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Abstract: A series of silyl-substituted amino acids have been synthesized, inserted into peptides, and then
employed as precursors for oxidatively generating reactive N-acyliminium ions. Both electrochemical and
chemical oxidation procedures have been employed. N-Acyliminium ion generation in a solid-phase substrate
as well as application to a small library of functionalized dipeptides has been demonstrated. Limitations in
terms of how electron-rich the silyl groups can be as well as the compatibility of multiple silyl groups within
a longer peptide are defined.

Introduction protected side chains on the periphery of the structure. To map
more than one conformational space, a library with a variety of

for probing the nature of liganereceptor interactionsThis is core scaffolds is needed. Hence, synthet.|c methodplogy 'S
especially true for the lactam-based analogues that are oftennee.ded that allows for not only systematlcally varying the
suggested as probes for determining if a particular peptide perlphery of a scaffold, but also systematically varying the core
conformation represents the biologically active form of the scaffold itsef. ) ) _
molecule? In these cases, the peptide mimetic is readily designed ~S© how does one rapidly assemble a series of conformation-
by simply replacing spatially close hydrogens in the desired ally constrained peptidomimetics in a fashion that allows for
conformation with constraints or bridges. Yet while this design SyStématic variation of both the periphery functional groups and
process is easy, introduction of the conformational constraints the core scaffold? Furthermore, is the chemistry used compatible
often leads to a ring skeleton that represents a significantW'th building the molecules on addressable microarrays of

synthetic challenge. The need for these ring skeletons has o — | @ | y
. 3) For selected examples see: (a) Scott, W. L.; Alsina, J.; Kennedy, J. H,;
triggered the development of a number of elegant approaches O'Donnell, M. J.Org. Lett. 2004 6, 1629. (b) Palomo. C.: Aizpurua, J.

for their synthesis. Yet while the core scaffolds can often be M.; Benito, A.; Miranda, J. |.; Fratila, R. M.; Matute, C.; Domercg, M.;

rapidly synthesized, synthetic strategies that offer control over fg‘g&?-&%@gﬁggmﬂﬂ?g;;gg”rﬁg‘f‘"ﬁ,i_{*f{",;n%!je\“,‘_; S@gﬁﬁbﬁ?s,v,_;

both the regio- and stereochemistry of various substituents on ~ Manzoni, L.; Scolastico, CTetrahedror2003 59, 4501. (d) Dolbeare, K.;
he ri | 8r.Furth licati thi ict Pontoriero, G. F.; Gupta, S. K.; Mishra, R. K.; Johnson, RJLMed.
the rings are less commart.Further complicating this picture Chem2003 46, 727. (e) Khalil, E. M.; Pradhan, A.; Ojala, W. H.; Gleason,

is the growing desire to incorporate conformational probes into W. B.; Mishra, R. K.; Johnson, R. L1. Med. Chem1999 42, 2977. (f)
Aube, JAdv. Amino Acid Mimetics Peptidomimetit897 1, 193. (g) Tong,

diversity-oriented approaches to mapping receptdrssuch Y.; Olczak, J.; Zabrocki, J.; Gershengorn, M. C.; Marshall, G. R.; Moeller

r h h ffolds m re diversified with th f K. D. Tetrahedror200Q 56, 9791. (h) Duan, S.; Moeller, K. Dletrahedron
approaches, the scaffolds made are diversified with the use o 2001, 57, 6407. (i) Liu, B.; Brandt, J. D.; Moeller, K. Dl'etrahedror2003

Constrained peptide mimetics are potentially very useful tools

59, 8515.

(1) For recent reviews see: (a) Galeazzi, R.; Mobili, G.; OrenaCNtr. Org. (4) For examples using electrochemistry as a tool to functionalize amino acids
Chem.2004 8, 1799. (b) Sagan, S.; Karoyan, P.; Lequin, O.; Chassaing, see: (a) Beal, L. M; Liu, B.; Chu, W.; Moeller, K. Oletrahedron200Q
G.; Lavielle, S.Curr. Med. Chem2004 11, 2799. (c) Maison, W. In 56, 10113 and references therein. (b) Fobian, Y. M.; d’Avignon, D. A;;
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Wiley-VCH Verlag GmbH & Co. KgaA: Weinheim, Germany, 2004; pp Moeller, K. D. Methods Mol. Med1999 23 (Peptidomimetic Protocols),
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E., Ed.; Wiley-VCH Verlag GmbH & Co. KgaA: Weinheim, Germany, U.; Beusen, D. D.; Marshall, G. R.; Moeller, K. Detrahedron Lett1994
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M. T.; Gozalez-Muniz, RMini-Rev. Med. Chem2004 4, 229. (f) Davies, D.; Moeller, K. D.; Marshall, G. RJ. Am. Chem. S0d995 117, 909. (g)
J. S.Amino Acids Pept, Proteins2003 34, 149. Slomczynska, U.; Chalmers, D. K.; Cornille, F.; Smythe, M. L.; Beusen,

(2) For reviews concerning the use of lactam based peptidomimetics see: (a) D. D.; Moeller, K. D.; Marshall, G. RJ. Org. Chem1996 61, 1198. (h)
Cluzeau, J.; Lubell, W. DBiopolymers2005 80, 98. (b) I-lalab, L.; Simpson, J. C.; Ho, C.; Shands, E. F. B.; Gershengorn, M. C.; Marshall,
Gosselin, F.; Lubell, W. DBiopolymers200Q 55, 101. (c) Hanessian, S.; G. R.; Moeller, K. D.Bioorg. Med. Chem2002, 10, 291.
McNaughton-Smith, G.; Lombart, H.-G.; Lubell, W. Detrahedrorl997, (5) For areview of diversity-oriented libraries see: (a) Schreiber, Sclence
53, 12789. For additional lead references see: (d) Polyak, F.; Lubell, W. 200Q 287, 1964. In addition see: (b) Pelish, H. E.; Westwood, N. J.; Feng,
D. J. Org. Chem.1998 63, 5937. (e) Curran, T. P.; Marcaurell, L. A.; Y.; Kirchhausen, T. Shair, M. DJ. Am. Chem. So001, 123 6740. (c)
O’'Sullivan, K. M. Org. Lett.1999 1, 1225. (f) Gosselin, F.; Lubell, W. D. Tallarico, J. A.; Depew, K. M.; Pelish, H. E.; Westwood, N. J.; Lindsley,
J. Org. Chem200Q 65, 2163. (g) Polyak, F.; Lubell, W. Dl. Org. Chem. C. W.; Shair, M. D.; Schreiber, S. L.; Foley, M. A. Comb. Chen2001,
2001, 66, 1171. (h) Feng, Z.; Lubell, W. Ol. Org. Chem2001, 66, 1181. 3, 312.
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Scheme 1 Scheme 2
Carbon anode H o Pt anode H o
R, f Rs  Ptcathode Ri P R . N, COMe g, .NBF, . N, COaMe
N 0.03 M Et;NOTs N ocT D N oC TN
Ry A:> Ry Q R 5% MeOH/ CH3CN R
S—
MeOH = OMe 15 mA/em?, 2.5 F/mole OMe
26.8 mA/ 2.5 F/mole 3a.R = Me 4a. 54%
1a. Ry = Ry =H, R3 = COMe 2a. 68% 3b. R =CH,Ph 4b. 0%
1b. Ry = OBn, R, = H, Rz = CO,Me 2b. 0% ot o
1¢c. Ry = H, R, = Ph, Rz = CH,0Bn 2c. 60% (34% recovered SM) H o anode H o
1d. Ry = OBn, R = Ph, Ry = CH,0Bn 2d. 0% & COMe  n-Bu,NBF, ) £OzMe
Boc” N Boc” N
. ( 5% i-PrOH/ CHyCN (O
electrodes so that the subsequent behavior of the molecules can OH 6.9 mA/cm?, 3.8 F/mole O

be monitored in “real time®*° Finding answers to these Sa.n=2 6o 48%
questions motivated our interest in the oxidation of peptide 5b.n=1 6b. 0%
analogues containing electroauxiliari€s! Yoshida and co-

