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the (trimethylsilyl)methyl ethers 2 and 3 and thioether 4 (E| /,(+)
< +1.9 V)2 suggest that these donor-acceptor pairs should
participate in efficient electron-transfer processes. Indeed, the
ethers 2-4 are quenchers of pyrrolinium salt 1 fluorescence with
quenching rate constants approaching the diffusion-controlled limit
(ca. (1-3) X 10° M™' s in MeCN at 25 °C). As expected,
sequential electron transfer—desilylation in these systems is com-
petitive with the quenching mode involving reversible electron
transfer and results in generation of photoaddition products. Thus,
irradiation!® of MeCN solutions of 1 (0.04 M) in the presence
of ethers 2-4 (0.11 M) followed by base workup and purification
by chromatographic methods leads to isolation of the photoadducts
5-7 (20-35%) along with the bipyrrolidine 8 (9-39%).'"! As-
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signment of product structures is aided by comparisons of char-
acteristic spectroscopic data'? for these substances with those of
closely related materials.?® Careful analysis of the product
mixtures in each case failed to reveal the presence of regioisomeric
adducts, which could have arisen through isomerization of the
initially formed primary radicals 11 to thermodynamically more
stable secondary or tertiary counterparts 12'? or of silicon-con-
taining photoadducts arising by deprotonation of the cation radical
intermediates 10 (Scheme I). Finally, the superiority of the
regiocontrol offered by the desilylation route for electron-trans-
fer-promoted radical production is exemplified by the comparative
results of reactions of the salt 1 with the silylmethyl-substituted
ether 3 and methyl isopropyl ether. In the latter case, photoad-
dition (MeCN) occurs to generate an ca. 2:1 ratio of the adducts
6 and 9 arising by nonselective radical cation deprotonation and
resulting in insertion of the pyrrolidinyl unit into the respective
primary and tertiary «-CH bonds.'*

Further investigations with the ([(trimethylsilyl)methoxy]al-
kyl)quinolinium perchlorates 13~15 demonstrate that sequential
electron transfer—desilylation serves as a useful route for diradical
generation as part of methods for heterocycle ring construction.
The salts employed in this study were prepared by either N- or
C-alkylation of the corresponding quinolines with the appropriate
[(trimethylsilyl)methoxy]alkyl iodide or mesylate followed by
N-methylation (for 14 and 15) and perchlorate ion exchange. The
greatly diminished fluorescence quantum yields for 13-15 vs. the

(9) The ether and thioether systems were prepared by alkylation of the
corresponding alcohol or thiol anions with (trimethylsilylymethyl iodide.

(10) (a) Irradiations were conducted in a preparative apparatus with a
Corex (for 1) or Flint (for 13-15) glass filter on ca. 300-600-mg scale. (b)
The conditions used for reaction of 1 with ethers 2-4 favored singlet-state
electron transfer.

(11) (a) This substance has been previously synthesized.!'* It should be
noted that the yields reported for the photoadduts and bipyrrolidine are for
materials isolated by preparative GLC. Under these conditions both the
photoadducts and bipyrrolidine undergo slight decomposition to generate
2-phenyl-1-pyrroline, the only other substance isolated in varying quantities
from these processes. (b) Hornback, J. M.; Proehl, G. S.; Starner, I. J. J. Org.
Chem. 1975, 40, 1077. Coupling products RXCH,CH,XR have not been
looked for.

(12) All new compounds have correct elemental compositions as well as
mass spectrometric, UV, IR, 'H NMR, and !3C NMR data in full agreement
with the assigned structures.

(13) (a) Recently, Peters!® has observed isomerization of a primary a-
amino radical to a more stable, conjugated counterpart. (b) Manring, L. E.;
Peters, K. S. J. Am. Chem. Soc. 1983, 105, 5108.

