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Proline-derived peptide mimetics have become an area of paramount importance in peptide and protein
chemistry. Since protein crystal structures frequently disffagngles of 146-17C° for prolyl moieties,

our intention was to design a completely novel series of 2,3-fused-proline-derived lactams covering this
particular conformational space. Extending our recently described toolset of spirocyclic reverse-turn
mimetics, we synthesized pyrrolidinyl-fused seven-, eight-, and nine-membered unsaturated lactam model
peptides taking advantage of Grubbs’ ring-closing metathesis. Investigating the seven-membered lactam
3aby means of IR and NMR spectroscopy and semiempirical molecular dynamics simulations, we could
not observe a U-turn conformation; however, increasing the ring size to give eight- and nine-membered
congeners revealed moderate and high ffg&turn inducing properties. Interestingly, the conformational
properties of our model systems depend on both the ring size of the fused dehydro-Freidinger lactam and
the position of the endocyclic double bond. Superior reverse-turn inducing properties could be observed
for the fused azacyclononenoBe According to diagnostic transanular NOEs, a discrete folding principle

of the lactam ring strongly deviating from the regioisomeric lact&ugt explains the conformational
behavior. Hence, we were able to establish a molecular building kit that allows adjustments of a wide
range of naturally occurring prolin® angles and thus can be exploited to probe molecular recognition
and functional properties of biological systems.

Introduction research is focused on the design of bioisosteric scaffolds that

allow a stable prearrangement of reverse-turn structures in order

Reverse-turn motifs’ are known as major recognition patterns  to enhance target binding and selectivity properties and to
for various target proteins and, therefore, are valuable coreincrease the metabolic stability of promising lead compo@nés.

structures for the development of pharmaceutical drugs whenReverse-turn surrogates might also give rise to tailor-made

starting from physiological hormones or neurotransmitteks.

an example, more than 100 peptide activated G-protein-coupled (3) For example, see: (a) Weber, K.; Ohnmacht, U.; Gmeinet, Brg.

receptors bind ligands with U-turn type structufe®rug Chem.200Q 65, 7406-7416. (b) Thomas, C.; Ohnmacht, U.; Niger, M.;
Gmeiner, PBioorg. Med. Chem. Letl998 8, 2885-2890. (c) Haubner,

R.; Schmitt, W.; Holzemann, G.; Goodman, S. L.; Jonczyk, A.; Kessler,

* Corresponding author. Phone:49-(0)9131-8529383. Fax-49-(0)9131- H.J. Am. Chem. S0d.996 118 7881-7891. (d) Liu, R.; Dong, D. L.-Y;
8522585. Sherlock, R.; Nestler, H. P.; Gennari, C.; Mielgo, A.; ScolasticdBidorg.
T Department of Chemistry and Pharmacy, Emil Fischer Center. Med. Chem. Lett1999 9, 847-852.
# Computer Chemistry Center. (4) Tyndall, J. D. A.; Pfeiffer, B.; Abbenante, G.; Fairlie, D. €hem.
(1) (a) Ohage. E. C.; GramL, W.; Walter, M. M.; Steinbacher, S.; Steipe, Rev. 2005 105 793-826.
B. Protein Sci.1997, 6, 233-241. (b) Zhou, H. X.; Hoess, R. H.; deGrado, (5) Arnold, U.; Hinderaker, M. P.; Nilsson, B. L.; Huck, B. R.; Gellman,
W. F. Nature Struct. Biol1996 3, 446-451. S. H.; Raines, R. TJ. Am. Chem. So2002 124, 8522-8523 and references
(2) Venkatachalam, C. MBiopolymers1968 6, 1425-1436. cited therein.
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9102 J. Org. Chem2007, 72, 9102-9113 Published on Web 10/24/2007



Proline-Derived Peptide Mimetics ]OCArticle

“ N the proline moiety from thex- into the S-position. Thus, the
] ~ R R . . .
O?N\ NAS= N_S: more coplanar orientation of a fused ring system of yphould
N J) H — /’L 6 o = /’l O.. N o result in an increase d¥i+; when compared with the more or
o ¥ SoHTN XS0 Ty, less perpendicular disposition of the spirocyclic molecular
: ~ . : -
4 HNO 2 3 scaffold2. The ring size of the lactam and the position of the
:E double bond within the ring should allow adjustment of the
) o intendedW angle, while the calculation of the approximate
FIGURE 1. Gradual adjustment of crucial dihedral angles. values should be possible with the help of molecular dynamics

proteins displaying optimized biological properties through (MD) simulations. We were intrigued whether the proline-
expressed protein ligation (EPL), which enables the semisyn- derived lactams of type3 could be assembled by peptide
thetic incorporation of a limitless variety of nonproteinogenic condensation and subsequent Grubbs' ring-closing metathesis
modules into proteins of variable size, facilitating the construc- (RCM), & concept that proved successful to generate the proline-
tion of chimeric proteing. As proline frequently induces a  derived lactams of typg and2.12+3In this article, we describe
reversal in backbone conformation and is able to trigger @ Practical synthetic approach to seven-, eight-, and nine-
biological signals by cis/trans isomerizatidit,has become a ~ Membered model peptide surrogates and a combination of
subject of major interedf! By incorporating proline into  SPECtroscopic investigations and semiempirical MD simulations
positioni + 2 of a model peptide surrogate, we were able to of the confo'rmat.pnal behavior. In order to demonstrate the
generate Vj3-turn inducing peptide mimetics of typieallowing general applicability of the strategy for Xaa we elaborated

a gradual adjustment of crucial dihedral angles depending on@ Synthesis pathway incorporating tyrosine as a representative
the ring size (Figure 13 To extend our synthetic approach, ®-amino acid different from glycine.

the proline-derived reverse-turn nucleating moiety was moved
into positioni + 1, enabling the formation of an olefin-based
lactam bridge to the backbone nitrogen of Xaawhen the Synthesis.Our plan of synthesis was based on chemoselective
molecular design of our target scaff@digidizing the backbone  functionalization of pyroglutamate in position 4, followed by
dihedral angleg;+1 andyi+1 involved cis/trans isomerization  an effective amide coupling and Grubbs' ring-closing metathesis.
and formal migration. Interestingly, the six-, seven- and eight- Starting from pyroglutamate, the dehydrolactanvas synthe-
membered unsaturated spirocyclic lactatalopted conforma-  Sized in 36% overall yield and then subjected to a trans-selective,
tions almost ideally matching the prerequisites for canonical organocuprate mediated 1,4-addition (Schemié While lactam
type Il B-turns with Wiy, angles between 133and 132.13
Considering Ramachandran plots derived from high-resolution

Results and Discussion

SCHEME 12

protein crystal structures containing prolifewe recognized Ph

that the largest population of proline conformers exhibifiéd Bu~s;

angles within a range of 14017C°. Designing a molecular Ph Q

building kit that facilitates a fine-tuning of the prolinB-angle COH 4 y borc

covering this particular conformational space, we decided to NH Neg

formally migrate the C,C-bond connecting the lactam ring with ¢
(6) Ishioka, N.; Takahashi, N.; Putnam, F. \Rtoc. Natl. Acad. Sci. p-Glu

U.S.A.1987 84, 61—65. Ph
(7) For recent reviews and articles, see: (a) Cluzeau, J.; Lubell, W. D. \/tB”

Biopolymers(Pept. Sci. 2005 80, 98—150. (b) Maison, W.; Prenzel, A. \ S/i\Ph \ H \

H. G. P.Biopolymer2005 7, 1031-1048. (c) Hanessian, S.; McNaughton- > 0 d %

Smith, G.; Lombart, H.-G.; Lubell, W. DTetrahedron1997 53, 12789~ g Gr . I . ODn con

12854. (d) Freidinger, R. Ml. Med. Chem2003 46, 5553-5566. (e) Halab, e - = - = 2

L.; Gosselin, F.; Lubell, W. DBiopolymers(Pept. Sc). 200Q 55, 101— N. N. N<

122. (f) Hoffmann, T.; Waibel, R. Gmeiner, B. Org. Chem2003 68, Boc Boc Boc

62-69. . . . 6a: m=0; 72% 7a: m=0; 95% 8a: m=0; 78%
(8) Muir, T. W.; Sondhi, T.; Cole, P. AProc. Natl. Acad. Sci. U.S.A. 6b: m=1; 78% 7b: m=1; 94% 8b: m=1; 77%

1998 95, 6705-6710. 6¢c: m=2; 77% 7c: m=2; 81% 8c: m=2; 74%
(9) Fischer, S.; Dunbrack, Jr., A. L.; Karplus, M. Am. Soc. Chem.

1994 116 11931-11937. . aReagents and conditions: (a) ref 15, 36% over five steps; (b) ref 15;

22:(|_]éO) Hutchinson, E. G.; Thornton, J. NProtein Sci.1994 3, 2207 (c) AlIMgBr or 3-butenyl-MgBr, TMSCI, HMPA, THF,—78 °C; (d) 1.

; . . LIAIH 4, EO, —78 °C; 2. EtSiH, BF; x EtO, CHCl,, —86 °C to

(11) (a) Bittermann, H.; Gmeiner, B. Org. Chem2006 71, 97—102. —78°C, RP18-MPLC:; (e) BiNF, HOAc, THF,—14 °C to rt; (f) CrO;,

(b) Belvisi, L.; Colombo, L.; Manzoni, L.; Potenza, D.; ScolasticoSgnlett
2004 9, 1449-1471. (c) Ferfiadez, M. M.; Diez, A.; Rubiralta, M.;
Montenegro, E.; Casamitjana, Bl. Org. Chem2002 67, 7587-7599. (d)

H2SQu, H20, (CH:)2CO, —14 °C 1o rt.

Jeannotte, G.; Lubell, W. DI. Am. Chem. So@004 126, 14334-14335, ~ oa was readily available, acceptable yields of the allyl and
(e) Wang, W.; Xiong, C.; Hruby, V. Jretrahedron Lett2001, 42, 3159 homoallyl derivativessb and 5c¢, respectively, could only be
3561. (f) Mueller, R. Revesz, [Tetrahedron Lett2001, 35, 4091-4092. afforded by using conditions that Bausanne et al. described for

Ward, P.; Ewan, G. B.; Jordan, C. C.; Ireland, S. J.; Hagan, R. M.; " L
égr)own,l RJ. Med. Chem199Q 33, 1848-1851. (h) Paul,A.;Bitt%rmann, organocuprate additions to dehydropyrrolidinoHes.actam

H.; Gmeiner, PTetrahedron2006 62, 8919-8927. reduction was performed in two steps by reaction with LiAIH
(12) Hoffmann, T.; Lanig, H.; Waibel, R.; Gmeiner, Rngew. Chem. and subsequent treatment with triethylsilane/BF Et,O7 to

2001, 113 3465-3468; Angew. Chem., Int. E®001, 40, 3361-3364. ; " ot ; ;
(%3) B:?ttermann’ H.: Bogckler’ F.: Ensiedel, J.;]émeinercﬁem. Eur. give the pyrrolidine derivative8a—c. Deprotection with NByF/

J. 2006 24, 6315-6322.

(14) Lovell, S. C.; Davis, I. W.; Arendall, W. B., lll; Bakker, P. I. W.; (15) Herdeis, C.; Hubmann, H. Hetrahedron: Asymmetr§992 3,
Word, J. M.; Prisant, M. G.; Richardson, J. Broteins2003 50, 437— 1213-1221.
450. (16) Bausanne, |.; Royer, Jetrahedron Lett1998 39, 845-848.
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SCHEME 22
Y, co,cH ? CO,CH;,
Bn g N Q]
N (
H -/m
9a-c: n=1-3 0o
8a-c —_— N.
a Boc
10a: m=0, n=1; 86%
10b: m=0, n=2; 61%
10c: m=0, n=3; 51%
10d: m=1, n=1; 72%
10e: m=1, n=2; 93%
10f: m=2, n=1; 75%
CI,,TCZ:’/Ph
CI,/"‘E* CHNH
Mes~N~“N-Mes ) CO,CH
\_J K/\(\ hn K/\(\)n
= by N N 0y N
b 2 f6) c ZCAO
N. NJ
Boc Boc
11a: m=0, n=1; 76% 3a: m=0, n=1; 66%
11b: m=0, n=2; 96% 3b: m=0, n=2; 82%
11c: m=0, n=3; 83% 3c: m=0, n=3; 100%
11d: m=1, n=1; 75% 3d: m=1, n=1; 93%
11e: m=1, n=2; 70% 3e: m=1, n=2; 57%
11f: m=2, n=1: 91% 3f: m=2, n=1; 100%

aReagents and conditions: (a) HATU, HOAt, NEM, NMP, rt; (b)
CHCly, reflux; (c) H-NMe, EtOH, rt.

HOACc furnished the prolinol derivativé&—c in 63—67% yield
over all three steps. Finally, Jones oxidation led to a formation
of the C3-functionalized proline8a—c.18

Amide formation between the chiral building blocRa—c
and theN-substituted glycine derivative3a—c%20 using the
coupling mixture HATU/HOAt O-(7-azabenzotriazole-1-yl)-
N,N,N',N'-tetramethyluronium hexafluorophosphate/1-hydroxy-
7-azabenzotriazole) allowed an efficient synthesis of the RCM
precursordO0a—f. Olefin metathesis employing Grubbs’ catalyst
of the second generatiéhto afford the seven-membered and
eight-membered unsaturated bicyclic lactaiisib,d readily
proceeded in standard concentrations, while the nine-membere
systemsl1cef required high dilution or pseudo dilution to avoid
cross-metathes®. Finally, the model peptideSa—f were
generated by aminolysis with methyl amine (Scheme 2).

To apply our methodology to a putatively bioactive peptide
analogue, a conformationally restricted Pro-Tyr mimetic was

synthesized and incorporated into a surrogate for the neuro-

modulator NT(8-13) with the sequence HArg-Arg-Pro-Tyr-lle-
Leu-OH (Scheme 3 In principle, this synthesis worked

(17) Pedregal, C.; Ezquerra, J.; Escribano, A.; Careno, M. C.;"&arcl
Ruano, J. LTetrahedron Lett1994 35, 2053-2056. In our case, the use
of LiAIH 4 proved to be advantageous in terms of excellent yields and a
convenient workup procedure.

(18) Another synthesis afb and8b is reported in Sasaki, N. A.; Dockner,
M.; Chiaroni, A.; Riche, C.; Potier, B. Org. Chem1997, 62, 765-770.

(19) Reichwein, J. F.; Liskamp, R. M.Hur. J. Org. Chem200Q 2335~
2344. Compound9a was synthesized from methyl bromoacetate and
allylamine according to this reference.

(20) Compoundc, which was reported in Hu, Y.-J.; Roy, Retrahedron
Lett. 1999 40, 3305-3308 and was conveniently synthesized s
described in ref 20.

(21) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re001, 34, 18—29.

(22) (a) Fustner, A. Alkene Metathesis in Organic SynthesisTapics
in Organometallic ChemistrySpringer-Verlag: Berlin, Heidelberg, 1998;
Vol. I. (b) Dias, E. L.; Nguyen, S. T.; Grubbs, R. H. Am. Chem. Soc.
1997 118 3887-3897.

