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alkylperoxo complexes include (i) the independent synthesis of
the tert-butylperoxo derivative, {n>-HB(3-Bu'pz);iMgOOC(CH,),,
by the reaction of {»*-HB(3-Bu'pz);jMgCH, with (CH;);COOH
(eq 3). and (ii) the formation of the alkoxo derivative [n*-HB-
(3-Bu'pz);MgOR® and Ph;PO upon treatment of {n>-HB(3-
Bu'pz);}MgOOR with PPh, (eq 4).

{n*-HB(3-Bu'pz),)MgCH; + (CH,);COOH —
{n*-HB(3-Bu'pz),MgOOC(CH,), + CH, (3)

{n-HB(3-Bu'pz))MgOOR + PPh, —
{n>-HB(3-Bu'pz);iMgOR + Ph;PO (4)

Although a number of well-characterized examples of reactions
of dioxygen with metal-alkyl complexes have been reported,
isolated products are commonly alkoxo derivatives, [L,MOR],®
with relatively few examples involving isolation of alkylperoxo
complexes, [L,MOOR].!® The selective formation of alkylperoxo
complexes in the reactions of {n*-HB(3-Bu'pz);}MgR with O, is
presumably a consequence of the sterically demanding ligand
environment that hinders bimolecular oxygen atom abstraction
from the alkylperoxo complex by the alkyl derivative, which is
the commonly suggested pathway for the formation of alkoxo
derivatives (eq 5). In accord with this suggestion, {n*>-HB(3-

L,MOOR + L,MR — 2L,MOR (5)

Bu!pz);iMgOOCH(CHj;), and {#*-HB(3-Bu'pz);MgCH(CH,),
do not react rapidly at room temperature to give the alkoxo
derivative {n3-HB(3-Bu'pz);MgOCH(CH,),, but rather require
heating to 80 °C to effect this transformation (eq 6).

{n*-HB(3-Bu'pz) MgOOP' + {n>-HB(3-Bu'pz);|MgPr ———
2{n*-HB(3-Bu'pz);iMgOPr (6)

The direct insertion of ground-state triplet oxygen into met-
al-carbon bonds has been considered to be unlikely since the
products would be formed in a high-energy triplet state. Indeed,
the rearrangement and racemization of alkyl groups, and inhibition
of oxygenation by radical traps, have provided strong evidence
for mechanisms involving radical intermediates (eq 7-9) in the
reactions of metal-alkyls with O,.!! Although the insertion of

L,MR + O, — L,MOO" + R (initiation) 0)

(7) vo—o for alkylperoxy derivatives are typically in the range 850-950
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(10) (a) Fontaine, C.; Duong, K. N. V.; Merienne, C.; Gaudemer, A,;
Giannotti, C. J. Organomet. Chem. 1972, 38, 167-178. (b) Chiaroni, A.;
Pascard-Billy, C. Bull. Soc. Chim. Fr. 1973, 781-787. (c) Jensen, F. R ;
Kiskis, R. C. J. Organomet. Chem. 1973, 49, C46-C48. (d) Cleaver, W. M ;
Barron, A. R. J. Am. Chem. Soc. 1989, 111, 8966-8967. Also see ref 7n.

R* + 0, — ROO" (8)
L,MR + ROO* — L,MOOR + R* )

O, into the Mg—C bonds of the derivatives {n*-HB(3-Bu'pz);jMgR
(R = CH,CH,3, CH(CHj,),, C(CH,),) is too rapid to be studied,
small quantities (<2%) of galvinoxyl, a radical trap, inhibit the
reaction {n’-HB(3-Bu'pz);}MgCH; with O,, thus supporting the
above radical-chain sequence for formation of the alkylperoxo
derivatives {n*-HB(3-Bu'pz);MgOOR.
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The NMR! method of protein three-dimensional structure
determination®® makes use primarily of distance constraints
measured with 'H-'H nuclear Overhauser enhancement (NOE)
experiments. High-quality structure determinations further

(1) Abbreviations: NMR, nuclear magnetic resonance; 2D, 3D, two-di-
mensional, three-dimensional; COSY, 2D correlated spectroscopy; BPTI,
bovine pancreatic trypsin inhibitor; 434 repressor(1-69), N-terminal DNA-
binding domain of the 434 repressor comprising 69 residues; 3y, homo-
nuclear vicinal amide proton—C* proton coupling constant. In the product
operator formalism used, HN denotes an amide proton, H* a C* proton, and
N a nitrogen-15 spin.

