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Table I. Data for Bimolecular H/D Exchange and Termolecular Addition of D, to (n*-C,H¢)Fe(CO)™ (m/z 138)°

% of product ion signals

(C4H,Dy)-
Fe(CO)™ +
(C,HsD)- (CH;D;)- (C,H;Dy)- (C4Hg)- (C4H;D)- (C4H,Dy)- (C;H;D;)- (C,H,D,)-
% decay  Fe(CO)~  Fe(CO)~  Fe(CO)> Fe(CO)D)y~ Fe(CO)(D),~ Fe(CO)XD,~ Fe(CO)D),» Fe(CO)(D),™
of m/z 138 m/z 139 m/z 140 mjz 141 m/z 142 m/z 143 m/z 144 m/z 145 m/z 146
5b¢ 22 28 20 15 15
284 23 39 2 26 3 7
90¢ 7 16 11 28 8 16 8 6

9 These data are derived from the integrals of the ion signals for each mass. Small signals (2-3% of m/z 138) for unknown ions at m/z 139, 140
((OC);Fe™?), and 141 in the starting negative ion spectrum and their possible reactions with D, impede a quantitative interpretation of the data.
5The errors in this data set are the largest since the ion product signals are the smallest of the three points given. ©2.33 X 10!! molecules/cm? of D,
added. 91.83 X 10" molecules/em? of D, added. ¢1.63 X 10!* molecules/cm? of D, added.

Our observation that up to four H/D exchanges in the diene
ligand of (C,Hg)Fe(CO)™ (1) occurred with D, strongly suggests
that only the two terminal methylene groups are involved.!! We
interpret these results by reversible oxidative-addition of D, to
1 giving dideuteride 2 followed by rearrangment to the cis-
CH,D-r-allyl complex 3;!2 2-4 are excited adducts. Kinetic
barriers must exist for one or both of these steps since the bi-
molecular rate constant for decay of 1 is much smaller than that
of the collision limit (k, = 1.5 X 10 cm?/molecule/s).!?
Rotation of the C-CH,D bond in 3 would place a hydrogen of
the CH,D group in proximity to Fe and rearrangement would yield
4. Reductive-elimination of HD from 4 giving 5 would be irre-

\ -
Fe < Fe ° D-Fe-H
(co) (co) (co)
[} S 4
lDz,He lDz.He lHe
—0, ——HD ——HD
N ' {
|Dz | !
O-Fe-D* O-Fe-D* DO-Fe-H~
(CO) (CO) (CO)

versible due to the short ion—neutral reaction time (<7 ms) and
high dilution of product ions and neutrals (<108 ions/cm?) in these
experiments. Repetition of these steps in bimolecular ion-D,
collisions would then produce the observed additional three H/D
exchanged ions terminating at 6. Competitive with these H/D

(11) Wrighton and Schroeder (Wrighton, M. S.; Schroeder, M. A. J. Am.
Chem. Soc. 1973, 95, 5764-5765) observed that photolysis of a benzene
solution of Cr(CO)g, D5, and a 1,3-diene that could achieve the s-cis config-
uration produced the cis olefin by 1,4-addition of D, to the diene.

(12) For examples of reversible hydride transfer between transition-metal
centers and hydrocarbon ligands, in the condensed phase, see: Howarth, O.
W.; McAteer, C. H.; Moore, P.; Morris, G. E. J. Chem. Soc., Chem. Commun.
1981, 506-507 and references therein. Transfer in the gas phase see; Ja-
cobsen, D. B.; Freiser, B. S. J. 4m. Chem. Soc. 1985, 107, 72-80 and ref-
erences therein.

(13) Su and Bowers (Su, T.; Bowers, M. T. In “Gas Phase Ion Chemistry™;
Bowers, M. T,, Ed.; Academic Press: New York, 1979; Vol. 1, Chapter 3)
describe Langevin and average dipole orientation theories used to calculate

koo

exchanges is termolecular formation of the five total adducts (n1/z
142-146) which requires collisional stabilization with the He/CH,
buffer gas to remove excess vibrational energy in the initially
formed excited adducts.

