiveness of the chloro complex in the catalysis. It is learned that the
presence of a Ru—H---H—OH dihydrogen-bonding interaction in the transition state lowers the reaction
barrier in the case of (°-CoH7)Ru(dppm)H, but in the chloro system, the corresponding transition state
does not contain this type of interaction and the reaction barrier is much higher. A similar dihydrogen-
bond-promoting effect is believed to be responsible for the catalytic activity of the hydrotris(pyrazolyl)-
borato (Tp) ruthenium complex TpRu(PPhs)(CH3CN)H in CH3CN hydration. The chloro analogue

TpRu(PPh3)(CH3sCN)CI shows no catalytic activity.

Introduction

The unconventional hydrogen bond (dihydrogen bond) M
H---H—X between the proton-accepting-Md (M = B, transi-
tion metal) and the proton donor>H (X = O, N) has attracted
much attention in the past 10 year#. has been shown that
such a hydride proton interaction may significantly contribute
to the stabilization of transition-metal complexes. Complexes

containing dihydrogen bonds have been proposed to be inter-

mediates for the formation ofi>-dihydrogen complexes or
heterolytic cleavage of thg?-H, ligand? More interestingly,
the dihydrogen bond, with its substantial strength and direc-
tionality, might play important roles in controlling reactivity
and regioselectivity of chemical reactiochBor example, it has
been found that theyg-2-pyridinecarboxaldehydis;O)iridium
complex [IrHy(?-2-CsHsNCHO-N,0)(PPh),] ™ undergoes se-
lective imination with an equimolecular mixture of 2-amino-
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phenol and 4-aminophenol, favoring the 2-aminophenol-derived
product; the outcome appears to be the result of its stabilization
by intramolecular H---H—0O dihydrogen bonding and pre-
sumably the stabilization of the transition state leading # it.
Aime et al. have suggested that the dihydrogen-bonding
interaction may be even more important in transition-metal
cluster chemistry in directing the stereochemistry of ligand
attachment to the clusters and in determining the regioselectivity
of reactions in these systems. Thus, reaction of the electronically
unsaturated osmium clustep®lis(CO) o with EtNH, and Eg-
NH yields exclusively the syn product, statilized by an intra-
molecular N-H--*H—Os interaction, which would not be
possible in the anti isomé&f.d

We have synthesized the (aminocyclopentadienyl)ruthenium
hydride complexl and demonstrated that an intramolecular
N—H---H—Ru dihydrogen bond plays an important role in
mediating proton transfer and subsequent formation ofRu
bonds (Scheme 1). It is suggested thas in equilibrium with
the 2-dihydrogen intermediate, Hoss from which results in
the formation of the RtN-bonded chelated structure, and the
reverse Ru-N bond hydrogenolysis can be achieved at®60
under 60 atm. Comple® was found to catalyze CChydro-
genation to formic acid, although in low yields. The crucial step
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Scheme 1. Intramolecular N—H---H—Ru Dihydrogen Bond Table 1. Catalytic Hydration of Nitriles to Amides with
Mediating Proton Transfer (7°-CgH7)Ru(dppm)H (3)2
@\ + entry substrate turnover no.b
T (L ; (CEn 1 CeHsCN 800
u . fr— Ru . N, , d
AT e A z SN o 500
* Me PPh; H Me 4 4-CHsO-CsH4CN 40
5¢ CHsCN 865
e 6o CH4CN 200
I )_|+ aTypical reaction conditions: catalyst, 0.0017 mmol; substra®:H
\:[“ catalyst= 1000:1000:1; reaction time, 72 h; temperature for entried,1
o p— RO N Me 120°C; temperature for entries 5 and 6, reflux temperat@ifieurnover no.
P L / }\4 (TON) = mol of product/mol of catalystIn neat substrate Solvent
PPh, e

Scheme 2. Dihydrogen-Bond-Controlled Diastereoselective
Borohydride Reduction of a-Hydrocycloalkanones

BuyNBH, ( z H
0 OH

CH,Cl; or
1,2-dichlorobenzene

H,0/H,0, via

H 1:

in the catalysis is proposed to be the heterolytic cleavage of H
to generatd.* Theoretical investigation indicated that H-bonding
of the amine-bound proton id to the oxygen atom of an

incoming CQ, which is not coordinated to the metal center,

enhances the electrophilicity at the carbon of the molecule,

enabling it to abstract the hydride from the metal to form the
transient metatformate intermediaté.

