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Table I0 

PA4 GIy Ala Cys Ser VaI Asp Leu Thr He Phe Met Tyr Asn Pro GIu Trp [GIn Lys]c His Arg 

218.4 

215.1 

214.5 

213.9 

Arg 
His 

LGInJ 
Trp 
GIu 
Pro 
Asn 
Tyr 
Met 
Phe 
He 
Thr 
Leu 
Asp 
VaI 
Ser 

Lys 

GIu 

Phe 

Asp 
VaI 
Ser 

Asp 
VaI 
Ser 

Lys 

Phe 

Leu 
Asp 
VaI 

Pro 

Phe 
He 

Leu 
Asp 

Lys 

GIu 

Phe 
He'' 
Thr 
Leu'' 

Phe 

Thr 

Phe 
He 

Tyr 
Met 
Phe 

Lys 
GIn 

GIu 
Pro 
Asn 
Tyr 
Met 

GIn 

Pro 
Asn 
Tyr 

Pro 
Asn 

GIu 
Pro 

Lys 
GIn 
Trp 
GIu 

Lysrf 

Gin* 
Trp 

Arg 
His 
Lys 
GIn 

His 
Arg 
His 

Arg 

Cys 
212.2 Ala 
208.2 GIy 

Ala 
Cys 

" Each amino acid indicated to the right of the heavy line can be assigned to the most abundant ion in the MIKE spectrum of the cluster ion which 
contains the amino acid at the top of the column combined with that to the left in the row; e.g., decomposition of the cluster ion with the composition 
[Ser-Lys-H] + yields primarily [LyS-H]+ and hence PA(Lys) > PA(Ser). 'Values (in kcal/mol) from ref la. 'Order is undetermined. See text. 
''Analyzed on the ZAB-3F. 

of the positive charge. Charge-dipole interaction with the car-
boxylic acid group and for some of the amino acids, (e.g., Ser, 
Cys, Asp, and Asn) also with the side chain, may give some 
destabilization.6 For Arg, Lys, GIn, and GIu the protonated 
species fulfill the geometrical requirements for ring-formed 
structures which include basic sites in the side chain.7 In these 
cases an entropy effect is to be expected in proton exchange 
experiments. 

In the protonated dimer the same interactions will be present, 
but owing to the charge dispersion each will be much weaker than 
in the protonated monomer. This is illustrated by the study on 
protonation reactions of trifunctional amines under equilibrium 
conditions.8 They show that when a proton is solvated by two 
of the basic sites on the amine, solvation by the third does not 
occur even when allowed by the geometry. A similar effect 
operating in the protonated amino acid dimer would mean that 
apart from solvating the proton with its most basic site each amino 
acid would have few conformational restraints. 

Overall it appears that available experimental evidence supports 
the hypothesis that the entropy effect in the decomposition reaction 
of the protonated dimers can be ignored when establishing the 
order of amino acid PA's. It is also clear that positive evidence 
is needed. This can best be supplied by equilibrium measurements. 

The order for GIn (MH+: 147.0699) and Lys (MH+: 
147.1134) remains undetermined. Analysis of the decomposition 
of the cluster ion [GIn-LyS-H]+ demands high resolution for the 
separation of the cluster as well as for analysis of the fragments. 

For GIy, Ala, Ser, Cys, and Thr the PA's have been calculated.9 

The calculated values have the same magnitude as those obtained 
experimentally. For the groups GIy, Ala, and Cys, Ser, Thr the 
order is in agreement with the order presented here, but the overall 
order is not. 

In order to determine proton affinities it has hitherto been 
necessary to evaporate a sample of the compound to be studied. 
This has prevented the study of compounds of high polarity. Just 
as desorption ionization methods have enabled the analysis of polar 

(6) These effects are reviewed in the following: Taft, R. W. Progress in 
Physical Organic Chemistry; Taft, R. W., Ed.; 1983; Vol. 14, p 247. 

(7) (a) Aue, D. H.; Webb, H. M.; Bowers, M. T. /. Am. Chem. Soc. 1973, 
95, 2699. (b) Yamdagni, R.; Kebarle, P. Ibid. 1973, 95, 3504. 

(8) J leot-Ner (Mautner) M.; Hamlet, P.; Hunter, E. P.; Field, F. H. J. 
Am. Chem. Soc. 1980, 102, 6393. 