. e ., . Scheme 3
workers have defined electroauxiliaries as groups that aid in

either the oxidation or the reduction of a molecule by lowering H o o\\/Nv/% H oo OuN
its oxidation or reduction potential. ,{l + : H lll R
For a number of years we have been interested in oxidative W >k = W Ni\HR
routes to the construction of constrained peptidomimétics'2 N Nee )é(”'
The key to this work was the use of an amide oxidation reaction 7 8
that allowed for the selective functionalization of an amino acid “
derivative. The functionalized amino acid derivative was used e,
to complete a cyclization reaction that introduced a conforma- O\\,N< 0\5,N{
tional constraint. In this way, the syntheses took advantage of t-BOC\'N'/f\_ H — N s H
the initial chiral centers in the original amino acids. The work gwl R éw, R
culminated in the synthesis of a variety of constrained pepti- X 10 Cx 9

domimetics. Unfortunately, while the reaction proved very

successful in terms of functionalizing simple amino acid oxidation potential of the substrate was raised to a point where
derivatives, it had major limitations when it came to oxidizing  background oxidation of the solvent interfered with its oxidation.
more complicated systems. These problems arose because the Re|ated reactions with substrates having a less inductively
oxidation potential of an amide is very high and on the order electron-withdrawing nitrogen group in position Rere pos-

of Ep1z= +1.95t0+2.10 V vs Ag/AgCI. Hence, the success  gjple, but these reactions were very sensitive to the nature of
of reactions with substrates having additional inductively the amino acid side chain used (Scheme 2). For example, the
electron-withdrawing groups present is highly dependent on the gnodic oxidation of substraa led to a 56% isolated yield of
nature of the substrate. For example, consider the oxidationsproduct_ However, even the addition of a remote phenyl ring
illustrated in Scheme 1. While the oxidation of simple proline (substrateSb) stopped the reactioh—¢ In a similar fashion, the
derivatives proceeded in good yiefdsoxidations with induc-  anodic oxidation obaled to a 48% yield of the functionalized
tively electron-withdrawing groups at position, Riere prob- product, while the anodic oxidation &b led to none of the
lematic. When Rwas a benzyl ethellp and1d), the reactions  gesjred producte Instead, the reaction &b led to oxidation

failed to yield any methoxylated product. The starting material of the serine moiety followed by a subsequent loss of formal-
was recovered from these reactions, and it appeared that thejenyde.

- Because of these limitations, it was clear that the initial
(6) For the use of Pd(0) catalysts on an addressable electrode microarray see;

Tian, J.; Maurer, K.: Tesfu, E.: Moeller, K. O. Am. Chem. So2005 oxidation had to be accomplished before the dipeptide was
127, 1392. i ; imati ;

(7) For the use of Pd(Il) on an addressable electrode microarray see: (a) Tesfu,.syntheSIZEd' HOV.vever’ for many peptldomlmetlcs this approaf:h
E.; Maurer, K.; Ragsdale, S. R.; Moeller, K. D. Am. Chem. So2004 is also problematic. As an example, consider the general reaction

2ooasae 1) Testu B Maurer, K; Moeller, K. 3. Am. Chem. Soc. plan outlined in Scheme 3. If the monoamino acid substtate

For the lead patent on DNA-related work involving addressable electrode Was functionalized in typical fashion (¥ OMe, OAc, etc.),

microarrays see: Montgomery, D. D. PCT Int. Appl. WO 9801221, 1998, i ; ;

91 pp: CODEN: PIXXD2 WO 9801321 Al 19980115, then an elllmlnanon of the X group vvpuld be expgcteq foIIqwmg

For peptide-based libraries on addressable electrode microarrays see: Rossileprotection to form the amirerequired for making dipeptide

F. M.; Montgomery, D. D. PCT Int. Appl. WO 0053625, 2000, 52 pp; ;

CODEN: PIXXD2 WO 0053625 A2 20000914. For recent work see: o [N fact, any group that would serve as a good leaving group

Oleiniko,ﬁ, A.V.; Gray, M. D.;nggg,zlél\gontgomery, D. D.; Ghindilis, ~ for the conversion of an amide into tiNracyliminium ion7

A. L.; Dill, K. J. Proteome Re , 313. :

(10) (a) Yoshida J.; Isoe, Setrahedron Lett1987 28, 6621. (b) For a review would leave faster from amir@than8. What was needed was
:/lee:T Y%S.hl'(da’ |—fr0|p' Curr. Cr'c/lemsl994 157%0?/9] (Tc) Ygsh'déi Jt Wtanabe,  an X group that could serve as a protecting group foiNtaeyl-

.; Toshioka, H.; Imagawa, M.; Suga, S. el Trends in Electroorganic s . .
SynthesisTorii, S., Ed.; Springer: Tokyo, 1998; p 99. (d) Yoshida, J,; 'MiNiumM ion but was not a leaving group.

1) ﬁ';h;Véﬁl'é';a*f-rgégneggpﬁggﬁb Es'g%%_“g;*}%gﬁn 2 ok, hem It was with this in mind that we first became interested in
Soc., Perkin Trans 1998 3381. (b) Cao, Y.; Hidaka, A Tajima, T..  the very intruiging electroauxiliary chemistry being developed
Fuchigami, T.J. Org. Chem2005 70, 9614. (c) Suga, S.; Watanabe, M.; i J1lc-e H
Yoshida, JJ. Am. Chem. So2002 124, 14824. (d) Yoshida, J.; Suga, S.; by the Yoshida gr(,)uH? i In these efforts, the Yoshida g,rOUp
Fuke, K.; Watanabe, MChem. Lett1999 251. (e) Suzuki, S.; Matsumoto, ~ reported that placing a silyl group on the carlwoto an amide
K.; Kawamura, K.; Suga, S.; Yoshida, Qrg. Lett.2004 6, 3755. B ; ; ; ;

(12) In addition to ref 4ag see: Li, W.; Moeller, K. D.J. Am. Chem. Soc. nltroge_n lowered the oxidation potentlal of t_he nltrogen by

1996 118 10106. approximately 1/2 V (Scheme 4). A corresponding stannyl group

8
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Scheme 4 Scheme 6
j\ R Ph(Me),SiLi R
Ph s N, BFEt, f
N Some Eprz = +1.95 V (Ag/AGC) Bocs CuCN. BFsELO  tBoc, 3
CH3 D
THF/Et,0
MeO 2 i
0 40°CtoRT  MMesSi
Ph\/\NJ\OMe 11a. R = CO,Me 12a. <8%
" é Epi2 = +1.45 V (Ag/AgCl) 11b. R = CH,0OMe 12b. 61%
2~ SiMes
j\ Scheme 7
Ph CH,OMe 1) HCI, EtOAC @ CH,0Me
N7 oMe Epr2 = +0.90 V (AQ/AGC)) tBoc, 3 2)a BN, CHCl,  Ph N
HoCo
2¥~SnBus t-BocHN
PhMe,Si b. DCC, HOBt
Scheme 5 t-BocPheOH SiMe,Ph
. - 12b 61% 13
o / o / RVC anode
|T| 0 \>/N‘H |T| o] §/N\H Pt wire cathode
N Hk’f $ N, HL* $ MeOH, BusNBF 4
- P} 3
LY f\dQ_R % N >R 2.3 F/mole
Nb - Nuc £~ 78% (14% rec. SM)
7 SiRs 4
Q Hp, CH,OMe  BFyELO  CH,OMe
“ Ph~NC N \eHia ~——0— PN N
o Yy H N N"Z / H CH2C|2 t-BocHN
o. / o, ./ T HH. EH®
NN NN, HH5 Ha, 4a 71% OMe
t-Boc: ¢ H —— N H 15 14
NN g HN/B_R