If we assume that rearrangement of a deuterium in 2 could also
occur to C, (or C,) of the diene ligand, an excited, 15-electron
(n*-CH,=CHCHDCH,)Fe(CO)(D)™ (7) complex would result.
The absence of a fifth or sixth H/D exchange in the reaction of
1 with D, means that 7 cannot detach the m-bond of the 7
homoallyl ligand to effect rotation about the C,—C, bond (required
for H/D exchange) via the higher energy, 13-electron (n!-1-
but-3-enyl-d|)Fe(CO)(D)" intermediate. Thus, the deuterium
at C, in 7 must return to Fe reforming 2.
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Organoselenium and -tellurium compounds have become in-
creasingly important as reagents and intermediates in organic
synthesis.!*¢ Furthermore, they are promising donor molecules
for conductive and photoconductive organic materials.””!? Re-

(1) Klayman, D. L.; Giinther, W. H. H. “Organic Selenium Compounds:
Their Chemistry and Biology”; Wiley: New York, 1973.

(2) Clive, D. L. J. Tetrahedron 1982, 34, 1049.

(3) Reich, H. J. In “Oxidation in Organic Chemistry”; Trahanovsky, W.
S., Ed.; Academic Press: New York, 1978; Part C, Chapter 1.

(4) Reich, H. J. Acc. Chem. Res. 1979, 12, 22.

(5) Liotta, D. Acc. Chem. Res. 1984, 17, 28.

(6) “The Organic Chemistry of Tellurium™; Irgolic K. J., Ed.; Gordon and
Breach: New York, 1974.

(7) Yamabhira, A.; Nogami, T.; Mikawa, H. J. Chem. Soc., Chem. Com-
mun. 1983, 904,

(8) Stark, J. C.; Reed, R.; Acampora, L. A.; Sandman, D. J.; Jansen, S.;
Jones, M. T.; Foxman, B. M. Organometallics 1984, 3, 732.

(9) Endres, H.; Keller, H. J.; Queckborner, J.; Schweitzer, D.; Veigel, J.
Acta Crystallogr., Sect. B 1982, B38, 2855 and references therein.

(10) Chu, J. Y. C,; Giinther, W. H. H. U. S. Patent 4030991, 1977.

(11) Kirk, C. W.; Nalewajek, D.; Blanchet, G. B.; Schaffer, H.; Moraes,
F.; Boysel, R. M.; Wudl, F. J. Am. Chem. Soc. 1985, 107, 675 and references
therein.
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Table I. Electroreduction of Se or Te (2 X 107* F are consumed) Followed by Addition of an Electrophile (15 min of Contact)

electrolysis Se or Te Se or Te current

no. (mmol) electrophile (mmol) solvent derivatives (mmol) efficiency, %

1 Se (5) p-cyanobenzyl chloride (2) DMF 1 (0.90) 90

2 Se (1) benzyl chloride (2) CH,CN 2 (traces)
4 (0.50) 50

3 Te (5) benzyl chloride (2) CH,CN 3 (0.525) 70¢
5(0.175)

4 Te (1) benzyl chloride (2) CH,CN 3(0.125) 6
5(0.375) 37.5

5 Se (5) 6° (1) THF 7 (0.82) 82

)

2See the text. >See ref 26.

search has moved from organoselenium to organotellurium
chemistry. A large number of synthetic methods have been de-
veloped to prepare organoselenium derivatives. A convenient and
widely used technique is the reduction of selenium by trialkyl-
borohydrides!? which, however, remain relatively expensive ma-
terials. In organotellurium chemistry, the number of synthetic
reactions is rather small®!! and the commercially available tel-
lurium is known to exhibit a low chemical reactivity, due to its
surface oxidation.!?

