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a substantial degree of stereoregularity at C2.
7 For example, in 

the decoupled 13C spectrum, CH2 shows a single major resonance 
at 43.4 ppm, with minor bands (ca. 5%) appearing at 44.7 and 
44.2 ppm. Epimerization of 1 using (NaOH/CH3OH, THF) and 
reprecipitation yields an atactic polymer which exhibits multiple 
bands for CH2: 46.1, 44.9, 44.7, and 43.4 ppm. Similarly, the 
1H NMR spectrum exhibits major doublets for Hortho and Hmeta 
at 8 6.16 and 7.10 and minor doublets at 8 6.85, 6.97, 7.16, and 
7.25. The atactic polymer shows a complex envelope of bands 
in the S 6.5-7.5 range. 

A 13C NMR study has revealed details concerning the chain 
growth process and the catalyst resting state. For the mechanistic 
study, an acetonitrile-free catalyst 5 was prepared as shown in 
eq 2. The chelate species Sa is in very rapid equilibrium with 
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the ir-benzyl complex Sir; static 1H and 13C spectra can be obtained 
below -80 0C indicating a 5<r:5ir ratio of ca. 3:1.5'8 Intermediate 
4 has been spectrally identified.9a,b Preparation of 5* using 99% 
13CO followed by exposure to 13CO (1 atm) in CD2Cl2 at -80 0C 
yields the labeled carbonyl acyl complex 6a* which shows three 
characteristic carbonyl bands at 172.2, 218.7, and 207.5 ppm for 
the PdCO, the a-acyl carbonyl, and CH2C(O)CH3, respectively. 
Treatment of a CD2Cl2 solution of 6a* with ca. 6 equiv of tert-
butylstyrene under 1 atm of 13CO results in chain growth which 
can be monitored by 13C NMR spectroscopy at temperatures 
between -80 and -60 °C.9a The first species detected upon in­
sertion is 6b* followed by 6c*. In a related 13C NMR experiment, 
unlabeled 5 was reacted with 13CO and ca. 10 equiv of 4-tert-
butylstyrene. The first two insertion products, analogous to 6b* 
and 6c* but with unlabeled end groups, confirmed the assignments 
for '3C(O)CH3 bands in 6a,b* and allowed identification of the 
internal carbonyl resonances of 6c*. Further insertions led to an 
envelope of bands in the 207-208 ppm range continually increasing 
in intensity relative to the PdCO and PdCO(R) bands. These 
experiments clearly indicate that the carbonyl acyl complex form 
of the catalyst, 6, is the resting state and that olefin insertion is 
the slow step in chain growth. The structure of 5 establishes the 
regiochemistry of the insertion reaction which is confirmed by 
structural assignment of 6a. 
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(7) Stereoregularity has also been noted by Corradini2' for insoluble 
fractions of (CH(C6Hj)CH2CO)n from the mixture of polymers obtained using 
the Drent procedure. 

(8) For Pd(II) chelate structures related to 5a, see: (a) Brumbaugh, J. S.; 
Whittle, R. R.; Parvez, M.; Sen, A. Organometallics 1990, 9, 1735-57. (b) 
Ozawa, F.; Hayashi, T.; Koide, H.; Yamamoto, A. J. Chem. Soc, Chem. 
Commun. 1991, 1469-70. 

(9) (a) See supplementary material for complete spectroscopic details, (b) 
4: key NMR parameters 13C(H) NMR (CD2Cl2, -80 0C) S 217.4 (C(O)C-
H3), 172.5 (PdCO), 40.6 (CH3);

 1H NMR (CD2Cl2) S 2.77 (CH3). (2,2'-
Bipy)Pd(CH3)CO+BArV 7 can be prepared as a stable, isolable precursor 
to4.s 

These systems10 represent a rare example of a living alternating 
copolymerization.'' The living nature of the polymerization has 
been verified by demonstrating a linear relationship between (Mn) 
and the degree of monomer conversion together with (Mw)/(Mn) 
values for 1 which approach 1.0. Figure 1 illustrates data for a 
typical polymerization carried out at 4 atm of CO with Phen-3 
as catalyst. The compatability of these catalysts with a variety 
of functional groups and the presence of readily modified carbonyl 
groups suggest that a variety of functionalized polymers with 
well-defined structures and narrow molecular weight distributions 
will be accessible. 
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(10) Other chlorobenzene-soluble cc- and terpolymers prepared using these 
catalysts include norbornene/CO, styrene/ethylene/CO, styrene/propylene-
/CO, and p- and w-methylstyrene/CO. 