(14) (a) The selectivity here for deprotonation at the primary over the
tertiary position is similar to that observed for amine radical cations.'*® (b)
Lewis, F. D.; Ho, T. 1. J. Am. Chem. Soc. 1980, 102, 1751.
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methyl analogues 16-18!° suggests that intramolecular electron
transfer occurs efficiently in the singlet excited states of the
silicon-containing salts. Irradiation of MeCN solutions of 13-15!%
followed immediately by hydrogenation (PtO,), base workup, and
silica gel chromatography leads to isolation of the respective
cyclized products 19-21 in yields ranging from 41% to 61%.!2 The
reduction step is required in the workup procedure in order to
convert the initially formed dihydroquinolines into the more stable,
isolated tetrahydroquinoline ring containing products.!®

The results presented above show that routes mediated by
photoinduced, sequential electron transfer—desilylation serve as
unique methods for regiocontrolled production of heteroatom-
substituted carbon radicals. Continuing efforts are designed to
explore the generality of the process and, in particular, to de-
termine if electron-transfer-sensitized reactions of (trialkyl-
silyl)methyl ether and amine systems are useful for radical gen-
eration in a variety of synthetic applications.!”
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(15) The fluorescence quantum yields in MeCN at 25 °C: 13, 0.004; 14,
0.027; 15, 0.021; 16, 0.85; 17, 0.36; 18, 0.60.

(16) Yoon, U. C.; Quillen, S. L.; Mariano, P. S.; Swanson, R.; Stavinoha,
J. L.; Bay, E. J. Am. Chem. Soc. 1983, 105, 1204,

(17) (a) Radical-mediated cyclization reactions are becoming of increasing
importance as synthetic methods.!” (b) See, for example: Stork, G.; Baine,
N. H. J. Am. Chem. Soc, 1982, 104, 2321, Hart, D. J,; Tsai, Y. M. J. Am.
Chem. Soc. 1982, 104, 1430.
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The activation of transition metals remains an important goal
and continues to engender major efforts in heterogeneous catalysis,!
metal-vapor chemistry,? and synthetic organometallic efforts.’> We
wish to report that the use of high-intensity ultrasound dramat-
ically enhances the reactivity of transition-metal dispersions.
Ultrasound ameliorates the condition necessary for the preparation
of early-transition-metal carbonyl anions, and we believe that the
technique has general ramifications.

(1) Poncelet, G., Grange, P., Jacobs, P. A., Eds. “Preparation of Catalysts”;
Elsevier: New York, 1983; Vol. III.

(2) Blackborow, J. R.; Young, D. “Metal Vapour Synthesis in Organo-
metallic Chemistry”; Springer-Verlag: New York, 1979.

(3) (a) Calderazzo, F.; Englert, U.; Pampaloni, G.; Pelizzi, G.; Zamboni,
R. Inorg. Chem. 1983, 22, 1865-1890. (b) Dewey, C. G.; Ellis, J. E,; Fiare,
K. L.; Pfahl, K. M.; Warnock, G. F. P. Organometallics 1983, 2, 388-391.
(¢c) Rieke, R. D.; Ofele, K.; Fischer, E. O. J. Organomet. Chem. 1974, 76,
C19-C21. (d) Rieke, R. C. Acc. Chem. Res. 1977, 10, 301-306. (e) Roch-
fort, G. L.; Rieke, R. D. Inorg. Chem. 1984, 23, 787-789.
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Table I. Sonochemical Synthesis? of Transition-Metal
Carbonyl Anions

obsd yields?

44atm latm

of CO of CO
W,(CO),,*" from WCI, 47% 40%
Mo,(CO),,*~ from MoCl, 54% 39%
Cr,(CO), >~ from CrCl, 1% 3%
Ta(CO),~ from TaCl, ¢ 6%
Nb(CO),~ from NbCl, 51% 23%
V(CO),~ from VCl, 8%
V(C0)," from VCI, (THF), 35% 23%

% Conditions ~20% excess Na, 0.033 M metal halide in THF,
10 °C, 1000-min sonication, ~100 W/cm? at 20 KHz. ? Yields
based on metal halide were calculated spectrophotometrically.!?
Control reactions run at the same temperature and pressures but
for 1500 min yielded no detectable metal carbonyl products, i.e.,
<0.1% yield. € The reaction of TaCl, was carried out in diglyme.
In THF there was no apparent conversion.