1-pentanol(2 mL)& TpRu(PPhB)(CHsCN)H used as catalyst.

Ru(dppm)H B) and have learned thatis capable of promoting
deuteration of some aromatic solvents such as benzene, toluene,
xylene, and chlorobenzene with,O in the presence of K
which also undergoes H/D exchange withD It was, however,
found that in the case of benzonitrile deuteration of the
compound did not occur; instead, it was hydrated to give the
deuterated benzamide (eq 1).

O
3 I

Catalytic hydration of nitriles to amides is an important
reaction both in the laboratory and in industry. The advantages
of transition-metal-complex-catalyzed reactions over the con-
ventional acid- and base-catalyzed ones include milder reaction
conditions, higher tolerance to other functional groups, and
higher regioselectivity; i.e., the amides are not converted into
carboxylic acids. In light of the 3-catalyzed hydration of
benzonitrile to give benzamide, other nitriles are examined for

Jackson et al. have unequivocally demonstrated control via the hydration reactions. The results of Bieatalyzed hydration
dihydrogen bonding of the diastereoselective borohydride reduc- e actions are shown in Table 1. Since 4-nitrobenzonitrile and
tion of o-hydrocycloalkanones to give the trans diols (Scheme 4.methoxybenzonitrile are water-insoluble solids, the hydration
2); the reduction reactions with tetrabutylammonium boro- reactions of these substrates have to be performed in the organic
hydride in the non-hydrogen-bonding solvents CH, CICH,- solvent 1-pentanol (entries 3 and 4, Table 1).

CHClI, ando-dichlorobenzene are accelerated about 150 times |, transition-metal-catalyzed nitrile hydration, the-O bond
relative to the reductions of the corresponding unsubstituted formation step involves nucleophilic attack by water (or
cycloalkanones. These effects are greatly reduced in the presenchydroxide) upon the coordinated nitrile. Coordination of both
of competing hydrogen-bonding alcohols or anions suchas F - the aquo (or hydroxo) ligand and the nitrile to the metal center

Cl—, and Br. This is a well-recognized instance of a directing
effect specifically mediated by dihydrogen bondfng.

raises the probability of internal nucleophilic attack, but the free
water (or hydroxide) involved in external attack is more

Although itis now established that dihydrogen bonds can be nycleophilic than the coordinated aquo (or hydroxo) ligand.
utilized to control reactivity and selectivity of chemical reactions, |ntramolecular attack by the hydroxo ion bound to one metal

well-recognized cases of dihydrogen bonds playing an essentialgenter at the nitrile molecule bonded to the other metal center
role in promoting catalytic reactions are still rare. We are here j ginyclear irorf cobalt? copperi© palladium?! rhenium’2 and

to provide a novel example demonstrating that the catalytic pjckeps systems have also been reported.

hydration of nitriles to amides by an indenylruthenium hydride
complex is in fact promoted by the Rir---H—OH dihydrogen
bond.

Results and Discussion

Catalytic Hydration of Nitriles to Amides with ( #5-CgH+)-
Ru(dppm)H (3). We have recently been studying-€l bond
activation by the indenylruthenium hydride compl@R-CoH7)-

(4) Chu, H. S;; Lau, C. P.; Wong, K. Y.; Wong, W. Drganometallics1998
17, 2768.