(9) Wright, L. R.; Borkman, R. F. J. Am. Chem. Soc. 1980, 102, 6207. 
The calculated order is as follows: PA(Cys) < PA(Ser) < PA(Thr) < PA-
(GIy) < PA(AIa). 

compounds they should enable the study of their gas-phase 
chemistry. 
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Reductive labilization of poor or nonacceptor ligands on 
transition-metal compounds has been demonstrated to be a ver­
satile synthetic route to highly reduced anions and other or­
ganometallics in the past decade.2 Jonas and his group have 
established that metallocenes of the first row transition metals 
are particularly useful in this regard. One or two cyclopentadienyl 
groups can often be selectively removed from metallocenes by 
reduction in the presence of a variety of neutral ligands to access 
totally new classes of organometallic materials.3 

(1) Part 18. Kelsey, B. A.; Ellis, J. E. /. Am. Chem. Soc. 1986, 108, 1344. 
(2) (a) Fachinetti, G.; Del Nero, S.; Floriani, C. J. Chem. Soc, Dalton 

Trans. 1976, 1046. (b) Ellis, J. E.; Faltynek, R. A.; Hentges, S. G. J. 
Organomet. Chem. 1976, 120, 389. (c) Ellis, J. E.; Parnell, C. P.; Hagen, G. 
P. J. Am. Chem. Soc. 1978, 100, 3605. (d) Jonas, K.; Schieferstein, L.; 
Kruger, C; Tsay, Y.-H. Angew. Chem., Int. Ed. Engl. 1979, 18, 550. (e) 
Maher, J. M.; Beatty, R. P.; Cooper, N. J. Organometallics 1982, /, 215. (f) 
Chen, Y.-S.; Ellis, J. E.; J. Am. Chem. Soc. 1983, 105, 1689. 

(3) (a) Jonas, K.; Kruger, C. Angew. Chem., Int. Ed. Engl. 1980, 19, 520. 
(b) Jonas, K. Adv. Organomet. Chem. 1981, 19, 97. (c) Jonas, K. Angew. 
Chem., Int. Ed. Engl. 1985, 24, 295. (d) Jonas, K. Pure Appl. Chem. 1984, 
56, 63. (e) Jonas, K.; Rtisseler, W.; Kruger, C; Raabe, E. Angew. Chem., 
Int. Ed. Engl. 1986, 25, 925. 
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Communications to the Editor 

We now report that application of this synthetic methodology 
to the readily available tianocene dicarbonyl, Cp2Ti(CO)2,4 pro­
vides an important new route to zerovalent titanium carbonyls, 
which are still extremely uncommon materials.1 New anionic 
carbonyls of Ti(O) of the general formula [CpTi(CO)2L 2J can 
be prepared according to the following equation, where A is an 
alkali metal, L is a neutral two electron donor, and THF = 
tetrahydrofuran and DME = 1,2-dimethoxyethane. 

THF or DME 

Cp2Ti(CO)2 + 2A[C10H8] + 2L —_ ? o „c • 
A[CpTi(CO)2L2] + ACp + 2C10H8 (1) 

While potential ligands such as naphthalene, dienes, 
Me2NCH2CH2NMe2, and PMe3 provide quite unstable adducts 
that have not been fully characterized, Me2PCH2CH2PMe2 

(dmpe) yields an isolable anion CpTi(CO)2(dmpe)", the initial 
example of a phosphine-substituted carbonyltitanate. More sig­
nificantly, protonation of this extremely electron rich species yields 
the first carbonyl hydride of titanium, CpTi(CO)2(dmpe)H. Since 
no terminal hydride of titanium had been structurally charac­
terized previously,5'6 a single-crystal X-ray diffraction study on 
this material was carried out. 

Dropwise addition of a THF solution of KC10H8 (2 equiv) at 
-20 0C to a cold (-70 0C) solution containing equimolar amounts 
of Cp2Ti(CO)2 and dmpe in THF under an argon atmosphere 
provided deep red and thermally unstable solutions (dec > -40 
°C). Nearly quantitative precipitation of KC5H5 (identified by 
NMR) occurred after the solution was stirred for 10 h at -70 0C. 
After a low-temperature filtration, 1 equiv of cryptand 2.2.27 was 
added which provided a thermally stable (20 0C) red orange 
solution. Solvent was then removed in vacuo. Two recrystalli-
zations of the residue from THF-ether gave dark red, thermally 
stable (dec > 110 0C) crystals of [K(2.2.2)] [CpTi(CO)2(dmpe)] 
(1) of satisfactory purity in 50% yield.8 Due to the poor solubility 
of 1, definitive characterization of the anion in solution was 
provided by 13C and 31P NMR spectra of the 99% 13C enriched 
anion as the Na+ (2) and [Na(2.2.1)]+ (3)7 salts.9 The carbonyl 
13C chemical shift of 2, <5 320 ppm, is apparently the most 
downfield value reported to date for a carbonylmetallate.1,10 Upon 
addition of (2.2.1) to 2, dramatic infrared and 13C NMR spectral 
shifts occurred. These changes are indicative of substantial re­
duction of ion pairing between Na+ and carbonyl oxygens of the 
anion by the cryptand," and are accompanied by a considerable 
increase in the thermal stability of the anion in solution and in 
the solid state.'2 

