Table 1. Thiopeptides 6a—g synthesized with chymotrypsin.

Starting Thiopeptides Yield [%]
materials [a]

2a + Sa Boc-p-AlaWP{CS-NH]Phe-Val-OAll 6a 70

2a + 5b Boc-D-Ala¥[CS-NH]Phe-Val-OMe 6b 49

2a + 5S¢ Boc-p-Ala®[CS-NH]Phe-Leu-NH, 6¢ 48

2a + Se Boc-p-Ala®[{CS-NH]Phe-Phe ¥[CS-NH]Gly-OMe 6d 63

+ Boc-D-Ala¥[CS-NH]Phe-(Phe P[CS-NH]Gly),-OMe 6e 8 [b]
2b + 5d Boc-LeuP[CS-NH]Leu-Phe-NH, 6f 66
2b + Se Boc-Leu'P[CS-NH]Leu-Phe P[CS-NH]Gly-OMe 6g 26

[a} 5a = H-Val-OAll, 5b = H-Val-OMe, 5¢ = H-Leu-NH,, 5d = H-Phe-NH,, 5¢ = H-
Phe¥[{CS-NH]Gly-OMe. [b] Byproduct in the synthesis of 6d.

or peptide elongation. Exceptions are the reactions of
2a + Sc and 2b + Se in which 46 and 30 % of the respective
starting peptides were recovered. The results of the enzymat-
ic reactions (Table 1) are not optimized, and yields may be
increased by variation of cosolvent, substrate, and enzyme.

When thiopeptides such as Se are used as the amino com-
ponent in peptide couplings, tetrapeptides with alternating
thioamide bonds (6d, g) are formed. The hexapeptide 6e
containing three thioamide groups was isolated as a
byproduct (8 %) in the synthesis of 6d. Apparently some of
the amine Se dimerized to the tetrapeptide H-Phe¥P[CS-
NH]Gly-Phe P[CS-NH]Gly-OMe, which was then preferen-
tially elongated by chymotrypsin to 6e.

Boc-0-AlaP[CS-NH]Phe-OMe  + H-Val-QAll

2a 5a
chymotrypsin

Boc- p-Ala¥[CS-NH]Phe-Val-OAll
DMF/ H,0

6a

Chymotrypsin cleaves peptides after aromatic amino acids
and leucine with high specifity,'®! but does not attack valine
esters.!”! Hence, the reaction of thiopeptide 2a with valine
allyl and methyl esters 5a, b proceeds to thiotripeptides es-
ters. It is remarkable that the slightly larger and more
lipophilic allyl ester group in the nucleophile increases the
yield by more than 20%. The resulting tripeptides 6a (70 %
yield) and 6b (49 % yield) can be deprotected and incorporat-
ed into larger fragments. Removal of the allyl ester protect-
ing group in thiotripeptide 6a under Pd® catalysis was
not affected by the nucleophilic thioamide sulfur atom
(Scheme 1).11% 111 Sybsequent coupling with 7 in the pres-

Boc-D-AlaW{CS-NH]Phe-Val-OAll 6a

1. morpholine, [Pd(PPh,),]

2. EDCI/HOBt, H-Lys(Z)-Trp-Phe-OMe 7
Boc-D-AlaW[CS-NH]Phe-Val-Lys(Z)-Trp-Phe-OMe 8

1. NaOH, iPrOH
2. HCl, Et,0

H-p-AlaW[CS-NH]Phe-Val-Lys(Z)-Trp-Phe-OH 9

Scheme 1. Reactions sequence starting from thiopeptide 6a.

ence of N’-(3-dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride/1-hydroxybenzotriazole (EDCI/HOBt) gave
thiohexapeptide 8 in 85% yield. Deprotection yielded 9
which is presently under investigation in cyclization reac-
tions.

The method described here for the enzymatic elongation
of thiodipeptides can certainly be applied for the elongation
of a number of other amino acids at the C terminus. The

choice of suitable enzymes and appropriate protecting
groups should allow the selective introduction of thioamide
bonds in a variety of peptide linkages.