,

P PN amounts of product (Scheme 6). NMR analysis of the crude
RoSi 10 ReSi 9 reaction mixture indicated that the silyl cuprate underwent
addition reactions to the methyl ester bfa This suspicion
lowered the oxidation potential of the amide by almost 1 V. was confirmed when the silyl cuprate proved compatible with
Hence, if a silyl group were placed into a peptide, it would addition to a proline derivative lacking the methyl ester
lower the oxidation potential of the neighboring amide by 1/2 functionality (Scheme 6]11b).1415
V relative to that of the rest of the peptide backbone. Since in  While this second reaction did not solve the problems
a constant-current electrolysis the oxidation potential at the associated with synthesizing a silylamino acid with all of the
anode climbs to a point matching the functional group in solution functionality required for peptide synthesis, it did enable a first
with the lowest oxidation potential and then remains there for look at the use of an electroauxiliary in a dipeptide analogue
the bulk of the experiment, even a simple electrolysis reaction (Scheme 7). The first example selectel,(Scheme 7) was
would chemoselectively oxidize the silylated amino acid. chosen because of the difficulties it presented for the earlier
Furthermore, the oxidation of such a group reverses the polarity oxidation (Scheme 2). The substret8 was synthesized by
of N-acyliminium ion formation. In normal circumstances, deprotection of produci2b followed by a standard peptide
N-acyliminium ions are generated by having the lone pair on coupling reaction. A constant-current (21 mA, 2.3 faradays/
the nitrogen of an amide “drive out” a leaving group (Scheme mol) oxidation of the substrate at a carbon anode using an
3). However, in the Yoshida chemistry oxidation of the amide undivided cell, methanol solvent, tetrabutylammonium tetrafluo-
lone pair leads to a radical cation that then induces elimination roborate as the electrolyte, and a Pt wire counter electrode led
of the silyl group (Scheme 5). The carbesilicon bond serves  to a 78% yield of product along with 14% recovered starting
to donateelectron density to the system. For this reason, it was material. The initial methoxylated product was readily converted
easy to imagine functionalizing a monoamino acid with a silyl into a bicyclic peptidomimetic in a 71% yield. The stereochem-
substituent and then carrying the group through the deprotectionistry of the bicyclic product was determined using an NOESY
and coupling steps needed to build a peptide (Scheme 5). Sinceexperiment that showed cross-peaks feradd H;, Hs and H,
the silyl group is not a leaving group, no elimination frén and H and Hy. These longer range interactions combined with
would be possible. But can a silyl electroauxiliary really be used the interaction integrals obtained for vicinal protons;,(Haa
to introduceN-acyliminium ions into a peptide? > Hs, Hyp, for example) made the assignment straightforward.
In addition to the two-step process illustrated, the bicyclic
product could be formed directly in the oxidation reaction, albeit
Because of a long-standing interest in bicyclic peptidomi- in low (20%) yield. Clearly, the presence of the electroauxiliary
metics, efforts to answer this question began with the develop- did have the desired effect and allowed for selective oxidation
ment of a route for annulating rings onto proline derivatives. of the dipeptide analogue.
To this end, we sought to substitute the 5-position of a proline  The influence of the electroauxiliary was also prevalent in
by taking advantage of the anodic oxidatieruprate addition  the oxidation of substratks. In this case, the oxidation reaction
sequence used to build other 5-substituted proline derivafivés.
However, despite the success of the earlier cuprate additions to(13) }(<a) ng;aor%re(‘j’vjﬁf\;efs'g“g‘rgevs g:wg;g?cioﬂPE: ?Sg%?%f%f(g)'
N-acyliminium ions and the success of reactions adding silyl- See also: Lee, T. W.; Corey, E. Qrg. Lett.2001, 3, 3337.
based cuprate reageﬁtm enones, the addition of a silyl cuprate (14) Sun, H. Ph.D. Thesis, Washington University, St. Louis, July 2003.

B oo . (15) For a similar observation see: Martin, S. F.; Bur, STKtrahedronl999
to a methoxylated proline derivativé 8“2 led to only minor 55, 8905.

Initial Experiments

J. AM. CHEM. SOC. = VOL. 128, NO. 42, 2006 13763



ARTICLES Sun et al.
Scheme 8 Scheme 9
CH,0Me 1) HCL EtOAC Q  CH,0Me COMe CO:Me
tBoo, 2 2)a. EtoN, CHyCl, tBOCHN, ,(LLN £he osz PhSO,Na/ TFA Q
MgSOy, CHoCl
PhMe,Si b. DCC, HOBY OHé:> MeO O 2 S
t-BocSerOH SiMe,Ph °
12b 70% 16 11¢ 18
RVC anode PhMe,SiLi
Pt wire cathode CuCN, THF
10% CF3CH,OH/ CHsCN -78 °C to RT
BusNBF4, 2.3 F/mole 71%
80% (14% rec. SM)
CO,Me
Cbz, =
CHoOMe N
t-BocHN =H,
; PhMe,Si 19
Scheme 10
) _ o 1. Ha, Pd(OH), o
could be used to directly afford the desired bicyclic product oz, SO2Me 2 t-BocPheF, NMM Ph/\/m £OMe
(Scheme 8). The oxidation was conducted in 10% trifluoro- :f:> CH2Cly, 54% (two steps) Bocth N
. o . . -BOC!
ethanol in acetonitrile to avoid solvent trapping of thie PhMe,Si
acyliminium ion intermediate. An 80% isolated yield of product 19 1. Ha, Pd(OH), 20 SMezPh

17 was obtained along with 14% recovered starting material. 2. t-BocSerOH, iBUOCOCI
. . . . .. . 1. Hy, Pd(OH), NMM, CH4Cly, 58% (two steps)
No observation of serine oxidation or the elimination of 2. EtoN, Et,0, 47%
formaldehyde from the substrate was observed. The relative o]
stereochemistry ofLl7 was determined with the use of a

o]
PhtON,, Cl t-BocHN,, C OzMe
NOESY experiment that showed cross-peaks fgahd H; as _ 'g\/>
well as H and H. The stereochemistry of the reaction was o OH

consistent with that obtained for earlier seven-membered ring "MN. £OMe 21
cyclizations!?d In this case, theis stereochemistry about the N

five-membered ring can be rationalized using a transition state == SiMe,Ph 22

for the six-membered ring cyclization having the protected

N-terminus in a pseudoequatorial position.