The effects of ultrasound in heterogeneous systems come
principally from microstreaming* and from acoustic cavitation®
at the surface. The former creates local turbulent flow and thus
can induce significant improvements in mass transport between
solution and surface. The latter produces the impingement of a
supersonic “microjet” of solvent upon the surface, thus creating
surface erosion and pitting. These phenomenon are largely re-
sponsible for ultrasonic cleaning.® In the presence of reactive
metals such as Zn, Mg, or Li, this pitting action exposes a
freshened surface which has proven beneficial in a number of
organic syntheses.” Other solid reagents have exhibited enhanced
reactivity through the use of ultrasound,® as have a variety of
homogeneous organometallic systems.® 1In order to prove the
potential generality of ultrasonic activation of heterogeneous
reactions, we have examined the reactivity of early transition
metals with carbon monoxide during sonication. These systems
were chosen because of their very low reactivity, in direct contrast
to previous work with reactive metals.

Transition-metal carbonyl complexes continue to play a major
role in organometallic chemistry because of their diverse chemistry
and their importance as stoichiometric and catalytic synthetic

(4) Rooney, J. A. In “Methods in Experimental Physics”; Edmonds, P.,
Ed.; Academic Press: New York, 1981; Vol. 19, pp 299-355 and references
therein.

(5) (a) Lauterborn, W. App!. Sci. Res. 1982, 38, 165. (b) Apfel, R. E.
“Methods in Experimental Physics”; Edmonds, P., Ed.; Academic Press: New
York, 1981; Vol. 9, pp 356-413. (c) Neppiras, E. A. Phys. Rep. 1980, 61,
159.

(6) (a) Bulat, T. J, Ultrasonics 1974, 12, 59. (b) Pohlman, R.; Werden,
B.; Marziniak, R. Ultrasonics 1972, 10, 156. Agranat, B. A.; Bashkirov, V.
I.; Kitaigorodskii, Y. I. In “Physical Principles of Ultrasonic Technology”;
Rosenberg, L., Ed.; Plenum Press: New York, 1973; Vol. 1, pp 247-330.

(7) (a) Sprich, J. P.; Lewandow, G. Inorg. Chim. Acta 1983, 76,1.241. (b)
Repic, O.; Vogt, S Tetrahedron Lett. 1982, 23, 2729. (¢) Petier, C.; Gemal,
A.L.; Luche, J. L. Tetrahedron Lett. 1982, 23, 3361. (d) Azuma, T.; Yan-
agida, S.; Sakurai, H.; Sasa, S.; Yoshino, K. Synth. Commun. 1982, 12, 137.
(e) Han, B.-H.; Boudjouk, P. J. Org. Chem. 1982, 47, 5030. (f) Han, B.-H;
Boudjouk, P. Tetrahedron Lert. 1981, 22, 2757. (g) Boudjouk, P.; Han, B.-H.
Tetrahedron Lett. 1981, 22, 3813. (h) Han, B.-H.; Boudjouk, P. J. Org.
Chem. 1982, 47, 751. (i) Boudjouk, P.; Han, B.-H.; Anderson, K. R. J. Am.
Chem. Soc. 1982, 104, 4992. (j) Kitazume, T.; Ishikawa, N. Chem. Lert.
1981, 1679. (k) Luche, L.-L.; Damiano, J.-C. J. Am. Chem. Soc. 1980, 102,
7926, (1) Pratt, M. W. T,; Helsby, R. Nature (London) 1959, 184, 1969.

