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Scheme I. Synthesis of the Amino Acid V
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A sample of Vb (9 mg) was fed to a 50-mL replacement culture
of Claviceps sp. strain SD58 as described earlier.%” After in-
cubation at 25 °C with shaking for 2 days, II was isolated and
subjected to GC-MS analysis.® The mass spectrum showed the
presence of only M and M + 3 species in the molecular ion of
II, and their ratio corresponded to 33% specific incorporation of
Vb into II. A repetition of the experiment with a separately
synthesized sample (5 mg) gave 9% specific incorporation. The
high and specific (no enhanced M + 1 or M + 2 species) in-
corporation of Vb into II leaves no doubt in the specific precursor
role of this compound.

The present result would suggest that biosynthetically the
tertiary alcohol is converted by dehydration to the diene Via. This
intermediate may then be epoxidized by cytochrome P-450 to the
vinyl oxirane VII, which has been proposed?® to undergo decar-
boxylative ring closure via an SN2’ process to provide chanoclavine.
Further support of this notion comes from trapping experiments
with Vb. To a replacement culture containing unlabeled L-
tryptophan (1 mg), D,L-mevalonic acid (2 mg), and L-methionine
(1 mg) was added Vb (10 ug). After 1 h incubation with shaking,
V was reisolated by filtration and 1-butanol extraction of the
filtrate, methylated with CH,N,, and analyzed by GC-MS. An
authentic sample of Vb methylated in the same way showed two
peaks of t,,, 22.1 min and ¢, 21.7 min, identified by their mass
spectra as the methyl esters of N-methyl Vb and VIb, respectively.
The GC-MS of the reisolated V showed the same two peaks; the
spectrum of the methyl ester of N-methyl Vb showed no dilution
with Va, but the spectrum of the 7, 21.7 min peak indicated
dilution of the VIb with 19% VIa. Hence, while there is no
evidence for the presence of Va in the culture, the presence of VIa
is clearly indicated. This was confirmed by working up re-
placement cultures (2 X 100 mL, 3 h) in the same way without
any addition of V and demonstrating, by GC-MS with selective
ion monitoring, the presence of VIa, as the methyl ester of its
N-methyl derivative, in the methylated extract.

On the basis of these results we propose the reaction sequence
shown in Scheme II for the closure of ring C in ergot alkaloid
biosynthesis. Whether Va is a true intermediate in this sequence
or whether the diene can be formed more directly from III must
in light of the negative outcome of the trapping experiment remain
open. Further efforts to examine the laboratory synthesis and

(7) The original procedure® was modified to shake the resuspended mycelia
for 2 h before the final filtration and suspension in the incubation buffer. This
reduced considerably the amount of preformed II remaining in the cells.

(8) Pachlatko, P.; Tabacik, C.; Acklin, W.; Arigoni, D. Chimia 1975, 29,
526.

Scheme II. Proposed Reaction Sequence for C-Ring Formation in
Ergot Alkaloid Biosynthesis

?H; OH Rr
1
NH NH
| COH ™ copm COH
N ~
| \ N
N N N
H A H

Via, R=CH,
(VIb, R=CDy)

Va, R=CH,
(Vb, R=CD,)

Vil 1 11

biosynthetic incorporation of the proposed diene and epoxide
intermediates are underway.
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The tetrathiometalates, MoS,% and WS,2", and their tetrahedral
analogues such as VS,>" have been well known for many years.!?
They serve as building blocks for metalloenzyme models and can
act as precursors and models for hydrodesulfurization catalysts.2"’
In contrast, the selenium analogues, though known, have received
very little study.®® Recently, however, workers have begun
exploring the chemistry of binary metal selenides with promising
results, 101!

