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The reactions of the cis-hydride n?-dihydrogen complex [(PP;)Fe(H)(Hy)]BPh, (1) and of the dinitrogen
derivative [(PP3)Fe(H)(N,)]BPh, (2) with a variety of 1-alkynes have been investigated. From this study,
it is apparent that the insertion of the alkyne across the Fe~H bond in 1 to give a o-alkenyl intermediate
proceeds via decoordination of a phosphine arm of PP; rather than via H, decoordination. Terminal alkynes
are selectively and catalytically hydrogenated to alkenes by 1 in tetrahydrofuran or 1,2-dichloroethane
solutions under mild conditions. A kinetic study on the hydrogenation reaction of HC==CPh to H,C=CHPh
has shown that the reduction is first order in catalyst and alkyne concentrations and zero order in hydrogen
pressure. Incorporation of a large body of experimental data leads to the conclusion that (i) the dihydrogen
ligand does not leave the metal prior to alkyne coordination and (ii) the reduction of the substrate most
likely occurs via an intramolecular acid/base reaction involving #°>-H, and ¢-vinyl ligands mutually cis

disposed.

Introduction

In 1984 an X-ray analysis revealed the presence of an
intact H, ligand in Kubas’ complex [W(52-H,)(CO);-
(PCy;),].! Since then, essentially due to the development
of improved diagnostic tools for distinguishing classical
from nonclassical metal polyhydrides,? more than 100 #%-H,
complexes have appeared in the literature.3* Most d-block
metals, in various oxidation states, can form a stable di-
hydrogen adduct when assisted by an appropriate ligand
set. It is therefore quite reasonable to state that (di-
hydrogen)metal complexes now constitute a class of com-
pounds.

In comparison with the abundance and variety of com-
pounds, what is known of the chemical properties of co-
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ordinated dihydrogen (the H, lizand may behave as a good
leaving group® and may exhibit remarkable acidic char-

(1) Kubas, G. J.; Ryan, R. R.; Swanson, B. 1; Vergamini, P. J.; Was-
serman, H. J. J. Am. Chem. Soc. 1984, 1086, 451,

(2) (a) Crabtree, R. H.; Lavin, M. J. Chem. Soc., Chem. Commun.
1985, 1661. (b) Upmacis, R. K.; Gadd, G.E.; Poliakoff, M.; Simpson, M.
B.; Turner, J. J.; Whyman, R.; Simpson, A. F. J. Chem. Soc., Chem.
Commun. 1985, 27. (c) Church, S. P.; Grevels, F.-W.; Herman, H.;
Schaffner, K. J. Chem. Soc., Chem. Commun. 1985, 30. (d) Sweany, R.
L. J. Am. Chem. Soc. 1985, 107, 2374. (e) Kubas, G. J.; Unkefer, C. J.;
Swanson, B. 1.; Fukushima, E. J. Am. Chem. Soc. 1986, 108, 7000. (f)
Crabtree, R. H.; Lavin, M.; Bonneviot, L. J. Am. Chem. Soc. 1986, 108,
4032. (g) Kubas, G. J.; Ryan, R. R. Polyhedron 1986, 5, 473. (h) Zilm,
K. W.; Merrill, R. A.; Kummer, M. W,; Kubas, G. J. J. Am. Chem. Soc.
1986, 108, 7837. (i) Eckert, J.; Kubas, G. J.; Dianoux, A. J. J. Chem. Phys.
1988, 88, 466. (j) Costello, M. T.; Walton, R. A. Inorg. Chem. 1988, 27,
2563. (k) Bucher, U. E.; Lengweiller, T.; Nanz, D.; von Philipsborn, W.;
Venanzi, L. M. Angew. Chem., Int. Ed. Engl. 1990, 29, 548. (1) Bianchini,
C,; Laschi, F.; Peruzzini, M.; Ottaviani, M. F.; Vacca, A.; Zanello, P. Inorg.
Chem. 1990, 29, 3394,
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acter)® is absolutely inadequate to the increasing role of
7°-H, complexes in a number of stoichiometric and cata-
lytic reactions. Important applications of #n*-H, complexes
in homogeneous catalysis include hydrogenation of alkynes
and alkenes,” hydrogenation of ketones and arenes,® hy-
drogen production from alcoholic substrates,? and selective
dimerization of 1-alkynes to Z-butenynes.!

In the course of our studies on (dihydrogen)metal com-
pounds, 2571l we have recently synthesized a (cis-
hydride)(n>-dihydrogen)iron(Il) complex, namely [(PP;)-
Fe(H)(H,)]BPh, (1), exhibiting exceptional thermal and
chemical stability [PP; = P(CH,CH,PPh,);].}? In par-
ticular, 1 is fairly stable in refluxing THF under argon
and does not undergo H/D exchange when treated for 3
h with D, or D,0.

Since all of the mechanistic interpretations of the cat-
alytic reactions assisted by (dihydrogen)metal complexes
center on the ability of H, to be readily displaced by the
substrate,>™1? we decided to investigate the potential of

(3) For comprehensive reviews on molecular hydrogen complexes, see:
(a) Kubas, G. J. Acc. Chem. Res. 1988, 21, 120. (b) Crabtree, R. H,;
Hamilton, D. G. Adv. Organomet. Chem. 1988, 28, 299. (c) Kubas, C. J.
Comments Inorg. Chem. 1988, 7, 17. (d) Henderson, R. A. Transition
Met. Chem. (London) 1988, 13, 474. (e) Ginsburg, A. G.; Bagaturyanz,
A. A. Metalloorg. Khim. 1989, 2, 249.

(4) Since the reviews quoted in ref 3, some leading references on mo-
lecular hydrogen complexes have appeared: (a) Bautista, M. T.; Earl, K.
A.; Maltby, P. A,; Morris, R. H.; Schweitzer, C. T.; Sella, A, J. Am. Chem.
Soc. 1988, 110, 7031. (b) Ricci, J. S.; Koetzle, T. F.; Bautista, M. T;
Hoefstede, T. M.; Morris, R. H.; Sawyer, J. F. J. Am. Chem. Soc. 1989,
111, 8823. (c) Cotton, F. A.; Luck, R. L. Inorg. Chem. 1989, 28, 2181. (d)
Eckert, J.; Kubas, G. J.; Hall, J. H.; Hay, P. J.; Boyle, C. M. J. Am. Chem.
Soc. 1990, 112, 2324. (e) Khalsa, C. R. K.; Kubas, G. J.; Unkefer, C. J.;
Van der Sluys, L. S.; Kubat-Martin, K. A. J. Am. Chem. Soc. 1990, 112,
3855. (f) Chinn, M. S.; Heinekey, D. M. J. Am. Chem. Soc. 1990, 112,
5166. (g) Luo, X.-L.; Crabtree, R. H. J. Am. Chem. Soc. 1990, 112, 8912.
(h) Van der Sluys, R. S.; Eckert, J.; Eisenstein, O.; Hall, J. H.; Huffmann,
J. C.; Jackson, S. A,; Koetzle, T. F.; Kubas, G. J.; Vergamini, P. J;
Caulton, K. G. J. Am. Chem. Soc. 1990, 112, 4831,