SiMe,Ph

Scheme 11
Cone RVC anode [e] COzMe

[0}
Ph/\/‘(N Pt cathode BF3Et;0 rg\\N R
t-BocHN

BusNBF4, MeOH Et,0, 75% Ph N
21 mA/ 2.1 F/mole

Changing the Synthesis. Dipeptide Mimetics

Having shown that an electroauxiliary can dramatically
improve the selectivity of a dipeptide oxidation, attention was SiMe,Ph
turned toward synthesizing a 5-silyl-substituted proline deriva- 2 82% 2
tive having the correct oxidation state at the C-terminus. Since

anN-acyliminium ion should be more reactive toward a cuprate  COMe RVCanode

+-BockN,, S Pt cathode TFA £0zMe
reagent than a methyl ester, it appeared that in the attempted N t-BocHN., ﬁk
cuprate addition to the methyl esteta(Scheme 6) there must OHE BugNBFy, MeOH  CHoClz, 81%
not have been a high enough concentration oftayliminium SiMegPh 21 mAI2.0 Fimole
ion. For this reason, it was decided that the methoxy group in 2 24
11c should be exchanged for a better leaving group. To this o o
end, methoxylated prolinélcwas treated with sodium phen- "™, | SO e ol Chc, ! FoMe
ylsulfinate in the presence of TFA and magnesium sulfate in
dichloromethane solvent to afford an 85% isolated yield of the SiMle,ph  DuahBFe MEOR TEWORT g

5-phenylsulfonyl-substituted prolired (Scheme 93 Treatment 22 73% 2

of 18 with the silyl cuprate led to a 71% isolated yield of the

desired 5-silyl-substituted prolirk9. Interestingly, this reaction ~ not optimized since it was not clear that the dimethylphenylsilyl

generated the product even in the absence of additional Lewisgroup would be the best electroauxiliary.

acid. Either the copper in the reaction served as a strong enough With the substrates in hand, the electrochemical studies were

Lewis acid to trigger formation of a transieNtacyliminium undertaken (Scheme 11). In each case, both the electrolysis

ion or the reaction proceeded through a2 $nechanism. reaction and the cyclization proceeded as before. Several aspects
Once the silylated proline derivative was obtained, it was of the electrolysis reaction deserve further comment. First, the

deprotected and coupled to a second amino acid to make theelectrolyses proceeded better when pure methanol was used as

substrates for the electrochemical studies (Scheme 10). In eaclsolvent and cosolvents were avoided. Second, the yields of the

case, the coupling reaction required stronger conditions thanreaction were approximately ¥25% higher when BiNBF4

the corresponding proline coupling reactions, most likely due was used as the electrolyte instead ofNEXTs. While the reason

to the steric bulk of the silyl group. The coupling reactions were for this increase in yield is not clear, it is tempting to suggest

that a small amount of fluoride ion is in equilibrium with the

BusNBF, electrolyte and helps to cleave the electroauxiliary

from the radical cation intermediate formed at the anode. The

(16) For the previous use of a phenylsulfonyl leaving groupNacyliminium
ion formation see: Brown, D. S.; Charreau, P.; Hansson, T.; Ley, S. V.
Tetrahedron1991, 47, 1311.
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Scheme 12 Scheme 13
KoCOs3, KI
COMe 273 CO,Me O CO,Me RVC anode O CO,Me
-2 Me;SiCH,l = Ph H Pt cathode, BusNBF, H
P W parN L A Ph BuNBFs  pann L AP
DMF, 80 °C A L MeOH, 2.1 F/mole L
' SiMe i » 2
26 12h, 69% 3 27 SiMes OMe
30a. PG = t-Boc 31a. 92%
1. t-Boc-Ser(OBn)-OH 30b. PG = Tfa 31b. 70% (10% SM)
i-BUOCOCI, NMM For 31b:
CH2C|2, 51% /\/slMeg

0,
2. Hp, PA(OH),, 68% BF5Et,0, Et,0

71% (12% SM)

O CO,Me RVC anode O CO.Me
tBocHN,,, A_Ph Pteathode, BuNBFs ¢ gocN,, A_Ph 0 COMe
N N TaHN APh
o) 10% CF3CH,0H/ CHACN OHkSiMe N
3
29 1.9 F/mole, 45% (38% SM) 28 32 K/\
. Scheme 14
use of a tetrafluoroborate electrolyte has led to the addition of O,N
fluoride to electrochemically generated electrophtfe%hird, COuMe 1. (4-NO2)-PhSO,CI \©\ O CO,Me
the use of a reticulated vitreous carbon (RVC) electrode afforded AR EtaN, CH,Cly ,/S//\N/:\/R
cleaner products than did a simple carbon rod anode. Finally, HoN 2. TMSCH,CI, KI, KoCO3 © L
the reactions were stopped when-2213 faradays/mol of charge , 60 °C, DMF, 12 h ) Siltes
. . 33.R=i-Pr 35. R =i-Pr; 74% (2 steps)
had been passed to reduce the risk of oxidizing the methoxylated 34.R=H 36. R = H; 60% (2 steps)
proline product. For this reason, a small amount of starting For 36
or .

material was recovered. For 35:

1. PhSH, K,COg, CH3CN 1. PhSH, KoCOs3, CHACN

Of course, the cyclization reactions in this case did run the 2. CbzPh-OH, NMM 2 Chbz-beta-Ala-OH
risk of epimerization, and minor amounts of the epimerized é}B;OZCOtC'vCHzC'z -BUOCOCI, NMM
product were obtained in each case. Fortunately, the amount of b (2 stepe) CH,Cly, 58% (2 steps)
this material could be minimized by carefully controlling the O COMe O  COyMe
concentration of the Lewis acid used in the reaction. As in the CbzHN., A\ A e CszN/\)J\N/-\/<
earlier model studies, the stereochemistry of the bicyclic L
products was assigned by NOESY spectroscopy. Ph SiMes 37 38 SiMes
Acyclic Amino Acids. Moncyclic Peptidomimetics For example, the reaction between the glycine methyl ester and

The use of the silyl electroauxiliary was not limited to the (iodomethyl)trimethylisilane led to the formation of no product.
use of proline derivatives (Scheme 12). The synthesis of the Instead, only the unalkylated starting material was obtained. The
substrate involved a simple alkylation of the monoamino acid Use of thet-Boc-protected glycine methyl ester led to a complex
starting material followed by coupling to a second peptide. Once Mixture of products. It appeared that the (iodomethyl)trimeth-
available, silylated dipeptid28was oxidized at a carbon anode  Yisilane was not an effective enough electrophile. The result
using the reaction conditions described above. The oxidation Was a need for harsh reaction conditions that led to decomposi-
of 28 led to both formation of an acyclibl-acyliminium ion tion of the protected amino acid starting material.
intermediate and the subsequent cyclization. A 45% vyield of At this point, it was clear that a change in strategy was
the product was obtained along with a 38% vyield of the needed, and the alkylation procedure developed by Fukuyama
recovered starting material. The reaction was allowed to proceedwas adopted (Scheme 14)To this end, the 2-nitrophenylsul-
until 1.9 faradays/mol of charge was passed and then stoppedonamide was synthesized, treated with base, and then alkylated
to avoid the formation of unwanted side products. with the (trimethylsilyl)methyl iodide. The sulfonamide was then

The moderate yield obtained for the oxidatiezyclization cleaved with the use of phenyithiolate and a nucleophilic
reaction illustrated in Scheme 12 was not a result of the aromatic substitution reaction to afford the desired amino acid
oxidation step. For example, the anodic oxidation of dipeptide derivative. Once the amino acid was available, it could be carried
30aled to a 92% yield of the methoxylated product (Scheme forward in a fashion identical to that described previously.