Experimental Precedure

N-tert-Butyloxycarbonyl-p-thioalanyl-L-phenylalanyl-L-valine allyl ester (6a}):
A 500 mg portion (1.37 mmol) of 2a and 860 mg (5.48 mmol) of 5a were dis-
solved in 21.2 mL of DMF/H,0 (1/1) in a plastic vessel. 250 mg of chy-
motrypsin was added, and the solution was stirred for 48 h. The mixture was
concentrated in high vacuum and chromatographed on 30 g silica gel eluting
with CH,Cl,/MeOH (100/1). Yield 472 mg (70%) 6a. [¢]2®> = — 4.0 (¢ =1,
MeOH).
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cently from the discovery that derivatives of p-dehydroben-
zene play an important role in the mechanism of action of the
enediyne anticancer agents.!®! Although o-dehydrobenzene
has been well characterized,!*] unequivocal spectroscopic ev-
idence for m- and p-dehydrobenzene is lacking. 9,10-Dehy-
droanthracene is the only derivative of p-dehydrobenzene to
be characterized by spectroscopy.l®! Both m- and p-dehy-
drobenzene have already been investigated by mass spec-
trometry and UV spectroscopy,!®®® but the methods em-
ployed did not allow a definite assignment of the UV spectra.
Recently, the heats of formation of o-, m-, and p-dehy-
drobenzene determined by mass spectrometry by measure-
ment of the collision-induced dissociation (CID) were shown
to be 106 + 3, 116 + 3, and 128 + 3 kcalmol ~!, respective-
1y.!1"! According to these results m- and p-dehydrobenzene
should be isolable in a matrix. Ab initio investigations of the
dehydrobenzenes have not thoroughly treated m- and p-de-
hydrobenzene.!®! The ortho isomer has received more atten-
tion; its harmonic oscillation frequencies have been deter-
mined on the GVB,”® ) MP2, and TCSCF levels.''%! Here we
report on the first direct IR spectroscopic proof of 2.4-
didehydrophenol (1), an m-dehydrobenzene, by means of
matrix isolation.['!- 12}

In connection with our work on the vinylcarbene—cyclo-
propene rearrangement!!3- 14 we also examined 3-carboxy-
4-0x0-2,5-cyclohexadienylidene (2) and the isotopomer
deuterated at the carboxyl group, [D,]2. Irradiation of
quinone diazide 3"!7 in a matrix with visible light (argon,
10K, 4 > 470 nm) did not lead to the expected carbene 2, but
rather by cleavage of CO, to a new compound, which we
identified as aryne 1 (see below). Carbene 2 may be obtained
from 3 by narrow-band irradiation (4 = 432410 nm,
90min) and subsequently investigated by IR and UV/VIS
spectroscopy.!* 51 Proof of the existence of 2 in the matrix was
provided by the very characteristic formation of carbonyl
oxide 4!'%'in the diffusion-controlled reaction with molecu-
lar oxygen.'' 71 Carbonyl oxide 4 rearranges upon long-wave-
length irradiation (4 > 515 nm) into dioxirane 5,/*® which is
transformed in turn into a lactone!!®! when irradiated with
blue light (1 > 400 nm; Scheme 1).

N2 3 2
+0,
A 35K
o] o]
COOH COOH
A>515nm
0-0 ¢ 02 4
Scheme 1.

A notable feature in the IR spectrum of 2 is the low vibra-
tional frequency of the C4 carbonyl group, which at
1415 cm ™! is red-shifted by 82 cm ™! relative to the parent
compound 6. This is evidence of the increased importance of
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the phenoxyl structure 2b in describing the ground state of
2. Structure 2b is presumably stabilized by an intramolecular
hydrogen bond. In the UV/VIS spectrum an absorption with
a broad and very weak maximum at approximately 600 nm
is observed as well as a narrow band with an absorption
maximum at 390 nm , both characteristic for a 4-oxo-cyclo-
hexadienylidene structure.i*#- 20

Irradiation of the long-wavelength absorption band of 2
(A= 575 £ 10 nm, 20min) causes a rapid decarboxylation
(intense absorption of CO, at 2347 cm™!) and formation of
a new compound, 1 (Scheme 2), with intense IR bands at

OH

Ho

0 N

@ ©/£0 A=575nm
..ﬁ/__
-CO,

: ; o
o
Scheme 2.

3612.0, 1516.3, 641.2, and 518.8 cm ™! (Fig. 1, Table 1). The

IR bands assigned to 1 disappear upon irradiation with
A > 420 nm (see below).

4000 3500 3000 2500 2000 1500 1000 500

— G lem]

Fig. 1. Difference IR spectrum showing the photochemistry of carbene 2
(A = 575 nm, Ar, 10K). Bottom : bands that disappear upon irradiation; top:
bands that arise. A: Carbene 2, B: dehydrophenol 1, D: unknown side product,
Q: diazide.

The decarboxylation can also be observed in the UV/VIS
spectrum: The bands assigned to carbene 2 disappear upon
irradiation with A = 575 4+ 10 nm, and a new band with a
maximum at 344 nm and a shoulder at 356 nm arise.

