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Abstract: We have developed a catalytic electron transfer (ET) system composed of a transition metal ate
complex (MesM(ll)Li; M = Co(ll), Mn(ll), Fe(ll)) and magnesium. This system (catalytic MesM(Il)Li/Mg)
turned out to be effective for various ET reactions, such as the desulfonylation of N-phenylsulfonyl amides,
and others (the chemoselective cleavage of O-allyl groups, the reduction of nitro groups, the partial reduction
of diketones, and the reductive coupling of diphenyliodonium salt). The ET ability of this system can be
tuned by changing the ligands of the ate complexes. This tunability was experimentally and electrochemically
demonstrated: alkoxy-ligated and dianion-type ET ate complexes showed attenuated and enhanced
reducing abilities, respectively. The modification of the ET abilities was evaluated by means of electrochemi-
cal measurements and chemical reactions. These results provide a basis for the design of various tailor-
made ET ate complexes.

Introduction reactions, while Smloften does not promote the desired reac-
tion.# Thus, the development of simple and practical ET reagents
(systems), especially catalytic systems having a range of
electron-releasing abilities suitable for selective organic trans-
formations, is required.

Radical anion species of carbonyl compounds, organic ha-
lides, and aromatic rings are among the most important inter-
mediates in organic chemisttyThese species are traditionally
generated via electron transfer (ET) reactions using alkali ) .
metals? metal amalgams, or low-valent lanthanidésowever, In this paper, we report a catalytic ET system composed of
excessive reactivity, low chemo- and stereoselectivity, and the fansition metal ate complexes and magnesium, in which the
usual requirement of strictly controlled reaction conditions with &€ complexesaccept electrons from magnesium and deliver
stoichiometric (or greater) quantities of the ET reagent have them to the substrate. These ET abilities of the prese_nt a_te com-
limited the utility of such reactions. Furthermore, there are only Pl€xes were evaluated by the measurement of oxidation po-
a few electron-releasing metal reagents, such as Li, Na, andten.tlals. This c.atalytlc ET sy;tem turned out to be effectlye for
Smb, and their reductive abilities exhibit significant gaps; while Various organic transformations, such as desulfonylation of
the oxidative potentials of Li and Na are high, that of Sisl N-phenylsulfonyl amides, and other reactions. Examples of the
much lower in magnitude. In fact, it is very difficult to apply attér include chemoselective deprotection Ofprotective
radical anions in synthetic chemistry. There are many cases9rOUPS, reduction of nitro groups, partial reduction of carbonyl

where Li or Na overreduces substances in undesired sidedoups of diketone, and ligand coupling of iodonium salts.
Furthermore, modification of the ET ability of this system could

T The University of Tokyo. be achieved by control of the ligation environment of the ate
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I|PRESTO, Japan Science and Technology Agency (JST). means of electrochemical measurements and chemical reactions.
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Figure 1. Generalized reaction pathways for ate complexes.
Table 1. Oxidation Potential Data in THF at 0 °C& l\llle
Entry Metal reagent E° (V) Entry Metal reagent E° (V) ( ngfaoc: ) M e’(w|jM o Reduced Species
1 FeCl, +0.15 5 MeMn Li —2.56
2 MeFeCl —-1.38 6 MeColLi —2.60
- R [ —-
(1/2eq.) Me’(”)\Me

aMeasured in 0.1 M n-BIN*CIO,~—THF solution vs Ag/AgClI.

Results and Discussion

Catalytic ET Systems Based on Transition Metal Ate
Complexes and MagnesiumRecently, CG-C bond-forming

reactions using some transition metal ate complexes such as
Mn-ates, Fe-ates, and Co-ates have been reported, and ET

processes are proposed to be involved in some cases (Figur
1) % We first compared the ET abilities of Mn-ates, Fe-ates,
and Co-ates by using in situ attenuated total reflectance (ATR)
IR spectroscopy. The transformation of benzophenone to the
corresponding ketyl radical by the transition metal ate complexes
(MesMn(ll)Li, MegsFe(ll)Li, and MeCo(ll)Li) or Na was
monitored with in situ IR. As the signal at 1663 ciwhich