13). The methoxylated product could be used to add nucleo- Asiillustrated in Scheme 15, both of the substrates synthesized
philes to the peptide, as illustrated for the addition of an allyl smoothly underwent the oxidation to form good yields of
group to the substrate having a trifluoroacetate-protected N- methoxylated products that could be carried forward in subse-
terminus. The change in protecting group for this reaction was quent alkylation reactions. As a side note, the oxidatioBf
made because theéBoc group was not stable to the alkylation was also carried out usina 6 V lantern battery as a power
conditions. All of these initial studies used a silylated phenyl- supply?® Using this very simple setup, a 74% vyield of the
alanine as the initial amino acid. This was done because theoxidized product was obtained along with 14% recovered
unprotected phenylalanine could be successfully alkylated with starting material. The methoxylated product from the oxidation
(iodomethyl)trialkylsilane derivatives to directly add the elec- was then treated with a Lewis acid in the presence of a trapping
troauxiliary. Unfortunately, this alkylation reaction was not
compatible with the use of other amino acid starting materials. (18) é??g}]&?)yggquﬁq;ﬂj\/?/%?cﬁé h%‘:”g_ghgﬂ&gsﬁ;&%ﬁ%ﬁg%@_

(19) Frey, D. A.; Wu, N.; Moeller, K. DTetrahedron Lett1996 37, 8317.
(17) Wong, P. L.; Moeller, K. DJ. Am. Chem. Sod.993 115 11434. The reaction was monitored by TLC for the disappearance of substrate.
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Scheme 15 Scheme 17
0  COMe RVC anode 0 COMe 1. i-BuOCOCI TMS,
CbzHN,,, N/:\Me Pt cathode PhSH (3 eq.) ChzHN,, N/:\Me R NMM, CH,Cly, -20 °C R \)Ol\
-Boc. -Boc. N
. BugNBF4, MeOH  BF;Et,0 § +-Boc N)\“/ OH t-Boc N)ﬁ( v~ “OCH4
P SiMes 21 mA, 2.1 Fimole £1,0, 64% Pn SPh . 2.RT,18h b0
37 88% 39 ™S o Ph
43a.R=H ?\‘\)J\ 30a.R=H;77%
0 CO,Me RVCanode o com 43b. R = Me H > “OCH,3 44b. R = Me; 53%
L /\2/2 Pt cathode PhSH (4 eq.) Y. 2Me 43c. R = CH,Ph i 44c. R = CH,Ph; 55%
CbzHN N CbzHN N Ph 27
) BusNBF4, MeOH  BF5Et,0
38 SiMes 21 mA, 2.1 Fimole Et,0, 75% 40 "SPh Table 1. Yields for the Parallel Electrolysis
87% .
M
A~SiMeg ;MS o RVC anode and cathode RROW o
BF3E,0 8 mA, BusNBF4
Et,0 LBOC\IT])\”/N\E)LOCH:; _ LBOC\'}‘ N\:)J\OCH:;
No addition product 3 ROH 2
ition produ H O ~ph H O ~ph
Scheme 16 30a.R=H; 77%
44b. R = Me; 53%
o WO TMSw o 44c. R = CH,Ph; 55%
t—BuO)J\N/\n/N\)J\N N\:)J\OMe charge, internal HPLC isolated
|1| o] |1| 0 :\Ph cell SMa solvent faradays/mol standard yield, % yield, %
a1
1 30a MeOH 2.2 toluene 96
RVC anode, Pt cathode 2 30a EtOH 2.2 toluene 95
21.0 mA, 2.0 F/mole 3 30a ProH 2.2 toluene 78
0.03 M BuyNBF,4 in MeOH 4 30a BuOH 2.2 n/a 48
78% 5 44b MeOH 2.2 benzene 97 88
MeO 6 44b EtOH 2.2 toluene 95
j\ lil\)?\ j \)Ol\ 7 44b  PrOH 2.2 benzene 85
N N 8 44b BuOH 1.6 n/a 52
+BuO “,‘/\[( ',“/\n/ Y OMe 9 44c  MeOH 2.2 benzene 101 (9¥)
H O 42 H O ~ph 10 44c EtOH 2.2 toluene 96
11  44c PrOH 2.2 toluene 75
12  44c BuOH 2.2 n/a 34

nucleophile. In most cases, the reactions proceeded in a fashion

directly analogous to that of earlier studies. Interestingly, taSMIZt Stgftigg_ fgatetri?jl?Assf?lytogthislgrgductt USingl benfztter?e as gnt
. . NI . . P Internal standarad Indicated an intlated yie ue to overlap o € produc

however, reactions using a b-N-terminal amino ?GB) furned ~and a small amount of recovered starting material. The yield given in

out to be dependent on the nature of the trapping nucleophile. parentheses accounts for the amount of starting material observed.

When a thiol nucleophile was used for the reaction, the yield ) ] ] o ) .

of the addition product was high. However, only a small amount & Series of amides to yiel-acyliminium ions that were in

of product was obtained when a less reactive allylsilane turn converted into nucleophilic substitution products.

nucleophile was used. The reaction led to multiple products, With the use of electroauxiliaries to lower the oxidation

and it appeared that an intramolecular cyclization might be Potential of amino acid derivatives, it should be possible to
interfering with the desired intermolecular trap of tNeacyl- functionalize peptides in a similar parallel fashion. To test the
iminium ion. Intramolecular cyclization reactions typically did feasibility of this idea, a set of three peptide substrates was
not interfere with the reactions when a normal amino acid was Synthesized starting from the [(trimethylsilyl)methyl]pheny!-

used. In these cases, the cyclization requirecadbtrig cycli- alanine derivativ®7 (Scheme 17). Each one of the substrates

zation, a scenario that apparently slowed the cyclization to a Was then added to four different reaction cells. Along with the
point where it was not seen. substrate, to each reaction cell was added a tetratylam-
Having established the compatibility of the reactions with monium tetrafluoroborate in anhydrous alcohol solution. A

acyclic systems, we turned our attention toward demonstrating different aflc?]hoLwas used for each Olf the four;]nalls conltal_nlng I
the compatibility of the reaction with longer peptide chains. This any one of the three substrates (Table 1). Each electrolysis ce

was accomplished by taking the (trimethylsilyl)methyl-substi- was then connected to an independent potentiostat that was part

tuted phenylalanin@7 synthesized earlier and converting itinto ©f @ commercially available Arbin power supply. This allowed
tetrapeptide41 using a standaréBoc protecting group based for the 12 eIecFronses to be run independently in a parallel
strategy. The tetrapeptide was oxidized using exactly the same@shion. Accordingly, 8 mA of current was passed through each

electrolysis conditions reported above to afford a 78% isolated of the reactions until 2'.2 faradays/mol of charge .had been
yield of the methoxylated amide (Scheme 16). passed. The only exception was cell number 8. In this case, the

resistance of the cell was great enough to exceed the voltage
Parallel Synthesis Approaches limit of the potentiostat. As a result, the current flow in this

i .. cellwas only 6 mA and a total of 1.6 faradays/mol of charge
The success of these first examples suggested that it m'ghtwas passed.

be possible to extend the anodic oxidation chemistry previously Yields for the reactions were determined by HPLC. The

reporteq for maki.ng sma}II Iibraries of amid.e derivatives tq the product from cell 5 was isolated and the yield compared with
synthesis of peptide derivativésin the previous work, Yudin

and co-workers took advantage of a computer-controlled, (20) For the parallel synthesis of amide derivatives see: Siu, T.; Li, W.; Yudin,
; A. K. J. Comb. Chem200Q 2, 545.

automated platform that they had developed for running ., ‘=% voview see- (a) yudin, A K- Siu, Turr. Opin. Chem. Biol2001

electrochemical reactions in a parallel fashidithey oxidized 5, 269. See also: (b) Yudin, A. K.; Siu, T.; Li, W. Patent WO 2001094666.
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Scheme 18 Table 2. Yields for the Series Electrolysis
g MSW o RVC anode, Pt cathode ; MS\ o cell SMa product conversion, % yield, %
Cbz. N ZOmA 20Fmole = N 1 45a 46a 84 79
N ; OCHs N ; OcH, 2 45 46 85 74
b o 003MBuNBF,, MeOH i g 3. a a
Ph Yields in Table 2 Ph 3 45b 46b >99 90
45a.R=H 46a.R=H 4 450 46b 83 77
45b. R = Me 46b. R = Me 5 45¢ 46¢ >99 91
45¢. R = CH,Ph 46¢. R = CH,yPh 6 45¢ 46c 92 82
BISH, BF3 Et,0 PhSH, BFs L0 agM = starting material.
CH,Clp, 18 h CH,Clp, 18 h
EtS PhS should be able to wire the oxidations in a series format where
bz R E\)Oj\ R E\j\ the cathode of one cell is wired to the anode of the next cell
\rlq/'j]/ = OCH, Cbz‘r;l/'\ﬂ/ 7~ “OCH;, (see the Supporting Information for details). In this way, the
B0 Spy B0 Np, electrons removed during the oxidation in one reaction would
47a.R=H 79% 48a.R=H 88% be used to conduct the reduction reaction at the counter electrode

