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Abstract

Low-temperature hydrogenations of benzaldehyde and acetone by systems ReH,(CO)(NO)(PR,),/CF\COOH in CD.Cl; with R=Pr'
(1a), CH, (1b) and OPr’ (1¢) result in formation of the new unstable alcohol complexes [ReH(CO) (NO)(PR,),(R*OH) ] ' [CF,CO0]
(R* =C,H:CH., (CH,),CH) characterized by the low-temperature NMR spectra. Heating the reuaction solutions above 210-240 K leads to
alcohol elimination to form monohydrides ReH(CO)(NOV(PR,),(CF,CO0). Hydrogenation rates decrease in the order 1b> 1c> la and
C.H;CH=0> (CH,),C=0. Hydrogenation processes remain effective under H, (or D,) atmosphere and in the presence of an excess of
CF,COOH when the dihydrides exist as dihydrogen compounds | ReH{H,)(CO)(NO)(PR,);] " [CF,COO} . Relative acidity of the
dihydrogen complexes decreases in the order OPr > Pr' > CH,. The hydrogenation with dihydrogen complexes is discussed in terms of un
ionic mechanism. © 1998 Elsevier Science S.A, All rights reserved.
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1. Introduction

lonic hydrogenation | 1] of the C=C and C=0 bonds by
transition metal hydrides in the presence of protic acids has
been the object of muny studies in recent years {2]. The
hydrogenation mechanism involves protonation of the
organic substrates to generate carbonium ions followed by
hydride transfer from the metal hydrides [2d} (Scheme ().
In the case of ketones and aldehydes this idea was confirmed
by isolation and characterization of the alcohol complex
{W(CO),Cp*{(CH,),CHOH} | * | TfO] ~ as the product of
ionic hydrogenation of acetone by HW(CO).Cp/HOTf
[2¢]. This complex decomposed slowly in solution at room
temperature, giving the free alcohol and the tungsten triflate
complex W(CO),Cp(OTTY). In this work we report on the
low-temperature NMR parameters of some new unstable
alcohol Re complexes observed as intermediates in hydro-
genations of acetone or benzaldehyde by systems ReH,-
(CO)(NO)(PR,),/CFyCOOH withR =Pr' (1a),CH, (1b)
and OPr' (1) in CD,Cl,. Octahedral complexes la~c have
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the trans-located PR, groups and the cis-located hydride
ligands.

2. Experimental

All manipulations were performed in CD,Cl, under an
atmosphere of argon or H, using standard techniques. The
solvent was dried by conventional procedures and freshly
distilled before use. Dihydrides la-¢ were prepared as
described in the literature [ 3a.b].
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The low-temperature 'H, “C{'H}, *P{'H} NMR data
were collected with a Bruker WP-200 SY spectrometer. The
conventional inversion-recovery method (180-7-90) [4]
was used to determine 'H T, times. The calculation of the
relaxation tirmes was made using the standard nonlinear three-
parameter fitting routise.

In the hydrogenation cxperiments, additions of CF;,COOH
or HBF, - 2Et,0 were carried out to CD,Cl, solutions of di-
hydrides 1a-¢ containing acetone or benzaldehyde in 5 mm
NMR tubes cooled to 193 K in a constant temperature bath.
After addition of the acid, the tubes were removed from the
bath, shaken and immediately transferred into the cooled
NMR probe (190 K). Typical concentrations of 1a and 1b
were between 0.06 and 0.1, and for 1¢ between 0.02 and 0.04
mol/l. Quantitative determinations of the amounts of the acid
and hydrogenation products were readily accomplished by
'H NMR integration of the corresponding resonances.

Relative acidity of cationic dihydrogen complexes was
characterized by the pK values obtained from the equilibrium
constants K= CF,COOH|[1a—c]/[3a-¢c} in CD,Cl.:

ReH.(CO)(NO)(PR,), + CF:COOH
= [ReH(H,)(CO)(NO)(PR,),] * | CF:CO0] -

R=Pe cda), CHacdb), OPR (30

(la)

The current concentrations were determined by 'H or
YP{'H} NMR on the basis of integral intensities of the rea-
gents | Sal. The integration was carried out three times for
cuch meusurement.