can be assigned to the<© stretching vibration of the carbonyl
moiety of benzophenone, diminished in intensity, a new band
(at 1561 cnmt (Me3Co(ll)Li), 1555 cntt (MesMn(lI)Li), 1559
cm~1 (MesFe(ll)Li), or 1561 cnt! (Na)) increased in intensity

in all cases (Chart 1). This new absorption can be assigned to

the C-O stretching vibration of the newly generated ketyl
species. Therefore, the present in situ IR data strongly support
the occurrence of electron-release reactions fromaMhgll)-
Li, MesFe(Il)Li, and MeCo(ll)Li.

Next, for quantitative estimation of the ET abilities of these

ET ate complexes, we applied electrochemical measurements

of various kinds of transition metal reagents based on differential
pulse voltammograms (DPV). Electrochemical data in THF at
0 °C for transition metal complexes are summarized in Table
1. The F& oxidation potentials of Fe(l)G] MeFe(ll)Cl,
MezFe(ll), and MegFe(ll)Li in THF were+0.15,—1.38,—1.93,

and —2.50 V, respectively. Similarly, the oxidation potentials
of other ET ate complexes, such as Ma(ll)Li (—2.56 V)
and MeCo(ll)Li (—2.60 V), were much more negative than
those of the corresponding dichloride derivatives (Mn€11.10

V; CoCl,, +1.37 V). The oxidative potentials of Spéind Mg
were evaluated as2.33 and—3.05 V, respectively. Therefore,

the present ET ate complexes have adequately high oxidation

potentials intermediate between those of Samd Mg. Fur-
thermore, the M oxidation and reduction couples of the ET
ate complexes were electrochemically reversible in all cases.
Therefore, if a reduction pathway of trivalent to divalent ate

(6) For reviews, see: (a) Kauffmann, Angew. Chem., Int. Ed. Endl996
35, 386-403 and references therein. (b) Shinokubo, H.; Oshima, 8ynth.

Org. Chem. Jpn1999 57, 27—-37.

(7) The absorptions of these ketyl species are consistent with the values
previously reported; see: (a) Pons, S.; Davidson, T.; Bewick].AAm.
Chem. Soc1983 105, 1802-1805. (b) Bewick, A.; Jones, V. W.; Kalaji,

M. Electrochim. Actal996 41, 1961-1970 and references therein.
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Figure 2. Working model for the catalytic ET system.

complexes also exists in the reaction system, a catalytic ET ate
complex cycle should theoretically proceed (Figure 2). The high
oxidation potential of Mg raises the possibility that Mg would
serve as a reducing agent of the trivalent ET complexes.

Magnesium has various advantages as an electron store, such
s low cost, easy operation, and latent high oxidation potential.
herefore, the development of a catalytic ET system using
magnesium as the rereductor would provide a safe and simple
catalytic electron transfer system. Moreover, in such a system,
electron transfer ability (oxidation potential) and reaction
selectivity could in principle be controlled by the choice of
mediator. To confirm that the chemical reactivities were
consistent with the estimated ET abilities, we applied the present
ET system to several chemical reactions.

Although sulfonamides are one of the most important and
stable nitrogen protective groups, a general procedure for depro-
tection that consistently gives high yields is not availdilde
sulfonamides can be divided into three types based on the
strength of the N-S bond, i.e., less basic arylamine, more basic
arylamine, and more basic alkylamine. Sulfonamides of the more
basic aryl- and alkylamines are much harder to cleave than those
of the less basic amines such as indoles, pyrroles, and imida-
zoles® Most sulfonamides are stable to alkaline hydrolysis and
to catalytic reduction. They are cleaved under more severe con-
ditions such as Na/N¥l Na/butanol, sodium naphthalenide, or
sodium anthracenide, and by refluxing in acid (48% HBr). How-
ever, their usefulness has been limited because various functional
groups do not remain intact under such severe deprotection con-
ditions? Thus, the development of a simple and practical method
for the deprotection of thdl-phenylsulfonyl moiety would be
very useful. Initial attempts focused on the development of
catalytic reductive desulfonylation of various sulfonamitfes.
As model substrates, we chobkphenylsulfonylindole (less

(8) Greene, T. W.; Wuts, P. G. M. IRrotective groups in organic synthesis
2nd ed.; John Wiley & Sons: New York, 1991; Part 7.

