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Abstract. BFR is the decisive step of novel reductions atdihydroanthracenel spontaneously undergoes BFR either
benzyl-type carbons that may complement available methheterolytically or homolytically depending on the stabilities
ods. BFR is mechanistically important for understanding andf carbanion2 (or even dianior2, e.g. from chalcone) and
control of curious findings in radical anion chemistry. Driv- ketyl 3. BFR is more rapid with counterion Néan with

ing force of BFR is rearomatization of a dihydroarene speLli*. The overall reaction is a selective one electron (inner-
cies usually derived from anthracene. This intermediates-  sphere eletron transfer) or two electron reduction of a ben-
es (solvent THF) either from coupling of anthraceni@$[” zylic electrophile, sometimes under expected subsequent re-
with a benzyl radical or from nucleophilic reaction of anthra-arrangement. This account reports on mechanism and scope
cene hydridéAH  with a benzylic electrophile followed by of these reductions; a few related cases are described.

CH, deprotonation (excegsH ) of the generated 9-benzyl-

Contents (ET) without BFR [1, 3]. Not anthracene derivé&ds

more difficult to recognize as intermediate due to a prob-
1. Introduction, Definition and Entries to BFR ably much shorter life-time that further depends on the
2. Reactions of Anthracene Hydridél  with Ben- counterion (see below).

zylating Agents
3. Reactions oN-Aroylaziridines withAH  and Re-

lated Reactions Benzylic
4. Reduction of Diarylketones and Michael Acceptors Fragmentation
by AH™ (BFR)

5. Reactions oAH  withN-Cinnamoylaziridines, Syn-
thesis of 3-Benzyl-2-oxoprrolidines
6. BFR in Anthracenidyl Chemistry

heterolytic:

e
1. Introduction, Definition and Entries to BFR ! * Y_E_A'

When a species of tydearises it usually undergoes a ) A 2
homolytic:

fragmentation (Scheme 1) eitherAoand2 or to A~

and3. The aryl group i1, mostly phenyl, is required to 1 —» @@ + y_%_A,

stabilize2 or 3 giving rise to the term benzylic frag- &0
P

mentation for this novel reduction. It seems to depend
on the thermodynamic stabilities of produ2tand3 or other

whether BFR is heterolytic or homolytic taking into R radicalfons
account the difference betwedrandA- . BFR ofl is . )

the most useful and best studied case of BFR that js9e"eralized BFR .

generally possible with structude Easy entry td and <-------—— bond
hence to often unrecognized BFR should be kept in mind Y ’ Al broken

when dealing with anthracene chemistry. Non-anthra-
cene cases are found #bderived from naphthalene [1]
or anisole [2] although in both reports as well as in thescheme 1Principle of BFR for the anthracene system and
first case of BFRia 1 [3] results have been ascribed to as generalised reaction. Carbanigby heterolytic BFR and
hydride transfer [2] or outer-sphere electron transfeketyls3 (or other radical ions) by homolytic BFR.
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1 can be formed (Scheme 2) either by radical cou- A andA-, arising as second products from BFR of
pling of anthracenidyA or in two stepsia nucle- 1, pose no serious workup problem in a preparative ap-
ophilic reaction of anthracene hydriéllel  with an elec- plication sinceA is easily separated from the wanted
trophile forming5, the CH, precursor of, that is auto-  products. Excess @& (at least with counterion*)iis
matically deprotonated td if excessAH had been converted t&A andAH, by dimerization and BFR dur-
applied. The excess is essentiell and presence of aciditg protonation of the dimer (see chapter 6).

AH,, arising by this proton transfer can have an influ-
ence on follow-up steps. Since the radical required fo
the reaction witlh\~ usually arises from a benzylic com-
pound by reaction with~ and a lot of different prod-
ucts often arise, the BFR step in the overall process iBhenyloxirané (Scheme 3) furnishes protonaieand
likely to remain unrecognized. Counterion usually isits isomer (attack on Cjflin a ratio of about 2:1 when
Na* for A" and Li* for AH . BFR is much faster with the reaction is quenched after a short time [5]. With pro-
Na*" and can make detectionbbr any othe# difficult  longed reactioid undergoes BFR quantitatively, but with
under usual experimental conditions. Thuftogether  Li* the yield (up to 66% with N of 9 is less than the
with anortho analogue o#l) was once recognized to yield of A due to a slow elimination of LD from8(Li*),
arise from coupling of naphthalenidyl with a ketyl only as follows from comparison with the behavioutrahs-
by time-dependent disappearance of 1- and 2-benzoyi0 (M = O): its reaction gives a high yield of 1,2-diphe-
naphthalene found (4% and 1%) aftl0 s [4]. The nylethanol with Na only while with Li* the deficit is
slower BFR with LT reflects probably the less ionic made up byransstilbene. For the same reaction with
nature of the C—Li bond. On the other hand, with Li10(M = NTs) the analogue Gfarises (stereospecifical-
certain BFR products tend to decompose to olefines (sdg from cis- andtrans-10) in good yield but the only
below). identifiable product from subsequent BFRrans-stil-
bene [6]. The reaction & shows nicely how nucle-
ophilic attack controls the site of overall reductioa