(23) Hong, F.; Cusack, B.; Fauq, A.; Richelson,&irr. Med. Chem.
1997 4, 412-434.
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SCHEME 32
| ODcb
> N co CH,
% ___COH CO,CH,
Fmoc
8b: R' = Boc
2l 12: R = Fmoc
ODcb
cl, Tcy3 Ph
(Ru-
CI
Mes~N N-Mes /
C N R1
d[__.>15 R = Fmoc, R? = OCH,
16: R' = Boc, R2 = OCH;,
el
17: R' = Boc, R2 = OH jf
9 18: R' = Boc, R2 = NHCH;

=
o,

H Arg’Arg

}
19 lle-Leu-OH

a2 Reagents and conditions: (a) 1. TFA/@H, = 3:7, rt, 2. FmocOSu,
NaHCG;, dioxane/HO, rt (93%); (b) 1. (CO)CO, 2,6-lutidine, dioxane,
rt, 2. 13 (Dcb: 2,6-dichlorobenzyl), dioxane, rt (80%); (c) &y, refl.
(87%); (d) 1. piperidine, CECly, rt, 2. BogO, CHCly, rt (73%); (e) NaOH,
H,0, MeOH, THF, 0°C (100% crude); (f) CENH,, EtOH; (g) CHNH,
x HCI, PyBOP, DBU, DMF; (h) peptide synthesis: resirBoc-Leu-PAM
resin, amino acids= Boc-lle-OH, Boc-Arg(Tos)-OH, Boc-deprotection:
TFA/CH,Clyfindole = 50:50:0.01, followed by DIPEA/CKCIl, = 1:9,
coupling: HATU, DIPEA, NMP, rt, peptide cleavage: HF/aniseied:1,
0°C.
analogously. Whereas HATU-mediated acylation failed, peptide
coupling of 3-allylprolines witiN-alkyl-substituted amino acids

ifferent from glycine was possible by employing Fmoc
protection. Thus, the intermedia8b was converted into the
congened 2 by the acidolytic cleavage subsequent reaction with
FmocOSu. We took advantage of BTC (bis-trichloromethyl-
carbonaté that allowed a smooth and high-yielding coupling
with the sterically hinderetl-(3-butenyl)tyrosine analoguk3
(Supporting Information) to furnish the diedd in 80% vyield.
In fact, the Fmoc-protected diene showed superior properties,
and the subsequent olefin metathesis resulted in 87% formation
of the nine-membered lactam derivati¥é. Exchange of the
Fmoc protecting group by Boc gave the carboxylic edi@r
which was subjected to saponification and aminolysis to afford
the carboxylic acidl7 and the methyl amidé&8, respectively.
The amidel8was also available by activation of the carboxylic
acid 17 and coupling with methyl amine. Starting from crude
carboxylic acid 17, peptide synthesis following a well-
established solid phase supported acylaticleavage proto-
col'325 furnished the conformationally constrained peptide
derivative 19.

Conformational Investigations. To evaluate the conforma-
tional behavior of the candidate target structuBss-f, we

(24) Falb, E.; Yechezkel, T.; Salitra, Y.; Gilon, Q. Pept. Res1999
53, 507-517.

(25) Bittermann, H.; Einsiedel, J.;'Hoer, H.; Gmeiner, R1. Med. Chem.
2004 47, 5587-5590.
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TABLE 1. Conformational Analysis of the Model Peptide Mimics 3a-f Evaluated by NMR and IR Spectroscopy and Calculated by Quantum
Mechanical MD Simulations?

Fur (),
N 2 N C':y'i+2
C
i e}

o_0 H- o

! | Nuioﬂ

tBu 4 H,

3a-f
entry 3a 3b 3c 3d 3e 3f
ring topology m=0,n=1 m=0,n=2 m=0,n=3 m=1n=1 m=1,n=2 m=2,n=1
lactam ring size 7 8 9 8 9 9
IH NMR, OnHP 6.27/6.19 6.74/6.59 7.22/6.96 6.92/6.64 7.46/6.93 6.91/6.56
ratio of Boc rotamers 50:50 70:30 85:15 80:20 90:10 85:15
glycine ono/Oio; 4.23/3.99 4.57/3.64 4.66/3.48 4.52/3.62 4.87/3.15 4.62/3.43
Ao Ho? 0.24 0.93 1.18 0.90 1.72 1.18
IR: NH band¢ 3411, 3444 3379, (3435), (3450) 3367, (3413) 3381, (3414), (3440) 3346 3367, (3410)
Wit [deg] 175.1+ 10.5 160.8+ 13.3 148.3+ 16.1 159.5+ 12.7 140.6+ 14.2 153.3+ 15.3
d O—Ci3[A]f 8.73 (39%) 6.95 (57%) 6.26 (55%) 6.89 (83%) 6.55 (97%) 6.78 (100%)
7.44 (61%) 8.65 (10%) 8.65 (45%) 8.70 (17%) 8.87 (3%)
7.80 (33%)
p [degP —109.3 (39%) 25.7 (57%) 21.2 (55%) 25.2 (83%) 4.2 (97%) 19.1 (100%)
29.7 (61%) —110.5 (10%) —118.5 (45%) —112.8 (17%) —130.3 (3%)

—111.2 (33%)

aThe values given are averages over 10 000 geometries extractec ftonstrajectory.? dnn [ppm] of both Boc rotamers. Boc rotamers given as the
ratio of H-bonded and non-H-bonded speciBata of the major rotamer are given= 2 mM, CDCk. ¢ Wavenumber [cmY], c = 2 mM, CHC, values
in parentheses represent the weak and very weak signals of non-H-bonded gjpe€iesCis: average distance from;@ G (distance between the
tBuO-oxygen and the amide methyl carbon atom, representinga@ Gy;+3, respectively)? : virtual dihedral angle formed by the atomsCoati+1—
Coi+2— N0 +3.

performed spectroscopical studies based on IR &htMR resulting in an anisotropic influence of the proline carbonyl onto
spectroscopy and semiempirical molecular dynamics simulationsthe downfield shifted glycine.-proton. The averag?i, angle
(Table 1). To exclude intermolecular interactions, spectra were of the seven-membered lactam structure8afwas calculated
recorded at 2 mM concentratioffs. to be 175.1, far exceeding the ideal type f-turn adjusting
Our initial investigations were directed to the seven- angle of 120. Clustering the obtained snapshots of the molecular
membered lactam structuBa when two methylamide protons, dynamics trajectory resulted in two main populations. Both

each integrating for about 0.5 H, could be observedtb}MR clusters display an average distance & Q-3 (representing
(6.27 ppm/6.19 ppm), which is obviously due to the formation Co; and Quis, respectively) higher than 7 A, which means that
of an equilibrium of rotamers within theN-Boc moiety. a U-turn formation is implausibl&®. Moreover, their variable

According to the chemical shifts, an internal H bond seemed angless (Ci—Cai+1—Cai+2—Ni+3), defined by Baf® represent-
unlikely. This observation was corroborated by FTIR spectros- ing the planarity of a potential reverse-turn structure, show
copy when NH-stretching absorptions at wave numbers of 3444 significant deviations from a coplanar disposition (29ahd
and 3411 cm?® indicated the absence of internal hydrogen —109.3).
bonds?” Furthermore, difference NOE measurements did not  Interestingly, both regioisomeric eight-membered lactams
reveal enhancement effects for the amide;@iH NH signals and 3d exhibited an elevated tendency to adopt an internal
when irradiating at the Boc-protons and vice versa. Moreover, hydrogen bond. Compared to the caprolacgarchemical shifts
the seven-membered lact&8aonly displayed a\dpg o Value for the methylamide protons &b [6.74 ppm (70% rotamer)/
of 0.24 ppm, indicating that a reverse-turn formation was not 6.59 ppm (30% rotamer)] an8d [6.92 ppm (80% rotamer)/
adopted. The diagnostic value By Was recently estab-  6.64 ppm (20% rotamer)] resonated at significantly lower field,
lished by Ikawa et ak8 when the glycinex-protons of the ring especially for the main rotamers. Obviously, this ratio is
opened model peptide analogue Boc-RkdAde-Gly-NHCH; increased in favor of the respective stronger deshielded amide
showed highly different chemical shiftd§noma, CDCh: 1.50 proton signal by the formation of hydrogen-bonded states. The
ppm). Obviously, this is due to an H-bond-mediated rigidization diagnosticAdywne Values of 0.93 ppm3p) or 0.90 ppm 8d)
between the methyl amide proton and the Boc carbonyl group corroborated secondary structure formation. An H-bond between
the Boc G=0 group and the NH could be also observed by the
(26) Boussard, G.; Marraud, M. Am. Chem. Sod.985 107, 1825~ IR spectroscopy displaying major-N\H stretching absorptions
18%28%) (a) Gellman, S. H.; Dado, G. P.; Liang, G. B.; Adams, RJBAm. at Waven.umbers of 3380 crhfor both regiOisomeer.and
Chem. Soc1991 113 1164-1173. (b) Desper, J. M. Liang, G. B.;  3d. Irradiation to the Boc-Cklof 3d caused a significant

Gellman, S. HJ. Am. Chem. S0d.993 115 925-938.
(28) Tonan, K.; Ikawa, S.-iSpectrochim. Acta, Part A 5800Q 111-— (29) Ball, J. B.; Hughes, R. A.; Alewood, P. F.; Andrews, P. R.
120. Tetrahedron1993 49, 3467-3478.

J. Org. ChemVol. 72, No. 24, 2007 9105
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integrated in a reverse-turn structd?ewhen evaluating the
7oy eight-membered systei®d, the proton exhibiting the higher
— chemical shift (6.92 ppm) is moved to the downfield while
£ 7.04 displaying a minor slope compared to that of the proton of the
= second rotamer (6.64 ppm), which means that it is less exposed
o 6.5 . .
& ——NH' 32~ NH 3a to the solvent and belongs to the H-bonded species. Interestingly,
6.0d —+— NH" 3d --=- NH? 3d a coalescence of the two signals did not occur, obviously, since
——NH' 3e the bonded and the nonbonded forms were coexisting indepen-
5.5 r - . - - - dent from the solvent. It is worthy of note that the nine-
0 5 10 15 20 25 30 membered dehydro-Freidinger lacteé8e did not reveal sub-
% DMSO stantial alteration of the NH shift, thus indicating a stable
intramolecular H-bond in the presence of even 30% DMSO.
FIGURE 2. Amide proton NMR chemical shifts)] as a function of Additionally, we evaluated DMSO-effected reductions of

the percentage of DMS@s in CDCl; for the peptide mimetic8a,d,e

AO - values for3d,e. When compared to those of the rin
(c = 2 mM); for 3g, NH? could not be detected unambiguously. HodHa ' P 9

open congener BocProN(Me)GlyNHGH ([ Adtq Ho 0% DMSO-

ds] — [AdHaHa 30% DMSOds] ~ 0.70), addition of 30%
DMSO-ds caused significantly less diminution f8d ([AJ, ¢ Ha

0% DMSO4ds] — [AdHo,Ha 30% DMSOds] = 0.13) and3e
([A0,,0,Ho. 0% DMSOdg] — [AdHe,Ho 30% DMSO4g] = 0.33),
which means that the secondary structure of Boci®ide-
Gly-NHCHjs is more affected by DMSO and, thus, less stable
than the conformationally rigidized peptide mimetigsl,e
(DMSO-dg titration diagram, see Supporting Information).

difference NOE effect to the amide methyl protons, which is
also observed vice versa. Independent from the position of the
double bond, the eight-membered model pepti8lesand 3d
exhibited a nearly identical conformational behavior, with the
exception of3b populating three major conformers. Compared
to the Wi1; angle of 175.1, indicating approximately an
antiperiplanar situation fo3a, the calculated®;+; angles

decreased to values of 160.@nd 159.5 for 3b and 3d, To comparatively investigate the structural properties of the
respectively. The reduced distances @¢-O.3 (3b: 6.95 A: three isomeric scaffold8cef and, thus, to elucidate the
3d: 6.89 A) and pseudo-dihedral anglgs(3b: 25.7; 3d: conformational behavior of the fused nine-membered dehydro-
25.2) calculated for the major population of both conformers Freidinger lactams, we clearly assigned all proton signals
are also diagnostic. (COSY, HSQC, and HMBC experiments) and performed NOE
Considering the nine-membered lactam systems, we noticedStudies (difference NOE and NOESY spectra). In Figure 3,
substantial downfield shifts for the NH protons (NBc, 7.22 arrows are indicating the most essential diagnostic signals clearly

ppm: 3¢ 7.46 ppm:3f, 6.91 ppm). It is worth mentioning that confirming the distinctive geometry of each nine-membered ring
the obviously hydrogen-bonded rotamer3s was populated ~ SYStem. Foic, we could observe a NOESY cross-peak from
at 90%, whereas the regioisom@sand3f displayed an 85%  the proline . (H-10a) to the olefinic proton H-4 and to one
preference. As expected, the IR absorption bands were inH-8, which itself displayed interactions with the second olefinic
accordance with our findings when a lower wavenumber was Proton (H-5). Moreover, the proline f(H-3a) in the upper
observed for3e (3346 cnt?) than for3c,f (each 3367 cmb). ring plane is situated close to a methylene proton at C-6. Thus,
NOE investigations showed highly significant effects between We derived a folding pattern, in which C-4, C-5, and C-8 are
the Boc-CH moieties and the amide methyl group; irradiating located below, C-6 is located above, and C-7 is approximately
at the NH, an enhancement of the Boc-Cebuld also be  Within the ring plane. A very similar arrangement was deduced
detected. for 3f. We observed a cross-peak between H-10a and a
Much attention was attracted by the nine-membered lactam respective methylene proton at C-4/_C-5/C-8, wht_ereas the olefinic
series 3cef because conformational behavior significantly carbon C-7 (cross-peak H-7/H-3a) is located slightly above the
depended on the position of the endocyclic double bond. N9 plane. Moreover, the second olefinic proton (H-6) is snuat(_ad
According to our calculations on the ‘middle’ double bond C€l0S€ to H-3a and the second methylene proton at C-4, which
lactam3e, the major population of conformers (97%) almost €0nfirms a ring architecture analogous to that3af As we
ideally matched the prerequisites for a canonical reverse turn ©XP€cted, a different conformational behavior can be derived
(W11 = 140.8, B = 4.2°) and, thus, could serve as a promising for the mld_dl_e double bond isome&de The proximity of H-3a
antiparallel pleate@-sheet nucleator whereas the double bond t© the oléfinic H-5 and H-10a to H-7, respectively, clearly
regioisomers3c and 3f (55% and 100% of the conformers, indicates that C-5 |s_located above and C-7 below the ring plane,
respectively) showed higher calculatdfl;; angles at 1483 contrary to the f°|d_'“9 OB_C and3f. _
and 153.3 and8-values at 21.2and 19.2. Interestingly, the Performing MD simulations d8c,e,f, we observed an instant
lowest d G—Ci+3 value (6.26 A) could be deduced f@c, lactam ring flip into one single conformation, which proved to
although only 55% of the conformers reached this low value. be stable during the whole simulation time and which agreed
To further investigate the conformational behavior dependent with the structures determined experimentally. Energy-mini-
on the ring size, NMR spectra of the lacta®e 3d, and 3e mized structures of the conformers representing the cluster
were measured in presence of increasing amounts of DMSO-centers are shown in Figure 3. Thus, the overall similarity of
ds, which acts as a competitive H-bond acceptor (Figure 2). the nine-membered lactaris and3f can be explained by their
Investigating the influence on the two amide protons of the closely related scaffolds evaluated experimentally and theoreti-
seven-membered ring systedn, we observed a strong down-  cally.
field shift and a coalescence of the two signals at about 2.5%
DMSO-ds. This means that the amide proton was completely (30 awasthi, S. K.; Raghothama, S.; Balaram,Bochem. Biophys.
exposed to the H-bond-accepting solvent and therefore notRes. Commurl995 216, 375-381.
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FIGURE 3. Conformers of3c,ef experimentally verified by NOE investigations (single-headed arrow: difference NOE; double-headed arrow:
NOESY) and theoretically calculated by energy minimization of conformations representing the cluster centers of the MD simulations.