(5) (a) Morris, R. H.; Sawyer, J. F.; Shiralian, M.; Zubkowski, J. D. J.
Am. Chem. Soc. 1985, 107, 5581. (b) Baker, M. V.; Field, L. D. J. Or-
ganomet. Chem. 1988, 354, 351. (c) Zhang, K.; Gonzalez, A. A.; Hoff, C.
D. J. Am. Chem. Soc. 1989, 111, 3627. (d) Albertin, G.; Antoniutti, S.;
Bordignon, E. J. Am. Chem. Soc. 1989, 111, 2072. (e) Conroy-Lewis, F.
M.; Redhouse, A. D.; Simpson, S. J. J. Organomet. Chem. 1989, 366, 357.
(f) Amendola, P.; Antoniutti, S.; Albertin, G.; Bordignon, E. Inorg. Chem.
1990, 29, 318. (g) Harman, W. D.; Taube, H. J. Am. Chem. Soc. 1990,
112, 2261. (h) Boyd, S. E.; Field, L. D.; Hanbley, T. W.; Young, D. Inorg.
Chem. 1990, 29, 1496. (i) Hills, A.; Hughes, D. L.; Jimenez-Tenorio, M.;
Leigh, C. J. J. Organomet. Chem. 1980, 391, C41. (j) Bianchini, C.; Perez,
P. J.; Peruzzini, M.; Zanobini, F.; Vacca, A. Inorg. Chem. 1991, 30, 279,
(k) Jia, G.; Meek, D.; Gallucci, C. Inorg. Chem. 1991, 30, 403.

(6) Several reports on the acidity of molecular hydrogen complexes are
reported in refs 2-5. Other more specific references: (a) Chinn, M. S,;
Heinekey, D. M.; Payne, N. G.; Sofield, C. D. Organometallics 1989, 8,
1824. (b) Cappellani, E. P.; Maltby, P. A.; Morris, R. H.; Schweitzer, C.
T.; Steele, M. R. Inorg. Chem. 1989, 28, 4437. (c) Jia, G.; Morris, R. H.
Inorg. Chem. 1990, 29, 581. (d) Jia, G.; Morris, R. H. J. Am. Chem. Soc.
1991, 113, 875. (e) Jia, G.; Morris, R. H.; Schweitzer, C. T. Inorg. Chem.
1991, 30, 594.

(7) (a) Lundquist, E. G.; Huffmann, J. C.; Folting, K.; Caulton, K. G.
Angew. Chem., Int. Ed. Engl. 1988, 27, 1165. (b) Bianchini, C.; Meli, A;
Mealli, C.; Peruzzini, M.; Zanobini, F. J. Am. Chem. Soc. 1988, 110, 8725.
(c) Joshi, A. M.; James, B. R. J. Chem. Soc., Chem. Commun. 1989, 1785,
(d) Johnson, T.; Huffmann, J. C.; Caulton, K. G.; Jackson, S. A,; Eisen-
stein, O. Organometallics 1989, 8, 2073. (e) Andriollo, A.; Esteruelas, M.
A.; Meyer, U.; Oro, L. A.; Sanchez-Delgado, R. A.; Sols, E.; Valero, C.;
Werner, H. J. Am. Chem. Soc. 1989, 111, 7431. (f) Marinelli, G.; Rachidi,
I. El-L; Streib, W. E.; Eisenstein, O.; Caulton, K. G. J. Am. Chem. Soc.
1989, 111, 2346. (g) Lundquist, E. G.; Folting, K.; Streib, W. E.; Huff-
mann, J. C.; Eisenstein, O.; Caulton, K. G. J. Am. Chem. Soc. 1990, 112,
855.

(8) (a) Linn, D. E., Jr.; Halpern, J. J. Am. Chem. Soc. 1987, 109, 2969.
(b} Lin, Y.; Zhou, Y. J. Organomet. Chem. 1990, 381, 135,

(9) Morton, D.; Cole-Hamilton, D. J. J. Chem. Soc., Chem. Commun.
1988, 1154.

(10) Bianchini, C.; Peruzzini, M.; Zanobini, F.; Frediani, P.; Albinati,
A.J. Am. Chem. Soc. 1991, 113, 5453.

(11) Bianchini, C.; Mealli, C.; Peruzzini, M.; Zanobini, F. J. Am. Chem.
Soc. 1987, 109, 5548.

(12) Bianchini, C.; Peruzzini, M.; Zanobini, F. J. Organomet. Chem.
1988, 354, C19.
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1 as catalyst in homogeneous reactions. In this paper, we
report on the ability of 1 and of its dinitrogen derivative
[(PP3)Fe(H)(N,)]BPh, (2) to function as catalyst for the
selective reduction of 1-alkynes to alkenes. Besides pro-
viding evidence of the unique reactivity of acidic n*-H,
toward ¢-vinyl ligands in the catalysis cycle, the results
obtained exhibit their own practical interest due to the low
cost of iron as compared with the metals that are generally
used to accomplish homogeneous hydrogenation reac-
tions.’34 Finally, it is worth mentioning that the selective
reduction of alkynes to alkenes is a relevant reaction,
largely employed in the preparation of organic interme-
diates for the synthesis of several pharmaceuticals. As an
example, the synthesis of vitamin A (BASF method) re-
quires the selective reduction of 2-butyne-1,4-diol to cis-
2-butene-1,4-diol.13

A preliminary communication of part of this work has
already appeared.!®

Results and Discussion

Reactivity of 1 and 2 with Terminal Alkynes. The
cis-hydride dihydrogen complex 1!2 or its dinitrogen de-
rivative 2!7 react with 1-alkynes in THF under argon to
give g-alkynyl complexes of the ‘general formula [(PP;)-
Fe(C=CR)]BPh, (R = Ph, n-C;H,;, n-C;H,;, SiMe,,
CH=CH(OMe)). A detailed description of the chemico-
physical properties of each s-alkynyl complex is not in
order since the information already available in the lit-
erature on such compounds is adequate for the purpose
of this paper.’® An X-ray analysis on the phenylalkynyl
derivative [(PP3)Fe(C=CPh)]BPh, (3) has been recently
carried out and has confirmed the trigonal-bipyramidal
(TBP) structure of the complex as it was inferred by
spectroscopic techniques.'®

(13) (a) James, B. R. In Comprehensive Organometallic Chemistry;
Wilkinson, G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon Press: Ox-
ford, U.K., 1982; Vol 8, p 285. (b) Spencer, A. In Comprehensive Coor-
dination Chemistry; Wilkinson, G., Ed.; Pergamon Press: New York,
1986; Vol. 6, p 231.