(2) Wiithrich, K.; Wider, G.; Wagner, G.; Braun, W. J. Mol. Biol. 1982,
155, 311-319.
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Figure 1. (a) Experimental scheme for measurements of vicinal spin—spin
coupling constants *Jyn,. It consists of an extension of [N,!'H}-
COSY!*<¢ by a delay period 7, To ensure observation of all amide
protons, the experiment must be performed in H,O solution.® The
scheme shown here is therefore preceded by selective irradiation of the
water signal.’> The delay 7, is tuned to 1/2'J(**N,'H). Narrow vertical
bars indicate (/2) pulses, wide bars are x pulses, and SL denotes a
spin-lock purge pulse of 2-ms length.!* The following 64-step phase cycle
was used: ¢, = (¥)p(-P)3z ¢y = (XXX X1 D3 = [(X)g(~X)4(¥)a(~
Valas b4 = [Dis-Yhisl2, b5 = (g4, b6 = (0)32(-X)32, 7 = (x,-X)35,
receiver phase = [(x,~x)4(-x,x),]s. The phases ¢s and ¢ were subjected
to time proportional phase incrementation (TPPI) for quadrature de-
tection in w;.!1% (b) Schematic presentation of the [N,'H}-COSY
cross-peak fine structure obtained with the experimental scheme of
Figure 1a. For each amino acid residue, a cross peak composed of two
antiphase components separated along w, by the heteronuclear coupling
constant 'J(**N,'H) is expected; predetermined relative signs of the
fine-structure components remain unchanged for mixing periods T,
shorter than 1/23/yn,, the signal vanishes for 7, = 1/23J\, = 73 and
the signs are inverted for 7, values larger than 1/2%Jyn,. (c) Time course
of the signal intensity for an individual fine-structure component. Only
the principal product operator term, ZH;"N, (see text) was considered in
calculating this curve, and spin relaxation during 7, was neglected. (d)
Relation between 3Jyn, and 79 computed with the same assumptions as
in c.

include measurements of vicinal spin-spin coupling constants as
supplementary data.»*® Of special interest are the amide pro-
ton—C= proton coupling constants 3Jyn. since they can be directly
related to the polypeptide backbone dihedral angles ¢.8 In the
present paper we propose a novel measurement of *Hyy, in 1°N-
enriched proteins. The desired information is obtained from the
time evolution of the proton coherence at the end of a hetero-
nuclear correlation experiment. This procedure enables mea-
surements of the 3Jyn, coupling constants over a wide range of
values and promises to significantly improve the precision of the
measurement when compared to techniques previously introduced
for measurements of proton—proton coupling constants.>!! In
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(10) (a) Marion, D.; Withrich, K. Biochem. Biophys. Res. Commun.
1983, 113, 967-974. (b) Neuhaus, D.; Wagner, G.; Vasak, M.; Kagi, J. H.
R.; Wiithrich, K. Eur. J. Biochem. 1988, 151, 257-273.

Communications to the Editor

(a) 52ms . F 7 ¥ [a)80ms b v
a7 Ocm, s ? ar? e ) 0%5
074 ps7Rat ¥ a8 |07 0 Ds7 A1 ¥ L
A 0/};:..'\0 we
a2 00 00 o2y . ame 0070 ~g M
{6 6o ma Ty v Hooms v
ar Oo’::, 4 °22§ arr e | 093'
0 . 087 o 13 | Ds7m1m 3 18
14 2 T R
Q/"_‘io ia Oe A :59 I e
e 0000 0—¢ . az W g~ |
AR g 564 0
QE‘!,\V; 0’0 2w |, (5N)
(c)68 ms T Y 1(g)100 ms .7
17 (ol 182e oy i 0z (ppm)
08 D57 4! Qm, e os7 Aer Y L
O".,‘!.DL; ] oogO;ﬁJo
2, 0000 o 2 oy M
LR A L
(d)7ams . Y im1iems ¥ T
Q17 e | 956, ot 'ﬁ.ﬁo
[l D57 R4t D57 R4t Lia’ p18
geo Y 3:»0
T b1t
Q28 ¢ 0 [ Q29 . L~
= T Ry
0 85 80 00 85 80
a, (*H; ppm)