We have been investigating the reactions of soluble poly-
chalcogenides extracted from Zintl phases, with metal salts'? and
metal carbonyls.!® It was found that polytellurides react cleanly
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Figure 1. ORTEP view of the anion MoSe,*". Some important distances,
in A are as follows: Mo-Se(1), 2.432 (4): Mo-Se(4), 2.505 (4); Mo~
Se(5), 2.472 (4); Mo—Se(8), 2.481 (4); Mo—Se(9), 2.270 (4); Se(1)-
Se(2), 2.461 (5); Se(2)-Se(3), 2.291 (5); Se(3)-Se(4), 2.384 (5); Se-
(5)-Se(6), 2.395 (5); Se(6)-Se(7), 2.307 (5); Se(7)-Se(B), 2.446 (5).
Some important angles are as follows: Se(1)-Mo-Se(4), 91.9 (1); Se-
(5)-Mo-Se(8), 92.9 (1); Se(1)-Mo-Se(5), 76.9 (1); Se(4)-Se(8), 74.0
(1); Se(1)-Mo-Se(9), 107.3 (1); Se(4)-Mo-Se(9), 110.5 (2); Se(5)-
Mo-Se(9), 108

with group 6 metal carbonyls to form metal polytelluride chelates
(CO)MTe,2 "3 However, when this reaction was extended to
the polyselenides, we were surprised to find that instead of metal
carbonyl fragments with chelating selenium rings, the metal
tetraselenides MoSe,*” and WSe,>" were isolated in high yield.
This unexpected result represents a far more convenient prepa-
ration of these molecules than previous methods and paves the
way for reactivity and spectroscopic studies. In this communication
we report the preparation of these two important molecules as
well as the synthesis and structure of MoSey>™. This is the first
soluble binary molybdenum polyselenide except for the parent
MoSe, >

The tetraselenometalates were isolated as their tetraphenyl-
phosphonium salts from the reaction of K,Se;'* and M(CO); in
DMF. A reasonable balanced equation is

2Se;”” + M(CO)s — MSe,* + Se,> + 6CO

Equal amounts of K,Se; and M(CO), were dissolved in di-
methylformamide (DMF), and the solution was heated to 90 °C
for 1 h, 2 equiv of (C¢H;),PBr were added, and the solution was
filtered. An equal volume of THF was added, and, after storage
at 4 °C overnight, the product was isolated in 60% yield as well
formed crystals of composition [(C¢Hs),P],[MSe,],"* with the
molybdenum compound being bright blue and the tungsten
analogue being cherry red, as previously reported.’

Both compounds were characterized by single-crystal X-ray
structural analysis.'® The structure of the tungsten compound
has been reported both as the ammonium'” and cesium' salt. To

(14) K;5e; was prepared by combining the elements in the proper stoi-
chiometry in a flask containing a glass stir bar and a Teflon valve. Dry
ammonia was distilled onto the elements, and the flask was closed off. The
flask was immersed in a slush bath at 78 °C and stirred for 2 h. The liquid
ammonia was removed from the dark green solution leaving a dry gray mi-
crocrystalline powder which could be stored under an inert atmosphere in-
definitely.

(15) Anal. Caled for CiyHyyMoP,Se,: C, 52.81; H, 3.69; Se, 28.99.
Found: C, 51.17; H, 3.79; Se, 27.43. Anal. Caled for CyyHyoP,Se,W: C,
48.32; H, 3.42; Se, 26.81. Found: C, 45.32; H, 3.37; Se, 26.11. Note: We
consistently obtained results which were slightly low for all elements, even in
highly crystalline samples. We attribute this to trace amounts of KBr co-
crystallizing with the sample.

(16) Crystal data for [(CgHs),P];[MoSe,]: monoclinic, C2/c, Z = 4,d
=1.62,u=13610cm™, a=11.191 (6) A, b = 19.648 (7) A, ¢ = 20.352 ()
A, B =091.20(4)°, V' =4474.0(24) A, T = 24 °C, 6235 reflections read to
20 (Mo Ka) = 45° with R = 0.0395 for 1826 unique reflections of F,*
>3qa(F,?). Crystal data for [(C4Hs)sP],[WSe,]: monoclinic, C2/e, Z = 4,
d=178 4 =6052cm", a= 11261 (4) A, b=19.715(6) A, c = 20.416
(7) A, 3 =91.77 (3)°, V = 4403.3 (26) A, T = 24 °C, 6519 reflections read
to 26 (Mo Ka) = 45° with R = 0.0330 for 2029 unique reflections of F,?
>3a(F7).