(14) Collmann, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Application of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987; Chapter 10, pp 523~576.

(15) Parshall, G. R.; Nugent, W. G. Chem. Tech. 1988, 184.

(16) Bianchini, C.; Meli, A.; Peruzzini, M.; Vizza, F.; Zanobini, F.;
Frediani, P. Organometallics 1989, 8, 2080.

(17) Stoppioni, P.; Mani, F.; Sacconi, L. Inorg. Chim. Acta 1974, 11,
227,
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To summarize, all of the o-alkynyls are paramagnetic
with magnetic moments corresponding to two unpaired
spins (ueg(ave) = 8.3 ug) and exhibit an almost regular TBP
structure in both solid state and solution. In contrast, both
the chemistry of the s-alkynyl complexes and the mech-
anism leading to their formation are points that need to
be clarified.

When the dinitrogen complex 2 is reacted with a stoi-
chiometric amount of HC==CR (R = Ph, n-C;H;, n-C;H;;,
SiMe;, CH=CH(OMe)), a reaction occurs which completes
in a few minutes and transforms 50% of the starting
complex into the corresponding ¢-alkynyl.'® Regardless
of the substituent, all reactions produce 0.5 equiv of free
alkene, dinitrogen but not dihydrogen. Complete con-
version of 2 to o-alkynyl requires the use of 2 equiv of
1-alkyne, in which case 1 equiv of alkene is produced
(Scheme I). Substitution of the dihydrogen complex 1 for
2 does not change the nature of the products whereas both
the rate and the stoichiometry of the reactions are sig-
nificantly affected: A complete conversion of 1 to the
corresponding s-alkynyl occurs in 3—4 h and requires the
use of 3 equiv of 1-alkyne producing 2 equiv of free alkene.
No evolution of dihydrogen is detected in the course of the
reactions by NMR or GC. The relatively low rate of
conversion allows one to monitor the reactions between 1
and variable amounts of 1-alkynes by NMR spectroscopy.
In a typical procedure, 3'P and 'H NMR spectra are re-
corded immediately after neat alkyne is added to a THF-dj
solution of 1 in the NMR tube, and then every 15 min until
total consumption of the dihydrogen complex has occurred.
In the course of the transformations, 1 is the only de-
tectable product by 3'P NMR spectroscopy as the para-
magnetic g-alkynyls are NMR silent over 1850 ppm (most
likely, this is due to extensive broadening of the phos-
phorus resonances that practically disappear into the base
line). The rate of the disappearance of 1 increases with
the temperature and with the 1-alkyne concentration (a
precise rate dependence cannot be found since the presence
of paramagnetic species in the reaction mixtures prevents
a reliable integration of the signals). Appreciable formation
of paramagnetic species (X-band ESR and Evans’ me-
thod)®® occurs within a few minutes after the addition of
the 1-alkyne to the solution of 1; obviously, the para-
magnetism increases as the concentration of 1 decreases.
Quantitative measurements of the magnetic moment in
solution have been carried out for the reaction of 1 with
HC=CPh. Taken for granted that all 1 has been con-
verted to the Fe(ll) o-alkynyl 3, a u. value of 3 = 0.2 ug
is obtained which matches well the value (3.42 ug) for a
solid sample of 3. 'H NMR spectroscopy shows that the
reaction of 1 with HC=CPh produces styrene (2 equiv at
total consumption of 1) while no dihydrogen is evolved
even at high temperature (60 °C).

The absence of H, evolution (indirectly demonstrated
by the formation of 2 equiv of alkene) is of great mecha-
nistic relevance as it clearly indicates that the o-alkynyl
complexes do not form via C-H oxidative addition of 1-
alkynes to iron, followed by H, reductive elimination.?°
The only alternative mechanism to explain the formation
of both o-alkynyl complex and free alkene implies primary

Bianchini et al.

Scheme II
R
—a=—-R N\ b = ~am—R
H c=¢
Fe, Fef N ) Fe—H \ Fs’\;/
H,

sLow z FAST 4

R l

>=< N ,R —a—R N ,R
S =G €=C
Fe—C=C-R Fs\/ Feo

insertion of 1-alkyne across an Fe-H bond to give a o-
alkenyl species, which then reacts with a second alkyne
molecule to produce the s-alkynyl complex via alkene
elimination. Indeed, we have been able to isolate an alk-
enyl derivative, (E)-[(PP;)Fe{CH=CH(SiMe;)})BPh, (4),
as the predominant product of the 1:1 reaction between
2 and HC=CSiMe; (Scheme I). The reaction produces
some o-alkynyl complex, {(PP;)Fe(C=CSiMe,)]BPh, (5),
and free vinyltrimethylsilane (10~15%). The cis addition
of the Fe—H bond across the alkyne triple bond has been
established by 'H NMR spectroscopy on the diamagnetic
octahedral derivative (E)-[(PP;)Fe(CO){CH=CH-
(SiMe;)j]BPh, (6) (J(HH) = 18.6 Hz)? prepared by bub-
bling CO throughout a THF solution of 4, By treatment
of 4 with further 1-alkyne, 5 and H,C—=CH(SiMe,) are
obtained quantitatively. Like the o-alkynyl compounds,
the o-alkenyl 4 is TBP and paramagnetic with a magnetic
moment corresponding to two unpaired spins (u. = 3.35
#B)'

Incorporation of all of the above experimental evidence
leads to the mechanism shown in Scheme II for the reac-
tions between 1 and excess 1-alkyne. The 1-alkyne slowly
interacts with the starting complex to give an insertion
product, namely a g-alkenyl. Since there is no H, evolution
at any stage of the reaction (1 reacts with I-alkynes to give
2 equiv of alkene even in refluxing THF under a steady
stream of argon), we conclude that dihydrogen remains
coordinated to iron during the insertion reaction. This
means that one phosphine arm of PP, must unfasten to
create a free coordination site for the activation of the
incoming 1-alkyne molecule.?? Such a motion for metal
PP; complexes in insertion reactions is well documented.?
After 1-alkyne has inserted across the Fe-H bond, a o-
alkenyl n?-dihydrogen intermediate forms, which may be
intrinsically unstable as the metal carries acidic (7>-H,) and
basic (o-vinyl) ligands in mutual cis position. A fast in-
tramolecular acid/base reaction explains well the forma-
tion of the first equivalent of alkene.! However, since 2
equiv of alkene is recovered at the end of the reaction, we
must assume that a second 1-alkyne molecule inserts across
the Fe~H bond of the unsaturated monohydride [(PP,)-
FeH]" to form a o-alkenyl complex.?* From this point, the
major aspects of the reaction are relatively clear. We know
that Fe ¢-alkenyl complexes (recall the 4 to 5 conversion)
do react with 1-alkynes, yielding stable o-alkynyls and
alkenes, but a precise mechanism for such a step is still
to be proved. Formally, the reaction corresponds to the
transfer of a hydrogen atom from an alkyne molecule to

(18) Manuscript in preparation. Crystaliographic data: monoclinic,
space group P2,/C (No. 14), a = 10.339 (6) A, b = 33.259 (9) A, ¢ = 19.012
(4) A, B =92.13 (3)°, dyyog = 1.24 g cma3, Z = 4, n,,., = 2145, R = 0.079.
Selected distances and angles: Fe—C, (alkynyl) = 1.88 (2) 4, C,-Cy(alk-
ynyl) = 1.20 (3) A, P(apical)-Fe-C, 177.2 (6)°.