Figure 2. Spectral region (w; = 117-120 ppm, w, = 7.8-9.1 ppm) from
eight heteronuclear ['*N,'H]-COSY spectra of uniformly N labeled 434
repressor(1-69)151¢ recorded with the experiment of Figure la (protein
concentration 10 mM in a mixed solvent of 90; H,0/10% D,0, 99% “N
enrichment, 25 mM K,HPO, at pH 5.0, 100 mM KCI, T = 28 °C). The
individual experiments were recorded with different mixing times ,, as
indicated in the upper left corner of each spectrum. A Bruker AM-500
spectrometer was used, 7, Was 67 ms, and 1,,, was 160 ms. For each
experiment, 160 free induction decays were collected, resulting in a
measuring time of 3.5 h. Before Fourier transformation, the time-domain
data were multiplied with sine—bell windows!” along #; and ?,, with phase
shifts of =/5 and = /9, respectively. Positive peak components are plotted
with several contour levels and negative components with a single contour
level to permit easy identification of the relative signs. Each cross peak
is identified by a curved line connecting the two antiphase components
of the fine structure, which are separated by the heteronuclear coupling
constant 'J(**N,!H) along the 'H frequency axis w, (Figure 1b). The
asymmetry of the doublets comes from increased relaxation of the lower
field multiplet component due to chemical-shift anisotropy.!®

particular, as uniformly N labeled biosynthetic proteins become
available efficiently and at low cost,!? the experiment should be
widely applicable. Since it has the intrinsic high sensitivity and
spectral resolution of heteronuclear correlation spectroscopy, i.e.,
[*N,'H]-COSY,'? practical applications should also extend to
larger proteins, above the size range accessible for measurements
of spin—spin coupling constants with homonuclear techniques.101!

In the experimental scheme of Figure 1a, the ['*N,'H]-COSY
pulse sequence described by Otting and Wiithrich!* is extended
by a mixing period 7,. The conventional ['*N,'H)-COSY ex-
periment!? selects for the product operator term 2H)'N,""!4 at the
beginning of the period 7, (Figure 1a). During , this term evolves
into —2HYN, cos (73 JynaT2) + 4HYHEN, sin (r3/yn,T). The
last (w/ZS(‘H) pulse with phase ¢, (Figure 1a) is along the %y
axis and converts the second term into 4HYH2N,, so that -2HIN,
remains as the only coherence that is observable at the amide
proton chemical shift (see also below). Its modulation by cos
(7*JunaT2) enables the presently proposed measurement of the
coupling constants 3Jyp,. The two-dimensional spectrum resulting
from the experimental scheme of Figure 1a contains the typical
cross-peak fine structure observed in conventional [N,'H]-COSY
spectra, with two antiphase components separated by J(**N,'H)

(11) Griesinger, C.; Sorensen, O. W.; Ernst, R. R. J. Am. Chem. Soc.
1985, 107, 6394-6396.

(12) Mclntosh, L.; Dahlquist, F. W. Quart. Rev. Biophys., in press.

(13) (a) Bodenhausen, G.; Ruben, D. Chem. Phys. Lett. 1980, 69,
185-188. (b) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of NMR
Spectroscopy in One and Two Dimensions; Clarendon: Oxford, 1986. (c)
Otting, G.; Wathrich, K. J. Magn. Reson. 1988, 76, 569-574.

(14) Serensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.; Ernst,
R. R, Prog. NMR Spectrosc. 1983, 16, 163-192.
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along the 'H frequency axis w, (Figure 1b). The intensity of the
individual fine structure components varies as cos (m3/yn,72) and
vanishes for 73 = 1/23/yn, (Figure 1b.c). In practice, the ex-
periment of Figure 1a is recorded repeatedly with different mixing
periods 7,. Upper and lower bounds on the range of values for
the individual coupling constants ‘Jy,, arc determined by the
longest 7, value for which the antiphase components of the *'N-'H
cross peak conserve the initial signs, and the shortest 7, value for
which the signs are inverted (Figurc 1b).

With uniformly SN labeled 434 repressor (1-69), a DNA-
binding protein consisting of 69 amino acid residues,!® nine ex-
periments with delays 7, of 52, 60, 68, 74, 80, 90, 100, 116, and
134 ms, respectively, were rccorded. The spectral region shown
in Figure 2 contains cross peaks between N and 'SN-bound amide
protons. The variation of the cross-peak intensities with 7, can
readily be followed. For example, the cross peak corresponding
to Ser 64 is not inverted up to a mixing time of 68 ms, disappears
in the spectrum with 7, = 74 ms, and is inverted in the spectra
with longer mixing times. Similarly, Leu 13 is inverted between
68 and 90 ms, and Arg 41 between 52 and 68 ms. Val 6 and GIn
17 conserve the sign of their cross-peak components unchanged
up to 100 ms and vanish at 116 ms, whereas Asp 57 and Gin 22
conserve the same sign in all the spectra displayed, which cor-
responds to 3Jyn, < 4.3 Hz. For comparison: in a 2QF-COSY
spectrum recorded under the same conditions, no 3Jyy, value
smaller than 6.5 Hz could be measured in this protein. The
complete set of coupling constants >Jy, in the 434 repressor( 1-69)
measured with this method was found to coincide closely with the
3Juno Values expected from the crystal structure of the 434 re-
pressor(1-69)!6 (these data will be further discussed elsewhere).