Under the same conditions other 4-oxo-2,5-cyclohexadi-
enylidenes undergo vinylcarbene-cyclopropene rearrange-
ment to 1,3-bridged cyclopropenes;!*3 '*l in our case this is
of at most minor importance.[?!! Irradiation of [D,]3, the
derivative of 3 deuterated on the carboxy group, provides a
product with absorption bands at 3612.0 and 1157.6 cm ™!
which are red-shifted relative to the non-deuterated product
by 944 and 215 cm ™!, respectively. This allows the corre-
sponding assignment of the O—H stretching and the C-O-H
deformation vibrations. All the other IR bands show only
small deuterium shifts. Analogous bands were observed for
phenol at 3623 (— 973)cm ™! and 1180 (— 270) cm ™%, re-
spectively, indicating the similarity of the hydroxyl groups in
the decarboxylated product 1 and in phenol.
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Table 1. IR spectroscopic data for 1.

Experiment GVB/6-31G(d,p)
$lem™"] Ifa] #/3b] ¥lem™'1lc] I(a) v/v [b]  Assignment [d]

3612.0 s 0.738 3776 0.85 0728 vy, (O-H,str)
1623 026 0998 vy,
1516.3 s 0997 1551 064 0998 vy,
1429.0 w 0982 1409 03 0999 v,
1368.2 m 0987 1386 046 0981 vy
1290.1 w0979 1280 016 0990 v,
1254.9 m -l 1243 1.0 0982 v,
1209.1 m -l 1183 031 0979 v,
1157.6 m 0814 1117 0.55 0815 v, (O-H, def)
1128.6 vw [ 1074 011 1.0 Vis
971.0 w 1.008 979 0.1 1.0 Vis
877.0 w 0.997 905 006 1.0 iz
819 076 10 V1o
- 757 032 0988 v,
694.7 m 0981 -
641.2 s 1.0 -
518.8 s 0.984
257 043 0738 v, (O-H, tors)

[a] Relative intensities. [b] Ratio of the vibration frequencies ¥/7 upon deuter-

ation. [c] Scaling factor 0.9. [d] Approximate assignment based on the posi-
tions and the relative intensities of the bands. [e] Because of the large changes
in intensities upon deuteration, ¥,/ cannot be determined reliably.

This unequivocal proof of the presence of a hydroxyl
group and the absence of a carbony! group greatly reduces
the number of possible structures for 1 with the molecular
formula C,H,O. Because of the very mild conditions in the
synthesis of 1 (irradiation with A = 575 nm, 10K), a re-
arrangement of the carbon framework or a ring opening can
be ruled out. (These would also cause a loss of phenol char-
acter.) The remaining reasonable structures are 2,4-didehy-
drophenol (1) and its bicyclic isomer, bicyclo[3.1.0lhexa-
1,3,5-trien-1-o0l (1) (Scheme 2).

According to calculations (GVB/6-31G(d,p)//HF/6-
31G(d,p)), in the singlet ground state the monocyclic biradi-
cal structure 1 is 17 kcalmol ~ ! more stable than the bicyclic
structure 1'.1?3 In the geometry optimizations with GVB/6-
31G(d,p) as well as with MP2/6-31G(d,p), 1’ is converted to
1, indicating that U most likely does not exist. In the GVB
equilibrium geometry of 1 the C,,-symmetric carbon frame-
work of 1,3-didehydrobenzene is only slightly perturbed by
the OH substituent (which is also indicated by the small
dipole moment of 0.7 D). Thus 1 offers a realistic insight into
the bonding relationships in 1,3-didehydrobenzene. 1 is pla-
nar, and the OH group points in the direction of the neigh-
boring radical center (Fig. 2). Examination of the calculated
electron-density distribution shows that the OH group is
held in the plane of the ring by the electrostatic attraction

Fig. 2. Structure of 2,4-didehydrophenol (1) optimized by GVB/6-31G(d,p).
Left, bond lengths [A}, right, bond angles [°).
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between the partially positively charged H atom and the
neighboring radical center.

An assignment of the experimental spectra to 1 or 1’ is
possible by comparison with the calculated vibration spectra
(Fig. 3). The calculated IR spectrum of 1 (GVB/6-31G(d,p,))
is in full agreement with the measured IR spectrum between
3600 and 800 cm™'; only the bands at 641 and 519 cm™!
were not reproduced very well in the calculation. For [D,]1
the calculated isotopic shifts of 1027 and 207 cm™! for the
O-D stretching and the C-O-D deformation vibrations
agree well with the corresponding experimental values (see
Table 1).

22 21 20 1918171615 12

1800 1600 1400 1200 1000 800 600

Fig. 3. Correlation between the experimental IR spectrum (top) and that calcu-
lated (GVB/6-31G(d,p); bottom). The assignment is only approximate and is
based on the comparison of the positions and intensities of the bands. The
calculated spectrum has been scaled by a factor of 0.9.