(19) Evans, D. F. J. Chem. Soc. 1959, 2003.

(20) A mechanism proceeding through C~H bond cleavage has been
proposed for the reaction of [(NP;)RhH] with 1-alkynes to give o-alkynyl
complexes (NP; = N(CH,CH,PPh,),): Bianchini, C.; Meli, A.; Peruzzini,
M.; Vizza, F.; Frediani, P. Organometallics 1990, 9, 1146.

(21) See, for example: (a) Bodner, G. S.; Smith, D. E.; Hatton, W. G.;
Heah, P. C.; Georgiou, S.; Rheingold, A. L.; Geib, S. J.; Hutchinson, J.
P.; Gladysz, J. A. J. Am. Chem. Soc. 1987, 109, 7688. (b) Bray, J. M,;
Mawby, R. J. J. Chem. Soc., Dalton Trans. 1989, 589.

(22) “Arm-off” mechanisms are well documented in transition-metal
polyphosphine chemistry. See, for example: (a) Thaler, E. G.; Folting,
K.; Caulton, K. G. J. Am. Chem. Soc. 1990, 112, 2664. (b) Thaler, E. G.;
Caulton, K. G. Organometallics 1990, 9, 1871.

(23) Bianchini, C.; Masi, D.; Meli, A.; Peruzzini, M.; Zanobini, F. J.
Am. Chem. Soc. 1988, 110, 6411.
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Figure 1. H, gas uptake plots for the 1-catalyzed hydrogenation
of phenylacetylene to styrene in 1,2-dichloroethane at 30 °C (1
atm of H,, 1.37 X 10* M 1). [HC=CPh]: (m) 0.10 M, (4) 0.20
M, (1) 0.30 M, (Aa) 0.40 M.

coordinated alkenyl ligand, and several, reasonable paths
can be proposed (C-H oxidative addition/reductive elim-
ination path; alkyne to vinylidene tautomerization via H
1,2-shift, followed by vinylidene deprotonation by a basic
cis vinyl ligand; direct deprotonation of a =-1-alkyne ligand
by a basic cis vinyl ligand).

In contrast, we can offer an explanation for the unique
stability of the (trimethylsilyl)vinyl complex 4, which is
the only o-alkenyl derivative of the Fe~PP; family to be
isolated. The presence of a trimethylsilyl substituent on
the C—C double bond decreases the electron density at the
Cs atom.”* In the case at hand, this effect may stabilize
the o-alkenyl ligand in 4 by lessening its nucleophilic
character.

Hydrogenation of Phenylacetylene Catalyzed by 1.
The ability of 1 to reduce 1-alkynes to alkenes by using
its n2-H, ligands has prompted us to study in detail the
potential of 1 and 2 as catalysts for the homogeneous hy-
drogenation of 1-alkynes. Here, we focus our attention on
phenylacetylene, but comparisons with a variety of 1-alk-
ynes are given in the text showing the wide applicability
of the PP;-Fe system to the selective hydrogenation of
1-alkynes to alkenes.

The hydrogenation of HC=CPh to H,C=CHPh has
been studied in 1,2-dichloroethane solution where 1 is quite
stable. Initial hydrogenation rates were obtained from
gas-uptake experiments, as shown in Figure 1.

A simple rate law for this catalytic reaction is

-d[HC=CPh]/dt = -d[H,]/dt =
d[H,C=CHPh]/dt = k[HC=CPh]™[1]*(Py,)? (1)
At constant temperature and with a large excess of
phenylacetylene, the rate law is further simplified to
~-d[HC==CPh]/dt = -d[H,]/dt =
d[H,C=CHPh] /dt = ks [1]"(P,)? (2)

(24) (a) Grev, R. S.; Schaefer, H. F., II1. J. Am. Chem. Soc. 1989, 111,
6137. (b) Wetzel, D. M.; Brauman, J. L. J. Am. Chem. Soc. 1988, 110,
8333.

Organometallics, Vol. 11, No. 1, 1992 141

Table I. Kinetic Data for the Hydrogenation of
Phenylacetylene to Styrene Catalyzed by 1

Psz [Fe/H2]v [PhCE dV/dt, kobsv k, 10°
T,K atm 100 M CH|, M 107Ls? 10°s! Mgt
303 1 0.60 0.3 17.0 4.2 4.7
1 0.80 0.3 25.5 16.0 5.3
1 1.00 0.3 29.0 14.6 4.9
1 1.20 0.3 33.2 13.9 4.6
1 1.37 0.3 37.5 13.8 4.6
1 1.37 0.4 46.3 17.0 4.2
1 1.37 0.2 24.8 9.1 4.6
1 1.37 0.1 12.0 4.4 44
0.78 1.00 0.3 28.7 14.4 4.8
0.69 1.00 0.3 27.5 13.8 4.6
313 1 1.00 0.3 70.7 34.4 11.5
323 1 1.00 0.3 157.3 74.2 24.7
333 1 1.00 0.3 204.2 93.5 31.1

o1 02 03 04
PhC=CH (M)

Figure 2. Rate constant for the hydrogenation of phenylacetylene
to styrene catalyzed by 1 in 1,2-dichloroethane at 30 °C (1 atm
of Hy, 1.37 X 103 M 1).

The reactions were followed by mesuring the hydrogen
consumption as a function of time. The volume of H,
corrected to 1 atm was converted into a pseudo-zero-order
constant (k) by using eq 3, where —dV/dt is the initial
rate measured from gas-uptake experiments, R is the molar
gas constant, T is the temperature (K), and V_; is the total
volume of the reacting solution.

-(dV/dt)RTV, = kobs[]-]n(Pﬂz)q (3)

In order to determine the rate dependence on the var-
ious reaction components, hydrogenation runs were per-
formed at different catalyst and substrate concentrations
and at different hydrogen pressures (Table I). Plots of
log (-dV/dt) vs log [1] and log (-dV/dt) vs log (Py,) yield
straight lines of slopes 1.09 and 0.03, respectively, sflowing
that the reduction of phenylacetylene is first order in
catalyst concentration and zero order in hydrogen pressure.
The values of k,,, shown in Table I were thus obtained
from eq 3 with n = 1 and g = 0. Plots of log (-dV/dt) vs
log [HC=CPh)] yield a straight line of slope 0.91, demon-
strating that the reaction is first order in substrate con-
centration (i.e., m = 1in eq 1).