b. Reations of Anthracene Hydride AH with Ben-
zylating Agents

A=+ radical —s 1 BFR: the exocyclic bond in the isomeris stable.
- 000 -
ul.i, H* <] o
NaH,
AH NahH, . Ph ph O
2 AH Od AN 00 EFAR) 8
. -A Ph Ph/\/OH
l electrophile 6 7 (and isomer) 9 Ph
Q10 o
L =000 0w
(H) cl A o M=0,NTs

N=
y—t=ar on NHCOPh .

h C
Ph
Z 11 12
5 \
Scheme 2Two origins ofl; entries to BFR either from an- H* @‘@
thracenidyl or from anthracene hydride. @é@
NHCOPh
o° Ph
N=C
\
Ph
o

Evidence for details of the mechanism described in 13 o)
Schemes 1 and 2 is mentioned under the respective over- Ph l oo%
all reaction. In reactions withH Li* it is usually pos- 1 l
sible in good yields to isolateor a protonate8 when -A e i op ™~ NHCOPh
Z is or contains an anionic substituent, in the latter case ph/\/N‘C\ -
sometimes under elimination of HY. In such cases even 15 Ph 16 e

with Li the outcome of a reaction may depend not only

on the reaction time but markedly also on the time folg.;,ame 3Reactions oAH ~ with benzylating agerBand
mixing the reagents, in particular under non-excess conr] peginning with nucleophilisubstitution followed by de-
ditions when the electrophile is added toAtte¢  solu-  protonation of intermediatéand12 and subsequent heter-
tion. olytic BFR to benzyl anion8 and15.
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5 min reaction ofl1 with excessAH Li* provides

reactions withA~ where a product of tyd® has first

13and16[7]. The yields of this single run are not at all erythro stereochemistry and later on begins to isomer-

optimized but no eliminative decompositionl&fwas
observed. Isolatedl3 is converted td.6 in 99% yield

by reaction with excessH . Further proof for the se-

quencel?2 - 14 - 15 - 16follows in chapter 3. The

heterolytic BFR operating in the examples of Scheme
generated and can be reversible even with Na, at lea

ize to a mixture othreo anderythro product [8], see
Scheme 8 in chapter 6.

ated Reactions

i?. Reactions oN-Aroylaziridines with AH  and Re-

when sufficienfA is present. This can be concluded fromReactions oiN-benzoylaziridinesl7a—d with AH™

R1

R2
PhCON +AH Li*
R3
17af
rR1
BFR
—
o) N
Ph
20a-f 21af
S R1 o R1
N g — P—NH
Ph Ph R2
22a¢ R° 2tag
17-23 R1 R2 R3
a H H H R1
b Me Me H Az = R2
c Ph H H
d Ph H Bn —N
e t-Bu Ph H
f t-Bu Bn H R3

- Q
OMe
24 COPh AnH-

Phcoz—5<] ik ©‘©
QU0 "IV

Ph On < 27 28 O

Scheme 4Reactions ofN-benzoylaziridinesl7a—f with
AH " via carbonyl adduct&8a-f , their (automatic) depro-