3. Results and discussion

According 1 Bullock and Song | 2d]. a main feature mak-
ing metal hydrides atiractive as effective H - donors in hydro-
genation  reactions is heir relatively slow rate of H,
climination upon reaction with a strong acid. Dihydrides
la=¢ are unstable in CD,Cl, solutions in the presence of
CF,COOH at room temperature. They rapidly lose H, to give
monohydrides 2a-¢:

[ReH(H;) (CO)(NO)(PRy):] * |CF,CO0} - (1b)
~ReH(CO)(NO) (PR,),(CF,CO0) +H,

R Pr 200, CHa (20), OPr ¢ 2¢)

structurally characterized by the X-ray and NMR data (the
CF,COO groups are trans and cis o the CO and H ligands,
respectively) | 3a].

These reactions go through dihydrogen complexes 3a-¢
(Eq. (1a)) which are stable below 203 K | 3a]. This fact and
measurements of deuterium quadrupole coupling constants
in didewerides 1a—c-d,, showing a relatively high hydridic
character of their D ligands [ 3¢ ], have initiated us to examine
ionic hydrogenation of the C=0 bonds by 1a-¢/CF,COOH
at low temperatures.

Hydrogenation of Ketones was studied by addition of

CF,COOH (1 equiv.) to a 1:1 mixture of 1a (or 1¢) (0.02
mol/l) and acetone at 190 K. However, no hydrogenation

reactions were observed in the 'H NMR spectra up to 240 K.
Complex 1a was inert with respect to (CH,),C=0. even in
the presence of the stronger acid HBF,+2Et,0. while dihy-
dride 1c reacted rapidly in the presence of a 20-fold excess
of CF;COOH at 200 K to give two groups of new signals in
the low-temperature 'H. '*C{'H} and *'P{'H} NMR spectra
(Table 1). It is important that under these conditions the
hydride region of the 'H NMR spectrum showed a single
strongly broadened ReH resonance at — 1.9 ppm, demon-
strating transformation of 1c to dihydrogen complex 3c (see
below and [3a]).

The new signals in the NMR spectra can be well attributed
to a 1:1 mixture of the isomeric alcohol complexes 4¢, 4¢':

ReH.(CO)(NO)(PR;); + (CH,;),C=0+ CF.COOH

tle i)

— |ReH(CO)(NO)(PR,),{(CH,),CH-OH}| * [CF,CO0] -

R = Cily (b, OPE (de, 41
(2)

Indeed, the 'H and '*C{'H} NMR parameters of the alco-
hol ligands in dc, 4¢’ are very similar to those reported for
complex [W(CO),Cp-{(CH;),CHOH}]"[TfO] - {2c].
As in the case of the W complex, the protons of the hydroxy!
groups in 4c and 4¢’ give doublets shifted in the low field.
The downfield positions (78.21 and 79.66 ppm) are also
observed for the "*CHOH resonances of 4¢ and 4¢’. The
hydride ligands in 4« and 4¢’ show triplets with §2.81 (J(H-
P) =32 Hz) and 3.28 ppm (J(H-P) =28 Hz), respectively.
It should be noted that similar low-field positions have been
already reported for ReH resonances in the stable complexes
| ReH(CO)(NO)(PPh,),(ROH) | " [CIO,] ™ | 5b].

To be sure that the alcohol ligands in de and 4e’ are actually
bonded with the organometallic fragments, we have collected
the low-temperature partially reluxed 'H NMR spectra in the
presence of free (CH, ) ;CH-OH added to the solution. These
inversion-recovery experiments [4a] have clearly demon-
strated a fast time evolution of the resonances for all the
protons in 4¢ and 4¢’ versus a slower evolution of the signals
of free (CH,),CH-OH. Hence reorientations of the organo-
metallic and alcohol fragments in the complexes are actually
correlated [4b].

The NMR data in Table | allow us to suggest for 4¢ and
4¢’ octahedral structures similar to 1a-¢ with cis and trans
location of the H and NO ligands, respectively. The latter is
well deduced from the fact that the rrans-located H and NO
ligands usually give 'H resonances in lower fields | 3b].

The 'H NMR monitoring has shown that both complexes
4c¢ and 4c¢’ lose (CH,;),CH-OH above 240 K to give the
single organometallic product — monohydride 2¢c:

[ReH(CO)(NO)(PR;),{ (CH,;),CH-OH} ] " |CF.COO]

(4e. 4¢f o db)

- (CH,),CH-OH + ReH(CO) (NO) (PR ) ,(CF.CO0O)

(20 01 2b}

(3)
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It is interesting that the alcohol elimination goes signifi-
cantly faster (2-3 times) in the case of 4¢. This observation
provided the full spectral assignments in Table 1.