Therefore, the catalytic rate law is

~-d[HC=CPh]/dt = -d[H,]/dt =
d[H,C=CHPh] /dt = k,JHC=CPh][1] (4)
and
kobs = k4[HCECPh] (5)
A plot of k,, vs [HC=CPh] (Figure 2) provides a value
of (4.3 £0.2) X 102 M s7! for k, at 303 K.
Under the catalytic conditions employed for 1, the di-

nitrogen derivative 2 is able to catalyze the selective hy-
drogenation of HC=CPh to H,C=CHPh. In order to
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Figure 3. H, gas uptake plots for the 2-catalyzed hydrogenation
of phenylacetylene to styrene in 1,2-dichloroethane at 20 °C (1
atm of Hy, 0.60 X 10 M 2). [HC==CPh]: (m) 0.13 M, (a) 0.15
M, () 0.20 M.

Table II. Kinetic Data for the Hydrogenation of
Phenylacetylene to Styrene Catalyzed by 2

Prp  [Fo/Nj,  [PhC=  dV/dt,  hpw & 107
T,K atm 100 M CH], M 10°7Ls! 108¢? Mtlg!
293 1 0.60 0.10 5.2 4.5 4.5
1 0.93 0.10 8.3 4.7 4.7
1 1.19 0.10 8.3 3.6 3.6
1 1.40 0.10 13.3 4.9 4.9
1 1.63 0.10 16.3 5.2 5.2
1 0.60 0.13 6.8 5.9 4.5
1 0.60 0.15 8.7 75 5.0
1 0.60 0.18 9.3 8.1 4.5
1 0.60 0.20 9.7 8.4 4.2
0.90 0.60 0.13 7.0 6.1 4.7
0.74 0.60 0.13 7.3 6.4 4.9
0.69 0.60 0.13 7.2 6.2 4.8
0.51 0.60 0.13 6.7 5.8 4.4
314 1 0.60 0.10 17.8 14.4 14.4
324 1 0.60 0.10 31.2 24.4 24.4
333 1 0.60 0.10 70.0 53.4 53.4

determine the mechanism of the hydrogenation reaction
in the presence of 2, the kinetics of the reaction was
studied. Typical gas-uptake measurements are shown in
Figure 3. Following a kinetic analysis analogous to that
described above for 1, we deduce from the data reported
in Table II that the rate law for the hydrogenation of
phenylacetylene to styrene catalyzed by 2 is
—d[HC=CPh}/dt = -d[H,]/dt =

d[H,C=CHPh] /dt = k;[HC=CPh][2] (6)

with a value of kg of (4.4 £ 0.3) X 1072 M1 s at 293 K.

The activation parameters for the catalytic reactions
(Table II1) were obtained from the temperature depen-
dence of k, and k;. The values are essentially identical
(Figure 4) and therefore suggest that the same mechanism
is operating for both catalysts, a fact that is readily ex-
plained by the almost immediate conversion of 2 to 1 in
solution under H,.

It is interesting to note that the nondependence of the
reaction rate on H, pressure holds also in the range from
5 to 105 atm (Table IV) where no appreciable formation
of ethylbenzene (GC) is produced after complete conver-
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Table II1. Activation Parameters® for the Selective
Hydrogenation of Phenylacetylene to Styrene

a b c

11.8 %+ 0.8 13+ 2 121
AH* (kcal mol™) 11.2 £ 0.8 12+£2 11+1
AS* (cal K'mol!) 273 246 2743
AG (keal mol™) 19+£1 19 £ 4 19+ 4

¢ Activation parameters were calculated in standard conditions
(T =298 K, P = 1 atm): (a) calculated from the plot In ks va 1/T;
(b) calculated from the plot In &, vs 1/T (c) calculated from the
plot shown in Figure 4.

E, (kcal mol™)

Table IV. Hydrogenation of Phenylacetylene in the
Presence of 1°

product (tof)?

product (tof)®

Py, atm  H,C—=CHPh Py, atm  H,C=CHPh
5 79 28 8.7
15 9.3 105 76

% Reaction conditions: catalyst, 0.02 mmol; substrate, 20 mmol;
THF (solvent), 50 mL; T, 60 °C; time, 3 h. ®Moles of substrate
transformed per mole of catalyst per hour.

[m]
-1
A
o
-2 \ ]
A
X \
£ Q
_34 A D
30 Y 3.2 33 3.4

1/T-10° (K™)
Figure 4. Plot of In & vs 1/T X 10° for the hydrogenation of
phenylacetylene catalyzed by 1 (A) and 2 (D).

sion of HC=CPh to H,C=CHPh and further (48 h).

When the hydrogenation reactions of HC==CPh cata-
lyzed by 1 or 2 are monitored by either 3'P{*H} NMR or
X-band ESR spectroscopy, we observe that (i) the hydride
n*-dihydrogen complex 1 is the only NMR-detectable
species during the catalysis cycle and the termination
product as well and (ii) no paramagnetic compound forms
in the course of the reaction. In contrast, when the re-
actions are carried out by using more alkyne than di-
hydrogen, the paramagnetic ¢-alkynyl 3 is found as the
termination product of the catalysis cycle.

Mechanistic Considerations. All of the experimental
observables reported in the previous sections can be
translated into precious information on the mechanism of
hydrogenation.

A catalysis cycle that nicely fits the chemical, spectro-
scopic, kinetic, and thermodynamic data is the one shown
in Scheme III. In accord with the chemistry of 1 as well
as the nondependence of the reaction rate on the H,
pressure, no decoordination of H, is required at any stage
of the cycle. The catalyst is just 1 which can provide room
for an incoming alkyne molecule by unfastening a terminal
phosphine arm.?2?® Since 1 is the only phosphorus-con-
taining product detected by 3'P NMR during the catalysis
cycle, reasonably this compound is a reagent in the rate-
determining step as indicated also by eqs 4 and 6. On the
other hand, these equations suggest that also the 1-alkyne
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substrate can play a role in the rate-determining step.
Indeed, according to the largely negative AS* value (-27
% 3 cal K mol™?), the coordination of the substrate to the
metal center is an excellent candidate to the role of rate-
determining step. If so, it can be concluded that the alkene
is liberated via a fast intramolecular reaction between cis
n*-H, and ¢-vinyl ligands (step c). Actually, step ¢ might
proceed via oxidative addition of H; to iron(II) to give an
iron(IV) classical dihydride, followed by reductive elimi-
nation of alkene. This reaction sequence is highly im-
probable, particularly as one considers that (i) iron(II) has
a low tendency to be oxidized to iron(IV), (ii) such a
complicated reaction sequence would reasonably constitute
the rate-determining step and this is ruled out by the AH*
and AS* values which are consistent with an ordered
transition state, and (iii) the stoichiometric hydrogenation
reactions are altogether slow (3—4 h) (Scheme II) but alkene
formation (\H NMR, GC) occurs within a few miutes after
combination of the reagents.