We report here the use of ultrasound for the convenient and
selective electrochemical synthesis of the Se,?", Se?”, Te,*", and
Te?™ anions. Prior to these results, a method for the electro-
chemical synthesis of dialkyl and diaryl chalcogenides was de-
scribed which involved sacrificial Se!* and Te!® electrodes. To
overcome the total insolubility in N,N-dimethylformamide (DMF)
of Te and Se, a Te stick or a mixture of Se and graphite was fused
upon a Pt net, and the electrode thus obtained was cathodically
polarized in DMF. An alkyl or aryl halide was present during
electrolysis or added after. Very recently, we have observed that
gray selenium can be conveniently reduced to Se,?” on mercury
and solid cathodes (Pt, carbon cloth)!¢ in aprotic media (DMF,
acetonitrile, tetrahydrofuran (THF)) under mechanical stirring.
The electrochemical reduction occurs beyond -0.8 V vs. SCE on
Pt and carbon electrodes and —1.1 V on mercury. In our group,
we have observed that this technique fails in the case of Te powder.

Ultrasound has been shown to increase the rate of electrolysis.!”
The ultrasonically promoted electrochemical reduction of insoluble
Se or Te powder is performed in a H-type cell whose compartments
are separated by glass frits and filled with an aprotic solvent
(DMF, acetonitrile, THF) containing 0.1 M Bu,NBF, or
Bu,NPF, (0.2 M in the case of THF). Ultrasound (vat Bransonic
B 32) and cooling by an ice bath of the cell are maintained during
the electrolysis which is performed with an Amel 522 potentiostat
and a Tacussel IG5-N integrator. An inert atmosphere of argon
is carefully maintained. The cathode, anode, and reference
electrode are a carbon cloth, a Pt grid, and a saturated calomel
electrode (SCE), respectively.

In acetonitrile as solvent, the electrochemical reduction of Se
with ultrasound is observed beyond -0.8 V, and both the cathodic
and central compartments of the cell turn brown as long as less
than one electrode per Se unit is involved in the reduction process.
This color corresponds to the formation of the Se,?~ anion (vide
infra). To maintain a reasonable faradaic current (about 200 mA),
the working potential has to be progressively moved to more
negative values. As the electrolysis proceeds beyond one electron
per Se atom, the cathodic and central compartments turn dark

(12) Chiang, L. Y.; Shu, P.; Holt, D.; Cowan, D. J. Org. Chem. 1983, 48,
4713.

(13) Gladysz, J. A.; Hornby, J. L.; Garbe, J. E. J. Org. Chem. 1978, 43,
1204 and references therein.

(14) (a) Jeroschewski, P.; Ruth, W.; Striibing, B.; Berge, H. J. Prakt.
Chem. 1982, 324, 787. (b) Jeroschewski, P.; Ruth, W; Berge, H.; Striibing,
B. Ger (East) Patent DD 152, 367, 25, 1981,

(15) (a) Merkel, G.; Berge, H.; Jeroschewski, P. J. Prakt. Chem. 1984,
326, 467. (b) Berge, H.; Jeroschewski, P.; Merkel, G. Ger (East) Patent DD
207, 225, 22, 1984,

(16) (a) Gautheron, B.; Degrand, C. J. Electroanal. Chem. Interfacial
Electrochem. 1984, 163, 415. (b) Degrand, C.; Nour, M. J. Electroanal.
Chem. Interfacial Electrochem., in press.

(17) (a) Bard, A. J. Anal. Chem. 1963, 35, 1125. (b) Connors, T. F.;
Rusling, J. F. Chemosphere 1984, 13, 415.

green and Se?” anions are generated. A similar behavior is ob-
served in the case of Te whose reduction occurs beyond -1.1 V
in acetonitrile. The Te,?" and Te?" anions are successively elec-
trogenerated (vide infra) with corresponding dark red and blue
color of both the cathodic and central compartments. In THF
and DMF, electroreduction of Se powder is slightly easier than
in acetonitrile since it starts at —0.65 % 0.05 V. The dianions Se*"
and Te¥" are extremely air sensitive, the dianions Se,2” and Te,*
being regenerated.