Conclusion

In conclusion, we were able to establish a novel type of fused-

proline-derived peptide mimetic scaffolds involving a newly
developed EPC-synthesis tfans-3-alkenylprolines and the
application of Grubbs’ ring-closing olefin metathesis. Extended
by the spirocyclic analogues that we presented very recéhtly,
a fine-tuning of the prolin&P;1; angle to cover the conforma-
tional space of proline in peptides and proteins will be very
helpful for future applications as molecular probes and drug
candidates in chemical biology and medicinal chemistry,
respectively. While the seven-membered model pe@alé

not able to form an internal hydrogen bond, obviously due to
the conformational restriction of the prolin€ angle in the
region of 180, the eight-membered- and nine-membered
systems3b—f allow a gradual adjustment of the secondary
structure. Comparing the conformational behavior of six model
peptide surrogates, the nine-membered lactam derivaéveas
evaluated as a superior typefiturn nucleating moiety.

Experimental Section

tert-Butyl (4 S,55)-4-Allyl-5-(tert-butyldiphenylsilyloxymethyl)-
2-oxopyrrolidine-1-carboxylate (5b)*° In a flame-dried flask, a
1 M solution of allylmagnesiumbromide in THF (6.77 mL, 6.77
mmol) was added at C to a suspension of Cul (644.4 mg, 3.384
mmol) in THF (50 mL). The mixture was then cooled-+@8 °C,
and then a precooled-(8 °C) solution of §-1-tert-butyloxycar-
bonyl-5tert-butyldiphenylsilyloxymethyl-1,5-dihydro$2-pyrrol-2-
one @, 509.0 mg, 1.128 mmolf, TMSCI (trimethylsilyl chloride,
0.285 mL, 2.256 mmol), and HMPA (hexamethyl phosphoramide,
0.408 mL, 2.256 mmol) in THF (10 mL) was added slowly. After
30 min, a saturated solution of N8I in H,O (15 mL) was added,
and the reaction mixture was extracted with@{3 x 40 mL).

12.1, 4.3 Hz, 1H), 3.853.87 (m, 1H), 3.87 (dd) = 12.1, 4.6 Hz,
1H), 4.97-5.05 (m, 2H), 5.725.84 (m, 1H), 7.347.45 (m, 6H),
7.58-7.65 (m, 4H);3C NMR ¢ 19.2, 26.8, 28.0, 29.6, 31.0, 32.6,
34.4, 38.5, 64.3, 64.5 (conf.), 82.8 (conf.), 115.4, 127.8, 129.9,
132.7, 133.0 (conf.), 135.6, 135.5 (conf.), 137.5, 150.0; APCIMS
408 [M — Boc + H] ™. Anal. Calcd for GoH41NO,Si (507.75): C,
70.97; H, 8.14; N, 2.76. Found: C, 70.99; H, 8.19; N, 2.86.
tert-Butyl (2S,3R)-2-(tert-Butyldiphenylsilyloxymethyl)-3-vi-
nylpyrrolidine-1-carboxylate (6a). To a solution of (&R,59-1-
tert-butyloxycarbonyl-54ert-butyldiphenylsilyloxymethyl)-4-vinyl-
pyrrolidine-2-one %a)1° (720.0 mg, 1.546 mmol) in ED (20 mL)
was addd a 1 MLiAIH 4 solution in E;O (1.546 mL, 1.546 mmol)
at —78 °C. After 10 min, the reaction was quenched withCH(1
mL) and filtered through a pad of Celite. The resulting material
was dried thoroughly in vacuo and then dissolved in,Chl (5
mL). After cooling to—78 °C, E&SiH (0.247 mL, 1.546 mmol)
and then B x Et,O (0.211 mL, 1.700 mmol) were added. The
mixture was stirred for 30 min and then quenched with a saturated
NaHCGQ; solution (0.5 mL). Without heating (!), the resulting
mixture was concentrated to approximately 1 mL and then
immediately injected into a RP18-MPLC column. Gradient elution
(flow rate, 20 mL/min; MeOH:HO 6:4 — 8:2) and subsequent
evaporation afforded the product in a quite high purity. Final
purification was performed by flash chromatography (petroleum
ether:EtOAc 97:3) and gavea (499.7 mg, 72%) as a colorless
oil: [a]3’ —32.9 (c = 1.015, CHCJ); IR (film) 1697 cn?; 1H
NMR 6 1.05 and 1.07 ( s, 9H, 2 conf.), 1.33 (s, 6H, conf.), 1.47
(s, 4H, conf)), 1.66-1.73 (m, 1H), 1.982.12 (m,1H), 3.06-3.15
(m, 1H), 3.31 (dddJ = 10.6, 7.2, 7.2 Hz, 1H), 3.533.77 (m,
3.6H), 4.05-4.15 (m, 0.4H, conf.), 4.965.04 (m, 2H), 5.725.88
(m, 1H), 7.34-7.45 (m, 6H), 7.63-7.74 (m, 4H);**C NMR 6 19.3,
26.8, 28.3, 28.4, 29.6, 30.6, 44.1, 44.8, 46.0, 46.7, 63.3, 63.4, 63.6,
64.3, 79.2, 80.0, 114.6, 114.9, 127.6, 127.7, 129.5, 129.6, 133.4,
133.6, 135.6, 135.7, 139.2, 139.9, 154.4; CIMS 466 fVH]*.
Anal. Calcd for GgH3gNOsSi (465.71)x H,O: C, 69.52; H, 8.54;

The combined organic layers were washed with saturated aqN, 2.90. Found: C, 69.33; H, 8.29; N, 2.91.

NH,CI, dried with MgSQ, and evaporated. Flash chromatography
(gradient petroleum ether:EtOAc 97:3 95:5) affordedbb (345.4
mg, 62%) as a colorless oil:a]? —31.1° (c = 0.942, CHC})),
Lit.:25 [a]2’ —32.7 (c = 0.22, CHC}).

tert-Butyl (4S,5S)-4-(3-Butenyl)-5-gert-butyldiphenylsily-
loxymethyl)-2-oxopyrrolidine-1-carboxylate (5c). The reaction
was analogously performed as describedbfmrusing4 (1000 mg,
2.206 mmol), a 0.5 M solution of 3-butenylmagnesiumbromide in
THF (26.5 mL, 13.25 mmol), and Cul (1800.0 mg, 9.486 mmol)
in THF (100 mL), TMSCI (0.8 mL, 7.280 mmol), and HMPA (1.1
mL, 6.323 mmol) in THF (15 mL). Flash chromatography (gradient
petroleum ether:EtOAc 97:3- 9:1) afforded5c (970.4 mg, 87%)
as a colorless oil: ]2 —28.6° (c = 1.0, CHC); IR (film) 1789,
1752, 1712 cm’; 'H NMR 6 1.04 (s, 9H), 1.44 (s, 9H), 1.47
1.61 (m, 2H), 2.052.14 (m, 2H), 2.17 (dd) = 17.7, 2.1 Hz, 1H),
2.28-2.37 (m,1H), 2.91 (dd) = 17.7, 8.9 Hz, 1H), 3.87 (dd =

tert-Butyl (2S,3S)-3-Allyl-2-(tert-butyldiphenylsilyloxymethyl)-
pyrrolidine-1-carboxylate (6b). The reaction was analogously
performed as described f6ég, using5b (1100.0 mg, 2.234 mmol)
in Et,O (200 mL) am a 1 MLIAIH 4 solution in E;O (2.2 mL, 2.2
mmol). Further reduction: C¥l, (5 mL), ESiH (355uL, 2.234
mmol), BRs x ELO (305 uL, 2.457 mmol). RP18-MPLC (see
above) and subsequent flash chromatography (petroleum ether:
EtOAc 95:5) gavesb (780.0 mg, 78%) as a colorless oilo]p’
—17.7° (c = 0.392, CHCY); IR (film) 1696 cn%; *H NMR & 1.05
and 1.06 (X s, 9H, conf.), 1.33 and 1.46 s, 9H, conf.), 1.48
1.60 (m, 1H), 1.96-2.26 (m,3H), 2.352.53 (m, 1H), 3.29 (ddd]
=10.8, 8.0, 5.5 Hz, 1H), 3.433.95 (m, 4H), 4.975.10 (m, 2H),
5.69-5.85 (m, 1H), 7.33-7.45 (m, 6H), 7.647.70 (m, 4H);:3C
NMR (DMSO-dg) 6 18.6, 18.7, 26.5, 28.0, 28.3, 29.0, 37.5, 45.3,
62.6, 63.9, 78.2, 116.3, 127.4, 127.8, 129.1, 129.8, 132.9, 134.4,
134.9, 136.3, 136.8, 153.4; CIMS 480 [MH]". Anal. Calcd for
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CoH4iNOsSi (479.74): C, 72.61; H, 8.61; N, 2.92. Found: C,
72.41; H, 8.65; N, 2.86.

tert-Butyl (2S,3S)-3-(3-Butenyl)-2-gert-butyldiphenylsily-
loxymethyl)pyrrolidine-1-carboxylate (6c). The reaction was
analogously performed as described 6a; using5c (110.0 mg,
0.217 mmol) in EfO (25 mL) and a 1 MLIAIH 4 solution in E;O
(0.22 mL, 0.22 mmol) at-78 °C. Further reduction: CHCl;, (2
mL), Et:SiH (34.4ul, 0.217 mmol), and BEx Et,0 (30uL, 0.239
mmol). RP18-MPLC gavéc (81.9 mg, 77%) as a colorless ail:
[a]2’ —25.3 (c = 0.3, CHCE); IR (film) 1697 cnrt; 1H NMR 6
1.04 and 1.06 (® s, 9H, conf.), 1.33 and 1.46 s, 9H, conf.),
1.47-1.61 (m, 3H), 1.9%2.15 (m,3H), 2.36-2.67 (m, 1H, conf.),
3.27 (ddd,J = 10.6, 7.5, 6.5 Hz, 1H), 3.423.92 (m, 4H), 4.92
5.23 (m, 2H), 5.745.88 (m, 1H), 7.32-7.46 (m, 6H), 7.66-7.72
(m, 4H);13C NMR ¢ 19.6, 27.0, 28.7, 29.4, 32.6, 33.5, 40.8, 45.5,
46.5, 64.0, 64.4, 79.2, 79.5 (both signals only detected by HMBC),

Einsiedel et al.

to warm to room temperature. Aftd h of stirring, the solution
was evaporated and,8 (1.5 mL) was added. Subsequent extraction
with EtOAc (3 x 3 mL) was performed, and the organic layer was
extracted again with a saturated ag,®@; solution (2.5 mL). The
aqueous layer was adjusted to pH 2 using saturated aq citric acid
and then extracted with EtOAc (8 5 mL). The organic layer was
dried over MgSQ, evaporated, and dried over@, to give 8a
(233.8 mg, 78%) as a colorless oiln]f’ —48.6° (c = 0.683,
CHCL); IR (film) 1749, 1704, 1678 crt; *H NMR 6 1.42 (s, 4.5H,
conf.), 1.48 (s, 4.5H, conf.),1.74L.85 (m, 1H), 2.06-:2.16 (m, 1H),
2.90-3.02 (m, 0.5H, conf.), 3.133.26 (m, 0.5H, conf.), 3.36

3.70 (m, 2H), 3.99 (dJ = 6.0 Hz, 0.5H, conf.), 4.13 (d] = 4.6

Hz, 0.5H, conf.), 5.13 (dJ = 10.3 Hz, 1H), 5.18 (dJ = 17.1 Hz,

1H, conf.), 5.84 (dddJ = 17.1, 10.3, 7.1 Hz, 1H)}3C NMR 6
27.8,28.3,28.4,29.7,30.4, 37.1, 38.1, 45.5, 45.6, 46.0, 48.2, 63.8,
64.1, 80.6, 81.3, 116.1, 116.6, 136.8, 137.1, 153.7, 155.9, 175.1,

114.9,127.8,128.7, 129.8, 133.8, 134.9, 135.6, 135.7, 136.6, 138.6178.2; APCIMS 242 [M+ H]*. Anal. Calcd for GyH1gNO,4

154.6; EIMS 493 [M]. Anal. Calcd for GoH43sNOsSi (493.77):
C, 72.98; H, 8.78; N, 2.84. Found: C, 72.95; H, 8.76; N, 2.88.
tert-Butyl (2S,3R)-2-Hydroxymethyl-3-vinylpyrrolidine-1-car-
boxylate (7a).To a solution of6a (178.0 mg, 0.382 mmol) in THF
(25 mL) was added acetic acid (0.14 mL) at@ and thena 1 M
solution of BuNF in THF (0.96 mL, 0.96 mmol). The mixture

was allowed to warm to room temperature and was stirred for 7d,

when after 4 and 5 d, respectively, another portion ofNBu(each

(241.29): C, 59.73; H, 7.94; N, 5.80. Found: C, 59.82; H, 7.96;
N, 5.97.