(5) (a) Matsubara, TOrganometallic2001, 20, 19. (b) Matsubara, T.; Hirao,
K. Organometallic2001, 20, 5759.
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Proposed Mechanism for 3-Catalyzed Hydration of Ni-
triles to Amides. For comparison purposes, we also examined
the catalytic activity of the chloro analogue 8f (775-CoH7)-
Ru(dppm)CI 8), in nitrile hydration reactions. To our surprise,
however, it was found that was inactive for all the substrates
tested. Complexe8 and 4 can provide a vacant site for the
nitrile by > — %3 ring slippage, which is a well-known

(7) (a) Ghaffar, T.; Parkins, A. WJ. Mol. Catal. A: Chem200Q 160, 249.
(b) Kaminskaia, N. V.; KosficN. M. J. Chem. Soc., Dalton Tran996
3677. (c) Kim, J. H.; Britten, J.; Chin, J. Am. Chem. Sod.993 115
3618. (d) Murahashi, S.-I.; Sasao, S.; Saito, E.; Naotal. Drg. Chem.
1992 57, 2521. (e) Jensen, C. M.; Trogler, W. &.Am. Chem. Sod986
108 723.
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phenomenon fop®-indenyl transition-metal complexé$or by
unarming of the dppm ligand. If the crucial step of the hydration
reaction is nucleophilic attack at the carbon atom of the bound
nitrile to form the C-O bond, complex4, which contains a
more electronegative chloro group, would render the carbon of
the bound nitrile more susceptible to nucleophilic attack, and
therefore it is expected thdtwould be more active tha® for
the catalytic processes. However, our work shows that the
reverse is true. One may argue tBdiut not4 could react with
water to form the hydroxo complex¥{-CgH7)Ru(dppm)(OH),
which is the real active species. Previous theoretical calculations
and experimental work have indicated thatéheond metathesis
reaction of water with a metal hydride to give a metal hydroxo
species should be feasidfeThis hypothesis, however, seems
unlikely in our case, since in each of the catalytic reactions with
3in Table 1, the complex was recovered unchanged after the
catalysis. We also monitored the reaction3o#ith 10 equiv
each of acetonitrile and water in THfg-at 80°C by 'H and
31P{1H} NMR spectroscopy at 4 @8 h intervals for a period
of 48 h; it was observed that while the nitrile was gradually
converted to amide, compl&remained unchanged throughout
the experiment. Furthermore, it was learned that after heating
at 80°C a THF4dg solution of 3 containing 20 equiv of LD
for 4 days,'H and3P{H} spectroscopy showed no sign of
any new complex3 remained intact.

Despite the fact that the hydride compl&is active while
the chloro analogué is inactive in the catalytic nitrile hydration
reactions, we still believe that during the catalysis with the
former, nucleophilic attack at the carbon atom of the bound
nitrile by H,O is a crucial step of the process. A proposed
reaction mechanism to account for the effectiveness and
ineffectiveness o8 and4, respectively, is depicted in Scheme
3. We suggest that th&catalyzed nitrile hydration reaction is
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Scheme 3. Proposed Mechanism of 3-Catalyzed Hydration of
Nitrile
3
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can compete even more keenly with-Rd for H bonding with
H20. The electron-donating methoxyl group of 4-methoxyben-
zonitrile renders the nitrile carbon less electrophilic to nucleo-
philic attack by HO; therefore, this substrate gives a low
turnover number of 40 only. We have also compared the
catalytic activity of the hydrotris(pyrazolyl)borato (Tp) ruthe-
nium hydride complex TpRu(PRBKCHsCN)H and its chloro
analogue TpRu(PRFCHsCN)CI and have learned that the
hydride complex is active in catalyzing the hydration of
acetonitrile, while the chloro complex is totally inactive.
Therefore, it seems that the promoting effect of dihydrogen
bonding in the catalysis of nitrile hydration is not a feature
unique to the indenyl ruthenium hydride compl&xit is also
present in TpRu(PRJCH3CN)H, and it might be common to
other metal hydride complexes as well.