Protonation of a cold (-60 0C) solution of CpTi(CO)2(dmpe)" 
in 1,2-dimethoxyethane with 1 equiv of acetic acid rapidly gave 
a deep red violet solution according to eq 2. After solvent removal 

-60 0C 

CpTi(CO)2(dmpe)- + CH3CO2H • 
CpTi(CO)2(dmpe)H + CH3CO2- (2) 

and three low-temperature fractional recrystallizations from 
toluene-pentane, a 15% yield (based on Cp2Ti(CO)2) of deep violet 
CpTi(CO)2(dmpe)H (4) was obtained which provided satisfactory 
analytical data. In contrast to all previously known terminal 

(4) Demerseman, B.; Bouquet, G.; Bigorgne, M. J. Organomet. Chem. 
1975, 101, C24. 

(5) Bercaw, J. E.; Marvich, R. H.; Bell, L. G.; Brintzinger, H. H. J. Am. 
Chem. Soc. 1911, 94, 1219. 

(6) Bercaw, J. E. J. Am. Chem. Soc. 1974, 96, 5087. 
(7) Crypt 2.2.2 = (2.2.2) = 4,7,13,16,21,24-Hexaoxa-l,10-diazabicyclo-

[8.8.8]hexacosane. Crypt 2.2.1 = (2.2.1) = 4,7,13,16,21-pentaoxa-l,10-dia-
zabicyclo[8.8.5]tricosane. 

(8) IR (THF) KCO): 1725 s, 1647 s cm"1. Anal. Calcd for 1: C, 50.68; 
H, 7.82; N, 3.81. Found: C, 50.56; H, 7.37; N, 3.95. 

(9) Selected spectroscopic data for 2 and 3, respectively: IR (DME) 
K13CO) 1613 s br, 1524 m br and 1680 s, 1596 s cm"1; N M R (DME, -10 
0 C and -30 0 C) 13Cj1Hj S 320 (1:2:1 t, / P , c = 18 Hz) and 311 (t, JP.C = 16 
Hz); 31Pj1HI 5 +78 (t, 7P_C = 18 Hz) and +63 (t, JP.C = 16 Hz) ppm. 

(10) Kelsey, B. A.; Ellis, J. E. / . Chem. Soc, Chem. Commun. 1986, 331. 
(11) Darensbourg, M. Y. Prog. Inorg. Chem. 1985, 33, 221. 
(12) Compare: Maher, J. M.; Beatty, R. P.; Cooper, N. J. Organo-

metallics 1985, 4, 1354. 
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0 

Bonds (A) 

HB 
C6B 

C7B 
PlB 

P2B 
06B 
07B 
centroid 

1.74(6) 

2.001(6) 

2.029(6) 

2.505(2) 

2.520(2) 

1.171(7) 

1.152(7) 

2.031(1) 

Angles (° ) 

TiB - C6B - 06B 175.3(5) 

TiB - C7B - 07B 179.4(5) 

C6B - Ti - HB 62.2(20) 

C7B - Ti - HB 66.7(19) 

PlB - Ti - HB 68.3(20) 

P2B - Ti - HB 72.0(20) 

PlB - Ti - P2B 76 .67 (6 ) 

Figure 1. ORTEP drawing of C5H5Ti(CO)2(dmpe)H, independent mole­
cule B, showing the labeling scheme and selected bonds and angles. 
Thermal ellipsoids are drawn with 50% probability boundaries. 

hydrides of group 4 elements, the 1H NMR chemical shift of the 
hydride in this compound (<5 -1.62 (t, /P_H = 57 Hz) ppm) is 
upfield of the signal for tetramethylsilane.13 IR and 13C NMR 
spectra of 4 in the respective carbonyl regions (1933 s, 1855 s cm-1 

(toluene) and S 267 ppm, t, 7P_C = 9 Hz (C6D6)) are similar to 
corresponding values obtained for (C5Me5J2Ti(CO)2; i.e., 1940, 
1858 cm-1 (hexane)14 and <5 265 ppm (C6D6),'5 respectively. 