(Scheme 4) gave the first hint to a peculiar reducing
power of this reagent and the first indication and even
proof that carbonyl attack7 - 18is the first event and
at sufficiently low temperature (—65 °C) the only event
in the reaction sequence wiftH Li* [3]. The novel
BFR (homolytic) was recognized later [9] and its non-
concerted nature was only recently [10] proven. By-
products, not shown in Scheme 4, are amidoethylated
dihydroanthracenes of tyd& which become the main
products when benzoyl is replaaed. by diphenylcar-
bamoyl. Some carbonyl attack is also observed in the
latter case, but the adduct (typ® and19) does not
undergo BFR [3]. Yields 023a—d reported (67—-82%
for 23ab,d) in this paper may be a bit low due to lack-
ing knowledge on the importance of excAé$ and
other mechanistic details. This holds in particular for
aziridinel7cthat was later [7] shown to yield 99% of
23c (= 16 in Scheme 3) from reaction withH Nd.
This yield certainly includes a contribution by BER
- 150f Scheme 3 since soriid must arise from cou-
pling of radicaRlcwith A~ generated by BFR. Yields
of 23e(79%) and23f (96%) are high since the radicals
21ef are reluctant to competing reactions [11]. The re-
duction21 - 22is very unlikely to be effected by
that will rather couple witl21 than reduce itdf. ref.
12). The most probable reductant is k&x9I[12] but
alsoAH  cannot be ruled out.
1-Benzoyl-2-methylaziridine yields a mixture (14—
18% + 47 -58%) ofi- andi-propylbenzamide [13]. The
carbonyl attackl7 — 18 s reversible [14, 9, 10] and
influenced by the counterion [14]; isolationZfis clear
evidence for this attack7band anisole hydrid&nH
(Scheme 4) provid23b in 59% crude yield doubtless
via BFR [15]. Benzoylcyclopropar&sis converted by
excesAH to 27 (21%),28 (17%) and the product of
nucleophilic ring opening 025 (6%), while without
excess 91% d?7is isolated [15].

4. Reduction of Diarylketones and Michael Accep-
tors by AH

Nucleophilic attack ofAH on some carbonyl com-
pounds may lead to an addueig( 30) whose BFR is

tonation to19a—f whose homolytic BFR generates ketyls heterolytic (Scheme 5). Comparison of the BFR prod-
20a—f which finally yield amide23a—f. Related reactions UCts in Scheme £(g. 20) with those in Scheme 8.¢.

(AnH ~ and25).
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lytic BFR. Results obtained wit9and with fluorenone The C=C-Ar double bond of Michael acceptors is se-
are far from being optimized since no excess of the relectively reduced by excegdd Li* while a conjugat-
agent was applied [16]. A 3 minute reactior2®fpro- ed C=0 bond remains intact. Important contributions
vided 84% 0131, 13% of29 recovered. Long reaction to the elucidation of the reduction mechanism (hetero-
(3d) yielded 73% 083. Fluorenone in place @ gave lytic BFR) come from a thorough study of chalc8da
analogous results. ExcessAifl  convert81to33in  and related compounds (Scheme 5) [17]. The phenyl
95% vyield. The reactioB9 - 30is reversible. A ten- group in34is essential and cannot be replaced by me-
dency to ET exists as follows from tetraarylglycols asthyl. Intermediacy 085is demonstrated by isolation of
by-products that are formed by dimerization of the re-36aand its separate conversion3@ain 95%. Indis-
spective ketyl. No attempts were made, here and els@ensibility of the CH group in35, necessary for the
where, to suppress competing CT by exclusion of lightdeprotonation, follows from reactions with xanthenyl
A solution ofAH  has red colour. anion (CHin AH replaced by O) or with &H  that
carries an isopropyl group (GHeplaced by CHPr).
High yields of saturated carbonyl compouf3@s—c

o @‘@ @‘@ are obtained. One experiment shows how by simple
>=o A guenching the reaction with an alkylating agent an alkyl
Bh —_ group (or possibly other substituent) can be introduced
Ph7 | ~0® Ph” | SoH
29 Ph 30 Ph
31

in a-position of the saturated carbonyl compouswa
provides39d with 100% yield in a one-pot reaction. As
side-reaction is ET only ®4aoften (light depending?)
observed resulting in produdt. (mixture of two iso-
mers) by dimerization of ketylO and subsequent ring
closure4larises in 97% yield from reaction wigh .

0 The high yields 0f39b,c and the results shown in
,\’)‘\ ; Scheme 4 seem to indicate that probably aromatic alde-
Ph , R hydes and arylalkylketones may be reducedAby”
R when carbonyl attack is faster than deprotonation of the
ketone. The practical value of such reductions may de-
34a-c pend on yields and the kind of BFR, homolytic or the
heterolytic. Reduction bjH  Li* via ET without BFR
is known fora-bromoisopropiophenone but this bro-
moketone is particularly easy reducible by direct ET
35a-c-%:l- [18].
R2 R2
000
38a<c_", 39ac 3439 R! R2 PhRC=C:CN e i Ph gN
38a ™. 394 a  PhH 2 B R @ R EWG
b Me H R=HPh EWG 44
fo) c H Me EWG = CN, CO,Et 43
o R139a-d d Ph_ Me Ph 1 CN