(2S,39)-3-Allyl- N-(tert-butyloxycarbonyl)proline (8b).'8 The
reaction was analogously performed as describe@dpusing7b
(56.0 mg, 0.232 mmol) dissolved in acetone (4 mL) and a solution
of CrO; (23.3 mg, 0.232 mmol) and 430, (23.3 mg) in HO (50
ulL) to give 8b (45.4 mg, 77%) as a colorless oila]’ —39.9 (c
= 0.987, CHC}), Lit.:28 [a]Z* —27.5 (c = 1.0, CHCE); IR (film)

0.382 mL, 0.382 mmol) was added. Silica gel (1 g) was added, 1746, 1704, 1682 cnd; *H NMR 6 1.42 (s, 4.5H, conf.), 1.48 (s,
and the solution was evaporated. Flash chromatography (gradientq 5, conf.), 1.66-1.70 (m, 1H), 2.06:2.18 (m,2H), 2.252.42

petroleum ether:EtOAc 95:5- 9:1) afforded7a (82.5 mg, 95%)
as a colorless oil: d]2 —55.2 (c = 1.021, CHC}); IR (film)
3419, 1695, 1672 cnt; *H NMR 6 1.47 (s, 9H), 1.67 (dddd} =
12.3, 10.5, 10.5, 8.1 Hz, 1H), 1.9@2.00 (m,1H), 2.29-2.40 (m,
1H), 3.24 (dddJ = 10.5, 9.8, 6.6 Hz, 1H), 3.533.56 (m, 3H),
4.05-4.15 (m, 1H), 5.06-5.16 (m, 3H), 5.77 (ddd] = 17.3, 10.2,
7.7 Hz, 1H);13C NMR ¢ 28.4, 30.6, 46.1, 46.6, 65.2, 66.0, 80.3,
116.5, 138.0, 156.8; EIMS 227 [M. Anal. Calcd for GoH21NOs
(227.31): C, 63.41; H, 9.31; N, 6.16. Found: C, 63.35; H, 9.38;
N, 6.13.

tert-Butyl (2S,3S)-3-Allyl-2-hydroxymethylpyrrolidine-1-car-
boxylate (7b)1® The reaction was analogously performed as
described foi7a, using6b (643.0 mg, 1.340 mmol), THF (90 mL),
acetic acid (0.47 mL), and a single additioinlaV BusNF in THF
(3.36 mL, 3.36 mmol), stirring for 2 d. Flash chromatography
(gradient petroleum ether:EtOAc 95:5 9:1) afforded7b (303.0
mg, 94%) as a colorless oil:a]2 —18.4 (c = 0.683, CHC}),
[0]2’ —21.5 (c = 0.358, MeOH), Lit.18 [0]2® —20.5 (c = 1.5,
MeOH); IR (film) 3422, 1695, 1672 cn}; *H NMR 6 1.47 (s,
9H), 1.76-1.87 (m, 1H), 1.881.99 (m, 1H), 2.03-2.13 (m, 1H),
2.24-2.35 (m, 1H), 3.19-3.29 (m, 1H), 3.568-3.65 (m, 3H), 3.67
3.77 (m, 1H), 5.025.11 (m, 2H), 5.76-5.82 (dddJ = 17.3, 6.9,
3.4 Hz, 1H); EIMS 241 [M].

tert-Butyl (2S,3S)-3-(3-Butenyl)-2-hydroxymethylpyrrolidine-
1-carboxylate (7c).The reaction was analogously performed as
described foi7b, using6c (546.9 mg, 1.108 mmol), THF (76 mL),
acetic acid (0.39 mL), ahl M NBwNF in THF (2.76 mL, 2.76
mmol), stirring for 4 d. Flash chromatography (petroleum ether:
EtOAc 9:1) afforded7c (230.1 mg, 81%) as a colorless oil:
[0]2’ —22.6° (c = 1.01, CHCY); IR (film) 3415, 1695, 1671 crr;
IH NMR 0 1.35-1.50 (m, 2H), 1.47 (s, 9H), 1.571.78 (m, 2H),
1.91-2.20 (m,3H), 3.24 (ddd) = 10.9, 8.8, 7.0 Hz, 1H), 3.51
3.62 (m, 3H), 3.653.75 (m, 1H), 4.96-5.07 (m, 3H), 5.79 (m,
1H); °C NMR 0 28.6, 30.1, 32.1, 32.7, 41.3, 46.7, 66.0, 67.5, 80.5,
115.2, 138.1, 157.4; APCIMS 256 [M- H]*. Anal. Calcd for
C12H21NO5 (255.36): C, 65.85; H, 9.87; N, 5.49. Found: C, 65.81;
H, 9.81; N, 5.51.

(2S,3R)-N-(tert-Butyloxycarbonyl)-3-vinylproline (8a). To a
solution of 7a (284.0 mg, 1.249 mmol) in acetone (40 mL) was
added a solution of CrgJ245.0 mg, 2.470 mmol) andJ80, (245.0
mg) in H,O (500uL) at —14 °C, and then the mixture was allowed
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(m, 1.5H), 2.56-2.66 (m, 0.5 H), 3.3#3.55 (m, 2H), 3.89-3.94
(m, 0.5 H), 4.03-4.06 (m, 0.5H), 5.09 (dJ = 10.7 Hz, 1H), 5.10
(d,J=17.0 Hz, 1H), 5.78 (ddd) = 17.0, 10.7, 7.1, 5.9, 5.9 Hz,
1H); EIMS 255 [M'].

(2S,39)-3-(3-Butenyl)-N-(tert-butyloxycarbonyl)proline (8c).
The reaction was analogously performed as describe8&farsing
7c (95.0 mg, 0.372 mmol) dissolved in acetone (15 mL) and a
solution of CrQ (30.6 mg, 0.306 mmol) and 430, (30.6 mg) in
H.0 (70uL) to give 8c (73.8 mg, 74%) as a colorless oilof’
—36.4 (c = 1.038, CHCY); IR (film) 1748, 1704, 1673 crt; 1H
NMR 6 1.42 (s, 4.5H, conf.), 1.48 (s, 4.5H, conf.),1-5064 (m,
2H) 1.65-1.83 (m, 1H), 2.03-2.20 (m, 3H), 2.26-2.39 (m, 0.5H,
conf.), 2.4%+2.54 (m, 0.5H, conf.), 3.333.67 (m, 2H), 3.86 (dJ
= 5.7 Hz, 0.5H, conf.), 3.99 (dl = 4.3 Hz, 0.5H, conf.), 4.99 (d,

J =10.7 Hz, 1H), 5.04 (dJ = 17.0 Hz, 1H, conf.), 5.79 (ddd]
=17.0, 10.7, 5.9, 5.9 Hz, 1H}3C NMR ¢ 28.0, 28.4, 30.1, 30.2,
31.8,31.9,32.6,32.7,41.9,44.4,45.9, 46.1, 64.5, 64.7, 80.6, 81.3,
115.4, 137.8, 153.9, 156.2, 175.8, 179.0; EIMS 269 TMAnal.
Calcd for G4H23NO4 (269.34): C, 62.43; H, 8.61; N, 5.20.
Found: C, 62.51; H, 8.59; N, 5.12.

N-Allyl- N-[(2S,3R)-N’-(tert-butyloxycarbonyl)-3-vinylprolyl]-
glycine Methyl Ester (10a).To a solution of3a (18.0 mg, 0.075
mmol, see Supporting Information), HATU (28.5 mg, 0.075 mmol),
and HOAt (10.2 mg, 0.075 mmol) in NMP (1.2 mL) was added
N-ethylmorpholine (18.%L, 0.150 mmol), and after 10 min a
solution ofN-allylglycine methyl esterga)'® (11.5 mg, 0.090 mmol)
in NMP (0.5 mL) was added. Aftel d and 2 d, respectively,
portions of HATU (1 d: 5.7 mg, 0.015 mmol, 2 d: 3.0 mg, 0.008
mmol), HOAt (1 d: 2.0 mg, 0.015 mmol, 2 d: 1.0 mg, 0.008
mmol), NEM (1 d: 3.8.L, 0.030 mmol, 2d: 1.9 mL, 0.015 mmol),
and N-allylglycine methyl ester (1 d: 2.3 mg, 0.018 mmol, 2 d:
1.2 mg, 0.009 mmol) were added consecutively to complete the
reaction. After 3 d, 5% aq citric acid (2.5 mL) was added, and the
solution was extracted with D (3 x 5 mL). The organic layer
was washed with water, dried over Mg§Cevaporated, and
separated via flash chromatography (petroleum ether:EtOAc 2:1)
to give 10a(22.7 mg, 86%) as a colorless oiloJf’ +25.8 (c =
0.842, CHCY); IR (film) 1753, 1698, 1667 crt; 'H NMR 6 1.42
and 1.48 (% s, 9H, conf.), 1.681.77 (m, 1H), 2.152.16 (m,
1H), 2.89-2.99 (m, 1H), 3.453.67 (m, 2H), 3.57 (d) = 17.4
Hz, 0.3H, conf.), 3.71 and 3.72 £2s, 3H, conf.), 3.80 (dJ =
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17.4 Hz, 0.7H, conf.), 3.854.36 (m, 2H), 4.29 (dJ = 17.4 Hz,
0.7H), 4.39 (d,J = 3.0 Hz, 0.3H, conf.), 4.50 (dl= 3.0 Hz, 0.7H,
conf), 4.53 (d,J = 17.4 Hz, 0.3H, conf.), 5.085.30 (m, 4H),
5.70-5.90 (m, 2H);13C NMR (2 conf.)o 28.4, 28.5, 29.5, 30.3,
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13C NMR (2 conf.)d 27.8, 28.5, 28.6, 28.8, 38.1, 38.2, 42.5, 43.5,
45.3,45.6,47.3,47.4,51.0,51.4,52.1, 52.2, 61.3, 61.5, 79.6, 80.0,
117.8,117.9, 118.5, 118.6, 132.6, 132.8, 135.8, 154.4, 154.9, 169.8,
170.1, 173.0; EIMS 366 [M]. Anal. Calcd for GgH3oN2Os

45.6,45.9,46.7,47.0,47.2,48.0,51.2,51.3, 51.9, 52.0, 61.2, 61.5,(366.46): C, 62.27; H, 8.25; N, 7.64. Found: C, 62.35; H, 8.27,;
79.5, 80.0, 115.6, 115.8, 118.5, 118.6, 132.5, 132.6, 138.4, 138.5,N, 7.64.

153.9, 154.4, 169.6, 169.9, 172.4, 172.5; EIMS 352 TMAnal.
Calcd for GgHagN2Os (352.43): C, 61.34; H, 8.01; N, 7.95.
Found: C, 61.37; H, 8.13; N, 7.81.
N-(3-Butenyl)-N-[(2S,3R)-N'-(tert-butyloxycarbonyl)-3-vinyl-
prolyllglycine Methyl Ester (10b). The reaction was analogously
performed as described f&0a, using8a (30.0 mg, 0.124 mmol),
HATU (47.3 mg, 0.124 mmol), HOAt (16.9 mg, 0.124 mmol) in
NMP (1.0 mL), N-ethylmorpholine (30.Q:L, 0.249 mmol), and
N-(3-butenyl)glycine methyl este®)?® (23.1 mg, 0.162 mmol)
in NMP (0.5 mL), with 3 d of stirring without further addition of

N-[(2S,39)-3-Allyl- N'-(tert-butyloxycarbonyl)prolyl]- N-(3-bute-
nyl)-glycine Methyl Ester (10e). The reaction was analogously
performed as described f&0b, using8b (50.0 mg, 0.196 mmol),
HATU (74.5 mg, 0.196 mmol), HOAt (26.7 mg, 0.196 mmol) in
NMP (1.9 mL), N-ethylmorpholine (49.6:L, 0.392 mmol), and
N-(3-butenyl)glycine methyl este®l, 33.7 mg, 0.235 mmol) in
NMP (0.5 mL), with 1 d of stirring. Flash chromatography (petrol
ether:EtOAc 2:1) furnishe@Oe(69.1 mg, 93%) as a colorless oil:
[a]? +57.5 (c = 0.358, CHCY); IR (film) 1753, 1698, 1662
cm % 1H NMR 6 1.42 and 1.45 (R s, 9H, conf.), 1.581.68 (m,

reagents. Flash chromatography (petrol ether:EtOAc 2:1) furnished3H), 1.96-2.52 (m, 6H), 3.183.68 (m, 3.4H, conf.), 3.52 (d,=

10b (27.8 mg, 61%) as a colorless oilo]f’ +40.6° (c = 0.325,
CHCl); IR (film) 1753, 1699, 1664 cm; *H NMR 6 1.42 and
1.44 (2¢< s, 9H, conf.), 1.66:1.78 (m, 1H), 2.12-2.50 (m, 3H),
2.80-2.98 (m, 1H), 3.26:3.70 (m, 4.4H, conf.), 3.71 and 3.72X2
s, 3H, conf.), 3.79 (dJ = 17.0 Hz, 0.5H, conf.), 3.883.99 (m,
0.3H), 4.15-4.27 (m, 0.3H), 4.31 (dJ = 17.0 Hz, 0.5H, conf.),
4.36 (d,J = 2.8 Hz, 0.5H, conf.), 4.48 (d, = 2.8 Hz, 0.5H, conf.),
4.57 (d,J=17.0 Hz, 0.5H, conf.), 4.965.22 (m, 4H), 5.685.94
(m, 2H); 3C NMR (2 conf.)d 28.5, 28.6, 29.6, 30.5, 33.3, 33.4,

17.4 Hz, 0.5H, conf.), 3.70, 3.71, 3.75 and 3.7% (& 3H, conf.),

3.76 (d,J = 17.0 Hz, 0.5H, conf.), 3.883.97 (m, 0.3H), 4.1%

4.17 (m, 0.3H, conf.), 4.31 (dl = 17.0 Hz, 0.5H), 4.32 (s, 0.5H,
conf.), 4.42 (s, 0.5H, conf.), 4.58 (d,= 17.4 Hz, 0.5H, conf.),
4.97-5.16 (m, 4H), 5.63-5.88 (m, 2H);13C NMR (2 maj. conf.)

0 27.8, 28.6, 28.7, 28.9, 33.2, 33.4, 38.2, 38.3, 42.5, 43.4, 45.3,
45.6, 48.2, 48.3, 48.4, 52.1, 52.2, 61.1, 61.4, 79.6, 80.0, 117.6,
117.8,118.0,118.1, 134.0, 134.3, 135.9, 154.5, 155.0, 169.8, 170.1,
172.9; EIMS 380 [M]. Anal. Calcd for GoHz2N20s (380.48): C,

45.9,46.1, 48.2, 48.3, 48.5, 48.6, 48.7,51.1, 51.2,61.3, 61.6, 79.7,63.14; H, 8.48; N, 7.36. Found: C, 63.28; H, 8.53; N, 7.37.
80.2,115.7,115.9, 117.6, 117.8, 134.1, 134.4, 138.7, 154.0, 154.6, N-Allyl- N-[(2S,35)-3-(3-butenyl)-N'-(tert-butyloxycarbonyl)-

169.7,170.0, 172.7; EIMS 366 [M. Anal. Calcd for GoHzoN20s
(366.46): C, 62.27; H, 8.25; N, 7.64. Found: C, 62.37; H, 8.37;
N, 7.47.