(11) Inoue has reported living alternating copolymerizations using alu­
minum porphyrin initiators for the synthesis of aliphatic polycarbonates and 
polyesters: (a) Aida, T.; Inoue, S. / . Am. Chem. Soc. 1985, 107, 1358. (b) 
Kojima, F.; Aida, T.; Inoue, S. J. Am. Chem. Soc. 1986, 108, 391. (c) Aida, 
T.; Ishikawa, M.; Inoue, S. Macromolecules 1986, 19, 8. 
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Since the discovery of ferrocene,1 the r/5-cyclopentadienyl ligand 
and its substituted analogues have become the most ubiquitous 
in organometallic chemistry, and many derivatives are now readily 
accessible.2 While most cyclopentadienyl complexes are prepared 
by reaction of the appropriate cyclopentadiene or cyclopentadienyl 
anion with a suitable transition-metal complex, the first per-
halocyclopentadienyl complexes were prepared by repetitive 
metalation/halogenation exchange reactions.3 A subsequent 
approach to complexes containing r;5-C5X5 (X = Cl, Br, I) ligands 
has involved reactions of diazotetrahalocyclopentadienes with the 
appropriate metal halide,4 and permercuration/perhalogenation 
of ferrocene has also been used to prepare perhaloferrocenes.5 

(1) (a) Kealy, T. J.; Pauson, P. L. Nature (London) 1951,168, 1039. (b) 
Wilkinson, G.; Rosenblum, M.; Whiting, M. C; Woodward, R. B. J. Am. 
Chem. Soc. 1952, 74, 2125. 

(2) (a) Janiak, C; Schumann, H. Adv. Organomet. Chem. 1991, 33, 291. 
(b) Macomber, D. W.; Hart, W. P.; Rausch, M. D. Adv. Organomet. Chem. 
1982, 21, 1. 

(3) (a) Hedberg, F. L.; Rosenberg, H. J. Am. Chem. Soc. 1970, 92, 3239. 
(b) Hedberg, F. L.; Rosenberg, H. / . Am. Chem. Soc. 1973, 95, 870. 

(4) (a) Day, V. W.; Stutts, B. R.; Reimer, K. J.; Shaver, A. / . Am. Chem. 
Soc. 1974, 96, 4008. (b) Reimer, K. J.; Shaver, A. Inorg. Chem. 1975, 14, 
2707. (c) Reimer, K. J.; Shaver, A. J. Organomet. Chem. 1975, 93, 239. (d) 
Herrmann, W. A.; Huber, M. J. Organomet. Chem. 1977, 136, CIl . (e) 
Herrmann, W. A.; Huber, M. / . Organomet. Chem. 1977, 140, 55. (f) 
Reimer, K. J.; Shaver, A. Inorg. Synth. 1980, 20, 188. (g) Gassman, P. G.; 
Winter, C. H. J. Am. Chem. Soc. 1988, 110, 6130. 
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Figure 1. 13C(1Hj NMR spectrum (75 MHz) of 3a in CDCl3 solution. 

While two examples of monofluorocyclopentadienyl complexes 
have been reported,6 the absence of any transition-metal complexes 
containing a perfluorocyclopentadienyl ligand is notable. Attempts 
to replace chlorine with fluorine by reactions of F" sources with 
perchlorocyclopentadienyl complexes have failed.3b Although the 
C5F5" anion is known,7 attempts to use it as a precursor to 
transition-metal complexes have also been frustratingly unsuc­
cessful.8 Here we report the first successful synthesis of a per­
fluorocyclopentadienyl complex. 

1 a H . 
b. R. 