(17) Miiller, A.; Krebs, B.; Beyer, H. Z. Naturforsch., B: Anorg. Chem.,
Org. Chem., Biochem., Biophys., Biol. 1968, B23, 1537.
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our knowledge, the structure of the molybdenum compound has
not been determined. Neither compound is structurally re-
markable, as both contain tetrahedrally coordinated metal selenide
with well-separated counterions. The bond lengths of the tungsten
compound are similar to those reported previously (2.314 (1) A),
whilcg those of the molybdenum complex are slightly shorter (2.293
(1) A).

When MoSe,” is combined with 5 equiv of grey selenium at
room temperature in DMF solution, it reacts smoothly and com-
pletely in 2 h to form MoSe,> in high (65%) yield. Again, slow
addition of an equal amount of THF results in deep red crystals
of [(C¢Hs)4P]5[MoSe,], suitable for X-ray diffraction study.'®
The structure is similar to that of the sulfur analogue, MoS,?".""
It contains two four-membered selenium rings chelated to a
Mo(IV) center along with a terminal selenide, with the coordi-
nation geometry around the metal center being square pyramidal
(see Figure 1). The tetraselenium rings are puckered and show
a variation in Se-Se bond lengths from 2.307 (5) to 2.461 (5) A.
This variation is similar to those observed previously in sulfur rings
and has been attributed to w bonding between the sulfur and the
metal atom, resulting in weakening of the adjacent S-S bonds.”
Crystallographically characterized terminal molybdenum selenides
are rare, but the bond distance in this molecule is quite short (2.270
(4) A). This is shorter than the Mo=Se distance in both MoSe,*
(2.293 (1) A) as well as in the linear [(HB(pz);)Mo(CO),],Se
(2.323 (1) A).2

It is well known that solutions of metal polychalcogenides are
complex equilibria of a variety of species. Thus, the nature of
the compound isolated depends on solvent, counterion, and con-
ditions. When MoS,? is combined with elemental sulfur, MoS,*
can be isolated only in the presence of Et,N* salts. In the presence
of Ph,P*, a mixture of Mo,S,;*" and Mo,S,,> is isolated."”
Similarly, when WSe,?" is reacted with elemental selenium, a
mixture of W,Se > isomers is obtained.'®™ However in our case,
MoSey* seems to be the major product and can be isolated in good
yield. The contrast in behavior of the tungsten selenides versus
the molybdenum selenides is probably due to the ease of reduction
of the formal Mo(VI) state versus the W(VI) state, as has been
discussed previously.??

The reaction to form the tetraselenometalates from the metal
carbonyls is unexpected, and the mechanism of formation is un-
known. Formally, the reaction involves an oxidation of the metal
center from 0 to 6+. Presumably, Se,?" is acting as the oxidizing
agent. It is known that H,O, will oxidatively decarbonylate metal
carbonyls and form oxo complexes,” but it seems a bit more
unusual for a soft dianion to oxidize a metal to its maximum
oxidation state. Although heating to 90 °C causes the reaction
to proceed more quickly, it is not necessary. The tetraselenides
will form equally well after stirring at room temperature for several
days. We have preliminary evidence that the reaction may proceed
via a chelating polyselenide ring (analogous to the polytellurides)
possibly followed by conversion to a diselenocarbonate interme-
diate.”* These ideas will be discussed more fully in a later paper,
and further mechanistic speculation is inappropriate at this time.