Extension to Other 1-Alkynes and Selectivity.
Preliminary studies show that 1 and 2 can be used as
homogeneous catalysts for the selective hydrogenation (1
atm of H,) of a variety of 1-alkynes to alkenes in either
THF or 1,2-dichloroethane solution. As is evident from
a perusal of Table V, the conversion decreases by in-
creasing the bulkiness of the alkyne substituent which, in
turn, does not at all affect the selectivity. The only ex-
ception is constituted by HC=CSiMe; which, at high
temperature (63 °C), is preferentially converted to 1,4-
bis(trimethylsilyl)buta-1,3-diene. This finding is not
completely surprising as one recalls that the trimethylsilyl
substituent decreases the nucleophilicity of the C; atom
in olefinic moieties.?* In the case at hand, this effect may
contribute to stabilize a ¢-alkenyl intermediate, making
the vinyl ligand insufficiently basic to deprotonate a cis
H, ligand. Indeed, the o-alkenyl 4 in THF at room tem-
perature reacts with HC=CSiMe,, yielding the ¢-alkenyl
5 and vinyltrimethylsilane, whereas at reflux temperature
some (Me;Si)HC=CHCH==CH(SiMe;) (2-3%) is pro-
duced, indicating that the temperature favors the reductive
dimerization of the alkyne to butadiene at iron. Studies
are presently under way to try to understand the mecha-
nism of the present 1-alkyne dimerization that might
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Table V. Catalytic Hydrogenation of Terminal Alkynes in
the Presence of 1°

product (tof®)

substrate T,
RC=CH °C CH~CHR RCH=CHCH=CHR
Ph 20 7.6
63 45.2
SiMe; 20 76
63 5.2 23.0
n'CgH7 20 7.9
63 36.7
n'C5H11 20 6.4
63 24.5
CH=CH(OMe) 20 2.8
63 21.2

“Reaction conditions: alkyne, 2 mmol; catalyst, 0.02 mmol; H,
pressure, 1 atm; time, 2 h; THF (solvent), 12 mL. ®Moles of sub-
strate transformed per mole of catalyst per hour.

proceed via a vinylidenealkenyl intermediate.

As a final consideration, we briefly comment on the
nature of the selectivity in the present hydrogenation re-
actions of 1-alkynes to alkenes.

It is well-known that in alkyne/alkene mixtures the
alkyne functionality can be preferentially reduced because
of the better bonding capabilities of the triple bond.1%14
However, in general, when most of the alkyne has been
consumed, the reduction of alkene occurs. This does not
happen by using 1 as catalyst, and in fact, we do not detect
formation of alkane (GC) over long reaction times (48 h).
The larger size of alkenes vs corresponding alkynes may
play a role as shown by the fact that 1 and 2 in THF under
argon do not react with styrene whereas both complexes
form a stable adduct, [(PP,)Fe(H)(C,H,)]BPh, (7), with
the smallest alkene, namely ethylene. As expected, the
reaction of ethylene with the dinitrogen complex 2 is much
faster (20 min) than that with the dihydrogen complex,
which is completed in 3—4 days. Interestingly, no ethane
is produced under catalytic conditions (1 atm of H,, 1 atm
of C;H,). This result and the observation that the terminal
hydride in 7 does not migrate to ethylene even when forced
by an excess of ethylene or of CO (carbon monoxide simply
displaces C,H, to give the known hydride carbonyl com-
plex [(PP;)Fe(H){(CO)]BPh,)!” indicate that also the
electronic factors associated with the nature of the iron—-
olefin bond are responsible of the selectivity of the hy-
drogenation reactions catalyzed by 1.

An analogous result has been recently reported by some
of us for the hydrogenation of HC=CPh catalyzed by
[OsHCI(H,)(PR;).] (PR; = PMe-t-Buy, P-i-Pr,);™ the se-
lectivity for the reduction to the alkene is determined by
the tendency of the alkyne to undergo insertion to give a
vinyl intermediate rather than by the difference in the
coordinating ability between HC=CPh and H,C=CHPh.

Conclusions

The present study has revealed that the cis-H 5%-H,
complex [(PP;)Fe(H)(H,)]BPh, is an effective homoge-
neous catalyst for the selective hydrogenation of 1-alkynes
to alkenes and have served to shed some light on the
mechanism of the reaction in which the formation of a
metal hydride from molecular hydrogen is not an obli-
gatory step. In particular, we believe that this is the first
documented example of a catalytic reaction in which (i)
the dihydrogen ligand does not leave the metal prior to
alkyne coordination and (ii) the reduction of the substrate
occurs via an intramolecular acid/base reaction involving
7%-H, and o-vinyl ligands mutually cis disposed. Point ii
is of particular interest as it suggests that other hydro-
genations could involve protonation by 7°-H, intermediates
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of adjacent organyl ligands in a ¢-bond metathesis or
heterolytic cleavage reaction.®

Experimental Section

General Data. Tetrahydrofuran (THF) and halogenated
solvents (dichloromethane and 1,2-dichloroethane) were purified
under argon just prior to use by distillation over LiAlH,, and P,O;,
respectively. 1-Alkynes were purchased from either Fluka or
Aldrich and checked by 'H NMR. When necessary, they were
distilled prior to use. All the other solvents and chemicals were
reagent grade and, unless otherwise stated, were used as received
by commercial suppliers. Deuterated solvents for NMR mea-
surements (Janssen) were dried over molecular sieves. Infrared
spectra were recorded on a Perkin-Elmer 1600 Series FTIR
spectrophotometer using samples mulled in Nujol between KBr
plates. Proton NMR spectra were recorded at 299.945 MHz on
a Varian VXR 300 or at 200.131 MHz on a Bruker 200-ACP
spectrometers. Peak positions are relative to tetramethylsilane
as external reference. *'P{{H} NMR spectra were recorded on the
same instruments operating at 121.421 and 81.015 MHz, re-
spectively. Chemical shifts are relative to external 85% H,PO,,
with downfield values reported as positive. Conductivities were
measured with an ORION Model 990101 conductance cell con-
nected to a Model 101 conductivity meter. The conductivity data
were obtained at sample concentrations of ca. 1 X 10° M in
nitroethane solutions at room temperature (20 °C). X-band ESR
spectra were recorded on a ER-200 DSRC Bruker spectrometer
operating at w; = 9.78 GHz. The control of the external magnetic
field was obtained with a microwave bridge ER 041 MR Bruker
wavemeter. Magnetic susceptibilities of solid samples were
measured on a Faraday balance. High-pressure experiments were
performed using a Parr Model 4564 stainless steel minireactor
(volume 160 mL) with a magnetic drive stirrer and an electrical
mantle as heating source. Analysis of the products of the catalytic
reactions was carried out on a Perkin-Elmer 8500 gas chroma-
tograph with a FFAP on Chromosorb GHP 80/100 mesh (3.6 X
1/ in.) column at 160 °C and on a Shimadzu GC-8A gas chro-
matograph fitted with a thermal conductivity detector and with
a 10-ft 100/120 Carbosieve-SII or a 6-ft 0.1% SP-1000 80/100
Carbopack C stainless-steel column (Supelco Inc.). Quantification
was achieved with a Shimadzu C-R6A Chromatopac coupled with
the chromatograph, operating with an automatic correct area
normalization method. GC-MS spectra were collected with a
Shimadzu QP-2000 fitted with a 30-m (i.d. 0.25 mm) capillary
column, SUPELCO SPB-1.