(9) Recently, the potential of the sulfonamide functionality as a protective group

has been suggested, as exemplified by Fukuyama'’s (di)nitrophenylsulfona-

mide protecting group, which undergoes facile cleavage under basic

conditions. (a) Fukuyama, T.; Jow, C.; Cheung,Tdtrahedron Lett1995

36, 6373-6374. (b) Fukuyama, T.; Cheung, M.; Jow, C.; Hidai, Y.; Kan,

T. Tetrahedron Lett1997, 38, 5831-5834. (c) Fukuyama, T.; Cheung,

M.; Kan, T. Synlett1999 8, 1301-1303.

The reductive deprotection of thé-sulfonyl moiety is also known to

proceed via a ET process from alkali metals: (a) Heathcock, C. H.; Smith,

K. M.; Blumenkopf, A. B.J. Am. Chem. S0d.986 108 5022-5024. (b)

Schultz, A. G.; McCloskey, P. J.; Court, J.J.Am. Chem. Sod 987,

109 6493-6502. (c) Yamazaki, N.; Kibayashi, @. Am. Chem. So4989

111, 1396-1408. (d) Ji, S.; Gortler, L. B.; Waring, A.; Battisti, A.; Bank,

S.; Closson, W. DJ. Am. Chem. S0d.967, 89, 5311-5312. Low-valent

lanthanides: (e) Vedejs, B. Org. Chem1994 59, 1602-1603.

(10)
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Chart 1
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oy Me H Magnesium was inert in this reductive+$ bond cleavage
Mg(0 M N reaction, presumably due to its insolubility and small surface
9(0) MeTill)"Me 2N . - . - .
e e area, although it has a sufficiently high oxidation potential
(—=3.05V, Table 1, entry 8). As a result of evaluation using the
2x Me SOzPh deprotection reaction ofl, the combination of the ET ate
Mg(ll y l P
olh MeT! IMe N complex and Mg metét was found to successfully generate a
) o catalytic cycle for ET (Figure 3). Interestingly, this system could
SO.Ph be applled to the desulfonylation of_ar;ﬂ)(and al!<yl @) sul- _
N fonamides, which are stable to alkaline hydrolysis and catalytic
@ N N<s0.Ph reduction. The reduction potentials 2tnd3 were more nega-
) ) éogPh s z tive than that ofL, being—2.07 and—2.12 V, respectively (un-
Me;CoLi (0.1 eq)Mg  100% (98%)" 04% 100% der the same measurement conditions used for DPV measure-
MesFeLi (0.1 eq/Mg 899 (88%) 80% 3% ment). In fact, the stoichiometric ET reaction betweefor 3)
MesMnLi (0.1 eq/Mg 100% (100%)” 0 @ and Smj (—2.33 V, Table 1, entry 7) did not .proceed at. all.
Mg 0% The N-S bond cleavage reaction &f using catalytic
@ The catalytic reactions were carried out in THF at room temperature for M93Fe(|“) (prepared from Fe(“')Q' and MeLi (3 eq))/Mg
12h. ®The values in parentheses are the yields of reactions using proceeded smoothly to give 1,2,3,4-tetrahydroquinoline in 85%
stoichiometric amounts of ate complexes (without Mg). The stichiometric y|e|d These results indicate that the neutrabMéll) Species
reactions were carried out in THF at -78°C for 3 h. successfully underwent reduction by Mg to provide the corre-

Figure 3. Catalytic deprotection dfl-phenylsulfonyl moiety using ET ate sponding MegM(ll)-ate complex, and this cleavage reaction
complexes. occurred by ET, not ligand transfer from the ate complex.
However, no reaction took place with Mg only, or with the
M(II)Cl /Mg, MeLi/Mg, or LiCl/Mg system. This rules out the
promotion of the pathway by these systems in the absence of
the ET ate complexes.