(18) Anal. Caled for CygHyoP;MoSe,: C, 38.79; H, 2.69. Found: C,
38.62; H, 2.78. Crystal data for [(C4H;),P],[MoSe,]: triclinic, P1, Z = 2,
d=197,u=6845cm™, a= 10013 (8) A, b =12595(9) A, ¢ = 20.597
(23) A, & = 106.30 (7)°, 8 = 92.35 (8)°, v = 96.72 (6)°, V = 2497.8 (39)
A3, T =24 °C, 6975 reflections read to 26 (Mo Ka) = 45° with R = 0.0715
for 3206 reflections of F,> >3a(F,?).

(19) Draganjac, M.; Simheon, E.; Chan, L. T.; Kanatzidis, M.; Baenziger,
N.; Coucouvanis, D. fnorg. Chem. 1982, 21, 3321.

(20) Coucouvanis, D.; Hadjikryiacou, A ; Draganjac, M.; Kanatzidis, M,
G.; lleperuma, O. Polyhedron 1986, 5, 349.

(21) Lincoln, S.; Soong, S.-L.; Koch, S. A.; Sato, M.; Enemark, J. H.
Inorg. Chem. 1985, 24, 1355,

(22) Harmer, M. A_; Halbert, T. R; Pan, W.-H. Coyle, C. L.; Cohen, S.
A.; Stiefel, E. 1. Polyhedron 1986, 5, 341.

(23) (a) Herrmann, W. A; Voss, E.; Floel, M. J. Organomet. Chem. 1985,
297, C5. (b) Herrmann, W. A.; Herdtweck, E.; Floel, M.; Kulpe, I.;
Kisthardt, Okuda, J. Polyhedron 1987, 6, 1165,

(24) Reaction of Cr(CO), with polysulfide solution under similar condi-
tions results in formation of [Cr(S;CO);]* in high yield which will then
further react with elemental sulfur to produce chromium sulfides: O'Neal,
S. C.; Kolis, J. W., manuscript in preparation.
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However, the reaction is synthetically useful in that it provides
a convenient high yield route to the tetraselenometalates and their
derivatives.
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The effects of exchange processes in high resolution NMR
spectroscopy have been investigated extensively, from both a
theoretical and an experimental standpoint.! The sensitivity of
NMR spectroscopy to exchange effects has provided a very
powerful means to elucidate the exchange pathways and measure
the rates for various types of chemical reorganization processes;
NMR techniques which have been employed include line shape
analysis,? double resonance methods such as saturation transfer,?
pulse experiments such as spin echo studies,* and two-dimensional
exchange spectroscopy.’ In the present communication, we would
like to take a different perspective and demonstrate a possibility
for recovering spectral information which is often lost due to
exchange effects; this method is based on the insensitivity of certain
multiple quantum coherences to some intramolecular exchange
processes.

To illustrate this unique and potentially very useful feature of
multiple quantum NMR spectroscopy,’ consider as a simple
example a linear AMX spin system (J,x coupling is not resolved)
in which the A and X spins are undergoing mutual exchange. It
is well known that if two spins are exchanging sites, their individual
resonances will first broaden and then coalesce into an ex-
change-narrowed, single peak as the exchange rate k increases
from slow to fast relative to the frequency separation of the
unperturbed resonances, Av. Due to substantial line-broadening,
it is sometimes difficult to detect the NMR signal from exchanging
spins when k ~ Auw; this is particularly true in many types of
coherence transfer experiments where the resonances have an-
tiphase multiplets and are thus severely attenuated due to self-

(1) (a) Kaplan, J. L; Fraenkel, G. NMR of Chemically Exchanging
Systems; Academic Press: 1980. (b) Sandstrom, J. Dynamic NMR Spec-
troscopy; Academic Press: 1982.

(2) (a) Johnson, C. S. Adv. Magn. Reson. 1965, 1, 33-102. (b) Binsch,
G. J. Am. Chem. Soc. 1969, 91, 1304-1309. (c) Kaplan, J. I; Yang,P. P;
Fraenkel, G. J. Chem. Phys. 1974, 60, 4840-4845.