Synthesis of the Complexes. All reactions and manipulations
were routinely performed under a dry argon atmosphere by using
Schlenk tube techniques. The solid compounds were collected
on sintered-glass frits and washed with ethanol and petroleum
ether (bp 50-70 °C) before being dried in a stream of argon.
Complexes 1 and 2 were synthesized according to the methods
reported in the literature.!®!?

Reaction of 2 with Phenylacetylene. (A) 1:1 Reaction. A
250-mIL, Schlenk flask equipped with a magnetic stirrer was
charged with a solution of 2 (0.50 g, 0.47 mmol) in THF (50 mL)
and 1 equiv of HC=CPh (110 uL) and closed under argon. The
mixture was stirred for 15 min at room temperature. Addition
of ethanol (50 mL) and slow evaporation of the solvent gave orange
crystals in ca. 90% yield. GC analysis of the solution revealed
the total consumption of the alkyne and the formation of 0.5 equiv
of styrene. The orange solid was chromatographed under nitrogen
on silica gel column (eluent THF /n-hexane, 2:1) to give, together
with the starting complex 2, the o-acetylide complex [(PP;)Fe-
(C=CPh)]BPh, (3) in ca. 1:1 ratio. Compound 3 can be re-
crystallized from CH,Cl,/C,H;0H. IR: »(C=C) 2035 cm™ (w),
phenyl-reinforced vibration 1580 cm™. Raman (CH,Cl, solution):
»(C=C) 2040 cm™ (s). p.5 3.42 ug. X-band ESR spectrum (THF
glass, 100 K): (g) = 2.030, (AH) = 175 G. Anal, Calcd for
C..Hg;BFeP, C, 77.50; H, 5.89; Fe, 4.87. Found: C, 77.34; H,
6.01; Fe, 4.80.

(25) Parkin, G.; Bercaw, J. E. J. Chem. Soc., Chem. Commun. 1989,
255. See also: Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B.
J.; Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E., J. Am.
Chem. Soc. 1987, 109, 203.
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(B) 1:2 Reaction. When a double proportion of HC=CPh is
employed in the above reaction, all of the starting hydride 2
disappeared within 15 min. Addition of ethanol and workup as
above gave a pure crop of 3 as yellow-orange crystals. Yield: 87%.
The mother liquor was analyzed by GC-MS, showing the presence
of 1 equiv of styrene.

Reaction of 1 with Phenylacetylene. Substitution of the
dihydrogen complex 1 for 2 in the reaction with phenylacetylene
does not change the nature of the products whereas both the rate
and the stoichiometry are significantly affected. In fact, the
reaction completes within 34 h to give 3 and 2 equiv of styrene
only by using 3 equiv of HC=CPh.

A weighted amount of HC=CPh (1, 2, or 3 equiv) was intro-
duced via syringe into a THF-dg solution (24 mL) of 1 (0.8 mmol)
under argon. Samples were withdrawn via syringe every 15 min
and checked by 'P{'H} and 'H NMR spectroscopy after being
quenched in a liquid nitrogen bath. *'P NMR showed 1 to be
the only diamagnetic product present in the solution at any stage
of the reactions. The formation of paramagnetic species, most
likely 3 ((g) = 2.030 at 100 K) was determined by X-band ESR
spectroscopy. 'H NMR and GC revealed increasing formation
of styrene in the course of the transformation and no evolution
of Hy. At complete disappearance of 1, the formation of 2 equiv
of styrene was determined.

Preparation of (E)-[(PP;)Fe{CH=CH(SiMe;)}]BPh, (4).
A mixture of 2 (1.07 g, 1.0 mmol) and HC=CSiMe, (145 uL, 1.0
mmol) in THF (80 mL) was stirred at room temperature for 1
h under an argon atmosphere. Addition of ethanol (100 mL) and
slow concentration of the solution led to the precipitation of
yellow-orange crystals. GC analysis of the solution revealed the
formation of vinyltrimethylsilane (10-15%) and complete dis-
appearance of the alkyne. The orange solid contains, together
with a small amount of unreacted 2 (<5%), two novel, para-
magnetic iron complexes: the g-alkenyl (E)-[(PP;)Fe{CH=CH-
(SiMey)}]BPh, (4) (80-85%) and the o-alkynyl [(PP;)Fe(C=
CSiMe;)|BPh, (5) (10-15%). A pure sample of 4 was obtained
by repeated recrystallizations from THF /1-butanol of the crude
product. Yield: 71% based on 2. IR: »(C=C) 1605 cm™ (m),
¥(SiC) 850 cm™! (). e 3.35 up. ESR silent. Anal. Caled for
CyH;sBFeP,Si: C, 74.48; H, 6.43; Fe, 4.88. Found: C, 74.22; H,
6.36; Fe, 4.79.

Preparation of [(PP,)Fe(C=CSiMe;)]BPh, (5). Treatment
of 4 in THF with 1 equiv of HC=CSiMe, and workup as described
above gave pure 5 as orange crystals. Yield: 85%. Alternatively,
5 was prepared by reacting 2 in THF with 2 equiv of HC=CSiMe,.
In both cases, GC analysis of the solution showed the formation
of 1 equiv of vinyltrimethylsilane. IR: »(C=C) 1990 cm™ (m),
»(SiC) 850 cm™ (vs). . 3.28 up. X-band ESR spectrum (THF
glass, 100 K): (g) = 2,018, (AH) = 200 G. Anal. Caled for
C;H-,BFeP,Si: C, 74.61; H, 6.26; Fe, 4.89. Found: C, 74.44; H,
6.15; Fe, 4.78.