Theoretical Study. To study the feasibility of the proposed
reaction mechanism (Scheme 3) for tBecatalyzed nitrile
hydration reactions, theoretical calculations at the B3LYP level

a dihydrogen-bond-promoted reaction; the dihydrogen-bonding ©f density function theory to study a more detailed catalytic
interaction between the hydride ligand and the incoming water pathway (with acetonitrile as the substrate) were carried out.
molecule might be crucial in lowering the activation energy of 10 reduce the computer cost, the model catalySCH7)Ru(H-

the C-O formation step of the hydration reaction. That the PCH:PH)H, in which the phenyl groups of the dppm ligand
chloro complex4 is not active is probably attributable to the ~Were replaced by H atoms, was used. _

fact that the chloro ligand is not as capable as the hydride ligand ~ The calculations have indicated that in the catalytic process
of 3in playing an active role. The decrease of turnover number the dissociation of one arm of the bidentate ligand from the
in carrying out the hydration of benzonitrile in 1-pentanol (entry Metal center followed by the coordination of €EN is the initial

2, Table 1) results from the ability of the solvent to compete €Vent. The dppm unarming requires only 15.2 kcal/mol. Figure
with Ru—H for H bonding with HO. A further decrease of 1 shows the possible reaction pathways together with calculated

turnover number in the case of 4-nitrobenzonitrile (entry 3, Table fe€ energies (kcal/mol, in parentheses) for species involved in
1) is probably due to the fact the nitro group of the substrate '.the reactions. Figure 2 gives the optimized structures for species
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1983 1208. (b) Kakkar, A. K.; Taylor, N. J.; Marder, T. B.; Shen, J. K;
Hallinann, N.; Basolo, Flnorg. Chim. Actal992 200, 219. (c) Calhorda,
M. J.; Rom@a, C. C.; Veiros, L. FChem. Eur. J2002 8, 868 and references
therein.

(15) (a) Milet, A.; Dedieu, A.; Kapteijn, G.; van Koten, Gorg. Chem1997,
36, 3223. (b) Yin, C.; Xu, Z.; Yan, S.-Y.; Ng, S. M.; Wong, K. Y.; Lin,
Z.; Lau, C. P.Organometallic2001, 20, 1216. (c) Crabtree, R. H.; Lavin,
M.; Bonneviot, L.J. Am. Chem. S0d.986 108 4032.

involved in the reaction paths shown in Figure 1.

The acetonitrile-coordinated speciS is weakly dihydrogen
bonded to a water molecule, having an H- - -H distance of 2.123
A, and is in equilibrium with the hydride compleéx From3C,
the concerted process (path 2 of Figure 1) has a substantially
higher barrier than the stepwise pathway (path 1). For the
stepwise pathway (path 1), the reaction overcomes a barrier of
38.0 kcal/mol througi'S-3CD, which is the rate-determining
step, forming a four-legged piano-stool cis dihydride intermedi-
ate 3D (Figure 2). After the rate-determining barrier is sur-
mounted, the reaction proceeds easily by having a proton transfer
to form complex3E. The dissociation of the hydrated nitrile
(HN=C(OH)Me) requires only 11.6 kcal/mol, making the
catalytic circle feasible.

Supporting the hypothesis discussed above, the calculations
show that a dihydrogen-bonding interaction exists fr@@to

J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003 11541
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Figure 3. Schematic illustration of the mechanism for complieogether
with calculated free energies (kcal/mol) for species involved in the reactions.

I

2
+CH3CN +H,0

Figure 1. Schematic illustration of the mechanism for compBgogether
with calculated free energies (kcal/mol) for species involved in the reactions.

TS-4DE (41.9)

3E (0.5) TS-3CE (59.3)

Figure 2. B3LYP optimized structures for those species shown in Figure
1. The free relative energies (kcal/mol) shown in parentheses3ake
MeCN + H;0 as the reference. For the purpose of clarity, hydrogen atoms
on the indenyl ligand and the methyl group of MeCN are omitted.