(8) (a) Lukevics, E.; Gevorgyan, V. N.; Goldberg, Y. S. Tetrahedron Lett.
1984, 25, 1415. (b) Ando, T.; Sumi, S.; Kawate, T.; Ichihara, J.; Hanafusa,
T. J. Chem. Soc., Chem. Commun. 1984, 439. (c) Ando, T.; Kawate, T.;
Yamawaki, J.; Hanfusa, T. Synthesis 1983, 637. (d) Han, B.-H.; Boudjouk,
P. Tetrahedron Lett. 1982, 23, 1643. (e) Racher, S.; Klein, P. J. Org. Chem.
1981, 46, 3559.

(%) (a) Suslick, K. S.; Gawienowski, J. J.; Schubert, P. F.; Wang, H. H.
Ultrasonics 1984, 22, 33. (b) Suslick, K. S.; Schubert, P. F. J. Am. Chem.
Soc. 1983, 105, 6042, (c) Suslick, K. S.; Goodale, J. W.; Schubert, P. F.;
Wang, H. H. J. Am. Chem. Soc. 1983, 105, 5781. (d) Suslick, K. S.; Gaw-
ienowski, J. J.; Schubert, P. F.; Wang, H. H. J. Phys. Chem. 1983, 87, 2299.
(¢) Suslick, K. S.; Schubert, P. F; Goodale, J. W. Ultrason. Symp. Proc. 1981,
612. (f) Suslick, K. S.; Schubert, P, F.; Goodale, J. W. J. Am. Chem. Soc.
1981, /03, 7342.
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reagents.'’® Nonetheless, their preparation from the bulk metal
remains difficult, and high pressures of CO and high temperatures
traditionally have been required to achieve adequate yields.!%!!
While some recent developments have reduced the pressure and
temperature requirements,®® these syntheses involve case by case
recipes which have not proved to be interchangeable with other
transition metals. The preparation of “activated”, transition-metal
dispersions, as investigated by Rieke,** might appear to be one
general method for carbonyl or carbonyl anion syntheses. These
activated metals nevertheless require “bomb” conditions (100-300
atm of CO, 100-300 °C) to synthesize transition-metal carbonyls.
We have found that the use of ultrasonic irradiation facilitates
the reduction of a variety of transition-metal salts to an active
form that will react with low pressures of CO to form the simple
carbonyl anions.

In a typical reaction 1 mmol of transition-metal halide was
dissolved in 30 m] of THF (tetrahydrofuran) and an excess of
sodium sand was added. The mixture was flushed with CO and
then maintained under CO during sonication. The system was
thermostated so that the maximum temperature reached during
ultrasonic irradiation was 10 °C; sonications were carried out for
1000 min.'”® This procedure works for a wide range of soluble
metal halides. Most noteworthy, however, are the results shown
in Table I for the synthesis of early transition-metal carbonyl
anions, which are notoriously difficult to prepare. Solubility of
the metal halide is important: low yields are observed for the
sparingly soluble VCl; or TaCls in THF compared to the soluble
systems of VCI;(THF); in THF or TaCl in diglyme. In all cases
the yields are at least comparable to other methods requiring
elevated temperatures and pressures of CO.

Reductions under ultrasonic irradiation of the halide salts of
Mn, Fe, and Ni were also carried out. The species Mn(CO)s",
Fe(CO) 42, Fe,(CO)s?, and Nig(CO),,2 were observed as products
of their respective systems through infrared spectroscopy.!* The
manganese and iron reactions are quite efficient, while the nickel
cluster is formed in small yield. Owing to the increased sensitivity
of the manganese and iron compounds, the quantification of these
reactions is difficult.

The use of ultrasound has dramatically reduced the temperature
and pressure requirements for these reactions. For example, our
preparation of V(CO)¢™ requires pressures of 4.4 atm and 10 °C
as opposed to the usual conditions!®®!! of 200 atm and 160 °C.
It might also be noted that our reported yields, comparable to those
using the standard method, were obtained without the use of the
Fe(CO); catalyst called for in the earlier preparation. Even at
1 atm of CO, yields of the carbony! anions remain significant using
sonochemical conditions (see Table I). An interesting comparison
to the recent work by Calderazzo and Ellis shows that, while using
different approaches for the preparation of Nb(CO),™ and Ta-
(CO)s7, neither method works for the synthesis of V(CO),~. In
our worst case, the formation of Ta(CO)g", the yields based on
TaCls are poor but comparable to those from the other available