47b.R =Me 76%
47c.R=CHyPh 78%

48b. R = Me 89%
48c. R=CHyPh 91%

in a second electrolysis cell. The electrons removed during the

anodic oxidation in the second cell would then be used for the
d reduction at the counter electrode in a third electrolysis cell,

corresponded to a high isolated yield. It was clear from this anollt_s? on. Ht_ence, {aﬂfmgle pot\_/ver s}gpply CO.UId -b?jttﬁetd to_:jun
first pass that the reactions could be run in parallel. All of the multiple reactions at the same ime. Keeping in mind that amide

reactions utilizing methanol or ethanol solvent proceeded in high OX|dat|§)9ns can be conducted with a bat_tery as the_ power
yield under nearly identical conditions. The reactions utilizing supply; . such a se_tup woulld make the rapid functionalization
propanol and butanol were less efficient, with the yield of the of a series of pep_th_es aval!aple to anyone. . .

reaction dropping with each additional carbon. This effect on To test the feasibility of this idea, the three starting materials

the reaction was also observed for single preparative reactionsIIILIStrateOI in Scheme 20 were each placed into two electro-

that utilized propanol or butanol solvent chemical reaction cells. All of the reactions were then wired to

While the use of different solvents for the oxidation reaction & single potentiostat of the Arbin power supply usin_g a series
did influence the outcome of this first “proof of principle” fc_)rmgt. A. constant current of 8 mA was then applied to the
experiment, the observation has no long-term implications for circuit unpl 2.6 faradays/mol of charge had been passed through
the use of the strategy to make substituted peptide deriva’tives.the rﬁactlo: ceII; (Ta}blt:hZ). dTh? p(;oton dNMtR ;spectrqg: for © dachl
Building a library of peptide derivatives involves an oxidation reaction snowed ohly the desired product along with residua

step to convert the substrates ifNeacyliminium ions for use starting material.

as cation poof or alkoxyalkyl amides for use in subsequent While the reactions were not identical, all of the reactions
alkylation reactions. In either case, the diversification step for proceeded very well and the variations observed were within

each substrate involves the subsequent alkylation reaction.the normal range observed for preparative amide oxidation

Hence, even for cases where an alkoxylalkyl amide intermediatereac?OnS p:::r_f ormed vtwth SL!CP a crude. rteactlon iEIUp' In stutch
is needed the best solvent can be used for the oxidation. reactions, 1 1S €asy o maintain consistency with respect to

solvents, reagents, and concentrations. However, it is not easy
to maintain the exact electrode size and surface area. This leads
to variations in the current density, a change that can alter the

T.hls.concept was |IIu§trated by. taklng th'ree 3|Iylat.ed peptlde efficiency of the electron-transfer reaction and hence the percent
derivatives and converting them into six different thiol-deriva- ; . . .
conversion of the reaction. Nevertheless, the high yield of

tized dlpeptlde_s (Scheme 18.)' Two chang(_es Werg_made o theproduct obtained in each of the reactions indicates that the use
strategy described above. First, the reactions utilized a Cbz- . :
; ) . - of a series electrolysis can be employed to generate a number
protected dipeptide to prevent deprotection of the N-terminal S . ; .
. : I . of N-acyliminium ion precursors in a rapid fashion.
end during the acid-catalyzed substitution reaction. Second, we . . . . .
. . . . As mentioned in the previous section, the real opportunity
wanted a method for conducting multiple oxidations without . e . .
. . : : for diversification of the molecules occurs not in the oxidation
the need for specialized equipment. While the computer-driven

. . step, but rather in the subsequent alkylation. For example, each
multichannel power supply used for the parallel electrochemical . : .

: . . ) o of the products obtained from the series experiment above was
reactions above is commercially available, it is not common.

. divided into two separate flasks, diluted with dichloromethane,
Hence, the number of groups that can readily make use of the . . .
) . S and then treated with BAEt,O and a thiol. In one flask, thiol
chemistry being developed is limited. . .

In orincile. a parallel approach for running the multiole phenol was used, and in the other, ethanethiol was used. All
oxidatr;ons cri)es,cribzd above ipspnot needed. The o?(idation inVEIvesom(_:‘r reaction conditions were identical (Scheme 18). In each
an electroauxiliary that is the same for éach substrate. In the ¢ the reaction led to a high yield of product. Clearly, such

y the e o an approach can be readily expanded by increasing the number
absence of a competing oxidation, all of the electroauxiliary-

. ) - L of nucleophiles used to make a variety of thiol-substituted
substituted substrates should undergo identical oxidation reac'dipeptide derivatives
tions. In addition, each individual oxidation reaction is matched '
by a reduction reaction at the counter electrode. Hence, oneChemical Oxidation. New Electroauxiliaries

that obtained by HPLC to make sure that a high HPLC yiel

Series Synthesis Approaches

While the electrochemical oxidations work very well and have

(22) For areview see: (a) Yoshida, J.; SugaCB8em—Eur. J.2002 8, 2650. X i
many advantages, two main factors motivated a move toward

For recent examples see reference 11e and references therein.
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Scheme 19 o
Meom CAN Meom RO’ﬁ‘ iR3
MeO ( N\H/R MeO N\H/R N

T™MS O o}
R=0Bn; 71% Figure 1.
R=Ph; 44%
Scheme 21
Scheme 20 Ph (GO K Ph
O CO,CH3 (NH4)>Ce(NO3)s O COxCHs R3SICH,Cl + e
BocHN._J A _Ph 1:9MeOH/ CHCl Bochn I A _ph HoN OMe ———> Hen OMe
N _— N 2 DMF/ 80 °C P
kx 12 hours kOMe RaSi= o 12 hours R3Si
-SiM 27. 69%
30a. X - TMS 31a: From 30a 22% & e 50b. 68%
49b. X = SiMe,Ph 31a: From 49b 41% c. SiPh 2Me BocNHCH,COOH 50c. 75%
. 2 i I, NMM
| o | - d.SiEmetoyPhe; Ctac RT 120y s0o. 1%
also studying chemical oxidation strategies for generating e. Si(24-dimethoxy)PhMe Y