Figure 4. B3LYP optimized structures for those species shown in Figure
3. The free relative energies (kcal/mol) shown in parentheses4ake
MeCN + H,0 as the reference. For the purpose of clarity, hydrogen atoms
on the indenyl ligand and the methyl group of MeCN are omitted.
interaction (H(water)- - -Ck 2.582 A) and is a late transition
the transition statdS-3CD in the rate-determining step. The state having a structure closer to the four-legged piano-stool
selected structural parameters shown in Figure 2 indicate thehydride intermediatdD. Therefore, for the chloro system the
strong H(water)- - -H(hydride) (1.071 A) interaction in the rate-determining step leading to the formation of a chiero
transition state. The dihydrogen-bonding interaction makes hydride intermediate has a much higher reaction barrier of 45.8
3CD an early transition state and lowers the reaction barrier. kcal/mol (Figure 3).

In contrast, the corresponding transition sta&4CD for the The possibility of having a hydration process that involves
chloro system (Figures 3 and 4) does not contain that type of the ring slippage of the indenyl ligand was also investigated.

11542 J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003
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that are diamagneti€. Therefore, 3D’ does not adopt an
octahedral structure.

Instead of the ring slippage commonly observed in chemical
reactions involving;5>-indenyl systems? the Ru indenyl hydride
complex catalyzes the hydration reaction by the dppm unarming.
This is not very unexpected, because ligand dissociation in other
indenyl complexes has also been found as the initial event for
chemical reaction&

Conclusion

It is now clear that dihydrogen bonding might play an
important role in controlling reactivity and/or regioselectivity
of chemical transformations; however, well-recognized instances
of catalytic reactions promoted or mediated by dihydrogen bonds
are still rare, although many might have gone unnoticed in the
literature. We have here provided a clear example demonstrating
the principle of promoting a catalytic reaction by the use of a
M—H---H—X dihydrogen-bonding interaction in an indenylru-
thenium hydride system; we believe that such a promoting effect
might be common to other transition-metal hydride species also.

3D (38.4)

Experimental Section

All reactions were carried out under a dry nitrogen atmosphere using
standard Schlenk techniques. Ruthenium trichloride, RB8}0,
indene, bis(diphenylphosphino)methane (dppm), sodium borohydride,
4-nitrobenzonitrile, 4-methoxybenzonitrile, and pyrazole were purchased
from Aldrich and were used as received. The complexes InRu-
(dppm)H® InRu(dppm)CE® TpRu(PPB)(CH:CN)H2° and TpRu-
(PPh)(CH;CN)CI?° were synthesized according to literature methods.
Solvents were distilled under a dry nitrogen atmosphere with appropriate
drying agents (solvent/drying agent): methanolfMg ethanol/Mg-

] 15, acetonitrile/Cakl tetrahydrofuran/Nabenzophenone, diethyl ether/

3E (127) Na, n-hexane/Na, 1-pentanolfRO;, benzonitrile/kkCO;. THF-dg and
Figure 5. B3LYP optimized structures of intermediates and transition states CDClz were dried over fOs and CaH, respectively.
for a hydration process that involves the ring slippage of the indenyl ligand.  Proton NMR spectra were obtained from a Bruker DPX 400
The free relative energies (kcal/mol) shown in parentheses3takieCN spectrometer. Chemical shifts were reported relative to residual protons
*+ H20 as the reference. For the purpose of clarity, hydrogen atoms on the 4t {he deuterated solvenfdP NMR spectra were recorded on a Bruker
indenyl ligand and the methyl group of MeCN are omitted. DPX 400 spectrometer at 161.70 MHz; chemical shifts were externally

referenced to 85% #PQs in D-O.