2 a. R-Me 
0. R-Et 

3 a. R-Me 
b. R-B 

Complexes la,b, which contain 7i5-oxocyclohexadienyl ligands, 
have been described recently.9,10 Reaction of [RuCp*-
(CH3CN)3]Cl11 (Cp* =» C5Me5) with the thallium(I) salt of 
pentafluorophenol in acetonitrile affords the fluorinated analogue 
2a.12 The 19F NMR spectrum of 2a contains three multiplet 

(5) (a) Boev, V. I.; Dombrovskii, A. V. Zh. Obshch. Khim. 1977, 47, 727. 
(b) Boev, V. I.; Dombrovskii, A. V. Izv. Vyssh. Uchebn. Zaved., Khim. Khim. 
Tekhnol. 1977, 20, 1789. 

(6) (a) Cais, M.; Narkis, N. J. Organomet. Chem. 1965, 3, 269. (b) 
Hedberg, F. L.; Rosenberg, H. J. Organomet. Chem. 1971, 2«, CU. (c) 
Popov, V. I.; Lib, M.; Haas, A. Ukr. Khim. Zh. (Russ. Ed.) 1990, 56, 1115. 

(7) Pajprott, G.; Seppelt, K. / . Am. Chem. Soc. 1984, 106, 4060. 
(8) Paprott, G.; Lehmann, S.; Seppelt, K. Chem. Ber. 1988, 121, 727. 
(9) Koelle, U.; Wang, M. H.; Raabe, G. Organometallics 1991, 10, 2573. 
(10) Loren, S. D.; Campion, B. K.; Heyn, R. H.; Tilley, T. D.; Bursten, 

B. E.; Luth, K. W. J. Am. Chem. Soc. 1989, Ul, 4712. 
(11) Fagan, P. J.; Ward, M. D.; Calabrese, J. C. J. Am. Chem. Soc. 1989, 

111, 1698. 

resonances (-186.0, -190.5, and -197.3 ppm), shifted upfield by 
20-30 ppm from those of pentafluorophenol13 and assigned to the 
meta, ortho, and para F substituents of the q'-pentafluorooxo-
cyclohexadienyl ligand, respectively. In comparison, coordination 
of hexafluorobenzene to Cr results in a significant upfield shift 
in the 19F NMR spectrum (5 -193.3 for [Cr(jj6-C6H6)(776-C6F6)] 
versus 5 -162.9 for C6F6).

14 In the infrared spectrum of 2a, «c-o 
appears at 1620 cm"1, ca. 80 wavenumbers higher than that in 
the hydrocarbon analogues la9 and lb10 (both 1542 cm"1). The 
mass spectrum and microanalytical data for 2a are also consistent 
with its formulation. In particular, a significant parent ion peak 
is observed (49.7%), with a small peak due to loss of CO (4.6%); 
the base peak results from loss of C6F5OH, but a small peak at 
m/e 257 (7.4%) corresponding to Ru(C5F5)"

1" is observed.12 

Flash vacuum pyrolysis (FVP) of 2a at 750 0C under vacuum 
(IO"4 Torr) results in CO extrusion and formation of the penta-
fluorocyclopentadienyl complex 3a in 20% yield, with 2a recovered 
in 60% yield.15 The 1H and 19F NMR spectra of 3a show sharp 
singlets at 1.68 and -213.24 ppm respectively, consistent with a 
5-fold symmetric metallocene. Curiously, the 19F chemical shift 
is only 4 ppm upfield from that reported for the C5F5" anion (S 
-209 ppm).8 Further structural confirmation is provided by the 