Some representative examples of application of the present
ET system to other functionalities such as allyl etHérsalo-
aromatics;® aromatic nitro groups? carbonyl groups of dike-
tone, and diphenyliodonium compoudtlsare illustrated in
Figure 4. The applicability of common ET reagents, such as

basic arylamine)J), N-phenylsulfonyl-1,2,3,4-tetrahydroquino-
line (more basic arylaminep), andN-phenylsulfonyl-1,2,3,4-
tetrahydroisoquinoline (more basic alkylamin8) (Figure 3).

First of all, the reaction ofl using stoichiometric amounts
of complexes was investigated (Figure 3, yields in parentheses).
While the reaction using Fe(ll)glIMeFe(I)Cl, and MeFe(Il)
did not occur at all, the reaction using Mre(ll)Li occurred to
give the indole in 88% yield. Under the same conditions, the
reactions using M¢&o(ll)Li and MesMn(ll)Li also proceeded
to give the indole in high yields. Since the reduction potential ) . .

" (11) Commercially available Mg turnings were used.

of 1was—1.96 V under the same measurement conditions used(12) Greene, T. W.: Wuts, P. G. M. Protectve Groups in Organic Synthesis
for DPV measurement, it is reasonable that only the ET ate . 2nd ed.; John Wiley & Sons: New York, 1991, Parts 2 and 3.

. S . . 13) Review: Knight, D. W. InComprehensie Organic SynthesisTrost, B.
complexes with an adequate oxidation potential are effective M., Ed.; Pergamon Press: Oxford, 1991; Vol. 3, Chapter 2.3 and references

i ; i therein.
for the redUCFlve deprotection of tth-phenylsulfonyl moiety (14) Larock, R. C. InComprehensie Organic TransformationsVCH: New
(Table 1, entries +4). Smb (—2.33 V, Table 1, entry 7) showed York, 1989; p 412. A
moderate reactivity in this reaction under the same conditions, 1) (&) Stang, P. J.; Zhdankin, V. Chem. Re. 1996 96, 1123-1178. (b)

N X i ) Ochiai, M. InChemistry of Hyperalent Compound#kiba, K., Ed.; Wiley-
and indole was obtained in 33% vyield. VCH: New York, 1999.
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4

Figure 4. Catalytic ET reactions using transition metal ate complexes.