With a small series of about three to four measurements with
suitably selected 7, values, the experiment of Figure la can be
used to determine whether a given 3Jyy, coupling constant falls
into the range typical for a-helices (Jyng < 6.0 Hz), 8-sheets
(*Juna > 8.0 Hz), or conformationally averaged structure (6.0
Hz < *Jyne < 8.0 Hz).® This is usually sufficient for the prep-
aration of the input for a high-quality protein-structure deter-
mination.>® For more precise measurements of 3Jyy,, two ad-
ditional factors must be considered. First, one would have to
account for the fact that other coherences besides ZH;'N, are
present at the outset of the 7, period (Figure 1a). These come
from the evolution of the amide proton magnetization under *Jyn,
during the short delay r,. It can be shown that these additional
terms cause a systematic increase of the measured, apparent 3Jyn,
values by about 6% over the actual values of 3Jyn,. Second, spin
relaxation must be taken into account. With the inclusion of these
two factors, the time course between the individual data points
recorded at different 7, values could be fitted with an analytical
function. This interpolation would allow the precise determination
of 73 also between the discrete 7, values measured. In addition,
the fit could be used to extrapolate experimental measurements
at short 7, values to longer times, to determine the 79 values
corresponding to small coupling constants *Jyx, (Figure 1d). For
small coupling constants, the main limitation of the experiment
of Figure 1a results from the long delays 7, needed (Figure 1d),
since spin relaxation will then greatly reduce its sensitivity.

The experimental scheme of Figure 1a can be extended by
insertion of a w(**N) pulse at a time 7,/2 after the end of the
evolution period #,. This additional pulse refocuses the hetero-
nuclear antiphase magnetization, so that >N broadband decou-
pling can be applied during the acquisition time #,. In this version
of the experiment, the phase ¢, of the last (w/2)('H) pulse must
be along the x axis rather than along the y axis (see Figure 1a).
Compared to the experiment of Figure 1a, the "N-decoupled
spectrum can yield improvements in both sensitivity and resolution.

(15) (a) Anderson, J.; Ptashne, M.; Harrison, S. C. Proc. Natl. Acad. Sci.
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In a three-dimensional implementation of the experiment in
Figure 1a, i.e., 3D J-resolved ['*N,!H]-COSY, the delay 7, would
be systematically incremented independently of the evolution
period ¢, and a Fourier transformation along 7, would yield a third
frequency dimension. The resulting spectrum consists of several
['*N,'H]-COSY planes, with the peaks spread in the third di-
mension by 3/, The multiplets along the */yy, dimension have
pure absorptive line shapes. For incompletely resolved multiplets,
one would therefore encounter difficulties in a quantitative
evaluation of 3Jyn, similar to those in a conventional one-di-
mensional 'H NMR spectrum, or a homonuclear J-resolved 2D
'H NMR spectrum.!® In practice it appears preferable to measure
the 7, dependence in the time domain by recording multiple
heteronuclear 2D NMR spectra (Figure 2) than to extract the
information on 3Jyn, from a line-shape analysis in the 3D NMR
spectrum.%
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As part of our effort toward a comprehensive understanding
of the stereochemistry of addition and elimination reactions in-
volving conjugated carbonyl compounds, we report that the
base-catalyzed additions of ethanol-d and 2-methyl-2-propane-
thiol-d to ethyl crotonate demonstrate a surprisingly high ste-
reoselectivity. The (2R*,3R*)/(2R*,3S*) diastereomeric ratio
of the addition products is approximately 10:1. Our results indicate
that these nucleophilic additions proceed in two steps and that
it is the second step, the protonation of the enolate anion, that
determines the stereoselectivity of the reaction.

Although 1,4-conjugate nucleophilic additions to unsaturated
carbonyl compounds are among the important reactions in organic
synthesis® and biochemistry,* little has been published about their
innate stereochemistry with simple, acyclic molecules.*® In the
few reports involving acyclic activated alkenes, all done in organic
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