produces 21, which is converted in three steps!® to the enone
17. Then reaction with tetrakis(triphenylphosphine)nick-
el(0) in DMF at 50° for 40 hr produces the dimethyl ether
(22) of alnusone (16), which is isolated as a colorless solid
in high purity (52% yield).!® The product is identical in
comparison of ir, mass, and 'H NMR spectral data, and
TLC behavior with a sample of 22 prepared by O,0-di-
methylation of alnusone (16) from natural sources.?*

Hindered aryl halides provide the most important general
limitation on the method. Direct approaches to the bisben-
zocyclooctadienone structures as in steganone (23)2° have
not succeeded. For example, the related system 24 reacts
with zerovalent nickel reagents at 40-50° to give rapid in-
sertion into the aryl-bromide bond followed by slower inser-
tion into the aryl-iodide bond. However, no aryl-aryl cou-
pling is observed either inter- or intramolecularly; the prod-
ucts from hydrogen substitution for halogen (i.e., 25 and
26) are obtained in yields of 39 and 24%, respectively. Te-
trahydrofuran as solvent produces 25 in 93% yield; addition
of D3804-D,0 during isolation leads to unlabeled 25.2!
The failure to achieve aryl-aryl coupling is general for com-
pounds with serious steric hindrance around the aryl iodide
substituent, For example, aryl iodide 27 gave only the re-
duction product 28 when treated with zerovalent nickel
(70-100% yield, depending on solvent and phosphine lig-
ands). Further definition of the ring size and steric limita-
tions on biaryl coupling with nickel(0) reagents will be pre-
sented in the full paper describing this work.

0 0
SOPN
MeO @

)

10k

MeO OMe OMe OMe
23 24, X =Br; Y =1
25 X=H;Y=1
26, X =H; Y=H
MeO Et
MeO X
OMe
27, X =1
28 X =H
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Specific Enrichment with 13C of the Methionine
Methyl Groups of Sperm Whale Myoglobin!

Sir:

The value of '3C NMR spectroscopy to the study of pro-
tein structure and mobility is substantially increased when
single carbon resonances can be observed; under favorable
conditions such resonances from proteins have been studied
at natural abundance.? Efforts to enrich protein samples
with respect to 13C have facilitated the study of a number of
proteins.>* We report here a selective method to enrich in
13C the methyl group of the two methionyl residues, 55 and
131, in covalently intact sperm whale myoglobin. In the 12C
NMR spectrum of this protein sample, which possessed in
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Table I. Characterization of '*C Enriched Ferrimyoglobin®

Enriched Mb Virgin Mb
€409/ €280 5.32 5.36 £ 0.15
[61 ;08> deg/(g cm?) -2.36 x 10* -2.36 x 10*
pl 8.214 8.274
py, (Torr), 20° 0O, 0.445 0.42b

a Obtained by the method of E. T. Nakhleh, Ph.D. dissertation,
American University of Beirut, 1972. ? Ferrimyoglobin converted to
ferro-form with dithionite.'® ¢ All measurements were niade at 20°

Scheme 1
12CH, RCH, SCH, 13 MCH,‘
l N/ l
S S+ S
(CH,), (CH), (CH.),
“CH,1 dithicerythritol
--NHCHCO-+ —— --NHCHCQ:+ ————— ---NHCHCO -

pH 4.0 pH 105,37

other respects the distinctive characteristics of native myo-
globin, the two enriched nuclei each produced a narrow res-
onance, which stood out prominently from the natural
abundance spectrum of the protein. The behavior of these
resonances has the potential of providing information con-
cerning the environment and rotational mobility of the non-
polar interior of the protein.’

Scheme I shows the sequence of reactions for the conver-
sion of the methionine methyl groups in apomyoglobin to a
form enriched with respect to '3C. The pH of the apopro-
tein solution (0.5-0.6 mM) was lowered to 4.0 to minimize
the reactivity of other nucleophiles in the protein and to
render the normally buried methionyl residues® more acces-
sible to reaction by disruption of the native structure.” The
solvent-exposed methionyl residue of ribonuclease was
methylated under conditions® similar to those reported here.
Methyl iodide enriched in '3C was added in a molar propor-
tion to the apoprotein of 100-fold and the two-phase solu-
tion stirred at room temperature in the dark for 18 hr. The
half-life for the methylation reaction under these conditions
is approximately 2.7 hr. At the end of the 18-hr reaction pe-
riod, the clear homogeneous solution was dialyzed for 24 hr
against numerous changes of NaNj solution (0.2 g/lL.).
Amino acid.analysis of p-toluenesulfonic acid® hydrolysates
of the methylated protein showed that 95% of methionyl
residues had been converted into those of S-methylmethion-
ine; no unusual components were observed in the chromato-
grams apart from the S-methylmethionine. Furthermore, a
preparation of the methylated protein was concentrated to
7-10 mM and showed a single, narrow, intense resonance at
167.8 ppm upfield from CS;. The corresponding methyl ad-
duct resonance in a sample of free S-methylmethionine was
also at 167.8 ppm. See paragraph at end of paper regarding
supplementary material.