N-acyliminium ions. First, the synthesis and purification of Lo Ph 300, 76%
peptide libraries is greatly aided by the use of solid-phase l\)k 49b. 71%
. . . dl bI B ,N N OMe 49¢. 60%
synthesis techniques. Such techniques are not readily compatible oc 49d. 50%
with electrochemical approaches because they would involve Rgsi) 0 49e. 81%

both a solid-phase substrate and a solid-phase reagent (the

electrode). A solution-phase chemical oxidant would have no gxigations would indeed be more difficult. For example, the
such problem. Second, our interest in building molecular :hemical oxidation of the TMS-substituted dipepti¢@a led
libraries on chips containing arrays of addressable microelec-q only a 22% isolated yield of the methoxylated product
trodes meant that a chemical oxidation route was also ”eeded(Scheme 20). The yield could be raised to 41% with the use of
Electrode-microarray-based syntheses require the use of &y dimethylphenyisilyl electroauxiliaryt@h), an observation that
chemical reagent that is recycled at the electrode suffce.  first suggested that the yield of the chemical reaction was
Routes toN-acyliminium ion precursors that capitalize on  dependent on the nature of the electroauxiliary. As with the
the chemical oxidation of amides are typically limited in scope earlier Mariano example, the variation in yield based on structure
because of a lack of selectivity between oxidation of the syggested that the low yields might be due to the oxidation
substrate and oxidation of the product generated. For example potential of the substrate being too close to that of the chemical
the difference in oxidation potential between an amide and its oxijdant. The low yield of the reaction was not a result of the
methoxylated product is only about 150 mV. If a chemical sybstrate not being able to undergo the reaction. The electro-
oxidant is found that oxidizes a particular substrate but not the chemical oxidation, which adjusts to the oxidation potential of
product, then the addition of an electron-withdrawing group to 304, led to a 92% isolated yield of product.
the substrate will stop the oxidation. The addition of an electron-  gjnce using a stronger chemical oxidant would mean greater
donating group will lead to overoxidation of the product. imitations on the number of functional groups compatible with
Electrochemical oxidations do not suffer from this problem he oyidation reaction, attention was turned toward lowering
because the potential at the electrode surface adjusts {0 thepe gyidation potential of the substrate with a more effective
potential of the substrate. The use of an electroauxiliary on the g|ectroauxiliary. Electroauxiliaries that aid oxidation reactions
carbona to the amide nitrogen also has the potential to solve ;¢ thought to work by donating electron density to the
this problem since the electroauxiliary dramatically lowers the neighhoring functional group. In the case of a silyl-substituted
oxidation potential of the starting material butis then eliminated 5mide, this means electron density from the-$ bond is
during product formation. donated to the neighboringsystem, thereby raising the energy
Mariano and co-workers demonstrated that such reactionsef the amide lone pair and decreasing its oxidation potential
were feasible (Scheme 1¥)They studied the chemical oxida-  (Figure 1)1%If this were the case, then increasing the electron-
tion of trimethylsilyl (TMS)-substituted amides and used the gonating ability of groups on the silicon would increase the
subsequeni-acyliminium ions in the synthesis of alkaloid  apjlity of the electroauxiliary to donate electrons and further
ring skeletons. While these reactions were successful, the yieldsower the oxidation potential of the functional group as a whole.
of the oxidations were sensitive to the nature of the substrate. This was at least the first explanation for why the oxidation of
The examples presented in the original paper vary in yield 49p jed to a higher yield of product than the oxidation3ffa
from 25% to 86%. This variation in yield suggests that the \with this in mind, a trio of new substrates was prepared using
oxidation potential of the substrate lies very close to that of the the same chemistry used to synthesafa and 49b (Scheme
chemical oxidant. Would a similar strategy be effective for 21) while the strategy to lower the oxidation potential of the
oxidizing a dipeptide substrate with an even higher oxidation gypstrate seemed obvious, it should be noted that the simple
potential? addition of alkoxy substituents to the aryl ring on the silicon
Initial studies with dipeptide substrates and ceric ammonium was worrisome on the basis of earlier synthetic efforts to
nitrate (CAN) as the chemical oxidant confirmed that dipeptide capitalize on the fragmentation of radical cation intermediates
in systems lacking the silyl grou§.In these experiments,

(23) (a) Wu, X.-D.; Khim, S.-K.; Zhang, X.; Cederstrom, E. M.; Mariano, P. S.
J. Org. Chem1998 63, 841. (b) Kim, H.-J.; Yoon, U.-C.; Jung, Y.-S.;
Park, N. S.; Cederstrom, E. M.; Mariano, P. SQig. Chem.1998 63, (24) Wang, L.; Seiders, J. R, Il.; Floreancig, P.E.Am. Chem. SoQ004
860. 126, 12596.
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Table 3. Chemical Oxidation Scheme 22
Ph Ph Ph Ph
H o H O H O H O
| CAN [ | CAN
NN OMe N OMe N OMe /,'q\)l\ OMe
Boc N Boc N Boc” Y~ N Boc™ Y N
J 3§ 10-20% MeOH/CH,Cl, J 05 : k ) 15% MeOH/ : k )
X MeO BnO”  \give,R CHCL  Bn0” gy
30a, 49b-e 31a
51a. R = Me 52. From 51a at RT: 45%
Evot emp, yield, g:b- S = g""“g,‘m’gpheng' | From 51b at RT: 72%
X v time oc % ¢. R = 2,4-dimethoxypneny From 51c at R;I‘: 70%
From 51c at 0°C: 80%
30a MesSi +1.63 12h 25 22 ’
30a MesSi +1.63 30 min 0 0 Scheme 23
49b PhMeSi +1.67 12h 25 41 Ph
49c  PhMeSi 12h 25 4 WO WO Ph CAN
49d  (2-MeOPh)MeSi +1.64 30 min 25 87 N N OMe 20% MeOH/CH,Cl,
49d (2-MeOPh)MesSi +1.64 90 min —40 (o2 Cbz” \)J\N \)J\N
49e  (2,4-dimethoxypheny)MgSi +1.38 15min 25 80 Me ) 0 g’ © 25°C. 20 min.
49e (2,4-dimethoxypheny)Mg&Si  +1.38 35 min 0 82 ‘Me 3 68%
49e  (2,4-dimethoxypheny)Mgsi +1.38 90min —40 86 OMe (74% at -40 °C)
MeO 53

aMeasured by cyclic voltammetry using a silver/silver chloride reference
electrode, a tetrabutylammonium perchlorate in acetonitrile electrolyte H o PhH o Ph
solution, and Pt electrode%The preparative electrolysis of this substrate [ \)k | \/U\
led to a 92% yield of44. ¢ The product was isolated along with 15% cbzN N N N OMe
Meo) © ) ©

recovered starting materigd No reaction was observed for this substrate

using the conditions indicated. Me3Si

Floreancig and co-workers synthesized both oxonium and 54

iminium ions by oxidizing and fragmenting amines and ethers i ) )

having -aromatic rings. They found that when the oxidation completion at th'$ lower te[)nperature. For comparison, no
potential of the aromatic ring was lowered by adding an oxygen product Was_obtamed at40 C when the monomethyoxy-
substituent, the fragmentation step failed. This problem was phenyl-substituted electroauxiliad@d was used. Once again,

nicely resolved by adding a second aryl substituent to the carbon@ Cyclic voltammogram of the substrate was informative. While
B to the heteroatom, an observation that led us to design all of the other silylated amino acid starting materials led to

substratet9c But would the silyl-substituted cases behave the "0Ughly the same oxidation potential irrespective of the sub-
same as the all-carbon systems? stituents on the silyl group, the oxidation potential measured
To address this question, the substrates were oxidized usingfor 4_9e was_over 025 v Iower_. This Sh'ﬁ_ In _potentlal wa_s
CAN (Table 3). For comparison purposes, the first two entries consistent with a shift in mechanism from oxidation of the amide
in the table include the data from Scr,leme 20. The first t0 oxidation of the aryl ring on the silicon. Fortunately, this
observation made was that the addition of a second phenyl ring€hange did not alter the outcome of the reaction. Instead, the
to the electroauxiliary 49¢) did not improve the oxidation. oxidation r_eac_hon served to reverse _the po_Iarlt_y of the s_|IyI
However, in contrast to the all-carbon systems the addition of group, turning it from an electron-donating moiety into a leaving
an alkoxy group to the aromatic ring on the silyl electroauxiliary 9"0UYP- , , , ,
(49d) did improve the oxidation reaction. After 30 min atroom 1€ effectiveness of the dimethoxyphenyl-substituted silyl
temperature, the oxidation @d led to an 87% yield of the electroauxiliary was also observed with a second substrate
desired methoxylated compound. For comparison, oxidation of containing a masked nucleophile on the N-terminal amino acid
the TMS substrat80adid not afford any product under these (Scheme 22). In this case, th? dimethoxyphenyl- and the mono-
conditions. Interestingly, the cyclic voltammogram of the meth(?).(yp.henyl-substltuted silyl groups were equelly effectlve
methoxylated substrat9d suggested that the initial mechanistic &t facilitating the room temperature oxidation. A slightly higher
premise was not correct. It was thought that the use of a moreYi€!d Of product could be obtained by conducting the oxidation
electron-rich aryl ring on the electroauxiliary would decrease utilizing the dimethoxyphenyl-substituted electroauxiliary at a