4N-[(2S,3R)-N'-(tert-Butyloxycarbonyl)-3-vinylprolyl]- N-(4-
pentenyl)-glycine Methyl Ester (10c).The reaction was analo-
gously performed as described fbdb, using8a (130 mg, 0.539
mmol), HATU (204.8 mg, 0.539 mmol), HOAt (73.3 mg, 0.539
mmol) in NMP (2.0 mL), N-ethylmorpholine (137.QuL, 1.078
mmol), andN-(4-pentenyl)glycine methyl este®¢)?° (118.6 mg,
0.754 mmol) in NMP (0.7 mL), wit 3 d of stirring. Flash
chromatography (petrol ether:EtOAc 2:1) furnistgat (104.3 mg,
51%) as a colorless oil: a3 +34.0° (c = 0.558, CHCY); IR
(film) 1753, 1699, 1664 cm'; *H NMR 6 1.42 and 1.45 (R s,
9H, conf.), 1.66-1.80 (m, 3H), 2.03-2.11 (m, 2H), 2.12-2.44 (m,
1H), 2.872.97 (m, 1H), 3.143.70 (m, 5.4H, conf.), 3.71 and 3.72
(2x s, 3H, conf.), 3.853.96 (m, 0.3H), 4.154.23 (m, 0.3H), 4.33
(d, J = 3.2 Hz, 0.5H, conf.), 4.34 (d] = 17.0 Hz, 0.5H, conf.),
4.48 (d,J = 3.2 Hz, 0.5H, conf.), 4.58 (dJ = 17.0 Hz, 0.5H,
conf.), 4.92-5.22 (m, 4H), 5.76-5.94 (m, 2H);**C NMR (2 conf.)

prolyl]glycine Methyl Ester (10f). The reaction was analogously
performed as described f@db, using8c (60.0 mg, 0.223 mmol),
HATU (84.7 mg, 0.223 mmol), HOAt (30.3 mg, 0.223 mmol) in
NMP (2 mL), N-ethylmorpholine (57.QuL, 0.446 mmol), and
N-allylglycine methyl ester9a, 40.3 mg, 0.312 mmol) in NMP
(1.0 mL), with 1 d of stirring. Flash chromatography (petrol ether:
EtOAc 2:1) furnished10Of (63.4 mg, 75%) as a colorless oil:
[a]2 +32.5° (c = 0.358, CHCY); IR (film) 1753, 1698, 1665
cm L 1H NMR ¢ 1.43 and 1.44 (R s, 9H, conf.), 1.451.68 (m,

3H), 1.94-2.40 (m, 4H), 3.383.68 (m, 2H), 3.61 (dJ = 17.4

Hz, 0.5H, conf.), 3.70, 3.71, 3.74 and 3.76«(4, 3H, conf.), 3.82

3.92 (m, 0.2H), 3.87 (dJ = 17.0 Hz, 0.5H, conf.), 4.054.12 (m,
1.8H), 4.20 (dJ = 17.0 Hz, 0.5H), 4.26 (dJ = 2.5 Hz, 0.5H),
4.38 (d,J = 2.1 Hz, 0.5H), 4.47 (dJ) = 17.4 Hz, 0.5H, conf.),
4.84-5.08 (m, 2H), 5.125.35 (m, 2H), 5.66-5.95 (m, 2H);13C
NMR (2 maj. conf.)d 27.7, 28.5, 28.6, 28.7, 28.8, 31.7, 31.8, 32.9,
42.6,43.6,45.4,45.7,47.3,47.5,51.2,51.5,52.1, 52.2, 62.2, 62.7,
79.6, 80.1, 115.3, 115.4, 118.6, 132.6, 132.9, 137.8, 137.9, 154.3,
154.9, 169.8, 170.0, 173.1; EIMS 380 [} Anal. Calcd for

0 27.9, 28.1, 28.6, 28.7, 29.6, 30.4, 30.8, 30.9, 45.9, 46.1, 48.2, C,oH3N,05(380.48): C, 63.14; H, 8.48; N, 7.36. Found: C, 63.02;
48.5, 48.6, 52.1, 52.2, 61.4, 61.7, 79.7, 80.2, 115.7, 115.9, 116.0,H, 8.37; N, 7.38.

116.1,137.0, 137.3, 138.7, 154.1, 154.6, 169.8, 170.1, 172.5, 172.6;

EIMS 380 [M']. Anal. Calcd for GoH32N,0s (380.48): C, 63.14;
H, 8.48; N, 7.36. Found: C, 63.19; H, 8.44; N, 7.34.

N-Allyl- N-[(2S,3S)-3-allyl-N'-(tert-butyloxycarbonyl)prolyl]g-
lycine Methyl Ester (10d). The reaction was analogously per-
formed as described fatOb, using 8b (50.0 mg, 0.196 mmol),
HATU (74.5 mg, 0.196 mmol), HOAt (26.7 mg, 0.196 mmol) in
NMP (1.5 mL), N-ethylmorpholine (49.6:L, 0.392 mmol), and
N-allylglycine methyl esterd@)® (30.5 mg, 0.235 mmol) in NMP
(0.7 mL), with 1 d of stirring. Flash chromatography (petrol ether:
EtOAc 2:1) furnishedl0d (51.6 mg, 72%) as a colorless oil:
[0]2 +44.7 (c = 0.692, CHCY); IR (film) 1753, 1699, 1666
cm % IH NMR 6 1.42 and 1.45 (R s, 9H, conf.), 1.59-1.69 (m,
1H), 2.00-2.25 (m,3H), 2.252.40 (m, 1H), 3.343.51 (m, 1.5H,
conf.), 3.58 (d,J = 17.0 Hz, 0.5H, conf.), 3.623.69 (m, 0.5H,
conf.),3.70 and 3.71 s, 3H, conf.), 3.82 (d) = 17.0 Hz, 0.5H,
conf.), 3.85-4.20 (m, 2H), 4.25 (dJ = 17.0 Hz, 0.5H), 4.33 (d
= 1.4 Hz, 0.5H, conf.), 4.42 (dl = 1.4 Hz, 0.5H, conf.), 4.49 (d,
J=17.0 Hz, 0.5H, conf.), 5.005.32 (m, 4H), 5.64-5.94 (m, 2H);

tert-Butyl (3aR,8aS)-7-(2-Methoxy-2-oxoethyl)-8-ox0-3,3a,6,7,8,-
8a-hexahydropyrrolo[2,3-clazepine-1(H)-carboxylate (11a).Di-
enel0a (5.0 mg, 0.0142 mmol, see Supporting Information) was
dissolved in CHCI; (7 mL), and a solution of the Grubbs’ catalyst
of the second generatiom, (0.6 mg¥? in CH,Cl, (0.5 mL) was
added. The mixture was stirredrf@ h under reflux conditions,
and then silica gel (50 mg) was added. Evaporation and subsequent
flash chromatography (petrol ethelEtOAc, 1:1) of the residue
afforded11a (3.5 mg, 76%) as a colorless oiln[3° —12¢° (c =
0.1083, CHCJ); IR (film) 1753, 1697 cm?; *H NMR ¢ 1.42 (s,
4.5H,t-Bu, first conf.), 1.47 (s, 4.5H-Bu, second conf.), 1.58
1.70 (m, 1H, H-3), 2.07 (ddd) = 11.6, 5.8, 5.8 Hz, 1H, H-}
2.85-2.99 (m, 1H, H-3a), 3.39 (ddd,= 11.6, 10.6, 5.8 Hz, 1H,
H-2), 3.49 (ddJ = 18.8, 7.1 Hz, 1 H, H-6), 3.71 (s, 3H, OGH
3.78 (dd,J=10.6, 8.5 Hz, 1 H, H-3, 3.84 (d,J = 17.4 Hz, 0.5H,
NCH, first conf.), 4.00 (d,) = 17.4 Hz, 0.5H, NCH second conf.),
451 (d,J = 17.4 Hz, 0.5H, NCH, second conf.), 4.53 and 4.56
(2x d, each] = 11.4 Hz, 1H, H-8a), 4.634.69 (m, 1H, H-6),
4.68 (d,J = 17.4 Hz, 0.5H, NCH first conf.), 5.63-5.72 (m, 1H,
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H-4 or H-5), 5.85-5.92 (m, 1H, H-5 or H-4)13C NMR ¢ 28.2,
28.5 (CCHa)s, conf.), 30.7, 31.6 (C-3, conf.), 42.0, 42.8 (C-3a,
conf.), 46.5, 47.1 (C-2, conf.), 48.8 (C-6), 50.1, 50.Z¥, conf.),
52.1 (OCH3), 60.4, 61.5 (C-8a, conf.), 79.€(CHs)3), 125.0, 125.2
(C-5 or C-4, conf.), 130.4, 131.0 (C-4 or C-5, conf.), 153.8, 154.3
(COOtBuU, conf.), 169.8, 170.0000CH;, conf.), 171.5, 171.9 (C-
8, conf.); EIMS 324 [MT]. Anal. Calcd for GgH24N,Os (324.38):
C, 59.24; H, 7.46; N, 8.64. Found: C, 59.37; H, 7.55; N, 8.53.

tert-Butyl (3aR,9aS)-8-(2-Methoxy-2-oxoethyl)-9-ox0-2,3,-
3a,6,7,8,9,9a-octahydro-i-pyrrolo[2,3-clazocine-1-carboxy-
late (11b). Olefin metathesis was analogously performed as
described forl1a using dienelOb (10.0 mg, 0.0273 mmol), CH
Cl; (50 mL), and catalysit (1.2 mg) in CHCI, (0.5 mL). Reaction
time: 15 min, column chromatography (petrol eth&tOAc, 2:1)
afforded11b (8.8 mg, 96%) as a colorless oila]5’ —183.6 (c =
0.45, CHC}); IR (film) 1751, 1701, 1666 crt; 'H NMR ¢ 1.39
(s, 4.5H,t-Bu, conf.), 1.45 (s, 4.5H;Bu, conf.), 1.77 and 1.79 (2
x dddd, each:J = 12.2, 12.2, 12.2, 7.6 Hz, 1H, H-3), 2.15 (ddd,
J=12.2,7.6,5.2 Hz, 1H, H'} 2.27-2.41 (m, 1H, H-6), 2.47
2.57 (m, 0.5H, H-6 conf.), 2.68-2.79 (m, 0.5H, H-6 conf.), 2.95-
3.15 (m, 1H, H-3a), 3.25 (dd,= 16.3, 8.5 Hz, 0.5H, H-7, conf.),
3.28 (dd,J = 16.3, 8.5 Hz, 0.5H, H-7, conf.), 3.30 (dd#il= 12.2,
10.8, 5.2 Hz, 1H, H-2), 3.61 (d] = 17.0 Hz, 0.5H, NCH, first
conf), 3.73 (ddJ = 10.8, 7.6 Hz, 0.5H, H-2 conf.), 3.73 and
3.74 (2x s, 3H, OCH, 2 conf.), 3.78 (ddJ = 16.3, 8.5 Hz, 0.5H,
H-7"), 3.79 (ddJ = 10.8, 7.6 Hz, 0.5H, H-2conf.), 3.87 (ddJ =
16.3, 8.5 Hz, 0.5H, H-2conf.), 4.09 (dJ = 17.0 Hz, 0.5 H, NCH,
second conf.), 4.28 (dl = 17.0 Hz, 0.5 H, NCH, second conf.),
4.49 (d,J = 7.5 Hz, 0.5 H, H-9a, conf.), 4.56 (d,= 7.5 Hz, 0.5
H, H-9a, conf.), 4.73 (dJ = 17.0 Hz, 0.5 H, NCH, first conf.),
5.74-5.81 (m, 1H, H-4), 5.825.92 (m, 1H, H-5);*3C NMR ¢
28.2, 28.5 (CCHa)3, conf.), 29.1, 29.4 (C-6, conf.), 33.0, 33.7 (C-3
conf.), 43.2, 44.4 (C-3a, conf.), 45.8, 46.4 (C-2, conf.), 49.5 (C-7,
conf.), 49.8 (NCH,, conf.), 50.9 (C-7, conf.), 51.6 @H,, conf.),
52.1 (OCH), 63.7 (C-9a), 79.6Q(CHs)3), 131.3, 132.0 (C-5, conf.),
134.5, 135.3 (C-4, conf.), 153.9, 154.8Q0tBu, conf.), 169.8,
170.2 COOCH;, conf.), 173.2, 173.7 (C-9, conf.); EIMS 338 |}
Anal. Calcd for G7H26N2Os (338.40): C, 60.34; H, 7.74; N, 8.28.
Found: C, 60.36; H, 7,62; N, 8.17.

tert-Butyl (3aR,10a5)-9-(2-Methoxy-2-oxoethyl)-10-0x0-3,-
3a,6,7,8,9,10,10a-octahydropyrrolo[2,8}azonine-1(2H)-carbox-
ylate (11c).Over a period of 30 min, a solution of dietéc(11.4
mg, 0.030 mmol, see Supporting Information) in &y (2 mL)
and a solution of the catalyst(1.0 mg) in CHCI, (0.5 mL) were
added dropwise to refluxing Gi8l, (50 mL) via separate syringes.
The mixture was stirred anothd h under reflux conditions, and
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(COOCH;, conf.), 172.2, 173.0 (C-10, conf.); EIMS 352 {}
Anal. Calcd for GgH2gN2Os (352.43): C, 61.34; H, 8.01; N, 7.95.
Found: C, 61.41; H, 8.10; N, 8.03.

tert-Butyl (3aS,9aS)-8-(2-Methoxy-2-oxoethyl)-9-0x0-2,3,-
3a,4,7,8,9,9a-octahydro-H-pyrrolo[2,3-clazocine-1-carboxy-
late (11d). Olefin metathesis was analogously performed as
described forlla using dienelOd (6.5 mg, 0.0177 mmol), CH
Cl, (9 mL), and catalysk (0.75 mg) in CHCI, (0.5 mL). Reaction
time: 2 h. Flash chromatography (gEl,—MeOH, 99:1) afforded
11d (4.5 mg, 75%) as a colorless oilo]3’ —226.9 (c = 0.73,
CHC); IR (film) 1756, 1698, 1667 crt; *H NMR 6 1.41 (s, 5.4H,
t-Bu, first conf.), 1.46 (s, 3.6H;Bu, second conf.), 1.571.69 (m,
1H, H-3), 1.92-2.06 (m, 2H, H-3H-3a), 2.36-2.49 (m, 2H, H-4/
H-4'.), 3.32 (dddJ = 12.0, 10.7, 5.1 Hz, 1H, H-2), 3.40 and 3.46
(2 x dd, each] = 15.7, 6.8 Hz, 1H, H-7, 2 conf.), 3.69 and 3.76
(2 x dd, each) = 10.7, 7.6 Hz, 1H, H-2 2 conf.), 3.70 and 3.73
(2 x s, 3H, OCH, 2 conf.), 3.81 (dJ = 17.4 Hz, 0.6 H, NCH,
second conf.), 3.91 (d] = 17.0 Hz, 0.4 H, NCH first conf.),
4.39 and 4.50 (X% dd, each) = 15.7, 7.5 Hz and 15.7, 9.2 Hz, 1,
H-7', 2 conf.), 4.40 (dJ = 17.0 Hz, 0.4 H, NCH, first conf.),
4.57 (d,J = 17.4 Hz, 0.6 H, NCH, second conf.), 4.58 and 4.62
(2 x d, each = 11.4 and 8.5 Hz, 1 H, H-9a, conf.), 5:88.04
(m, 2H, H-5/H-6);13C NMR ¢ 28.2, 28.5 (CCH3)3, conf.), 31.9,
32.1, 33.2,33.8 (C-3 and C-4, each 2 conf.), 42.7, 43.7, 44.0, 45.3,
46.0, 46.6 (C-2, C-3a and C-7, each 2 conf.), 47.7, 49CHN
conf.), 51.9, 52.0 (OCki conf.), 64.2, 64.3 (C-9a, conf.), 79.5, 79.8
(C(CHs)3), 128.3, 128.8 (C-6, conf.), 133.9, 134.8 (C-5, conf.),
153.6, 154.0CO0BU, conf.), 169.7 COOCH;, conf.), 171.3,173.9
(C-9, conf.); EIMS 338 [M]. Anal. Calcd for G7HzsN,Os
(338.40): C, 60.34; H, 7.74; N, 8.28. Found: C, 60.46; H, 7,81,
N, 8.15.