] Me fo) ) (
R2 N OMe R Ewe
PhCH >=0 PhCH
COPh 45
€] N OMe
o) Ph. g Me 45.90%

/e\)\ h OH °
Ph PR T~ pn 4 46 a7
Scheme 60verall C=C reduction of doubly activated Michael

acceptorgl2, 46and47by AH — Michael addition, (automat-

Scheme 5Nucleophilic reactions oAH™ with benzophe- ic) deprotonation and heterolytic BFR.

none29 (and fluorenone) or Michael accept@#a—c form . _
charged adduct30 and34a—c whose (automatic) deproto- N the same manner as in Scheme 5 are the C=C bonds

nation generates heterolytically fragmenting intermediate®f doubly activated Michael acceptat& (Scheme 6)
triggering off reaction sequences that end up 88 nd39a—  [19] reducediia43, dianion44 and the monoanion (an-
c. By-product41 can arise fron34aby ET. alogue 0f38) whose alkylation was not tested but is
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certainly possibledf. dialkylation of ethyl cyanoace- [21, 22]. Various paths t63ab may be considered. A
tateetc). Yields of45 are from single runs without any rather attractive one is radical combination with
optimizing. Reduction ofi6 is accomplished in 61% providing an intermediaté that undergoes heterolytic
yield while with47the BFR step is very sluggish. Ac- BFR to54ab. The carbanion site id4ab can be pro-
celeration by usindH Nd for the overall process pro- tonated by eitheAH, or THF. It may well be that the
vides a mixture 047 (25%) and dihydrat7 (26%) with  described Michael addition is only the major path and
a material deficit of 49%. that a second path generassb via carbonyl addi-
tion to55ab quite as described in Scheme 4. This syn-
thesis ob3ab is superior to the reaction 48ab with

A" [21] while the radical path with SnH-Faroduces
53ab also in equally high yields [22].

5. Reactions of AH with N-Cinnamoylaziridines,
Synthesis of 3-Benzyl-2-oxopyrrolidines

Michael acceptors of typ@4 (Scheme 5) whoselRs
attached to the carbonyl group by means of a nitrogeg, BrR in Anthracenidyl Chemistry
atom have carboxamide character that increases the en-
ergy for a dianion of typ87 and thus may have an in- As mentioned in chapter 1, BFR is much faster with
fluence on BFR. In spite of a little pronounced amidecounterion N& than with Li. SinceA” chemistry is
character a change in BFR is observed in reactions afsually performed with Neone can expect much faster
cinnamoylaziridineg8ab with AH  (Scheme 7). Pyr- BFR, the more so because deprotonation of an interme-
rolidones53ab formed in high yield clearly indicate diate is cancelled (see Schemel2s here very diffi-
ketyl intermediate50ab (only one resonance structure cult to detect owing to its very short lifetime. This short
shown) and therefore a homolytic BFR step [20]. Thdifetime makes the behaviour of benzylic halides towards
most probable mechanism, shown in Scheme 7, i mechanistically deviate from that one of alkylhali-
Michael addition 49ab) followed by homolytic BFR  des [23] in a manner that previously could not be ex-
(50ab) and homolytic ring openinglab). The cycli-  plained. It was shown 1990 [7] and suspected already
zation to52ab can be expected from analogous case®efore that BFR was the reason why no benzylated di-
hydroanthracenes could be detected as products: inter-
mediatel4 (Scheme 3) can be detected by isolation of

13(25%) when in the reaction 8f Nd with aziridine
o R @‘@ 17c(Scheme 4) the reaction time including the time for
Ph/\)LNVLR AW Li* o add_ition ofl_7cp|oes 15 seconds not exceed [7]. Within
48a,b Ph o 1 minute this yield drops to 13% and goes afterwards to

= R
49a,b NVLR Zero.
. (o
49a,b
) e Ph/\/(L\N RR Phlﬁ/R o) Ni(Ph & - ©é©
VT XX
5

50a,b \/\ph
51ab 6 N5 P Ph y ’><
’ cis and trans 58 Ph
Ph—©® R erythro
R Ph R ]
51a,b——> g
& o 58-—-'ﬂ’A+:?=Ne — 58
N erythro —
52a,b N 53ab Ph B threo
59 Ph
Ph—@o R
R 4885 R @‘@ Scheme 8Reversibility of heterolytic BFR observed in re-
_— actions of aziridine56 with anthracenidy!.
% a H 55a,b o
N b Me o . e
S4ab — y N Reaction of56 (Scheme 8) wittA~ Nd& generates
RR pp the ketyl of56 and thereafter radic&l7 part of which