(12) In a typical preparation, [Tl(OC6F5)] (0.234 g, 0.604 mmol) was 
added to an acetonitrile (25 mL) solution of [RuCp^(CH3CN)3]Cl (obtained 
by refluxing a CH3CN solution of [RuCp*Cl]4 (0.157 g, 0.578 mmol Ru) for 
2 h) and stirred for 1 h. The solvent was removed in vacuo, and the yellow-
orange solid was allowed to sit under vacuum overnight. Extraction with 
CH2Cl2 and filtration through Celite yielded an off-white powder after re­
moval of the solvent. White crystals of 2a (0.195 g, 80% yield) could be 
obtained by sublimation under vacuum at 150 "C or by extraction and re-
crystallization from MeOH/H20: 1H NMR (C6D6) S 1.40 (s, Cp'); "F 
NMR (C6D6) 6 -186.0 (m, 2 F, m-C6F50), -190.5 (m, 2 F, 0-C6F5O), -197.3 
(tt, 1 F, P-C6F5O), /om = 30.7 Hz, Ja? = 14.2 Hz, Jmp = 42.6 Hz; IR (KBr) 
i-c_o 1620 cm"1; EI (70 eV) mass spectrum [m/e using 102Ru (relative in­
tensity)] 420 (49.7) P+, 392 (4.6) P+ - CO, 377 (4.0) P+ - COCH3, 373 (4.1) 
P+ - COF, 257 (7.4) Ru(C5F5)+, 236 (100) P+ - C6F5OH. Anal. Calcd for 
C16H15F5ORu: C, 45.83; H, 3.61. Found: C, 45.99; H, 3.71. 

(13) Dale, A. J. Spectrochim. Acta 1971, 27A, 81. 
(14) (a) Faggiani, R.; Hao, N.; Lock, C. J. L.; Sayer, B. G.; McGlinchey, 

M. J. Organometallics 1983, 2, 96. (b) McGlinchey, M. J.; Tan, T.-S. Can. 
J. Chem. 1974, 52, 2439. (c) McGlinchey, M. J.; Tan, T.-S. J. Am. Chem. 
Soc. 1976, 98, 2271. 

(15) In a typical experiment, 2a (0.0558 g, 0.133 mmol) is slowly heated 
to 200 0C under dynamic vacuum (IO"4 Torr) and allowed to pass through 
a quartz tube (0.5 cm X 60 cm) at 750 0C. White solid condenses at ambient 
temperature in the exit tube and can be washed out with CH2Cl2. Elution 
through silica (1 cm) with CH2Cl2 (ca. 20 mL) yields [RuCp*(C5F5)] (3a: 
0.010 g, 20% yield) upon evaporation. Elution with acetone (ca. 30 mL) yields 
0.030 g (54%) of unreacted 2a. For 3a: 1H NMR (C6D6) S 1.68 (s, Cp*); 
"F NMR (C6D6) 6 -213.24 (s, C5F5);

 13C(1HJ NMR (CDCl3) S 103.50 (d, 
'JCF = 295 Hz, C5F5), 91.97 (s, C5(CH3);), 10.49 (s, C5(CH3)5); IR (KBr) 
2928 (w), 1571 (s), 1387 (m), 1032 (w), 941 (s), 580 (s), 486 (m) cm"1; EI 
(70 eV) mass spectrum [m/e using 102Ru (relative intensity)] 392 (100) P+, 
377 (25.7) P+ - CH3, 373 (21.3) P+ - F, 257 (28.6) Ru(C5Fj)+, 231 (41.2) 
P+ - C5F5H6, 134 (98.7) C10H14

+, 119 (99.0) C9H11
+. Anal. Calcd for 

C15H15F5Ru: C, 46.04; H, 3.86. Found: C, 45.93; H, 4.00. 
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13C(1H) NMR spectrum (Figure 1), which shows two singlets at 
91.97 and 10.49 ppm for the Cp* ligand and a somewhat broader 
doublet (1J0F = 295 Hz) at 103.50 ppm for the carbons of the 
C5F5 ligand. The single 13C resonance strongly coupled to a single 
fluorine provides compelling evidence for the pentafluorocyclo-
pentadienyl ligand. The value of '7CF for the C5F5 ligand is similar 
to that found in [Cr(^-C6H6Xy-C6F6)] (303 Hz).14c Finally, 
the mass spectrum of 3a exhibits fragmentation behavior quite 
different from that of precursor 2a, in which the base peak results 
from loss of the fluorinated portion of the molecule as C6F5OH. 
In contrast, the parent ion peak of 3a is the most intense, and no 
peak due to [Ru(C5Me5)J

+ is observed. However, the peak 
corresponding to [Ru(C5F5)]

+ (28.6%) is prominent. Together 
with the microanalytical data,15 the NMR and mass spectra 
provide an unambiguous characterization of 3a. 