The alternative isomer, bicycle 1, can be ruled out by
comparison of the experimental and theoretical spectra and
by the fact that calculations with neither GVB nor with MP2
indicated its existence. The observed, intense long-wave-
length absorption in the UV/VIS spectrum, which is about
80 nm red-shifted relative to the longest wavelength band for
phenol, also supports to the diradical structure 1.12%1

Dehydrophenol 1 is stable to irradiation with 4 > 570 nm,
but short-wavelength light (1 > 420 nm) will convert it into
a ketene (IR, Ar, 10K: ¥ = 2138.2(s), 1419.4(w), 1046.7 (W),
963.3(w) cm ™ 1). Upon warming to 30K in an O,-doped ma-
trix 1 reacts at a rate comparable to that of carbene 2 to give
an oxidation product of unknown composition. Because of
the small amount of 3 that could be sublimed into the ma-
trix,[*1) the ketene and the oxidation product of 1 could not
be characterized further. However, the fast reaction with O,
is further support for the diradical character of 1. All exper-
imental and theoretical findings can be explained only with
the diradical structure 1.
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longest wavelength 4, lies at 282 nm, of 1a at 362 nm. Another band
calculated for 1 at 4,,,, = 476 nm is too weak in intensity to be observable
under experimental conditions.
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Hydride Transfer by Hydrido Transition-Metal
Complexes. Ionic Hydrogenation of

Aldehydes and Ketones, and Structural
Characterization of an Alcohol Complex**

By Jeong-Sup Song, David J. Szalda, R. Morris Bullock*
Christophe J. C. Lawrie, Mikhail A. Rodkin,
and Jack R. Norton*

Transfer of hydrogen as a proton (H"), hydrogen atom
(H"), or hydride (H ™) is a decisive step in numerous catalytic
and stoichiometric reactions utilizing metal hydrides.!*! The
kinetics of proton transfer from metal hydrides® to
metal-,'¥ carbon-"! and nitrogen-centered®! bases have
been examined. Quantitative studies of the relative ability of
carbonylhydridometal complexes to donate a hydrogen
atom to olefins'™! or carbon-centered radicals?® ¢! have re-
cently been reported. However, the little that is known about
hydride transfer largely concerns substrates already coordi-
nated to the metal atom.l” =9

Direct hydride transfer to an uncoordinated substrate ap-
pears to be involved in the hydrogenation of sterically
hindered olefins by transition-metal hydrides and triflic acid
(CF,SO,H).I'% Such ionic hydrogenations (the addition to a
double bond of H* from one source and H™ from another)
are common in biological systems,!' ! and probably occur in
other organometallic reactions, e.g., the hydrogenation of
aldehydes and/or ketones by acids and [Mo,(CO),,-
(u-H)]~ 12 [Cr(CO)sH] 1! [Ru(bpy),(CO)H]* (bpy =
2,2'-bipyridine),*# [Cp,MoH,),!**! or [Cp,Ta(CO)H].!*®
These reactions offer a remarkable instance of kinetic selec-
tivity: the H* and H™ are transferred to the same substrate
more rapidly than they react with each other to form hydro-
gen gas.!'” 7 %) [n this communication we report on the scope
and mechanism of the ionic hydrogenation of aldehydes and
ketones by transition-metal hydrides and acids, and on the
structure of the hydrogen-bonded alcohol complex that is
formed upon hydrogenation of acetone with CF,SO;H and
the hydrido tungsten complex 1a.

When a pale yellow CD,Cl, solution of acetone (0.10 m)
and 1a (1.5equiv.) is treated with CF,SO,H (2 equiv.) at
room temperature, the color changes to burgundy-red in less
than 5 minutes, and the tungsten complex 2 is formed in
quantitative (*H NMR) yield [Eq. (a)]. The proton of the
hydroxy! group of 2 gives rise to a doublet (J, =7.6 Hz) at

= 6.29 (‘"H NMR in CD,NQO,), significantly downfield
from the position reported for the signal of the hydroxyl
proton in the analogous complex with SbF, as counterion
(8 =4.90 in CD,NO,).?%1 This shift suggests formation of
hydrogen bond between the triflate anion and the alcohol
ligand. A single-crystal X-ray diffraction study(2!-251 of 2
has verified that such a hydrogen bond is present in the solid
state (Fig. 1). Especially informative in this connection is the
short O --- O distance of 2.63(1) A, similar to the O-H---O
distances found in other organometallic complexes that ex-
hibit hydrogen bonding.[??! Only a few other alcohol com-
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