As it follows from the experiments, complexes 4¢ and 4¢’
are intermediates in the hydrogenation process. Unfortu-
nately, all attempts to isolate 4c, 4¢’ from solution failed
because of the low stability of the complexes.

In contrast to 1a and 1¢, fasthydrogenation (Eq. (2)) with
dihydride 1b takes place even in the presence of 1 equiv. of
CF,COOH at 190 K. Complex 4b is unstable above 210 K
and eliminates rapidly (CH,).CH-OH with formation of
monohydride 2b. Thus, reactivity of 1a—¢ in hydrogenations
(Eq. (2)) decreases in the order 1b> 1¢> 1a. It should be
noted that this time it is not clear why 4b has only one isomeric
form,

Influence of the substrate was briefly examined in the low-
temperature reaction with C.H,CH=0:

Table |

ReH,(CO){NO)(PR;),+ CH;CH=0 + CF;COOH
- [ReH(CO)(NO)(PR,),(C¢H;CH,OH) ] * [CF,CO0] -

R=Prt (Sa). CHa (5b. Sb"), OPr (Sc)
(4)

[ReH(CO)(NO)(PR;),(CH;CH,OH)] * [CF;COO] -
- CH;CH,OH + ReH(CO) (NO) (PR;).(CF,C0O0)

)

We have found by NMR that the low-temperature addition
of CF,COOH (0.21 mol/I) to 1a (1 equiv.) and C.H;CH=0
(1 equiv.) leads to 5a (Table 1) with a 45% conversion
within 6 h. Note that dihydride 1a was inert with respect to
(CH,),C=0 under these conditions. According to the 'H
NMR monitoring, complex Sa loses C;H;CH,OH above

NMR data, for the Re alcohol complexes 4b, ¢, 4¢’ and Sa=¢ in CD,Cl, at 193-200 K

Complex Nucleus Alcohol ligand *

Other signals

3 (ppm. J(H-H) Hz)

dc 'H 4,10 (m, 7.3, 6.5), OCH: 2.81 (ir. J(H-P) = 32 Hz), ReH:
6.20(d,7.3).0H 4.6} (m), POCH(CH,):
1.18 (d. 6.5). CH, 1.3i (m), POCH(CH\ »:
“P"H] “2.5(&);"0{:“((:“1);:
"CI'H) 22.4 (v) CH, 23.22 (x). POCH(CH\);):
78.21 (x) OCH 7149 (5), POCH(CH\),).
1.6, CO"
de’ W 3,64 (m, 7.3,6.5), OCH: 328 (tr, J(H=P) =28 Hz), ReH;
7.80 (. 7.1). O 4,61 (m), POCH(CH,) ..
118 (m, 7.3, 6.3), CH, 1.3 (m), POCH(CH,) »:
YPIHY 11715 (x): POCH(CH,) ,.
"Cl'H} 225 (v) CH, 23,22 (5), POCH(CH, )y )2
19.66 (v) OCH 71.20 (5). POCH(CH L)1),
200.6, CO*
db 'H 394 (m), OCH: 291 (tr, J(H-P) = 29 Hz), ReH:
8.17 (d), OH 1.65 (5). P(CH) ¢
1.21 (d). CH,
fa 'H 495 (bs), OCH,: 3.77 (i, J(H-P) = 28 Hz), ReH:
8.61 (bs), ON, 24 (m), PC“(CH\):Z
o 7.3 C M 1,28 (m). PCH(CH.) »:
‘P‘ H’ 418 (S):PCH(CH,\):“.
“C'H) 74.2 (), OCH, 24.50 (m), PCH(CH\),):
128.2, 128.3, 1284 (»), C H. 2100 (tr, HC-P) =8 Hz), CO
£b. b’ 'H 489 and 4.62 (by), OCH, ™ 2,63 (\r. J{IH-P) =29 Hz) and
2.64 (tr, J(H-P) =29 Hz, ReH:
7.38 and 7.39, C H.* 1.57 and LS8 P(CHL) ¢
S 'H 4,840 (bs), OCH, ¥ 293 (i, J(H-P) =33 Hz), ReH:
1.21 ¢m), POCH(CH,)
7M. CH: 4.63 (m), POCH(CH,),

* The signals of the aleohol ligands are sighificantly broudened at low temperature,

* A broadened resonance,

* At low temperatures the aromatic ring shows a broadened resonance corre
¢ The OH resonance is probably masked under the C,H line.

sponding to very similar positions of the ortho, meta and para protons.
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240 K to give monohydride 2a (Eq. (5) ). This reaction and
the spectral parameters in Table 1 allow us to formulate for
Sa an octahedral structure with the trans-located PPr'; groups
and cis arrangement of the NO and CO ligands (close to
structures 4c and 4c¢’). Unfortunately, the hydride arrange-
ment with respect to the CO ligand remains unclear: the CO
resonance in Sa is broadened in the low-temperature '*C
NMR spectrum, masking the 'H-Re-'*CO constant.