tert-Butyl (3aS,10a5)-9-(2-Methoxy-2-oxoethyl)-10-0x0-3,-
3a,4,7,8,9,10,10a-octahydropyrrolo[2,8fazonine-1(2)-carbox-
ylate (11e). Olefin metathesis was analogously performed as
described forl1a using dienelOe (5.0 mg, 0.0131 mmol), CH
Cl, (30 mL), and catalyst (0.56 mg) in CHCI, (0.5 mL). Reaction
time: 1 h. Flash chromatography (petrol eth&tOAc, 1:1)
afforded11e(3.2 mg, 70%) as a colorless ol —61.1° (c =
0.0917, CHG)); IR (film) 1752, 1698, 1660 crt; IH NMR 6 1.43
(s, 9H,t-Bu), 1.68 (ddddJ = 11.8, 11.8, 11.8, 8.5 Hz, 1H, H-3),
1.86 and 1.87 (R ddd, each:J = 11.8, 5.8, 5.8 Hz, 1H, H-}
2.20 (m, 1H, H-4), 2.562.61 (m, 4H, H-3a, H-4 H-7/7), 3.29
(m, 1H, H-8), 3.42 (dddJ = 11.8, 10.7, 5.8 Hz, 1H, H-2), 3.57
(dd,J = 10.7, 8.2 Hz, 0.3H, H-Zfirst conf.), 3.69 (ddJ = 10.7,
8.2 Hz, 0.7 H, H-2second conf.), 3.72 and 3.74 s, 3H, OCH,
conf.), 3.79 (dJ = 17.0 Hz, 0.3 H, NCH first conf.), 4.02 (dJ

then silica gel (100 mg) was added. Evaporation and subsequent= 17.0 Hz, 0.7 H, NCH, second conf.), 3.89 (ddd,= 15.9, 5.2,

flash chromatography (petrol etheisopropanol, 99:1) of the
residue affordedlic (8.8 mg, 83%) as a colorless oil:a]3’
—122.0 (c = 0.55, CHCY}); IR (film) 1753, 1701, 1653 cmt; H
NMR 6 1.35-1.43 (m, 1H, H-7), 1.39 (s, 4.5H;Bu, conf.), 1.45
(s, 4.5H,t-Bu, conf.), 1.68-1.82 (m, 1H, H-3), 1.831.95 (m, 1H,
H-7"), 1.96-2.05 (m, 1H, H-6), 2.062.14 (m, 1H, H-3), 2.33-
2.44 (m, 0.5H, H-g conf.), 2.59-2.70 (m, 0.5H, H-§ conf.), 3.03-
3.17 (m, 2H, H-3a, H-8), 3.39 (ddd,= 2.2, 10.7, 5.3 Hz, 1H,
H-2), 3.52 (d,J = 16.9 Hz, 0.5H, NCH, first conf.), 3.66 and
3.67 (2¢x s, 3H, OCH, 2 conf.), 3.68-3.80 (m, 1H, H-8), 3.76
and 3.83 (2x dd, each] = 10.7, 7.9 Hz, 1H, H-2 2 conf.), 3.99
(d, 3 = 16.9 Hz, 0.5 H, NCH, second conf.), 4.07 (dl = 16.9
Hz, 0.5 H, NCH, second conf.), 4.30 (d,= 7.5 Hz, 0.5 H, H-10a,
conf.), 4.38 (dJ= 7.5 Hz, 0.5 H, H-10a, conf.), 4.47 (d—= 16.9
Hz, 0.5 H, NCH,, first conf.), 5.56-5.65 (m, 1H, H-5), 5.675.74
(m, 1H, H-4);33C NMR 6 23.1, 23.2 (C-6, conf.), 27.7, 28.3 (C-7,
conf.), 28.2, 28.5 (Q%H3)s, conf.), 33.1, 33.8 (C-3), 41.2,42.1 (C-
3a, conf.), 44.7, 46.0 (C-8, conf.), 46.5, 47.0 (C-2, conf.), 47.1,
48.9 (NCH,, conf.), 51.9, 52.0 (OCH conf.), 62.2, 62.4 (C-10a,
conf.), 79.5, 79.6@(CHs)s, conf.), 130.7, 131.0 (C-5, conf.), 134.5,
134.6 (C-4, conf.), 153.6, 154.LCQOCtBu, conf.), 169.6, 170.0
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5.2 Hz, 1H, H-8), 4.13 (d,J = 17.0 Hz, 0.7 H, NCH, second
conf.), 4.19 (dJ = 9.2 Hz, 0.7 H, H-10a, second conf.), 4.25 (d,
J=9.9 Hz, 0.3 H, H-10a first conf.), 4.48 (d,= 17.0 Hz, 0.3 H,
NCHj, first conf.), 5.74 (dddJ = 10.2, 9.0, 7.5 Hz, 1H, H-6),
5.84 (dddJ = 10.2, 8.9, 8.9 Hz, 1H, H-5)}3C NMR ¢ 26.9 (C-4
or C-7), 27.6 (C-7 or C-4), 28.3, 28.5 (Cffi3)3, conf.), 30.3 (C-3),
46.6, 47.0 (C-2, conf.), 47.7 (C-3a), 48.3 (C-8), 51.4CHY, first
conf.), 52.0 (OCH), 52.2 (NCH,, second conf.), 59.4, 59.8 (C-
10a, conf.), 79.4, 80.00(CHjy)3, conf.), 128.7, 129.3 (C-6, conf.),
130.1, 130.9 (C-5, conf.), 153.6, 154.€QCtBu, conf.), 169.8,
170.7 COOCH;, conf.), 174.1, 174.7 (C-10, conf.); EIMS 352
[M*]. Anal. Calcd for GgH2gN2Os (352.43): C, 61.34; H, 8.01;
N, 7.95. Found: C, 61.38; H, 8.04; N, 7.77.

tert-Butyl (3aS,10&a5)-9-(2-Methoxy-2-oxoethyl)-10-0x0-3,-
3a,4,5,8,9,10,10a-octahydropyrrolo[2,8}azonine-1(2)-carbox-
ylate (11f). Olefin metathesis was analogously performed as
described forlla using dienelOf (4.9 mg, 0.0129 mmol), CH
Cl, (100 mL), and catalyst I (0.36 mg) in GAI, (0.5 mL). Reaction
time: 1 h. Flash chromatography (petrol eth&tOAc, 1:1)
afforded11f (4.2 mg, 91%) as a colorless oilo’ —132.3 (c =
0.30, CHC}); IR (film) 1755, 1698, 1666 cmt; *H NMR (600
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MHz, protons located at the same side of the ring plane as H-3a 6.8, 2.2 Hz, 0.7H, H-7, first conf.), 3.37 (ddd~= 12.4, 10.6, 6.9

are designated g&protons)o 1.43 (s, 4.5Ht-Bu, conf.), 1.45 (s,
4.5H,t-Bu, conf.), 1.49-1.57 (m, 2H, H-#, H-3), 1.59-1.67 (m,
1H, H-40), 2.12-2.24 (m, 2H, H-3 H-5p), 2.45 (dddddJ = 11.0,
11.0, 4.4, 2.1, 2.1 Hz, 0.5H, H-3a, conf.), 2.56 (ddddle;s 11.0,
11.0,4.4,2.1, 2.1 Hz, 0.5H, H-34a, conf.), 2.66 and 2.6& @ddd,
each: J=16.4, 12.1, 10.8, 4.9, 1H, He5 2 conf.), 3.37 (ddJ =
16.5, 6.2 Hz, 0.5H, H, conf.), 3.37 (ddJ = 9.0, 8.9 Hz, 0.5H,
H-2, conf.), 3.42 (ddJ = 9.0, 8.9 Hz, 0.5H, H-2, conf.), 3.43 (dd,
J=16.5, 6.2 Hz, 0.5H, H{8, conf.), 3.64 (dddJ = 10.5, 9.0, 3.6
Hz, 0.5H, H-2, conf.), 3.66 (dJ = 17.4 Hz, 0.5H, NCH, conf.),
3.71 (s, 1.5H, OCH conf.), 3.72 (dddJ = 10.5, 9.0, 3.6 Hz, 0.5H,
H-2', conf.), 3.73 (s, 1.5H, OCH conf.), 3.99 (d,J = 17.0 Hz,
0.5H, NCH, conf.), 4.31 (d,J = 17.0 Hz, 0.5H, NCH, conf.),
4.64 (d,J=17.4 Hz, 0.5H, NCH, conf.), 4.64 (ddJ = 16.5, 10.8
Hz, 0.5H, H-8), 4.67 (d,J = 2.1 Hz, 0.5H, H-10a, conf.), 4.77
(d,J = 2.1 Hz, 0.5H, H-10a, conf.), 4.78 (dd,= 16.5, 10.8 Hz,
0.5H, H-8&), 5.70 (2 x ddd, each:J = 10.8, 10.8, 4.9 Hz, 1H,
H-6), 5.80 (2x ddd,J = 10.8, 10.8, 6.2 Hz, 1H, H-7}3C NMR
0 23.8, 23.9 (C-5, conf.), 28.2, 28.4 (C3)s, conf.), 29.7, 30.2
(C-3), 31.5, 31.7 (C-4, conf.), 39.3, 40.7 (C-3a, conf.), 45.2, 45.7
(C-8), 46.0, 46.5 (C-2, conf.), 49.2, 50.8 (NgHconf.), 52.0
(OCHg), 58.4, 58.5 (C-10a, conf.), 79.6, 79.C(CHs)s, conf.),
125.2, 126.0 (C-6, conf.), 130.1, 130.7 (C-7, conf.), 154.1, 154.8
(COOtBuU, conf.), 169.8, 170.1GO0OCH;, conf.), 172.6, 173.0 (C-
10, conf.); EIMS 352 [M]. Anal. Calcd for GgH,gN,Os x 0.5
H,O (352.43): C, 59.82; H, 8.09; N, 7.75. Found: C, 59.72; H,
8.06; N, 7.88.

tert-Butyl (3aR,8aS)-7-[2-(Methylamino)-2-oxoethyl)]-8-oxo-
3,3a,6,7,8,8a-hexahydropyrrolo[2,3]azepine-1(2)-carboxy-
late (3a). Compounflla (4.4 mg, 0.0136 mmol, see Supporting
Information) was dissolved at room temperature in a solution of
methyl amine in EtOH (1 mL, 8.03 M). The reaction mixture was
stirred fa 1 h and evaporated. The residue was purified by flash
chromatography (CkCl,—MeOH 95:5) to give3a (2.9 mg, 66%)
as a colorless oil: ]2’ —108.6 (c = 0.158, CHCY); IR (film)
3317, 1694, 1681, 1675 crf] *H NMR 0 1.42 (s, 4.5Ht-Bu, first
conf.), 1.48 (s, 4.5H-Bu, second conf.), 1.601.76 (m, 1H, H-3),
2.10 (ddd,J = 11.7, 5.9, 5.9 Hz, 1H, H-} 2.77 (d,J = 5.0 Hz,
3H, HNCH3), 2.78-2.90 (m, 1H, H-3a), 3.363.48 (m, 1H, H-2),
3.60-3.74 (m, 1.5 H, H-2H-6), 3.79 (ddJ = 10.6, 8.5 Hz, 0.5H,
H-2'), 4.01 (d,J = 15.3 Hz, 1H, NCH, conf.), 4.12 (dJ = 15.3
Hz, 0.5H, NCH, conf.), 4.21 (dJ = 15.3 Hz, 0.5H, NCH, conf.),
4.49-4.66 (m, H-6/H-8a), 5.675.75 (m, 1H, H-5), 5.88 (ddd]
=114,2.1,2.1Hz, 1H, H-4), 6.22 (brs, 0.4HNCHj, first conf.),
6.33 (brs, 0.6HHNCHj3, second conf.)13C NMR ¢ 26.1, 26.2
(HNCHjg, conf.), 28.2, 28.4 (GIHs)s, conf.), 30.6, 31.2 (C-3, conf.),
42.0, 42.8 (C-3a, conf.), 46.5, 47.1 (C-2, conf.), 48.7, 48.8 (C-6,
conf.), 53.4, 53.5 (I€H,, conf.), 61.2, 61.3 (C-8a, conf.), 79.9, 80.1
(C(CHjy)3, conf.), 125.1, 125.4 (C-5 or C-4, conf.), 130.6, 131.0
(C-4 or C-5, conf.), 154.1, 154.8&00tBu, conf.), 169.5 CON-
HCHj), 172.0, 172.5 (C-8, conf.); APCI-MS 324 [Mt 1]*. Anal.
Calcd for GgHasN3O4 (323.40): C, 59.43; H, 7.79; N, 12.99.
Found: C, 59.53; H, 7.83; N, 12.83.

tert-Butyl (3aR,9aS)-8-[2-(Methylamino)-2-oxoethyl)]-9-oxo-
2,3,3a,6,7,8,9,9a-octahydroH-pyrrolo[2,3- c]azocine-1-carboxy-
late (3b). Aminolysis of 11b (8.4 mg, 0.0248 mmol) was
analogously performed with methyl amine in EtOH (2 mL, 8.03
M) as described folla Reaction time: 4 h. Column chromatog-
raphy (CHCl,—MeOH 97:3) furnished3b (6.9 mg, 82%) as a
colorless oil: fJ3 —79.% (c = 0.442, CHCJ); IR (film) 3329,
1695, 1668 cm?; IH NMR 6 1.39 (s, 2.7H{-Bu, second conf.),
1.46 (s, 6.3H{-Bu, first conf.), 1.79 (dddd) = 12.4, 12.4, 12.4,
7.6 Hz, 0.3H, H-3, second conf.), 1.83 (dddds 12.4, 12.4, 12.4,
7.6 Hz, 0.7H, H-3, first conf.), 2.16 (ddd,= 12.4, 6.9, 6.3 Hz,
0.3H, H-3, second conf.), 2.18 (ddd,= 12.4, 6.9, 6.3 Hz, 0.7H,
H-3, first conf.), 2.29-2.50 (m, 2H, H-6/H-6, 2.78 (d,J = 4.6
Hz, 3H, HNCH3), 2.86-2.97 (m, 1H, H-3a), 3.29 (ddd,= 15.9,