the oxidation potential of the substrate and lead to a higher yield 1OWer temperature. For comparison, the oxidatiorbda with

of product. While the yield of the reaction did improve, there CAN at the lower temperature led to less than 15% methoxylated
was no perceptible change in the oxidation potential of the Product. _ _

substrate. The addition of the methoxy group must have 'ne difference in potential measured for substrd@e
influenced the second step of the reaction. In other words, sinceSU99ested that it might be possible to differentiate two elec-
the more electron-rich electroauxiliary did not influence the troauxiliaries in the same molecue.With this in mind,
oxidation step, it must have accelerated the subsequent eliminaSuPstrat&&3was synthesized using the alkylation and coupling
tion reaction. This conclusion was consistent with the second Procedures described above (Scheme 23).

step (elimination of the silyl group from the initial radical cation) ~ Once synthesized, the substrate ‘0"’3_5 oxidized at room
being the rate-limiting step. temperature using CAN to afford a 68% isolated yield of the

The addition of a second methoxy group to the phenyl ring metho_xylated product having the TMS elect_roauxiliary intact.
on the electroauxiliary49e)improved the reaction even further.  LOWering the temperature to a point where it was known that
In this case, the room temperature oxidation led to an 80% yield ©Xidation of a TMS-functionalized amino acid would be even

of product after only 15 min. The _reactlon temperature could (25) Yoshida, J-i.: Watanabe, M. Toshioka, H. Imagawa, M.: Sugal. S
be lowered to—40 °C, although it took 90 min to reach Electroanal. Chem2001, 507 (1—2), 55-65.
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Scheme 24 Scheme 25
cl MeO
Br 1. @) n-BuLi, THF Me—Si-Me Me 1) CAN
1h,-78°C S| 15% MeOH/CH,Cl,
s .
MeoMe” ] O 0 RT, 25 min.
b) -78 °C to RT, 99% CszN/\rrN\_)J\of\/ﬁ\/o
Me”Me Cl, Me ! 5 i O 2alyms
v _Si._Cl Me” “Me Ph BF3Et;0 (0.3 equiv.)
55 © 56 & Et,0, RT, 12h
CI'H3N*Phe-OMe x
K. DV, EPrNH PO BN
CozHN Y Y 0Tk
'T'\)OJ\ Boc-Gly-OH 0 | = o
H. OMe
Boc” N/\H/OMe NMM )N Ph
Me, Me_
\SiJ 0 -BUOCOCI s © 60. 66% (two steps)
N CN . . . . .
N 58 N 57 the resulting product treated with the Lewis acid and allylsilane,
Me Me

and then the peptide cleaved from the resin. The second was
simply treated under the reaction conditions for cleavage of the
peptide from the resin. The yield for the oxidatiealkylation
- i e sequence was then determined by comparing the amount of
The shift in mechanism for the oxidation of substrage material obtained from the two portions and found to be 66%.
also suggested that formation of &lacyliminium ion might  gjnce yields for the allylsilane reaction are typically on the order
occur at an even lower potential if an amine substituent was ¢ 80%}12¢ it was concluded that the yield for the oxidation
added to the aryl ring on the electroauxiliary. To test this idea, reaction must also be around 80%. In other words, the oxidation
substrat8was synthesized (Scheme 28)The synthesis was  reaction utilizing the solid-phase substrate proceeded in a manner

straightforward but needed to be done with care to avoid yery similar to that of the oxidation of a solution-phase substrate.
protodesilylation reactions. Cyclic voltammetry indicated that

the presence of the amine on the aryl ring did have the desiredConclusions
effect on the oxidation potential of the substrate. Bye value We have found that the use of silyl electroauxiliaries
measured for substrai@was+0.83 V vs a Ag/AgCl reference  overcomes the difficulties associated with oxidizing simple
electrode. Unfortunately, neither the preparative oxidation of peptides and hence enables oxidative routes for the placement
58 using CAN nor the preparative oxidation 58 employing of N-acyliminium ions into peptide substrates. The oxidations
electrochemical conditions afforded any of the desired meth- can be accomp”shed using a Variety of electrochemical tech-
oxyalkyl amide product. In each case, the reaction led to a pjques including both parallel- and series-type electrolyses. If
complex mixture of products. the silyl electroauxiliary bears an alkoxy-substituted phenyl ring,

Attempts to solve this problem by placing a second (di- then the oxidation can be performed on a solid-phase substrate
methylamino)phenyl onto the silyl electroauxiliary were not using CAN as the oxidant. At present, the oxidations can be
successful. Again complex mixtures of products were obtained. done using an electroauxiliary having an oxidation potential of
In this case it was clear that the oxidation reaction failed to +1.38 V vs Ag/AgCl. This oxidation potential should allow
fragment the molecule in a manner that cleaved the silyl for the construction of peptide mimetics containing a wide
electroauxiliary from the dipeptide starting material. In analogy variety of protected functional groups. For example, esters, alkyl,
to the earlier studies of Floreancig and co-workers with systems silyl, and benzy! ethers, amides, and carbamates, as well as a
lacking the silyl group, the potential of the electroauxiliary can wide variety of aromatic rings and olefins, should all be
be lowered to a point where the fragmentation no longer occurs. compatible with cleavage of an electroauxiliary that oxidizes
The presence of the silyl group simply lowers the oxidation at+1.38 V. Hence, the chemistry should be applicable to the
potential for when this situation arises. construction of core scaffolds for use in diversity-oriented
synthesis approaches.

Attempts to develop an electroauxiliary with an even lower

With a chemical oxidation strategy in hand, attention was oxidation potential were not successful. This will limit applica-
turned toward demonstrating the utility of the reaction for tion of the chemistry for placinjl-acyliminium ions into larger
placing an N-acyliminium ion into a solid-phase peptide peptides that may contain thiol, thioether, amine, or unprotected
substrate. To this end, Merrifield resin-based subs&aieas tyrosine side chains.
synthesized and oxidized using CAN (Scheme 25). In this case, Having established the methodology needed for both elec-
the methoxylated product was converted into a second producttrochemically and chemically oxidizing dipeptide substrates,
by treatment with BFFE,O and allyltrimethylsilane. This was  efforts are now under way to exploit the chemistry for the
done so that the product could be characterized following synthesis of core peptide scaffolds and the releaseN-of
cleavage from the resin. The reaction was run by dividing the acyliminium ion intermediates at preselected sites on an
solid-phase substrate into two portions. The first was oxidized, addressable electrode microarray.

slower raised the yield of the produé# to 74%. Clearly,
selective functionalization reactions were possible.

Solid-Phase Reactions

(26) For the literature synthesis 66 please see: Ankianiec, B. C.; Young, G. Acknowledgment. \_N_e thank the donor_s of the Petmleum
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