Preparation of (E)-[(PP;)Fe(CO){CH=CH(SiMe;)}]BPh,
(6). Carbon monoxide was bubbled throughout a THF solution
(20 mL) of 4 (0.25 g, 0.22 mmol) for 15 min. Addition of ethanol
(20 mL) and slow evaporation of the solvent gave 6 as pale yellow
crystals. Yield: 90%. Ay 53 @ em? mol™l. IR: »(C=0) 1980
cm! (), ¥(C=C) 1520 cm™ (m), »(SiC) 852 cm™ (s). 'H NMR
(CD,Cl,, 20 °C): 6 0.73 (s, 9 H, SiMe,), 5.67 (tdd, 1 H, CH=
CHSiMe,, J(HH) = 18.6 Hz, J(HP) = 4.3 Hz, J(HP) = 5.6 Hz),
6.54 (m, 1 H, CH=CHSiMe,, J(HP) = 9 Hz, J(HP) < 4 Hz).
31P{iH} NMR (acetone-dg, 20 °C): AM,Q spin system, 8(P,) =
172.29, 6(Pyg) = 79.95, 5(Pg) = 77.79, J(P,Pyy) = 28.5 Hz, J(P,Py)
= 11.5 Hz, J(PyPg) = 11.7 Hz. Anal. Caled for C;,H,;BFeOP,;:
C, 73.67; H, 6.27; Fe, 4.76. Found: C, 73.58; H, 6.24; Fe, 4.69.

Preparation of [(PP;)Fe(H)(CH,~CH,)]BPh, (7). Ethylene
was bubbled throughout a stirred THF (25 mL) solution of 2 (0.42
g, 0.39 mmol) for 20 min. Addition of ethanol and slow evapo-
ration of the solvent gave 7 as deep yellow crystals. Yield: 79%.
Compound 7 can be prepared also by reacting 1 in THF with
ethylene, but much longer times are required for a complete
conversion (0.4 mmol of 1 transforms into 7 in 72 h). IR: »(FeH)
1942 cm™ (br). H NMR (CD,Cl,, -20 °C): 6 3.43 (br q, 4 H, C,H,,
J(HP) = 3.0 Hz), -8.43 (dt, 1 H, FeH, J(HP,) = 65.3 Hz, J(HP)
< 2 Hz, J(HPyy) = 52.1 Hz). ¥P{*H} NMR (toluene-ds/1,2-di-
chloroethane, 1:1, 0 °C): AM,Q spin system, §(P,) = 161.85, 6(Pyy)
= 79.64, 6(Pg) = 70.55 J(PoPy) = 23.1 Hz, J(P,Pg) = 42.6 Hz,
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J(PyPg) = 155 Hz. Anal. Caled for CgsH;BFeP, C, 75.99; H,
6.28; Fe, 5.20. Found: C, 75.82; H, 6.22; Fe, 5.07.

Catalytic Hydrogenation Reactions. Low-Pressure Ex-
periments. The catalytic reactions were followed by measuring
the hydrogen consumption as a function of time on a gas buret
(Afora 516256).

The catalyst was carried with a degassed solution of the sub-
strate in 1,2-dichloroethane (8 mL) into a 25-mL flask attached
to a gas buret, which was in turn connected to a Schlenk manifold.
The flask was closed by a silicone septum. The system was
evacuated and refilled with dihydrogen six times, and the flask
was immersed in a constant-temperature bath. The mixture was
vigorously shaken during the run. Plots of the kinetic data were
fitted by use of conventional linear regression programs.

Alternatively, the substrate (2 mmol), THF (12 mL), and a
stirring bar were placed in a reaction vessel fitted with a reflux
condenser and with a side arm with a rubber septum under a
constant 1 atm of H,. The vessel was immersed in a constant-
temperature oil bath (20 or 63 °C). The catalyst (0.02 mmol) was
then added. The solution was sampled after 2 h, and the samples
were analyzed by GC and GC-MS.

High-Pressure Experiments. Air was evacuated from the
autoclave; then, the solution containing the catalyst, the substrate,

and the solvent, prepared in a Schlenk tube, was introduced by
suction. Hydrogen was added up to the desired pressure, and
the solution in the autoclave was stirred at the selected tem-
perature. At the end of the reaction, the autoclave was cooled,
the gas vented out, and the solution collected. The conversion
was determined from the crude product by GC analysis with a
2-m packed column containing free fatty acid phase (5%) on
Chromosorb G AW-DMCS.
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The syntheses and the structures of selected organoantimony rings (RSb), and the formation of cate-
na-stibanes by reaction of organoantimony rings with distibanes are reported. The syntheses include the
preparation of i-PrSbBr, and the reaction of this intermediate with magnesium to form (i-PrSb), and
(i-PrSb);. The isopropylantimony rings are stable in solution but polymerize in the absence of solvent.
[(Me;Si),CHSb], is, however, stable in the solid state with respect to polymerization. This four-membered
ring has been obtained in the form of orange crystals from a solution of the dehalogenation products of
the corresponding dichloride. The 'H NMR data of (i-PrSb), and (i-PrSb); in solution are in accordance
with the cyclic structures with the substituents adopting a maximum of trans positions. The structure
of [(Me3Si);,CHSb], has been determined by single-crystal X-ray diffractometry as that of a strongly folded
cyclotetrastibane (115.4°) in the all-trans configuration. The Sb-Sb distances alternate between short
and long (2.83, 2.87 A), and the molecule on the whole approximates C, symmetry. The crystal data with
Mo Ka radiation are as follows: triclinic, space group P1, a = 12.361 (1) A, b = 12,981 (1) A, ¢ = 17.337
(2) A, « =108.18 (1)°, 8 = 90.82 (1)°, v = 102.82 (1)°, Z = 2, and R = 0.0362. The study of the reactivity
of organoantimony rings with distibanes led to the formation of the first examples of catena-tri- and
catena-tetrastibanes. The tristibanes (Me,Sb),ShR, with R = Et, Pr, ¢-Bu, [Me;Si],CH, and 2,4,6-Me;C;H,,
are formed by reaction of an excess of Me,Sh, with the corresponding rings (RSb),. Action of an excess
of Et,Sb, with (EtSb); or (PrSb); gives (Et,Sh),SbEt or (Et,Sh),SbPr. (Ph,Sb),SbEt and (Ph,SbSbEt),
are formed by the reaction of Ph,Sh, with (EtSb);. catena-Stibanes derived from difficulty accessible
antimony rings are better obtained by dehalogenation of appropriate mixtures of organoantimony bromides
or by salt elimination; Me,SbBr and MeSbBr, react with magnesium to give (Me,Sb),SbMe, and Ph;Sh,
is obtained by reaction of PhSbCl, and Ph,SbLi or Ph,SbNa in liquid NH;. The novel catena-tri- and
catena-tetrastibanes have been characterized by 'H NMR and mass spectra. They exist in equilibrium

with distibanes and cyclostibanes.

Introduction

In the context with recent results on the syntheses of
organoantimony rings, (RSb), (with R = Et, Pr, Bu, Mes;

(1) University of Bremen.
(2) University of Mainz.
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n = 4, 5),% we reinvestigated the chemistry of isopropyl-
antimony, which had been reported* as black solid poly-
mer, and of (bis(trimethylsilyl)methyl)antimony,? a trimer

(3) Ates, M.,; Breunig, H. J.; Gllec, S.; Offermann, W.; Haberle, K.;
Drager, M. Chem. Ber. 1989, 122, 473.
(4) Breunig, H. J.; Kanig, W. J. Organomet. Chem. 1980, 186, C5.
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