After electrolysis, addition of an electrophile such as an alkyl
halide RX leads to the synthesis of dialkyl diselenides, selenides,
ditellurides, and tellurides according to (1) and (2). Examples

2RX
2E =5, g2 “2% REER + 2X )
E —= g 2% RER + 2% )

E = Se or Te

are given in Table I (entries 1-4).
In Table I, the amounts of isolated organoselenium derivatives
1, 2,18 and 4'8 and organotellurium derivatives 3!° and 5%° and

REER

RER
4, E=Se; R=CH,Ph
5, E=Te; R=CH,Ph

1, E=Se; R=CH, CN

2, E=Se; R=CH,Ph
3, E*Te; R=CH,Ph

their corresponding current efficiencies have been calculated from
IH NMR data after treatment of the solution contained in the
cathodic compartment of the cell (dilution with water, extraction
with diethyl ether, and removal of ether). Organotellurium
compounds?! especially dibenzyl ditelluride (3)23-* are known to
be extremely light sensitive. The decomposition of 3 leads to black
Te and dibenzyl telluride (5). In electrolysis no. 3, Table I,
decomposition of 3 to 5 has obviously occurred during treatment
of the electrolysis products so that it can be reasonably assumed
that only 3 was initially obtained (0.70 mmol) in a 70% current
efficiency.

The Se,?~ and Te,?" anions as well as the Se?” and Te?" anions
tend to migrate toward the anodic compartment since the central
compartment of the cell becomes colored during electrolysis.
Furthermore, some benzyl chloride has been observed to be left
in electrolyses no. 2-4, Table I. In the case of the Se,> and Te,*
anions, this migration phenomena does not decrease significantly
the current efficiencies since 1 and 3 can be obtained in 90% and
70% yield. However, this effect is more dramatic in the case of
the Se?” and Te?" dianions since the current efficiency drops to
50% in the best case (electrolysis no. 2, Table I). The addition

(18) Jackson, C. L. Justus Liebigs Ann. Chem. 1878, 179, 1.

(19) Shiyk, Yu. N.; Bogolyubov, G. M.; Petrov, A. A. Zh. Obshch. Khim.
1968, 38, 1199.

(20) Tschugaeff, L.; Chlopin, W. Ber. 1914, 47, 1269.

(21) Clive, D. L. J.; Chittattu, G. J.; Farina, V.; Kiel, W. A.; Menchen,
S. M.; Russell, C. G.; Singh, A.; Wong, C. K.; Curtis, N. J. J. Am. Chem.
Soc. 1980, 102, 4438,

(22) Douglas, P. H.; Cross, R. J.; Millington, D. J. Organomet. Chem.
1977, 125, 219.

(23) Spencer, H. K.; Cava, M. P. J. Org. Chem. 1977, 42, 2937.

(24) Suzuki, H.; Miyoshi, K.; Osuka, A. Nippon Kagaku Naishi 1981, 3,
472.



J. Am. Chem. Soc. 1985, 107, 5581-5582 5581

of alkyl halide in the central compartment of the cell would
improve the current efficiency.?

Electrochemical reduction of Se and Te with ultrasound can
provide an elegant technique to prepare organotransition-metal
chalcogenides. An example corresponds to electrolysis no. 5 of
Table I. The formation of the pentaselenide 7%’ corresponds to
the overall process (3).

/=Pr
Cl
Ti< + Set” + 3% —
cl
/-Pr@
6
/-Pr
se\
T=SeSe=Se + 2c (3)
Sé
/=Pr

7
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(25) The influence of the nature of the supporting electrolyte has not been
investigated. However, it may be suggested that use of alkali salts would
modified the current efficiency. Furthermore, as suggested by a reviewer, use
of a cation-exchange membrane such as Nafion should prevent the loss of
anions and thus improve the yields of alkylated products.

(26) Sullivan, M. F.; Little, W. F. J. Organomer. Chem. 1967, 8, 277.