alkali metals, metal amalgams, and low-valent lanthanides, to iodonium salts as highly activated halides that can easily react
these systems has not been well studied. with nucleophiles have been reported, the ligand coupling
When 4-allyloxyanisole was treated with this catalytic ET reaction was favored over the nucleophilic reaction in this case.
system, the deallylation reaction proceeded smoothly and selec- Tunability of the Present Catalytic ET System.To achieve
tively at room temperature to give 4-methoxyphenol in high ad hoc matching of the catalyst to a reaction, the ET ability of
yield (the allyl radical is more stable than the methyl radical). the mediator (ET ate complex) needs to be fine-tuned for
Competitive removal oD-allyl vs TBDMS, benzyl, and tosyl individual reactions because each reaction has unique appropri-
groups was then examined. Selective deallylation proceeded withate oxidation/reduction potentials. Indeed, while all or some of
more than 98% chemoselectivity: ttest-butyldimethylsilyloxy, MesM(I)Li (M = Mn, Co, and Fe) are effective as mediators
benzyloxy, and tosyloxy groups remained intéct. for the reactions in the previous section, catalytic pinacol
When bis(2-bromophenyl)methylamirge] was treated with coupling of ketones (or aldehydes) and intramolecular Ullmann-
MegsFeLi(cat.)/Mg, the intramolecular Ullmann-type biaryl coup- type diaryl coupling of bis(2-chlorophenyl)methylamirigby
ling reaction smoothly proceeded without a palladium, nickel, using MeM(Il)Li did not occur, or scarcely occurred. We
or copper cataly$t to afford the desired carbazole derivative therefore took Fe(ll)-ate complexes as a model and attempted
in 88% yield. The present cyclization reaction was found to be to optimize the ligation environment.
effective for electrophilic functional group containing dihalogen (A) Tuning through the Type of Ligands of the Ate
compounds. Complex. As mentioned above, although the catalytic pinacol
In the reaction of 4-nitroanisole with MeeLi(cat.)/Mg, the coupling of benzaldehyde using Mre(ll)Li as a mediator was
reduction of the nitro group proceeded at room temperature to investigated, the desired coupling reactions did not proceed due
give 4-methoxyaniline in 86% yield. The present procedure may to side reactions such as overreduction, ligand transfer, etc.
provide a new catalytic reduction system for nitro compounds Because the F#' oxidation potential of MgFe(Il)Li is too high
via the anion radicalithoutusing a co-reducing reagent (e.g., (—2.50 V, Table 1, entry 4) compared with the reduction
hydrazine or NaBlg) or hydrogen gas. potential of benzaldehyde-(L.73 V), the reaction was consid-
Although the half-reduction of 1,2-diketones using metal ered to be poorly controlled.
hydrides is difficult and generally proceeds to the corresponding  To achieve the desired pinacol coupling selectively, the
1,2-diols, this catalytic ET system turned out to be applicable electron-releasing ability of the ET ate complex needs to be
to the partial reduction of 1,2-diketones to the corresponding tuned down. After several attempts to design and optimize
a-hydroxy ketones. ligands to reduce the ET ability, thert-butoxide ligand, which
In the reaction of diphenyliodonium salt with iynLi(cat.)/ has a lower-donating ability than those of the alkyl ligands,
Mg, the reductive ligand coupling reaction proceeded smoothly was found to reduce the ET ability of the ferrate appropriately,
to give biphenyl in 88% yield! Although many reactions using  and the oxidation potential of (t-Buge(ll)K was measured
to be—1.86 V1°In fact, catalytic pinacol coupling reactions of

(16) In the reaction of the tosyloxy-containing allyl aryl ether,s;MaLi showed
completely opposite chemoselectivity from MmLi or MesFeLi. The
reaction with MgCoLi or MesFeLi gave 4-tosyloxyphenol as the sole  (17) On the other hand, in the case of using:®(Il)Li or MesFe(ll)Li instead

product, whereas the reaction usingdMaLi selectively gave 4-allyloxy- of MesMn(ll)Li, the reactions were uncontrolled.

phenol. These results clearly indicate that the present catalytic ET reactions (18) For a review on the pinacol coupling reactions, see: Robertson, G. M. In
can be controlled by the choice of ET ate complex (mediator), not by Mg Comprehensie Organic SynthesjsTrost, B. M., Ed.; Pergamon Press:
(Figure 2). Oxford, 1991; Vol. 3, Chapter 2.6.
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R
O 1. "ET-ate” (0.05 eq), Mg HO X
x TMSCI (1.5 eq), THF, 11, 12 h
2. TBAF O X OH
R 6 R

7

Entry X R "ET-ate" E° (V)4 Yield(%) TON
1 H H MesFeLi -2.50 trace -

2 H H (t-BuO)3FeK 1.86 95 19
TT37H F T (BuOpFeK 186 100 20
4 H MeO (t-BuO)sFeK 1.86 65 13
5 Me H (t-BuO)3FeK 1.86 71 14
6 Me Me (t-BuO)3FeK 1.86 76 15
7 Me MeO  (t-BuO)zFeK 1.86 75 15

@ Measured in 0.1 M n-BuyN*ClO4 -THF solution vs Ag/AgCl.

Figure 5. Catalytic pinacol coupling reaction usingBuO)FeK.

various carbonyl compounds proceeded smoothly with
(t-BuO)Fe(IDK, and the turnover number (TON, defined as
moles of the product per mole of the catalyst) of the coupling
reached 1320 (Figure 5).

