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state of type 9 for trans selectivity, suggesting the intervention
of an alternative transition state 10 with both R and the carbonyl
group equatorial. This finding prompted us to further examine
the intramolecular ene reaction of rigidly maintained cyclic
substratc 11, in which only the equatorial conformation (as in 12)
of both the n-alkyl substituent and the carbonyl group should
afford the desired trans alcohol 13. Indeed, treatment of 11 with
MABR in CH2Clzat -78 OC for 2 h and at -40 OC for 1 h gave
trans alcohol 13 predominantly.5 Consequently, in the type I 1
intramolecular ene reactions of 6,c-unsaturated aldehydes 1, the
trans selectivity is best accounted for by the transition state 10
with both R and the carbonyl group equatorial rather than the
alternative 9.
Another interesting feature of MABR in the intramolecular
ene reactions is the remote stereochemical control observed in the
transformation of substrate 16 to E-olefinic alcohol 17 exclusively.2
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Supplementary Material Available: Experimental details of the
Lewis acid preparation, ene reactions with MABR, and preparation of compounds 11 and 13 (2 pages). Ordering information
is given on any current masthead page.
( 5 ) The structure of 13 was confirmed by conversion to the known transdecalin-I &diol (Grutzmacher, H.-F.; Tolkien, G. Tetrahedron 1977,33,221).
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Mass spectrometry has found wide application for the elucidation of the primary structures of proteins.' However, with the
exception of topographical studies of membrane-bound proteins,2
mass spectrometry has not previously been utilized to obtain
information concerning the three-dimensional conformation of
proteins. In the present communication, we describe the first use
of mass spectrometry for probing conformational changes in
proteins in a manner analogous to that employed in techniques
like optical rotary dispersion, circular dichroism, and spectrop hotome t r y.)q4
The new technique for probing the protein conformational
changes makes use of electrospray ionization, which is a gentle
method of ionization that produces intact multiply charged
gas-phase ions from protein molecules in s ~ l u t i o n .The
~ ~ ~multiply
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Figure I . Electrospray ionization mass spectra of bovine cytochrome c
obtained with different acetic acid concentrations in aqueous protein
solutions. Protein concentration is 1 X
M: (a) 4% acetic acid, p H
= 2.6, (b) 0.2% acetic acid, p H = 3.0, and (c) no acid, p H = 5.2. T h e
labels on the peaks, n+, indicate the number of protons, n, attached to
the protein molecule.

charged ions observed in the positive ion spectra are produced
primarily as a result of proton attachment to available basic sites
in the protein molecule. The availability of ionizable basic sites
is determined by the conformation of the protein under the conditions of study, which include pH, temperature, and the presence
of denaturing agents. In general, a protein in a tightly folded
conformation will have fewer basic sites available for protonation
compared to the same protein in an unfolded conformation. I f
the charge states of the gas-phase ions observed in the electrospray
(6) Smith, R. D.; Loo, J. A,; Edmonds, C. G.; Barinaga, C. J.; Udseth. H.
R. Anal. Chem. 1990, 62, 882-99.
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before gas-phase ions are finally produced. Because the evolution
mass spectrum reflect the charge states of the protein in solution,
of the effective pH of the rapidly evaporating charged droplets
then the spectrum will yield information regarding the conforis not known, a direct correlation between the presently observed
mational state of the protein.
and previously reported conformational states cannot be made.
The mass spectra of bovine cytochrome c, shown in Figure I ,
The technique has also been applied to the investigation of
were obtained7 by electrospraying aqueous solutions over a range
conformational changes in horse cytochrome c, bovine ubiquitin,
of pH values (2.6-5.2) where the cytochromes c are known to
and yeast ubiquitin induced by changes in pH and by addition
undergo conformational changes.F1s The mass spectrum obtained
of organic solvents.I8 Dramatic changes in the charge distributions
from a solution at pH 2.6 (Figure la) exhibits eight peaks, each
were observed in each case that could be correlated with changes
one corresponding to a different protonation state of cytochrome
in protein conformation. It is noteworthy that the charge disc. These protonation states range from 1 1 + to 18+ with 16+ being
tributions of proteins containing disulfide bonds have also been
the most intense. Mass spectra of this type, exhibiting ions with
observed to be increased by reduction of the disulfide bonds.19
a wide distribution of charge states and a single maximum, are
Our findings demonstrate the viability of a new physical method
typical of the elcctrospray ionization mass spectra of proteins that
have been reported.ss6*8Surprisingly, as the pH of the sprayed
for probing conformational changes in proteins. In addition, these
solution was increased to 3.0, a second maximum with a prostudies provide the basis for a better understanding of the roles
tonation state of 8+ appears in the mass spectrum (Figure Ib).
of solvent composition and protein conformation in the degree to
The width of this second distribution is narrow and is largely
which proteins are ionized in the electrospray process.
composed of the 8+ ion peak. Upon further increase of the pH
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in the conformational states of the protein in solution.
At low pH, the protein unfolds (state A) so that it can accept
a large number of protons (Figure la). As the pH is raised, some
of the Cytochrome c molecules fold into a relatively tight conformation (statc B) that can accept far fewer protons and produces
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a second distribution centered at the 8+ charge state (Figure Ib).
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conformation (state C) that can accept a larger number of protons
than B but a smaller number than A.
Potential applications of metallacycles in organic synthesis, and,
The acid unfolding of cytochrome c has been extensively studied
more recently, in the area of electronic materials2 have stimulated
by various other techniques including acid-base titrations: optical
extensive research into the properties and reactivity of this comrotation,I0 s p e c t r o p h o t ~ m e t r y , ~ circular
~ ~ ~ - ~ ~ dichroism,I5
pound class. A virtually untapped source of metallacycle reactivity
fluorescen~e,’~
NMR,16 temperature jump,’*J7and v i s c ~ m e t r y . ~ ~ J ~ lies in the chemistry of the ring substituents, particularly the
The existence of at least three conformational states in acidic
a-substituents due to their close proximity to adjacent coordination
conditions has been reported.9,”.’2,15,’7The results of the present
~ i t e s . ~ .Herein
~
we describe the iridiacycle-mediated alkyne
investigation also indicate the presence of three distinct conforcleavage reaction represented by eq 1. Although such a transmational states of cytochrome c for electrosprayed solutions in
formation is rare,5 and remarkable in its own right, labeling studies
the pH range 2.6-5.2. In the electrospray ionization process, small
have revealed a novel mechanism that includes surreptitious inhighly charged droplets are initially formed that rapidly evaporate
volvement of an a-metallacycle substituent.
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When a wet chloroform-d, solution of Ir(CR=CRCR=CR)(PPh3)2(NCCH3)2+BF,(R = C02CH3, 9.5
mM) and methyl propiolate (95 mM) is maintained at 23 OC for
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