(27) Data for compound 7. Anal. Calcd for Ci¢H,,SesTi: C, 29.25; H,
3.37; Se, 60.09; Ti, 7.21. Found: C, 29.38; H, 3.40; Se, 60.07; Ti, 7.40. 'H
NMR (benzene-dg) 6 5.84 (t, 2 H), 5.59 (s, 4 H), 5.45 (t, 2 H), 2.97 (hp, 1
H), 2.58 (hp, 1 H), 1.02 (d, 6 H, °J = 6.8 Hz), 0.83 (d, 6 H, *J = 6.8 Hz).
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Recently the complexes M(CO);(PR;),(H,) (M = Mo, W; R
= Cy, i-Pr),! Cr(CO)s(H,),>* and Cr(CO),(H,),* have been
reported to contain novel n>-dihydrogen ligands which retain an
H-H bond. Hydrogen is readily lost from these complexes and
only the tricyclohexylphosphine molybdenum complex!® and the
two tungsten complexes are isolable. By contrast we report here

(1) (a) Kubas, G. J.; Ryan, R. R.; Swanson, B. I; Vergamini, P. J.;
Wasserman, H. J. J. Am. Chem. Soc. 1984, 106, 451-452. (b) Kubas, G. J.
J. Chem. Soc., Chem. Commun. 1980, 61-62.

(2) 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,
27-30.

(3) Church, S. P.; Grevels, F.-W; Hermann, H.; Schaffner, K. J. Chem.
Soc., Chem. Commun. 1988, 30-32.

(4) Sweany, R. L. J. Am. Chem. Soc. 1985, 107, 2374-2379.

the discovery of the complex trans-[Fe(n*-H,)(H)(dppe),]BF, (1)
(dppe = PPh,CH,CH,PPh,), which is stable to H, loss up to 50
°C and undergoes a unique intramolecular exchange of terminal
hydride with the hydrogens of the n>-H, ligand.* The ruthenium
analogue trans-[Ru(n*-H,)(H)(dppe),]BF, (2) contains a more
labile dihydrogen ligand.

The title complexes are prepared by reaction of a THF or
benzene solution of the corresponding dihydride complexes
MH,(dppe),¢ under hydrogen at 22 °C with approximately 1 equiv
of HBFEt,0.” They can also be prepared by reaction of H,
with monohydrides [MH(dppe),]BF, (see below).® A similar
reaction using HCIO, was reported to yield [FeH;(dppe),]ClO,
although no physical properties of the complex were reported.’
Reactions with weaker acids give monohydride complexes.?

Complex 1 is a pale yellow solid that must be stored under
hydrogen or argen since it reacts slowly with nitrogen to give
trans-[FeH(N,)(dppe),]BF,.!! This dihydrogen adduct dissolves
to give stable solutions under argon at 22 °C in THF or CH,Cl,
but THF solutions slowly evolve hydrogen when heated under
vacuum to 66 °C (ty;; ~2.5 h). In the presence of the more
strongly coordinating ligands acetonitrile or carbon monoxide (L)
1 mol of H, per Fe is rapidly evolved at 25 °C and the complexes
trans-{FeH(L)(dppe),] BF!1"13 are obtained. White complex 2
loses up to 1 mol of H; in the solid state at 25 °C under vacuum
in 10 min to give orange-yellow [RuH(dppe),]BF,.!* The reverse
reaction with H, or D, is complete in 30 s. Reversible binding
of dihydrogen by 2 is also observed in oxygen-donor solvents
whereas reaction with CH;CN and CO but not N, rapidly and
irreversibly yields [RuH(L)(dppe),] BF,.13!’

The n*-dihydrogen ligand in 1 is symmetrically coordinated with
Fe-H distances of 1.53 (8) and 1.55 (7) A, slightly longer than
the terminal Fe-H distance of 1.28 (8) A (Figure 1).16 The H-H

(5) The report of a molecular hydrogen complex of iridium, [IrH(H,)-
(PPh;),(C3HgN)]*, with similar properties to 1 appeared after the submission
of our paper: Crabtree, R. H.; Lavin, M. J. Chem. Soc., Chem. Commun.
1985, 794-795.