Hz, 1H, H-2), 3.49 (dddJ) = 16.3, 6.8, 2.2 Hz, 0.3H, H-7, second
conf.), 3.64 (dJ = 16.0 Hz, 0.7H, NCH, first conf.), 3.69 (dd,]
= 10.6, 7.6 Hz, 0.7H, H-2first conf.), 3.72 (ddd) = 16.2, 8.8,
2.2 Hz, 0.3H, H-7, second conf.), 3.72 (d] = 14.5 Hz, 0.3H,
NCH,, second conf.), 3.81 (dd,= 10.6, 7.6 Hz, 0.3H, H-2second
conf.), 4.29 (dJ = 14.5 Hz, 0.3 H, NCH, second conf.), 4.49 (d,
J = 7.8 Hz, 0.3 H, H-9a, second conf.), 4.55 §d= 8.2 Hz, 0.7
H, H-9a, first conf.), 4.57 (d) = 16.0 Hz, 0.7 H, NCH first conf.),
5.69-5.84 (m, 1H, H-4/H-5), 6.59 (brs, 0.3HHNCHjs, second
conf.), 6.74 (brs, 0.7H;INCHG, first conf.); 13C NMR 6 26.1, 26.2
(HNCHjs, conf.), 28.2, 28.4 (GfHa)s, conf.), 29.5, 30.3 (C-6, conf.),
33.3, 33.5 (C-3, conf.), 43.6, 44.9 (C-3a, conf.), 45.8, 46.3 (C-2,
conf.), 49.2, 49.3 (C-7, conf.), 52.7, 53.0@N., conf.), 62.4, 63.4
(C-9a, conf.), 79.5, 80.00(CHs)3, conf.), 130.5, 131.1 (C-5, conf.),
133.3, 134.4 (C-4, conf.), 154.8CQ0tBu), 169.3 COOCH;),
173.6, 174.6 (C-9, conf.); EIMS 337 [M. Anal. Calcd for
CiH27N3O4 (337.42): C, 60.51; H, 8.07; N, 12.45. Found: C,
60.48; H, 7.98; N, 12.36.

tert-Butyl (3aR,10&5)-9-[2-(Methylamino)-2-oxoethyl)]-10-
0x0-3,3a,6,7,8,9,10,10a-octahydropyrrolo[2,8azonine-1(H)-
carboxylate (3c).Aminolysis of 11c (3.0 mg, 0.0085 mmol) was
analogously performed with methyl amine in EtOH (1 mL, 8.03
M) as described fot1a Reaction time: 1 h. Flash chromatography
(CH,CIl,—MeOH 95:5) gavesc (3.0 mg, 100%) as a colorless oil:
[a]?’ —73.7 (c = 0.45, CHCW); IR (film) 3361, 1678, 1657 crri;
IH NMR (600 MHz, protons located at the same side of the ring
plane as H-3a are designated/aprotons)d 1.35-1.43 (m, 1H,
H-7a), 1.38 (s, 1.3Ht-Bu), 1.46 (s, 7.7Ht-Bu), 1.85 (dddd,) =
12.0, 12.0, 12.0, 7.8 Hz, 1H, He3, 1.88-1.96 (m, 1H, H-@),
1.91-2.00 (m, 1H, H-B), 1.88-2.05 (m, 1H, H-6v), 2.19 (dddJ
=12.0,7.1,5.6 Hz, 1H, H{}, 2.78 (d,J = 4.6 Hz, 3 H, HNCHy),
3.07 (ddddJ = 12.0, 8.3, 7.1, 6.6 Hz, 1H, Hed, 3.12 (dddJ =
145, 2.8. 2.8 Hz, 1H, H{8, 3.44 (dddJ = 12.0, 10.6, 5.6 Hz,
1H, H-2), 3.48 (d,J = 16.3 Hz, 1H, NCH), 3.69 (dd,J = 14.5,
14.5 Hz, 1H, H-8&), 3.72 (dd,J = 10.6, 7.8 Hz, 1H, H-2, 4.26
(d, J = 8.3 Hz, 1H, H-10a), 4.66 (dJ = 16.3 Hz, 1H, NCH),
5.60 (ddddJ = 10.9, 10.9, 5.7, 1.2 Hz, 1H, H-5), 5.69 (dil=
10.9, 6.6 Hz, 1H, H-4), 6.96 (brs, 0.15HNCH), 7.22 (brs, 0.85H,
HNCH); 13C NMR ¢ 23.6 (C-6), 26.4 (HICH3), 28.0 (C-7), 28.4
(C(CHg)3), 33.6 (C-3), 40.7 (C-3a), 45.0 (C-8), 47.0 (C-2), 49.0
(NCH,), 62.4 (C-10a), 80.3G(CHzs)s), 131.7 (C-5, conf.), 133.4
(C-4), 154.9 COOtBu), 169.0 COONHCH;), 174.0 (C-10, conf.);
EIMS 351 [Mf]. Anal. Calcd for GgH29N30,4 (351.45): C, 61.52;
H, 8.32; N, 11.96. Found: C, 61.32; H, 8.29; N, 11.88.

tert-Butyl (3aS,9a5)-8-[2-(Methylamino)-2-oxoethyl)]-9-oxo-
2,3,3a,4,7,8,9,9a-octahydroH-pyrrolo[2,3- c]lazocine-1-carboxy-
late (3d). Aminolysis of 11d (4.0 mg, 0.0118 mmol) was
analogously performed with methyl amine in EtOH (1 mL, 8.03
M) as described fotla Reaction time: 1 h. Column chromatog-
raphy (CHCl,—MeOH 97:3) gavedd (3.7 mg, 93%) as a colorless
oil: [0]2’ —200.9 (c = 0.492, CHCY); IR (film) 3366, 1690,
1667 cnmrl; 'H NMR 6 1.39 (s, 1.8Ht-Bu, first conf.), 1.46 (s,
7.2H,t-Bu, second conf.), 1.641.75 (m, 1H, H-3), 1.962.05 (m,
2H, H-3/H-3a), 2.33-2.45 (m, 2H, H-4/H-4), 2.75 and 2.77 (R
d,J= 4.9 and 4.7 Hz, 3H, HNBj3, conf.), 3.38 (ddd,) = 11.7,
10.6, 5.3 Hz, 1H, H-2), 3.42 and 3.59x2dd, J = 15.0, 7.3 Hz
and 15.7, 6.6 Hz, 1H, H-7, 2 conf.), 3.62 @= 16.2 Hz, 0.8 H,
NCH,, second conf.), 3.66 and 3.79x2dd, eachJ = 10.7, 7.9
Hz, 1H, H-2, 2 conf.), 3.97 (dJ = 14.5 Hz, 0.2 H, NCH, first
conf.), 4.03 (dJ = 14.5 Hz, 0.2 H, NCH, first conf.), 4.39 and
4.48 (2« dd,J = 15.0, 9.1 Hz and 15.7, 9.2 Hz, 1, H;2 conf.),
4.52 (d,J=16.2 Hz, 0.8 H, NCH, second conf.), 4.52 (d,= 9.1
Hz, 1 H, H-9a), 5.8#6.02 (m, 2H, H-5/H-6), 6.64 (s, 0.2H,
HNCHj, first conf.), 6.92 (s, 0.8H;INCHjz, second conf.}}3C NMR
d 26.0, 26.1 (HNXCH3, conf.), 28.3, 28.4 (GYH3)s, conf.), 31.2,
31.6, (C-4, conf.) 33.1, 33.4 (C-3, conf.), 41.4 (C-3a), 45.2, 45.6
(C-7, conf.), 46.1, 46.6 (C-2, conf.), 51.9, 52.6QN,, conf.), 64.4,
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64.8 (C-9a), 79.7, 80.10(CHs)3), 128.9, 129.3 (C-6, conf.), 133.6,
134.5 (C-5, conf.), 153.4, 154.£00tBu, conf.), 169.5, 170.2
(HNCHg, conf.), 172.9, 173.3 (C-9, conf.); EIMS 337 [}l Anal.
Calcd for G/H27N3O4 (337.42): C, 60.51; H, 8.07; N, 12.45.
Found: C, 60.64; H, 8.05; N, 12.44.

tert-Butyl (3aS,10a5)-9-[2-(Methylamino)-2-oxoethyl)]-10-oxo-
3,3a,4,7,8,9,10,10a-octahydropyrrolo[2,8lazonine-1(2H)-car-
boxylate (3e). Aminolysis of 11e (8.4 mg, 0.0238 mmol, see

Supporting Information) was analogously performed with methyl

amine in EtOH (2 mL, 8.03 M) as described fbta Reaction
time: 1 h. Flash chromatography (@El,—MeOH 97:3) gave3e
(4.8 mg, 57%) as a colorless oil:a]®’ +20.2 (c = 0.367,
CHCl); IR (film) 3350, 1661 cm?; *H NMR (600 MHz, protons

Einsiedel et al.

(14). To a solution of (& 39)-3-allyl-N-(9-fluorenylmethyloxycar-
bonyl)proline (2, see Supporting Information, 150.0 mg, 0.397
mmol) and 2,6-lutidine in dioxane (10 mL) was added solid bis-
trichloromethylcarbona# (BTC, 39.3 mg, 0.132 mmol), and after

1 min (§-N-(3-butenyl)©O-(2,6-dichlorobenzyl)tyrosine methyl ester
(13, see Supporting Information, 243.4 mg, 0.596 mmol) in dioxane
(2 mL) was added. After 20 min of stirring, the solvent was
evaporated, and the residue was purified by flash chromatography
(petrol ether:EtOAc 2:1) to furnisi4d (242.7 mg, 80%) as a
colorless resin: ]2’ —41.1° (c = 0.583, CHCY); IR (film) 1739,
1705, 1655 cm%; 'H NMR (2 maj. conf.)é 1.73-1.85 (m, 1H),
2.09-2.25 (m, 3H), 2.252.55 (m, 2H), 2.572.67 (m, 0.4H),
2.78-2.88 (m, 0.6 H), 3.153.41 (m, 3H), 3.543.66 (m, 1H),

located at the same side of the ring plane as H-3a are designated.68 (s, 3H), 3.82.3.91 (m, 1H), 4.074.17 (m, 1H), 4.284.38

asf-protons)d 1.38 (s, 0.9Ht-Bu), 1.43 (s, 8.1Ht-Bu), 1.69 (dddd,
J=12.0,12.0, 12.0, 8.5 Hz, 1H, He3, 1.99 (dddJ = 12.0, 5.5,
5.5 Hz, 1H, H-P), 2.21-2.26 (m, 2H, H-4/4, 2.36 (ddddJ =
14.3, 8.0, 7.3, 2.6 Hz, 1H, HAJ, 2.41-2.47 (m, 1H, H-3a), 2.70
(dddd,J = 14.3, 11.4, 8.7, 8.6 Hz, 1H, Hej, 2.77 (d,J = 4.6
Hz, 3H, HN(H3), 3.15 (d,J = 16.6 Hz, 1H, NCH), 3.26 (ddd,J
=155, 8.6, 8.0 Hz, 1H, H/8, 3.45 (dddJ = 12.0, 10.7, 5.5 Hz,
1H, H-28), 3.58 (dd,J = 10.7, 8.5 Hz, 1 H, H-2), 4.04 (dddJ =
15.5, 8.7, 2.6 Hz, 1H, H®), 4.10 (d,J = 9.0 Hz, 1 H, H-10a),
4.87 (d,J =16.6 Hz, 1 H, NCH), 5.49 (ddd,J = 11.4, 10.7, 7.3
Hz, 1H, H-6), 5.83 (dddJ = 10.7, 8.3, 8.3 Hz, 1H, H-5), 6.93
(brs, 0.1H,HNCHj), 7.46 (brs, 0.9HHNCH,); 13C NMR 6 26.1
(HNCHg), 26.5 (C-7), 28.5 (QTH3)3), 29.1 (C-4), 31.9 (C-3), 44.9
(C-3a), 46.7 (C-8), 46.9 (C-2), 53.5 (NGK 61.5 (C-10a), 80.2
(C(CHg)3), 127.1 (C-6), 130.9 (C-5), 154.7COCtBu), 169.4
(COONHCH), 174.0 (C-10); EIMS 351 [M]. Anal. Calcd for
Ci1gH20N30,4 (351.45): C, 61.52; H, 8.32; N, 11.96. Found: C,
61.50; H, 8.38; N, 11.88.

tert-Butyl (3aS,10&5)-9-[2-(Methylamino)-2-oxoethyl)]-10-oxo-
3,3a,4,5,8,9,10,10a-octahydropyrrolo[2,8lazonine-1(2H)-car-
boxylate (3f). Aminolysis of 11f (2.4 mg, 0.0068 mmol) was

analogously performed with methyl amine in EtOH (2 mL, 8.03

M) as described folla Reaction time: 0.5 h. Column chroma-
tography (CHCl,—MeOH 97:3) gave3f (2.4 mg, 100%) as a
colorless oil: f]3 —46.6° (c = 0.14, CHC}); IR (film) 3338,
1668 (br) cnt!; IH NMR (600 MHz, protons located at the same
side of the ring plane as H-3a are designated-asotons)o 1.41
(s, 1.3H,t-Bu, conf.), 1.46 (s, 7.7H:Bu, conf.), 1.53 (dddd] =
13.1, 13.1, 4.0, 4.0 Hz, 1H, He4, 1.58 (ddddJ = 13.1, 7.5, 5.3,
4.5 Hz, 1H, H-3), 1.72 (ddddJ = 13.1, 13.1, 4.5, 4.5 Hz, 1H,
H-48), 2.13-2.20 (m, 1H, H-B), 2.22 (ddddJ = 13.1, 8.5, 7.5,
7.5 Hz, 1H, H-3), 2.38 (dddddJ = 7.5, 4.5, 4.5, 4.0, 3.8 Hz, 1H,
H-3a), 2.54-2.62 (m, 1H, H-8), 2.78 (d,J = 4.7 Hz, 3H, HNG3),
3.43 (ddd,J = 10.5, 7.5, 7.5 Hz, 1H, H<®), 3.46 (dd,J = 16.7,
4.5 Hz, 1H, H-8), 3.51 (d,J = 16.2 Hz, 0.85H, NCK conf.),
3.65 (dddJ = 10.5, 8.5, 5.3 Hz, 0.85H, HA& conf.), 3.71 (dJ =
14.4 Hz, 0.15H, NCH conf.), 3.73 (dddJ = 10.5, 8.5, 4.0 Hz,
0.15H, H-3, conf.), 4.19 (dJ = 14.4 Hz, 0.15H, NCH conf.),
4.56 (dd,J = 16.1, 10.8 Hz, 1H, H-8), 4.63 (d,J = 3.8 Hz, 1H,
H-10a, conf.), 4.69 (dJ = 16.2 Hz, 0.85H, NCH conf.), 4.76
(dd,J = 16.7, 8.4 Hz, 0.85H, H®), 5.64-5.73 (m, 1.85H, H-6/
H-7), 5.82 (dddJ = 10.6, 10.6, 5.8 Hz, 0.15H, H-7, conf.), 6.64
(brs, 0.15HHNCHj, conf.), 6.98 (brs, 0.85HINCHg, conf.);13C
NMR 6 23.8, 24.0 (C-5, conf.), 26.3 (HNG} 28.4, 28.6 (QCH3)s,

conf.), 29.6 (C-3, conf.), 29.9 (C-4, conf.), 31.4 (C-3, conf.), 31.6
(C-4, conf.), 40.2, 41.3 (C-3a, conf.), 45.8 (C-8, conf.), 45.9 (C-2,

conf.), 46.3 (C-2, conf.), 46.8 (C-8, conf.), 52.5, 53.2 (NCebnf.),
59.6 (C-10a), 79.8, 80.4(CHg)s, conf.), 124.9, 125.6 (C-6, conf.),
131.7, 132.2 (C-7, conf.), 153.9, 155.6Q0tBu, conf.), 169.5,
170.2 COONHCHp), 174.1, 174.4 (C-10); EIMS 351 [M. Anal.
Caled for GgHooN3O4 (351.45): C, 61.52; H, 8.32; N, 11.96.
Found: C, 61.32; H, 8.29; N, 11.88.