The conversion to the original covalent structure capable
of regaining native conformation was best effected by expo-
sure to mercaptans. A solution, 0.8 mM, of methylated pro-
tein was brought to pH 10.5 and treated at this pH with
batches of dithioerythritol until the final concentration of
dithiol was 0.5 M. The slightly turbid solution was left at
37° for 18 hr. Under these conditions the half-life for the
demethylation reaction is approximately 3.2 hr. Heme was
reintroduced into the apoprotein* after extensive dialysis
against water of the demethylation reaction mixture. After
removal of protein insoluble in 0.1 u phosphate buffer at pH
6.5, the reconstituted ferrimyoglobin was purified on car-
boxymethyl-Sephadex using this same phosphate buffer.

~
}

[ |

TR
RN

L L J

100 150 200
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Figure 1, Proton decoupled Fourier transform '*C NMR of the CO
myoglobin prepared with enrichment of the methyl groups of the two
methionine residues. Chemical shifts are referenced to external CS,,
with internal dioxane at 126.30 shown as the most prominent reso-
nance. The instrument was the Varian XL-100-15 operating at 23.5
kG at 30.0 £+ 0.5°. The data were accumulated from 32K transients
with 16K data points.

The sample of enriched ferrimyoglobin, which was obtained
in 60% yield based on the quantity of original apoprotein,
showed, in addition to the characteristics presented in Table
I, an. intense band of protein of the same electrophoretic
mobility as virgin ferrimyoglobin; a trace of protein of high-
er pl was also present. The data from amino acid analysis
were in excellent agreement with expected values. The en-
riched ferrimyoglobin was converted to the ferro- form with
dithionite!® and equilibrated with carbon monoxide.

In Figure | is presented the proton noise decoupled !3C
NMR spectrum of a 6.5 mM solution of the CO myoglobin
at pH 7.83. The two prominent resonances due to the en-
riched carbons have chemical shifts at 176.77 and 178.15
ppm upfield from CS;. These chemical shift differences
likely arise from differences in the microenvironment of the
two internally located methyl groups. For comparison, a
value of 178.7 ppm upfield from CS; was found for the
methyl carbon resonance in methionine!! and in the penta-
peptide GlyGlyMetGlyGly.!!

Measurements of spin-lattice relaxation time, 7, by the
inversion-recovery method!? yield values in the range of
140-160 msec at 15.1 MHz for both methionine methyl
resonances. Such values support the evidence from the ob-
served line widths that indicates appreciable internal rota-
tional motion sensed by the enriched nuclei within the pro-
tein 341113

Studies of the effect of solution pH, oxidation state of the
iron ion, the nature of the heme ligand, and the assignment
of these prominent resonances are in progress.

Supplementary Material Available. Complete amino acid compo-
sition data, the 13C NMR spectrum of the methylated apoprotein,
and the absorbance (uv and visible) spectrum of the reconstituted
CO-myoglobin shown in Figure 1 will appear following these
pages in the microfilm edition of this volume of the journal. Photo-
copies of the supplementary material from this paper only or mi-
crofiche (105 X 148 mm, 24X reduction, negatives) containing all
of the supplementary material for the papers in this issue may be
obtained from the Journals Department, American Chemical Soci-
ety, 1155 16th St., N.W., Washington, D.C. 20036. Remit check
or money order for $4.00 for photocopy or $2.50 for microfiche, re-
ferring to code number JACS-75-3875.
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The Two-Step Mechanism of Noncatalytic Aromatic
Bromination. Controlled Variation of the
Rate-Controlling Step

Sir:

By a systematic variation of the initial conditions, the
rate-controlling step in an aromatic bromination has been
changed from that of arenium ion formation to that of pro-
ton removal from arenium ion. The results support the sim-
ple two-step mechanism, eq 1 and 2, with no significant
contribution by mechanisms involving more than one bro-
mine molecule.