Although crystals of 2a and 3a suitable for X-ray crystallog­
raphy were obtained, attempts to refine both structures revealed 
a 2-fold disorder.16 In an attempt to circumvent this problem, 
the 7/'-C5Me4Et analogues 2b and 3b were also prepared17 and 
found to have spectroscopic properties similar to 2a and 3a. 
Unfortunately, they were also found to suffer from the same 
disorder problem.16 

Further work to extend this methodology to other complexes, 
to explore the chemistry of the perfluorocyclopentadienyl ligand, 
and to obtain suitable crystallographic samples is in progress. 
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(16) Rheingold, A. L. Personal communication. 
(17) Data for 2b: 1H NMR (C6D6) S 1.90 (q, V = 7.6 Hz, 2 H, CAf2CH3), 

1.44 (s, 6 H, CH3), 1.42 (s, 6 H, CH3), 0.64 (t, 3 H, CH2C^3); 19F NMR 
(C6D6) S -185.4 (m, 2 F, m-C6FsO), -190.1 (m, 2 F, 0-C6F5O), -196.8 (tt, 
1 F, P-C6F5O), yom = 30.4 Hz, J0, = 14.1 Hz, 7mp = 42.7 Hz; IR (KBr) vc-o 
1618 cm"'. Anal. Calcd for C17Hi7F5ORu: C, 47.11; H, 3.95. Found: C, 
47.18; H, 3.82. For 3b: 1H NMR (C6D6) S 2.13 (q, V = 7.6 Hz, 2 H, 
CZZ2CH3), 1.71 (s, 6 H, CH3), 1.69 (s, 6 H, CH3), 0.85 (t, 3 H, CH2CTf3); 
19F NMR (C6D6) 5 -212.56 (s, C5F5). Anal. Calcd for Ci6H17F5Ru: C, 
47.41; H1 4.23. Found: C, 47.57; H, 4.39. 
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We report a method for qualitatively probing the higher order 
structure of protein molecular ions in the gas phase and demon­
strate the ability to distinguish the native and disulfide bond 
reduced forms in solution by gas-phase reactions of multiply 
protonated bovine proinsulin and a-lactalbumin. With the recent 
development of soft ionization methods based upon electrospray 
ionization (ESI)1'2 allowing the formation of multiply charged 

(1) (a) Yamishita, M.; Fenn, J. B. J. Phys. Chem. 1984, 88, 4451. (b) 
Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Science 
1989, 246, 64. (c) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F. Mass 
Spectrom. Rev. 1990, 9, 37. 

ions from large polypeptides and proteins, new opportunities for 
probing structural characteristics and reactivity have arisen. 
Previous studies of multiply protonated cytochrome c reactions 
with dimethylamine3 and 1,6-diaminohexane4 in a quadrupole ion 
trap mass spectrometer have shown differences in the reactivity 
of various charge states. Chait and co-workers have also shown 
that H/D isotopic exchange with D2O in solution can be useful 
for qualitatively probing protein structure.5 Recent reports have 
indicated that various noncovalent associations, and perhaps el­
ements of the higher order structure of macromolecular ions, may 
be preserved in the gas phase after ESI.6 The method reported 
here invokes the use of thermal energy ion/molecule reactions of 
multiply protonated proteins with D2O in order to probe gas-phase 
structural differences. 