couples withA~ to giveb8, exclusively theerythroste-
Scheme 7Reactions ofAH ™ with N-cinnamoylaziridines ~'€0Mer as evidenced by the isolable neutral (i.e. proto-
48ab. Sequence of Michael addition, deprotonation, homo-hated) product, about 20% after 5—10 seconds for the
lytic BFR, homolytic ring opening gives finally pyrrolidones addition of56immediately followed by quenching with
53ab. acid [8]. After 1—2 minutes the isolated product con-
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sists of a mixture oérythro andthreo product whose certainly less energy than other dimers of aromatic rad-
ratio changes with time in favour tifreo demonstrat- ical anions. Apart from the kinetic instability due to
ing heterolytic BFR and its reversibility. Slow carban- homolytic BFR (= reverse dimerizatio®) may be com-

ion protonation 069 makes the total yield of protonat- pared in stability withAH . Moreover, this compari-

ed58decrease.

R

O QU0

60

O
O

O

R 61
R

O
O

- 63

son points immediately to a dependence of the dimeri-
zation on the counterion. The much slower BF#R-

2 A~ with Li means that the equilibrium is markedly
shifted to the dimeB0 whose reactivity can be expect-
ed to be that one of a carbanion and to resemble in par-
ticular that one oAH . This provides an easy explana-
tion for an inversion in configuration found in certain
reactions withA~ [25]. Rapid heterolytic BFR (se-
quence60 - 62 - 63 + A with Rt = H or other) or
BFR of61(R! = R2 = H) otherwise formed [18] in alka-
line solution & 62) makes it difficult to isolate arfyl.

The counterion depending dimerization equilibrium
(Scheme 9) can explain, at least in part, why ET with
A~ Li* is slower than withA* Nd [12]. On the other
hand, even with counterion Nean the presence of dim-
er60be detected when the reactant is difficult to reduce
(very negative redox potential) but can easily suffer
nucleophilic attack. These conditions are given by
N-pivaloylaziridine whose reaction with” provide a
low yield of produc65 (type 1lb) only when this aziri-
dine is very rapidly added to the solutionfof gener-
ating a high aziridine concentration that in two steps
forms62and61 (type lla, R = R?). Deprotonationd.g.
by 60) of the latter t®4 is followed by BFR t&3 and
65(type lla), the precursor of the isolated product. When
added within 2 seconds the yield of tBi (type 11b)
was 4% with Na and 6% with Lf, the main products
being (elusiveN-ethylpivalamide (N8 and 9,10-bis-
amidoethylated dihydroanthracene*(Lj12]. The lat-
ter is also the second important product from the Na
run and arises fro®3 by nucleophilic ring opening of
the aziridine. In accord with the expectation, the first

0°
Rt R2: | Typela —|—N<] Type lla o® step (forming2) highly predominates in the Li run fol-
Ph _\—N=(R3 lowed by BFR td63 as main follow-up reaction.
Carbonyl adducii8a (Scheme 4), isolated as ben-
Typelo —COPh  Typelllb ) zoyldihydroanthracen®4, arises fronA ™~ andL7ain a

Scheme 9Dimerization of anthracenidyl whose reversal is
homolytic BFR. Reactions of the din&dfollowed by heter-

olytic BFR.

very short reaction only, whenis the counterion [26].
This indicates the general reaction sequéiite, 62

- 63 (type la). The lifetime of intermediaé2 may be
prolonged in this case by reversible formatiof bfR*

= R?, type la,cf. chapter 3) [14, 9, 10]. This particular
reversible procesf, ref. [9]) may finally gives1 (R

Anthracenidyl itself offers an important example for of type la, R of type Ila). Deprotonation @4 will then
homolytic BFR since it reversibly undergoes dimeriza-provide (after BFR and workub (type 1lb), a prod-

tion (Scheme 9). Schlenk [24] obtained frénand Na

uct obtained in 16% yield from reaction dfa with

in concentrated solution dimeric products, in presentA~ Li* after extremely rapid mixing (by injection) and

day view arising fron®0 by protonation§l, Rl = R =
H) or carbonization§l, R! = R? = CO,H, convertible

long reaction time [26]. Consideration of this particular
structure61 with unequal Rand R shows that depro-

to Rt = R2 = CQ,Me). This finding was later considered tonation will certainly occur as described above; even

to be wrong despite the clear evidence givendis-
cussion in ref [18]) and ignoring the fact tit has

528

an intramolecular proton transfer from C to N is feasi-
ble.
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