The well-known kinetic complications that often arise in
noncatalytic aromatic bromination in the absence of added
excess Br~ have been expressed in the form of eq 5.1 Such
behavior has been interpreted literally; that is, as meaning
that the first term is due to an activated complex containing
the elements of one Br, the second term due to an activated
complex containing the elements of two Br,, and so on. Var-
ious mechanisms have been assigned to each literally inter-
preted term. However, the same kinetic behavior will be
shown by the simple two-step mechanism of eq 1 and 2
alone, provided only that v_y/vy = k_,[Br~]/k, grows to
significance during a kinetic run as the result of Br~ pro-
duction. Equation 4, the general rate expression for the sim-
ple two-step mechanism, can be shown to be the equivalent
of the power series equation, 5. Starting with [Bra]soich +
[Br~Jstoich = [Bralo, one expresses the variable [Br~] in
terms of [Br;]. The denominator of eq 4 then takes the form
C1(1 + C3[Brz])~! which then is expandable as a power se-
ries in C»[Br,]. This leads to eq 5, in which the constants
k1, k11, and k1 have the complex form shown in eq 6.

3! /H
ArH + Br, == Ar* + Br- (1)
L SBr
_H
Ar’\B + B, — ArBr + HB* %, = Ekzi[Bi] (2)
r

Br- + Br, == Bry; K; = [Br;"]/[Br-][Br,] (3)

kb, ArH][Br
= % [Br) ]+ kz] (4)

—d[ ArH]/d¢
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Table I. Rate Constants and Kinetic [sotope Effects in the
Para-Bromination of N-Methylacetanilide in 50% HOAcat 25°
(Br,], [NaBr], 10%pe 10%p(corNd  ky/kpe
~2X10"* 0 8.59 8.59 0.93 + 0.024
~2x% 107 0 (7.90)¢
(2-20) x 10™* 0.050 2.23 5.31 1.41 £ 0.05
(2-20) x 107* 0.1508 0.654 3.36 1.85 + 0.04
(2-20) x 10™* 0.300 0.248 2.30 2.14:0.02
(2-20) x 107 0.500 0.151 2.23 2.27 = 0.02
(2-20) x 10°* 0.050% 1.96 4.66 1.18+ 0.01

aky = kobsd(sec™)/ [ATH], average of several runs. &kpy(corr) =
ki [Br,lstoich/ [Br,] = kH(1 + K, [Br ]); K, = 27.6.° €kp is the
rate constant for N-methylacetanilide-2,4,6-d .. 9Standard devia-
tion. € Based on initial slope, 20% reaction, of a curved rate plot.
fContained 0.250 M NaClO,. £Contained 0.150 M NaCIO,. #Con-
tained 0.250 M NaOAc.

—d[ArH]/d¢t = [ArH)(%[Br,] + %y {Br,)?

kux[Brz]g) (5)
k.k
k4[Br,], + &,

kyk_, + 2k_K;[Br,])
k_[Br,], + k,

b = Fulky — 28K
w = Brz TR,

Consider the effect of added excess Br™, which is experi-
mentally that of simplifying the kinetics to straight first
order in Br;. The literal interpretation of eq 5 requires that
this be due to enough of a reduction in [Br;], as the result
of equilibrium 3, to make negligible the probability of form-
ing activated complexes containing the elements of more
than one Bry. On the basis of just the simple two-step mech-
anism, the kinetic simplification is due to the constancy of
k—1[Br~] and does not require a reduction in [Br,]. Indeed,
in the bromination of benzene in 78% of CF3CO,H, kineti-
cally complex in the absence of added Br~ ([BryJg ~ 3 X
10—3 M), the addition of excess NaBr reduced the kinetics
to cleanly first order in Br; under conditions that did rot
significantly decrease [Br,].> This result is contrary to the
multimechanistic interpretation, but consistent with the
simple two-step mechanism.

Given a suitable value of k_,/k, it should be possible to
change at will the rate-controlling step of the two-step
mechanism by controlling [Br~]. This has been realized in
the para bromination of N-methylacetanilide in 50.1% ace-
tic acid at 25°.* Rates were determined by following Br,
absorption at 410 nm, an excess of the aromatic being em-
ployed ([ArH] = 0.01-0.1 M).

Without added excess Br™, kinetic complications arose
when a 1-cm Beckman cell was employed as the reaction
vessel ([Brz]o ~ 2 X 1073 M). First-order plots were notice-
ably curved (decreasing apparent rate constant), especially
beyond about 20% reaction. The curvature was substantial-
ly greater than could be attributed to an increasing tie-up of
Br; in the form of Br3~,% and is consistent with v_;/v; =
k—1[Br™]/k, growing to significance during the production
of Br~. However, by the use of 10-cm cells, the amount of
Br~ produced could be reduced tenfold ([Bra}g = 2 X 10~¢
M). Under these conditions, the reaction was cleanly first
order for three half-lives of observation. Thus v_, was
throughout negligible relative to v, making the first step
essentially completely rate controlling, with kopd =
ki[ArH]. Also consistent with rate control by the first step
was the observation of a slightly smaller rate constant for
2,4,6-trideuterio- N-methylacetanilide under the same con-
ditions (Table I).

The addition of excess NaBr to 1-cm cells runs also pro-

kl=

kg = (6)
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