In our studies, multiply protonated protein molecules formed 
via ESI are transported through a dual "inlet/reaction" capillary 
interface, described elsewhere.7 The first (inlet) capillary is 
temperature-regulated in order to assist droplet evaporation and 
ion desolvation. At the junction with the second capillary, D2O 
(or H2O) gas is added, and subsequent thermal energy reactions 
between the partially or completely desolvated ions occur in a 
second temperature-regulated capillary prior to expansion into 
vacuum. The extent of deuterium isotopic exchange is determined 
from the change in molecular weight measured with a triple 
quadrupole mass spectrometer.2,7 

The extent of H/D exchange for the individual proteins is 
dependent upon the reaction temperature. Most of the presented 
data was obtained with the reaction capillary at an externally 
measured temperature of 145 0C. Above 145 0C thermally 
induced dissociation8 increases for ion formed from the reduced 
species. When multiply protonated molecules generated via ESI 
from native bovine proinsulin react with gas-phase D2O, the 
measured average molecular mass (M,) calculated from the ESI 
m/z spectrum is 8715.0 ± 1.4 Da, 33.2 Da higher than the 
nondeuterated molecule (M1 = 8681.8 ± 1.4 Da).9 This corre­
sponds to approximately 25.2% deuterium incorporation (based 
upon 132 potentially labile hydrogens in the native molecule).10 

Upon reduction of the three disulfide bonds in proinsulin with 
1,4-dithiothreitol, the number of potentially labile hydrogens 
increases to 138 and the measured Mr to 8687.8 ± 1.4 Da. 
However, when this species is electrosprayed and allowed to react 
with gas-phase D2O, the measured M, is 8705.2 ± 1.4 Da. This 
corresponds to an increase in Mx of only 17.4 Da or approximately 
12.6% deuterium incorporation for ions formed from reduced 
proinsulin. Therefore, the ratio of the differences in molecular 
weight after reaction with D2O for ions formed from the native 
(AO and reduced (R) proteins, AN/AR, is 1.91 ± 0.25," after 

(2) (a) Loo, J. A.; Udseth, H. R.; Smith, R. D. Biomed. Environ. Mass 
Spectrom. 1988, 17, 411. (b) Smith, R. D.; Loo, J. A.; Edmonds, C. G.; 
Barinaga, C. J.; Udseth, H. R. Anal. Chem. 1990, 62 (9), 882. (c) Smith, 
R. D.; Loo, J. A.; Ogorzalek Loo, R. R.; Busman, M.; Udseth, H. R. Mass 
Spectrom. Rev. 1991, 10, 359. 

(3) McLuckey, S. A.; Van Berkel, G. J.; Glish, G. L. J. Am. Chem. Soc. 
1990, 112, 5668. 

(4) McLuckey, S. A.; Glish, G. L.; Van Berkel, G. J. Anal. Chem. 1991, 
63, 1971. 

(5) (a) Katta, V.; Chait, B. T. Proceedings of the 39th Conference Mass 
Spectrometry and Allied Topics, Nashville, TN; ASMS: East Lansing, MI, 
1991; p 1247. (b) Katta, V.; Chait, B. T. Rapid Commun. Mass Spectrom. 
1991,5, 214. 

(6) (a) Katta, V.; Chait, B. T. J. Am. Chem. Soc. 1991, 113, 8534. (b) 
Ganem, B.; Li, Y.-T.; Henion, J. D. J. Am. Chem. Soc. 1991,113, 6294. (c) 
Ganem, B.; Li, Y.-T.; Henion, J. D. J. Am. Chem. Soc. 1991, 113, 7818. 

(7) (a) Winger, B. E.; Light-Wahl, K. J.; Smith, R. D. J. Am. Soc. Mass 
Spectrom., in press, (b) Smith, R. D.; Loo, J. A.; Ogorzalek Loo, R. R.; 
Busman, M.; Udseth, H. R. Mass Spectrom. Rev. 1991, 10, 359. 

(8) Rockwood, A. L.; Busman, M.; Smith, R. D. Rapid Commun. Mass 
Spectrom. 1991, 5, 582. 

(9) To ensure that the increase in M, was not due to the addition of solvent 
molecules, H2O was added to the reaction capillary and the M, of the protein 
was measured. The M, value obtained in these experiments matched exactly 
the M, measured without H2O added. 

(10) Determined by totaling the number of hydrogens attached to the 
heteroatoms N, O, and S. The total number of potentially labile hydrogens 
for a-lactalbumin is 227 for the native form and 235 for the reduced form. 

(11) The experimental error associated with the ratio is based on the 
precision in the m/z measurement, obtained from the summation of five scans. 
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