(B) Tuning through the Number of Ligands of the Ate
Complex. In contrast to the case of the pinacol coupling, the
intramolecular Ullimann-type diaryl coupling of bis(2-chlorophen-
yl)methylamine §b) using MgM(I)Li (M = Mn, Co, and Fe)
did not occur at all, and almost all of the starting materdd)

"ET-ate"

_—

THF, Conditions

%

5a (X = Br) 8
5b (X = Cl)
Entry X "ET-ate' (2.2eq.) E°(V)* Conditions Yield(%)
1 Br MesFeLi -2.50 rt,3h 88
2 Br Me;FeLi =250 -78°C,3h 10
3 Br Me,FeLi, <-3.50 -78°C,3h 88
T4 0 MeFeli | -250  m12h wace
5 Cl MeyFeLi, <350 r1t,12h 43

“ Measured in 0.1 M n-Buy;N*CIO, -THF solution vs Ag/AgCl.

Figure 6.
plexes.

Intramolecular biaryl coupling reaction using ET ate com-

of 5b with MesFeLi hardly proceeded under the same reaction
conditions. These results are clearly consistent with a postulate
that the oxidation potential (i.e., the ET ability) of the dianion-
type ET ate complex was much more negative (i.e., higher) than
that of the corresponding monoanion-type ET ate complex.

Conclusion

We have developed a catalytic ET system composed of ET
ate complex and magnesium. The ET abilities, evaluated by
the electrochemical method, were consistent with the observed

was recovered. In this case, the electron-releasing ability of ET chemical reactivities for various chemical transformations. This

ate complex needs to be increased. Dianion-type ate complexes;
i.e., tuning through a change in the number of ligands (Figure
6) were then examined. The outer shell of the central metal in

MesMn(lIl)Li, Me sFe(l)Li, and MegCo(ll)Li is filled with 11,

12, and 13 electrons, respectively, and there is room (Lewis

acidity or vacant orbitals) for an additional ligand to coordinate,
which could form dianion-type ate complex®s.

To investigate the difference in reactivity between JMe-
(INLi » (dianion-type ferrate) and MEe(ll)Li (monoanion-type

ferrate), the reactions were carried out under similar conditions

(Figure 6). While the Ullman-type cyclization of the dibromo
compound %a) with MesFeLi proceeded smoothly at room
temperature to givé in high yield (entry 1), the reaction at
—78°C was very sluggish (entry 2). However, when jAeLi,
was used in place of MEeLi, the reaction proceeded even at
—78°C to give8in 88% yield (entry 3). Similarly, the dichloro
compound %b), treated with MgFelLi, in THF at room
temperature for 12 h, gawin 43% yield, while the reaction

(19) The alkoxide ligated Mn(ll)-ates, Co(ll)-ates, and Fe(ll)-ate are little known;
see ref 6a.

(20) In recent publications, we revealed that tetracoordinated dianion-type
zincates have a higher transference aptitude for ligands than tricoordinated

monoanion-type zincates; see: (a) Uchiyama, M.; Koike, M.; Kameda, M.;
Kondo, Y.; Sakamoto, TJ. Am. Chem. Sod.996 118 8733-8734. (b)
Uchiyama, M.; Kondo, Y.; Miura, T.; Sakamoto, J. Am. Chem. Soc.
1997 119 12372-12373. (c) Uchiyama, M.; Kameda, M.; Mishima, O.;
Yokoyama, N.; Koike, M.; Kondo, Y.; Sakamoto, J. Am. Chem. Soc.
1998 120, 4934-4946. (d) Kobayashi, M.; Matsumoto, Y.; Uchiyama,
M.; Ohwada, T.Macromolecule2004 37, 4339-4341.

ET system could be applicable for some representative organic
transformations involving anion radicals. Tunability of electron
transfer ability of ET ate complex was demonstrated in this paper
through changing any of several factors, such as the central
metal, the type and number of ligands, and the type of coun-
tercations. A theoretical approach toward tailor-made ET re-
agents with the help of ab initio calculations and spectroscopies,
and a study of electron-doping abif#yfor polymers, are cur-
rently under way, together with work on other applications to
organic syntheses.
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