The NMR spectra show that systems 1b (1 equiv.)/
CF,COOH (1 equiv.) and Ic (1 equiv.)/CF;COOH (1
equiv.) are significantly more effective in hydrogenation of
CcH;CH=0 (1 equiv.) at 193 K. Dihydride 1¢ produces
alcohol complex Sc which eliminates C,H;CH,OH above
240 K with formation of 2c. In the case of 1b, the 193 K 'H
NMR spectrum (Table 1), recorded immediately after prep-
aration of the reaction solution, has shown two isomeric alco-
hol products §b and Sb’ in a 4:1 ratio. It is quite probable that
these compounds also differ by the ReH/NO arrangement.
The isomeric alcohol complexes are unstable and lose
C¢HsCHOH already above 210 K to form monohydride 2b.

In an attempt to determine the relative rates in Eq. (4).
equimolar mixtures of 1a and 1b (or 1a and 1Ic, or 1b and
1¢) withalack of C,HsCH=0 werc examined in the presence
of CF,COOH (1 equiv.) at 190 K. The following order of
reactivity was found in these competition experiments:
1b>lc>1a.

Finally. in low-tcmperature competition experiments with
participation of C,H;CH=0, (CH,),C=0 and 1¢/CF;-
COOH. we have found a significant kinetic preference of the
reduction of the C,HsCH=0.

The data, reported in this work. support the idea of for-
mation of carbocations from the orgenic substrates | 1] which
initiate H  wransfer from transition metal hydrides to give the
aleohol complexes | 2¢.d] (Scheme 1). It has already been
found that hydrogenation of (CH,),C=0 by HMo(CO),-
Cp/CF,COOH proceeds by rate-determining hydride trans-
fer [2c]. In this context dihydride 1b with less bulky (but
donor) P(CH,), ligands can be regarded as the most effective
H~ donor. However, the high reduction ability of 1¢ cannot
be rationalized in these terms. In addition, le¢ reduces
(CH,),C=0 in the presence of a 20-fold excess of
CF,COOH when this dihydride transforms completely to
dihydrogen complex 3c.

According to Bullock’s proposition | 2d ], the formation of
the carbocations in hydrogenations (Eqs. (2) and (4)) may
proceed by protonation of the substrates directly by
CFyCOOH, or by initial protonation of 1a-¢ to form acidic
dihydrogen complexes 3a-¢ which then protonate the sub-
strates. In this context the relative acidity of 3a—c is of great
interest.

The low-temperature 'H NMR studies of 1a in CD,Cl,
solutions in the presence of CF,COOH pgive for 3a the
pK(CD,Cl,) value of ~ 1.2at 193K | 3a]. A slightly greater
value (—0.7, 193 K) is calculated for complex 3b on the
basis of integral intensities of the reagents (Eq. (1a)) in the
3P{'H} NMR spectra at 193 K. This value correlates well

with the faster protonation reaction of 1b with respect to 1a
[3a]. We have also prepared a CD,Cl, solution of 1¢ (0.038
mol/1) with a three-fold excess of CF,COOH at 193 K.
According to the 'H NMR spectrum, equilibrium (Eq. ( 1a))
is strongly shifted to the left side under these conditions. In
spite of this, both hydride resonances in 1c showed the rela-
tively short 7, time of 30 ms (200 MHz, 193 K). In the
absence of acid. they are characterized by T, values of 172
and 189 ms. The T, time of 4.9 ms (200 MHz, 190-195 K)
was recently reported for the averaged ReH(H,) resonance
in dihydrogen complex [ReH(H,)(CO)(NO){P(O-
Pr')a},]1 " [BF,] ~ obtained by protonation of 1¢ with the
stronger acid HBF, [3a]. The same value (5 ms, 200 K) is
determined for the broadened resonance with 8 — 1.9 ppm
observed in a CD,Cl, solution of 1¢ in a 20-fold excess of
CFCOOH. It is obvious that 1¢ transforms to 3¢ under these
conditions. On the basis of these data and of the 1, approach
[ Sa]. the pK(CD,Cl,) value for 3¢ is calculated as — 1.8.
Thus, the relative acidity of the dihydrogen complexes 3a-¢
decreases in the following sequence 3¢ > 3a> 3b.