Figure 5 gives the structural details for intermediates and  catalytic Hydration of Neat Nitriles with InRu(dppm)H (3). In
transition states together with their relative free energies in the a typical run, a sample & (0.01 g, 0.017 mmol) was dissolved in a
corresponding hydration process involving the ring slippage of 1:1 mixture of nitrile and water (0.017 mol each). The solution was
the indenyl ligand. The results of calculations show that the heated at 120C or at reflux for 72 h, after which the solution was
energies of all the intermediates/transition states based on thefooled to room temperature, and the amide that formed was dissolved
ring-slipped structures are higher than the corresponding specie?y addition of 1 mL of acetone. A 0.1 mL aliquot c.)f the solution was
shown in Figure 1 by more than 10 kcal/mol. Clearly, the ring removed and analyzed by NMR spectroscopy (in CDG). Com-

. . ) ) parison of the integrations of the characteristic peaks of the amide and
slippage is much less favorable in comparison to the dppm e ynreacted nitrile gave the turnover number of the reaction.

unarming in the hydration process. Interestingly, all the ring-  catalytic Hydration of Nitriles with InRu(dppm)H (3) in 1-Pen-
slipped structures calculated are of #fletype instead of thg® tanol. To a sample o8 (0.01 g, 0.017 mmol) in 2 mL of 1-pentanol
type. This result is understandable, in view of the fact that many were added the nitrile and water (0.017 mol each). The resulting solution
16-electron, five-coordinate Ru complexes are stable, particu- was heated at 12€C for 72 h. At the end of the reaction time, the
larly when there is a strong trans-influencing ligand presént. solution was cooled to room temperature, and a 0.1 m_L aliquot of it
The dihydrogen-bonded speci8€’ and the hydrated nitrile @S removed and analyzed Bi# NMR spectroscopy (in CDG).

complt_axSE (Figure 5)_ can be _despnbed as haymg square- 17) (a) Kubg@ek, P.; Hoffmann, RJ. Am. Chem. Sod.981 103 4320. (b)
pyramidal structures with a hydride ligand occupying the axial Kamata, M.; Hirotsu, K.; Higuchi, T.; Tatsumi, K.; Hoffmann, R.; Yoshida,

i ; : ; ; = : T.; Otsuka, S.J. Am. Chem. Soc981 103 5772. (c) Gusev, D. G.;
posmon. The dlhyd”de intermediaBd (Flgure 5) Isa Capped Kuhlman, R.; Rambo, J. R.; Berke, H:L Eis:énstein, é)) Caultonl]. am.
square-pyramidal structure. First-order Jafieller distortion Shem. s(lclllg)gsgoéi?,zozilig(gd) Yang, S.-Y.; Leung, W.-H.; Lin, Z.

: . . rganometallic ) .
is always expected for 16-electron, six-coordinate complexes (18) Gamasa, M. P.; Gimeno, J.; Gonzalez-Bernardo, C.; Marthin-Vaca, B. M.

Organometallics1996 15, 302.

(19) Oro, L. A.; Ciriano, M. A.; Campo, M.; Ffoces-Foces, C.; Cano, FJH.

(16) (a) Rachidi, I. E.-I.; Eisenstein, O.; Jean,New J. Chem199Q 14, 671. Organomet. Cheml985 289, 117.
(b) Huang, D.; Heyn, R. H.; Bollinger, J. C.; Caulton, K.@rganometallics (20) Lau, C. P.; Chan, W. C.; Chen, Y.-Z,; Fang, Y.-Q.; Ng, S. M,; Jia, G.
1997 16, 292. Organometallics1997, 16, 34.

J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003 11543



ARTICLES

Fung et al.

Comparison of the integrations of the characteristic peaks of the amide the hydride and chloride ligand&s(Cl) = 0.514). All of the calculations
product and the unreacted nitrile yielded the turnover number of the were performed with the Gaussian 98 software package.

reaction.

Computational Details. Molecular geometries of the model com-
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