(3) Forsén, S.; Hoffman, R. A. J. Chem. Phys. 1963, 39, 2892-2901.

(4) (a) Allerhand, A.; Gutowsky, H. S. J. Chem. Phys. 1964, 2115-2126.
(b) Gutowsky, H. S.; Vold, R. L.; Wells, E. J. J. Chem. Phys. 1965, 43,
4107-4125.

(5) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R. J. Chem. Phys.
1979, 71, 4546-4553.

(6) Bodenhausen, G. Prog. NMR Spectrosc. 1981, 14, 137-173.

(7) Braunschweiler, L.; Bodenhausen, G.; Ernst, R. R. Mol. Phys. 1983,
48, 535-560.
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Figure 1. Slices taken from 2D 'H NMR spectra at the w, chemical shift
of the aromatic 4-H of Phe-45 in BPTI (in 2H,0, 15 mM, pH 4.6) for
(a) a double quantum-filtered COSY experiment and (b)-(d) double
quantum experiments, at the temperatures indicated. In the DQF-COSY
spectrum only a diagonal peak is detected, providing no information
concerning the 3,5-H resonance frequencies. In the 2Q spectra the
remote and direct peaks are labeled ‘r’ and ‘d’, respectively. (A ppm scale
is the most convenient for interpreting the multiple quantum spectra, but
note that it is not a chemical shift scale; the origin of this scale is such
that w; = 0 Hz corresponds in ppm to twice the chemical shift of the
transmitter frequency in the w, dimension.) For each of the 2Q spectra
shown, two adjacent slices from the 2D maps have been co-added because
in the w, dimension the direct and remote peaks have opposite phase
characteristics!® (absorption/dispersion) and different multiplet compo-
nent intensities so that the maxima occur at slightly different w, fre-
quencies. Note also that a multiple quantum excitation period of 30 ms
was chosen, which is about optimum for the direct peaks but results in
the remote peak having approximately half its maximum intensity. All
experiments were run at 500 MHz on a Bruker AMS500 spectrometer.
The standard pulse sequence was used for the DQF-COSY experi-
ment,’!? while the conventional sequence for 2Q experiments’ (with 90°
‘read’ pulse) was modified by employing (385,-325.,-25.) composite
90° pulses!® and EXORCYCLE phase-cycling!” of the 180° refocussing pulse
to eliminate w, phase errors arising from off-resonance effects.

cancelation when the line width is large compared to the active
scalar coupling. In a 2D correlation experiment for instance, such
as COSY?® or double quantum-filtered (DQF) COSY,’ the cross
peaks expected for an AMX system will be extremely weak in
the case where spins A and X are mutually exchanging at an
intermediate rate. It is in this situation that multiple quantum
spectroscopy has a unique advantage. As discussed by Braun-
schweiler et al.,” it is possible to excite a so-called “remote” double
quantum coherence between spins A and X in a linear AMX
system through their mutual scalar coupling to spin M. The
frequency of this 2Q transition is the sum of the single quantum
frequencies of the A and X spins, which is independent of the
mutual exchange of these spins. This AX 2Q coherence, unaf-
fected by the A <= X exchange process, can subsequently be
transferred back to single quantum transitions of the M spin
(which also are not exchange-broadened). As a result, in a 2D
double quantum spectrum a remote peak at w, = 2, + Q2x and

(8) (a) Aue, W. P; Bartholdi, E.; Ernst, R. R. J. Chem. Phys. 1976, 64,
2229-2246. (b) Bax, A.; Freeman, R. J. Magn. Reson. 1981, 44, 542-561.

(9) (a) Piantini, U.; Sgrensen, O. W.; Ernst, R. R. J. Am. Chem. Soc.
1982, 104, 6800-6801. (b) Shaka. A. J.; Freeman, R. J. Magn. Reson. 1983,
51,169-173.
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