N-[(2S,3R)-3-Allyl- N'-(9-fluorenylmethyloxycarbonyl)prolyl]-
N-(S)-(3-butenyl)-O-(2,6-dichlorobenzyl)tyrosine Methyl Ester
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(m, 1.6H), 4.38-4.48 (m, 1.4H), 4.694.74 (m, 0.4H), 4.874.98
(m, 0.6H), 5.1+5.21 (m, 2H), 5.26 and 5.28 (R s, 2H), 5.5+
5.64 (m, 0.4H), 5.6#5.84 (m, 1.6H), 6.957.01 (m, 2H), 7.16-
7.19 (m, 2H), 7.257.46 (m, 7H) 7.557.70 (m, 2H), 7.757.81
(m, 2H); 13C NMR (2 maj. conf.)6 27.8, 29.1, 32.9, 33.0, 34.0,
34.2,38.1,38.3,42.6,43.1,45.4, 45.6, 47.3, 47.4, 48.6, 49.0, 52.1,
52.2, 61.5, 61.8, 62.6, 62.8, 65.5, 65.6, 67.3, 67.4, 115.2, 115.3,
117.0,117.1,118.2,118.3,119.9, 125.2, 125.3, 127.0, 127.1, 1276,
127.7,130.1, 130.2, 130.4, 132.2, 132.3, 133.9, 134.4, 135.5, 135.6,
137.0,141.2,141.3, 144.0, 144.2, 154.7, 154.9, 157.8, 157.9, 170.6,
171.0, 171.8, 172.3; APCIMS 767, 769 ([M H]™, main isotope
peaks). Anal. Calcd for £H44CILN,Og (767.75) x 3 H,O: C,
64.31; H, 6.13; N, 3.41. Found: C, 64.70; H, 5.85; N, 3.33.
9H-Fluoren-9-yl (3aS,10a5,1'S)-9-{ 2-[4-(2,6-Dichlorobenzy-
loxy)-phenyl]-1-methoxycarbonylethyk -10-ox0-3,3a,4,7,8,9,10,-
10a-octahydropyrrolo[2,3-c]azonine-1(H)-carboxylate (15).Ole-
fin metathesis was analogously performed as described far
using dienel4 (183.5 mg, 0.2388 mmol), Ci€l, (180 mL), and
catalystl (7.0 mg) in CHCI, (1 mL). Reaction time: 30 min. Flash
chromatography (gradient petrol ethéttOAc, 4:1— 2:1) afforded
15(153.7 mg, 87%) as a colorless oila]§’ —105.2 (c = 0.542,
CHCly); IR (film) 1738, 1700, 1664 cm; *H NMR (DMSO-dg) 6
1.32 and 1.62 (2 dddd, each) = 13.9, 11.9, 9.8, 6.0 Hz, 1H),
1.71-1.79 (m, 1H), 1.79-1.86 (m, 0.5H), 1.871.95 (m, 1H),
1.95-2.03 (m, 1H), 2.08-2.19 (m, 1.5H), 2.182.25 (m, 0.5H),
2.43-2.49 (m, 0.5H), 2.74 (dd) = 14.0, 7.7 Hz, 0.5H), 2.74
2.80 (m, 1.0H), 2.84 (dd] = 13.8, 6.4 Hz, 0.5H), 3.063.07 (m,
0.5H), 3.03 (ddJ = 14.0, 7.7 Hz, 0.5H), 3.093.16 (m, 0.5H),
3.13 (dd,J = 13.8, 8.3 Hz, 0.5H), 3.243.29 (m, 1H), 3.42-3.46
(m, 0.5H), 3.48-3.59 (m, 2H), 3.52 and 3.55 s, 3H), 3.62-
3.68 (m, 0.5H), 3.76 (d] = 9.1 Hz, 0.5H), 4.06 (dd) = 11.1, 5.5
Hz, 0.5H), 4.16 (dJ = 9.4 Hz, 0.5H), 4.26-4.27 (m, 1.5H), 4.27
4.33 (m, 0.5H), 4.79 (dd) = 7.7, 7.7 Hz, 0.5H), 4.85 (dd] =
11.0, 6.0 Hz, 0.5H), 5.02 (dd] = 8.3, 6.4 Hz, 0.5H), 5.15 and
5.14 (2« s, 2H), 5.38-5.44 (m, 0.5H), 5.445.50 (m, 0.5H), 5.57%
5.63 (m, 0.5H), 5.665.72 (m, 0.5H), 6.966.95 (m, 2H), 7.04
7.07 (m, 1H), 7.12-7.15 (m, 1H), 7.2#7.36 (m, 2H) 7.38-7.43
(m, 2H), 7.43-7.48 (m, 1H),7.527.57 (m, 2.5H), 7.597.62 (m,
0.5H), 7.62-7.67 (m, 1H), 7.86-7.91 (m, 2H);13C NMR (2 maj.
conf.) o 27.4, 27.5, 27.7, 28.1, 30.4, 31.5, 34.7, 35.3, 43.0, 43.2,
45.8, 46,8, 47.3, 47.9, 51.9, 59.6, 59.8, 61.2, 65.5, 67.4, 115.0,
119.7,119.9,124.4,125.2, 125.3, 125.6, 126.8, 127.0, 127.1, 127.3,
127.5,127.6,128.4,128.5,129.1, 129.2, 129.3, 129.6, 130.0, 130.1,
130.3,130.5, 132.2, 132.3, 137.0, 141.3, 141.4, 143, 5, 143.9, 144.2,
144.4, 154.1, 154.7, 157.6, 157.7, 171.2, 171.4, 174.2, 174.4,
APCIMS 739, 741 ([M+ H]*, main isotope peaks). Anal. Calcd
for C42HaoCloN2Og (739.70)x 1.7 HO: C, 65.49; H, 5.68; N, 3.46.
Found: C, 65.44; H, 5.81; N, 3.46.
tert-Butyl (3aS,10a5,1'S)-942-[4-(2,6-Dichlorobenzyloxy)-
phenyl]-1-methoxycarbonylethy} -10-oxo0-3,3a,4,7,8,9,10,10a-oc-
tahydropyrrolo[2,3- clazonine-1(H)-carboxylate (16).To a so-
lution of 15(150.6 mg, 0.204 mmol) in C}€l, (10 mL) was added
piperidine (96uL, 1.629 mmmol). After 24 h, solid BgO (444.3
mg, 2.04 mmol) was added, and the mixture was stirred for another
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20 h. Thereafter, the solution was evaporated, and the residue wad eu was treated with TFA/C}l,/indole (50:50:0.1; 20 min) and

purified by flash chromatography (gradient petrol ethEtOAC,
4:1— 2:1— 1:1) to afford16 (92.2 mg, 73%) as a colorless oil:
[a]2’ —92.¢° (c = 0.10, CHC}); IR (film) 1738, 1700, 1664 crri;
IH NMR (2 maj. conf.)d 1.40 and 1.43 (% s, 9H,t-Bu), 1.62 and
1.64 (2¢< dddd, eachd = 11.5, 11.5, 11.3, 7.8 Hz, 1H, H-3), 1.86
and 1.89 (% ddd, each:J = 11.5, 5.5, 5.5 Hz, 1H, H-‘} 2.09—
2.28 (m, 3H, H-4/H-7), 2.352.57 (m, 2H, H-3a, H-7), 2.91 and
2.97 (2x dd, each] = 13.6, 5.1 Hz, 1H, 4-DcbOPhig;), 3.22
and 3.25 (% dd, eachJ = 13.6, 9.9 Hz, 1H, 4-DchOPhig),
3.42 (ddd,J = 11.3, 10.9, 5.5 Hz, 1H, H-2), 3.54 (ddd= 15.5,
9.4, 5.8 Hz, 0.5H, H-8), 3.563.66 (m, 1H, H-8/H-§ conf.,
detected with the help of HSQC), 3.60 (dds 10.9, 7.8 Hz, 0.5H,
H-2' conf.), 3.62 and 3.63 2 s, 3H, OCH, conf.), 3.74 (dd)] =
10.9, 7.8 Hz, 0.5 H, H-2conf.), 3.86 (ddd) = 15.5, 5.2, 4.5 Hz,
0.5H, H-8), 4.21 (d,J = 9.3 Hz, 1 H, H-10a), 5.16 and 5.22%2
dd, eachd = 9.9, 5.1, 1H, 4-DchOPh-C/&HN), 5.23 and 5.24
(2x s, 2H, ChPhCH), 5.52 and 5.63 (R ddd, each] = 10.1,
10.1, 7.9 Hz, 1H, H-6 or H-5), 5.745.83 (m, 1H, H-5 or H-6),
6.90-6.98 (m, 2H, H-ar), 7.267.28 (m, 3H, H-ar), 7.327.38 (m,
2H, H-ar); 3C NMR (2 maj. conf.)o 27.4, 27.5, 27.7, 28.3 (C-4
and C-7), 28.5 (QTH3)s, conf.), 30.4, 31.6 (C-3), 35.2, 35.4
(DcbOPhEH,), 43.7 (C-8), 45.9, 46.8, 47.1, 47.7 (C-2, C-3a), 51.8,
52.0 (OCH), 60.1, 60.3, 60.6, 60.8 (C-10a, DcbOPhCH-), 65.3
(Cl,PhCH-), 79.4, 80.0 C(CHy)3, conf.), 115.0, 115.2 (€Ar),
128.5 (C-Ar), 129.1, 129.3, 129.5, 129.8 {€Ar, C-5 or C-6),
130.3, 130.4, 130.5, 130.6 {&r, C-5 or C-6), 132.2,132.4, 137.0
(C—Ar), 153.7, 154.3 COOtBu), 157.6, 157.8, (EAr), 171.2,
171.6 COOCH;), 174.5, 174.6 (C-10); APCIMS 617, 619 ([M
H]*, main isotope peaks). HREIMS Anal. Calcd fog,B3g>-
CILN,Og: 616.2107, Found: 616.2108. Anal. Calcd fosldss
CI,N,Og (617.57): C, 62.24; H, 6.20; N, 4.54. Found: C, 62.39;
H, 6.38 (for N-determination, not sufficient material was left, but
a HREIMS is given above).

Saponification of 16 To Give the Carboxylic Acid 17 and
Solid Phase Supported Synthesis of Peptide 190 a solution of
16 (46.0 mg, 0.074 mmol) in MeOH (4 mL) was adti2 N NaOH
(4 mL) at 0°C. THF (10 mL) was added to dissolve the formed
precipitate. Afte 3 h of stirring at 0°C, the mixture was acidified
with saturated citric acid (pH 4) and<3extracted with ethyl acetate.
The organic layer was dried with MgQ@nd evaporated. The
residue was redissolved in GEl,, filtered, and evaporated to afford
the carboxylic acidl7 (crude: 45.1 mg, 100%) as a colorless oil.
IR (film) 1734, 1691, 1653 cm; *H NMR 6 1.39 and 1.43 ( s,
9H), 1.55-1.70 (m, 2H), 1.86-1.93 (m, 2H), 1.93-2.03 (m, 1H),
2.25-2.35 (m, 1H), 2.352.44 (m, 1H), 3.253.34 (m, 0.5H),
3.34-3.47 (m, 3H), 3.53-3.59 (m, 0.5H), 3.6%3.67 (m, 0.5H),
3.67-3.73 (m, 0.5H), 3.833.93 (m, 0.5H), 4.054.15 (m, 1H),
4.23-4.32 (m, 0.5H), 4.354.45 (m, 0.5H), 5.23 and 5.24 £2s,
2H), 5.44-5.53 (m, 0.5H), 5.565.78 (m, 2H), 6.93-7.00 (m, 2H),
7.19-7.25 (m, 3H), 7.33-7.38 (m, 2H);13C NMR (2 maj. conf.)

subsequently neutralized with 10% DIPEA in &2, followed by
several washes with Gi8l,. Boc-lle-OH, the crude carboxylic acid
derived from16, and Boc-Arg(Tos)-OH were coupled according
to the following procedure: HATU (35 equiv) and the carboxylic
acids (3-5 equiv) were dissolved in NMP (least volume possible).
After addition of DIPEA (6-10 equiv), the mixture was added to
the resin and agitated for-8.6 h, followed by several Cil,
washes. If possible, complete acylation was monitored with the
Kaiser test. When the test indicated incomplete coupling or when
Boc-Arg(Tos)-OH was coupled to the pyrrolidine moiety of the
template, respectively, the procedure was repeated. After depro-
tection with TFA (20 min, see above), the next coupling cycle was
started. Upon completion, thie-termini were deblocked (TFA),
and the HF cleavage from the resin (HF/anisole 9:1, 2 hC)
was performed. After evaporation of HF, the resin was washed with
tert-butyl methyl ether and then the crude peptide was extracted
with glacial acetic acid and lyophilized. Two pure isomers of the
peptidel9 (ESI-MS: calcd 883 [MH H]*/ 442 [M + 2H]?*, found
883/442) were obtained by purification via preparative RP18-HPLC
(gradient elution: 530% CHCN + 0.1% TFA/HO + 0.1% TFA
in 42 min, tisomers = 35.4 min, 37.4%tisomerz= 39.4 min, 62.6%)
using an Agilent ZORBAX 300SB-C18 PrepHT (222250 mm,
7 um) column. Most presumably, the alkaline ester hydrolysis of
16 was responsible for a partial epimerization of the CH-acidic
tyrosine moiety, while isomerization at earlier stages of the synthesis
played a minor role as described in the Supporting Information.
Molecular Dynamics Simulations. All quantum mechanical
calculations were performed applying the AM1 Hamiltorifan
implemented in the semiempirical program package VAMPS8.1.
The combination of classical Newtonian dynamics with quantum
mechanics ensures that important effects like polarization due to
intramolecular doneracceptor interactions are taken into account.
After heating the system to 400 K, sampling at constant temperature
was performed for a total data acquisition time of 1 ns. The coupling
constant to the external heat bath ensuring constant temperature
was 40 ps, and the simulation time step of the velocity-verlet
integrator was 1 fs. Translational and rotational movement of the
whole molecule was removed every 100 simulation steps. Geo-
metrical information for data averaging was extracted from the
shapshots saved every 0.1 ps, generating a Cartesian coordinate
trajectory with 10 000 entries in total.
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