The high relative acidity of 3¢ rationalizes the greater reac-
tivity of system 1¢/CF,COOH versus system 1a/CF,COOH.
and the fast hydrogenation of acetone by dihydride 1c when
lc is completely transformed to dihydrogen complex 3c.
Thus, one can conclude that the hydrogenations with the
dihydrogen complexes may actually occur by ionic
mechanisms.

Bianchini et al. 16] have reported catalytic reduction of
carbonyl compounds by the cationic dihydrogen complexes
(PP)OMH(H.) | " [BF,] ~ (M=Fe, Ru, Os) that is caused
by initial H, elimination. It has been found that the process
is completely depressed under H, atmosphere [6]. Taking
into account this important result, we have prepared a frozen
CD,Cl, solution of 1h, containing C,HCH=0 and
CF.COOH (a 1:2:4 ratio) under H,. The solution was trans-
ferred into o 'H NMR probe cooled to 190 K. It should be
noted that such a four-fold excess of CF,COOH leads to
transformation of 1b to dihydrogen complex 3b [ 3a]. In spite
of the presence of H; . the signals of alcohol complexes §b
and §b’ appeared in the 190 K "H NMR spectrum within 10
min with a 70% conversion of the starting material. Increasing
the temperature to 240 K led immediately to complete con-
version of the reagents to give the signals of C,H:CH,OH.
The same result was obtained under D, and no D labelling
was found in C,H.CH,OH. Thus. these data provide addi-
tional evidence for the ionic mechanism of the above hydro-
genations when the cationic dihydrogen complexes play the
role of acids (at least on the time scale of the reactions)
initiating H* wansfer to the C=0 bonds that followed by
hydride addition.

Finally. it should be noted that room-temperature additions
of CF,COOH 1o systems la-¢/C,HCH=0 (or (CH,);-
C=0) resulted in intensive H, elimination to give 2a~¢ and
only 10-15% of the substrates reacted with formation of the
alcohols.



126 V.1. Bakhmutov et al. / Inorganica Chimica Acta 278 (1998) 122-126

Acknowledgements

We thank the Swiss National Science Foundation for finan-
cial support. We also thank Professor H. Berke for the syn-
thesis of dihydrides 1a-c.

References

[ 1} D.N. Kursanov, Z.N. Parnes, N.M. Loim, Synthesis (1974) 633,

2] (a) R.M. Bullock, J.J. Rappoli, J. Chem. Soc., Chem. Commun. (1989)
1447; (b) T. Ito, M. Koga, S. Kurishima, M. Natori, N. Sekizuka, K.
Yoshioka, J, Chem. Soc., Chem. Commun. (1990) 988; (¢) J. Song,
D.J. Szalda, R.M. Bullock, C.J.C. Lawrie, M.A. Rodkin, J.R. Norton,

Angew. Chem., Int. Ed. Engl. 31 (1992) 1233; (d) R.M. Bullock, J.S.
Song, J. Am. Chem. Soc. 116 (1994) 8602.

131 (a) S. Feracin, T. Burgi, V.I. Bakhmutov, LL. Eremenko, E.V.
Vorontsov, A.B. Vimenits, H. Berke, Organometallics 13 (1994) 4194;
(b) H.U. Hund, U. Ruppli, H. Berke, Helv. Chim. Acta 76 { 1993) 963;
(<) D. Nietlispach, V.1. Bakhmutov, H. Berke, J. Am. Chem. Soc. 115
(1993) 9191,

{41 (a) J.K.M. Sanders, B.K. Hunter, Modem NMR Spectroscopy, A Guide
for Chemists, Oxford University Press, London, 1993; (b) A. Abragam,
The Principles of Nuclear Magnetism, Oxford University, London,
1971,

5] (a) P.G. Jessop, R.H. Morris, Coord. Chem. Rev. 121 (1992) 155; (b)
K.R. Grundy. K.N. Robertson, Inorg. Chem. 24 (1982) 3898.

6] C. Bianchini, E. Fametti, M. Graziani, M. Peruzzini, A. Polo,
Organometallics 12 (1993) 3753.