(10) (a) Collman, J. P.; Hegedus, L. S. “Principles and Applications of
Organotransition Metal Chemistry”; University Science Books: Mill Valley,
CA, 1980. (b) Wilkinson, G., Stone, F. G. A., Abel, E. W,, Eds.
“Comprehensive Organometallic Chemistry: The Synthesis, Reactions, and
Structures of Organometallic Compounds”; Pergamon Press: Oxford, Eng-
land, 1982; Vol. 3-6, 8.

(11) (a) Werner, R. P. M,; Filbey, A. H.; Manastryskj, S. S. Inorg. Chem.
1964, 3, 298-301. (b) Ellis, J. E.; Davison, A. Inorg. Synth. 1976, 16, 68-73.

(12) (a) All sonications were performed by using a Heat Systems Model
W-375 sonicator equipped with a titanium immersion tip, with acoustic in-
tensities of ~100 W /cm? in continuous mode at 20 kHz. The sonications were
carried out in a stainless steel cell equipped for elevated pressure and cryogenic
capabilities. Products were identified by FT-IR and UV-vis. Yields were
calculated by use of UV-vis molar absorptivities available from the litera-
ture.!?®= (b) Harris, D. C.; Gray, H. B. J. Am. Chem. Soc. 1978, 97,
3073-3075. (c) Levenson, R. A.; Gray, H. B. J. Am. Chem. Soc. 1975, 97,
6042-6047. (d) Wrighton, M. S.; Handelin, D. 1,; Morse, D. L. Inorg. Chem.
1976, 15, 434-440. (e) The optical molar absorptivity of Na,[Mo,(CO);,]
were determined from an authentic sample in THF. ¢35 = 7390 M~ cm™,
€345 = 7330 Ml cm!.

(13) (a) Longoni, G.; Chini, P.; Cavalieri, A. Inorg. Chem. 1976, 15,
3025-3031. (b) Hieber, W.; Beutner, H. Z. Z. Naturforsch., Teil B: Anorg.
Chem., Org. Chem., Biochem., Biophys., Biol. 1962, B17, 211-216.
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methods; this limitation probably reflects the low solubility of
Tacls.

The possible mechanisms of this ultrasonic activation include
(1) the creation of extremely reactive, high dispersions of transition
metal on NaCl matrix, (2) improved mass transport between bulk
solution and the reactive surfaces, and (3) direct trapping with
CO of reactive metallic species formed during the reduction of
the metal halide. We can eliminate the first and second mech-
anism: complete reduction of metal halide by Na with ultrasonic
irradiation under Ar, followed by exposure to 4.4 atm of CO in
the absence or presence of ultrasound, yielded no metal carbonyl.
In the case of WCl, Fourier transform infrared spectra taken
during sonication under CO show the initial formation of tungsten
carbonyl halides followed by their conversion to W(CO), and
finally its further reduction to W,(CO),,>". Thus the reduction
process appears to be sequential, wherein reactive metal species
are formed upon partial reduction at the sodium surface and
trapped by CO.

These reaction conditions have been run at small scale and may
prove uniquely useful, for example, in the production of *CO
labeled carbonyl complexes where the low CO pressures are
mandatory. Scale-up of ultrasonic irradiation is, however, extant
technology used industrially, e.g., for the production of emulsions. !4
Thus the use of ultrasound in chemical synthesis may well develop
an important niche in the chemical community.
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Early in the history of electron-transfer studies it was pointed
out that bimolecular electron transfer can occur over a range of
reactant separations.! However, the values of certain parameters
needed for rate calculations have only recently been determined.
Specifically, an increasing amount of experimental data on the
distance dependence of the electronic coupling element?? and on

(1) Levich, V. G. Adv. Electrochem. Electrochem. Eng. 1966, 4, 249.
Reynolds, W. L.; Lumry, R. W. “Mechanisms of Electron Transfer”; Ronald
Press: New York, 1966.