(6) (a) Peet, W. G.; Gerlach, D. H. Inorg. Synth. 1974, 15, 38-42. (b)
Pertici, P.; Vitulli, G.; Poarzio, W.; Zocchi, M. Inorg. Chim. Acta. 1979, 37,
L521-L522.

(7) Dr. Steven D. Ittel at E.I. Du Pont de Nemours & Co. prepared the
iron complex with the stoichiometry of 1 in 1977 in unpublished work (recent
personal communication from S. D. Ittel).

(8) Giannoccaro, P.; Sacco, A.; Ittel, S. D.; Cushing, M. A, Jr. Inorg.
Synth. 1977, 17, 69-72.

(9) Giannoccaro, P.; Rossi, M.; Sacco, A. Coord. Chem. Rev. 1972, 8,
77-79.

(10) Siedle, A. R.; Newmark, R. A.; Pignolet, L. H,; Howells, R. D. J. 4m.
Chem. Soc. 1984, 106, 1510-1511.

(11) Azizian, H.; Morris, R. H. Inorg. Chem. 1983, 6-9.

(12) Mori, G.; Takashima, Y. Chem. Lett. 1979, 425-428.

(13) Morris, R. H.; Shiralian, M.; Zubkowski, J. D., unpublished results.

(14) [RuH(dppe),]BF;: Ir (Nujol) 1949 cm™! (Ru-H); 8 (*'P vs. 85%
H,;PO,, acetone-d,) 63.1.

(15) Smith, G.; Cole-Hamilton, D. J. J. Chem. Soc., Dalton Trans. 1984,
1203-1208.

(16) (a) Orange crystals of 1 obtained from THF solution were sealed in
0.2-0.3 mm Lindemann capillaries under Ar. Diffractometer: Enraf-Nonius
CAD4. Radiation: graphite monochromatized Mo Ka (A = 0.71069 A).
Crystal data: [Fe(H;)H(dppe),]BF,(THF),(Et,0), dimensions 0.2 X 0.26
X 0.26 mm, monoclinic, space group P2,/n, a = 14.871 g) A, b=12773
(3) A, c=32.205(8) A, 8 =103.23 (2)°, U = 5950 (5) A%, and D, = 1.29
g cm™ for Z = 4. 11275 Data in the quadrants h,k,+/ with 26 < 48°
collected. Systematically absent and zero F, data rejected (2275) and 815
symmetry-equivalent data averaged (Rycree(F) = 0.057) to give data set of
7858 reflections. Patterson, least-squares, and Fourier solution. Hydrogen
atoms bonded to iron located in AF Fourier and successfully refined.'®®
Current residuals R = 0.0791 (R,, = 0.0836) for 4346 observed (I > 34())
reflections. The asymmetric unit of the complex contains the Fe cation, a BF;~
anion disordered over two orientations, two molecules of THF solvent, and
one of diethyl ether which is disordered over three or more orientations. Other
selected bond lengths: Fe-P1 2.235 (3), Fe~-P2 2.247 (3), Fe~-P3 2.243 (3),
Fe-P4 2.231 (2), average B~F 1.30 (3) A. (b) It is common to locate hy-
drogens bonded to 3d metals using X-ray technigues. Other iron-hydrides:
McNeill, E. A.; Scholer, F. R. J. Am. Chem. Soc. 1977, 99, 6243-6249.
Smith, M. B.; Bau, R. J. Am. Chem. Soc. 1973, 95, 2388-2389. Ghilardi,
C. A,; Innocenti, P.; Midollini, S.; Orlandini, A. J. Chem. Soc., Dalton Trans.
1985, 605-609. Guggenberger, L. J.; Titus, D. D.; Flood, M. T.; Marsh, R.
E.; Orio, A. A,; Gray, H. B. J. Am. Chem. Soc. 1972, 94, 1135-1143.
Huffman, J. C.; Wells, N. J.; Caulton, K. G. J. Crystallogr. Spectrosc. Res.
1984, 14, 581-587.
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