(2) Miller, J. R.; Beitz, J. V. J. Chem. Phys. 1981, 7, 6746. Huddleston,
R. K.; Miller, J. R. J. Chem. Phys. 1982, 79, 5337. Miller, J. R.; Hartman,
K. W.; Abrash, S. J. Am. Chem. Soc. 1982, 104, 4296. Miller, J. R.; Peeples,
J. A.; Schmitt, M. J,; Closs, G. L. J. Am. Chem. Soc. 1982, 104, 6488.

(3) Guarr, T.; McGuire, M.; Straugh, S.; McLendon, G. J. Am. Chem.
Soc. 1983, 105, 616. Nocera, D. G.; Winkler, J. R.; Yocum, K. M.; Bor-
dignon, E.; Gray, H. B. J. Am. Chem. Soc. 1984, 106, 5145. Isied, S. S.;
Kuehn, C.; Worosila, G. J. Am. Chem. Soc. 1984, 106, 1722. McCourty, J.
L.; Blough, N. V.; Hoffman, B. M. J. Am. Chem. Soc. 1983, 105, 4470.
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Figure 1. Distance dependence of the first-order rate constant k(r) in
the normal and inverted regions, calculated from eq 2-4 using 8 = 1.2
Al H,p® = 200 cal, A, = 1.92 kcal mol™ and ¢ = 10 A. Upper figure:
normal region, AG® = +0.25 eV, inverted region, AG® = -2.00 eV, solid
line, classical calculation; dashed line, quantum-mechanical calculation®
with »;; = 450 ecm™. Lower figure: the distance dependence of the
components of k(r); f(A,AG®) = (1/A1/2) exp[-(A + AG®)?/(4\RT))].

the nuclear configuration changes accompanying electron transfer
have become available.* Important advances in the formulation
of the electron-transfer problem have also been made.”® Recently
we have undertaken detailed calculations of the distance depen-
dence of the rates of electron-transfer reactions in solution. We
find that the dependences of the electronic coupling element and
of the solvent reorganization energy on distance have important
implications for intramolecular electron transfers and for the
forward and back reaction rates and cage-escape yields in
light-induced electron-transfer processes.

Since bimolecular electron transfer can occur over a range of
separation distances, each with a unique first-order rate constant
k(r)s, the net second-order rate constant for the reaction is given
by

2 ArN e 2 -
kass = oo ‘j; g(Pk(Prrdr M7 s (1)
where r is the distance between the two redox sites, and g(r) is

the pair distribution function. For spherical reactants r is the
center-to-center distance and it is generally assumed that g(r) =

(4) Brunschwig, B. S.; Creutz, C.; Macartney, D. H.; Sham, T. K.; Sutin,
N. Faraday Discuss. Chem. Soc. 1982, 74, 113. Szalda, D. J; Creutz, C,;
Mahajan, D.; Sutin, N. Inorg. Chem. 1983, 22, 2372. Szalda, D. J.; Ma-
cartney, D. H.; Sutin, N. Inorg. Chem. 1984, 23, 3473,

(5) (a) Marcus, R, A Int. J. Chem. Kinet. 1981, 13, 865. (b) Marcus, R.
A.; Siders, P. J. Phys. Chem. 1982, 86, 622. (c) Siders, P.; Marcus, R. A.
J. Am. Chem. Soc. 1981, 103, 741. (d) Marcus, R. A. Faraday Discuss.
Chem. Soc. 1982, 74, 7.

(6) Kestner, N. R.; Logan, J.; Jortner, J. J. Phys. Chem. 1974, 78, 2148.
Brunschwig, B. S.; Logan, J.; Newton, M. D.; Sutin, N. J. Am. Chem. Soc.
1980, /02, 5798. Bixon, M,; Jortner, J. Faraday Discuss. Chem. Soc. 1982,
74, 17.
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