An X-ray structural characterization of the hydride revealed 
a unit cell containing two independent molecules of very similar 
structures.16 One of these is shown in Figure 1 along with selected 
interatomic distances and angles. The terminal hydride (Ti-H 
(av) = 1.75 (7) A) resides nearly trans to the ring centroid in both 
molecules. On the basis that the Cp group occupies one coor­
dination site, the titanium is approximately octahedral. Mean 
interatomic Ti-C(carbonyl), C-O, Ti-P, and Ti-Cp (centroid) 
distances are unexceptional and within the range of values pre­
viously observed in other titanium phosphines and carbonyls.1'17-20 

(13) (a) Bercaw, J. E.; Marvich, R. H.; Bell, L. G.; Brintzinger, H. H. J. 
Am. Chem. Soc. 1972, 94, 1219. (b) Manriquez, J. M.; McAlister, D. R.; 
Sanner, R. D.; Bercaw, J. E. J. Am. Chem. Soc. 1978, 100, 2716. (c) Roddick, 
D. M.; Fryzuk, M. D.; Seidler, P. F.; Hillhouse, G. L.; Bercaw, J. E. Or-
ganometallics 1985, 4, 97. 

(14) Sikora, D. J.; Moriarty, K. J.; Rausch, M. D. Inorg. Synth. 1986, 24, 
147. 

(15) Frerichs, S. R., unpublished research. 
(16) The hydride formed orthorhombic crystals in the space group Pbca. 

Cell data: a = 8.756 (3) A, b = 24.686 (2O)A1C = 29.322(12) A, V = 6338 
(10) A3, Z= 16, R = 0.057, R„ = 0.052, and GOF = 1.23 for a fit of 333 
variables to 2995 observations. Supplementary Material contains complete 
details on the structural study. 
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The terminal T i - H distance is similar to bridging T i - H distances 
(1.7-1.8 A) found in t i tanium(III) alumino- or borohydrides.21 

While the reaction chemistry of this and related hydrides22 

promises to be interesting, extension of this study to zirconocene 
and hafnocene dicarbonyls will be especially desirable since 
zerovalent carbonyls of these elements are either extremely rare 
(Zr) or nonexistent (Hf).23 ,24 
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(17) Atwood, J. L.; Stone, K. E.; Alt, H. G.; Hrncir, D. C; Rausch, M. 
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(21) (a) Guggenburger, L. J.; Tebbe, F. N. J. Am. Chem. Soc. 1973, 95, 
7870. (b) Melmed, K. M.; Coucouvanis, D.; Lippard, S. J. lnorg. Chem. 1973, 
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M. J. Organomet. Chem. 1985, 280, 53. (d) Belsky, V. K.; Sizov, A. I,; 
Bulychev, B. M.; Soloveichik, G. L. J. Organomet. Chem. 1985, 280, 67. 

(22) Frerichs, S. R., research in progress. 
(23) Sikora, D.; Macomber, D. W.; Rausch, M. D. Adv. Organomet. 

Chem. 1986, 25, 317. 
(24) Note Added in Proof: After submission of this paper J. Teuben et al. 

reported on the structural characterization of another terminal hydride of 
titanium: Pattiasina, J. W.; Bolhuis, F.; Teuben, J. H.; Angew. Chem., Int. 
Ed. Engl. 1987, 26, 330. 

Origin of Enhanced Axial Attack by Sterically 
Undemanding Nucleophiles on Cyclohexenones 

Yun-Dong Wu, l a K. N . Houk,* l a and Barry M. Trost* l b 

Department of Chemistry and Biochemistry 
University of California, Los Angeles 

Los Angeles, California 90024 
Department of Chemistry, University of Wisconsin 

Madison, Wisconsin 53706 

Received October 10, 1986 
Revised Manuscript Received July 13, 1987 

Small nucleophiles, such as lithium aluminum hydride (LAH), 
undergo predominantly axial nucleophilic additions to cyclo-
hexanones2 and this axial selectivity is substantially enhanced in 
2-cyclohexenones.3~6 We have applied our recently developed 
computational model2" to this problem and show that the torsional 
explanation of Felkin2c quantitatively accounts for these phe­
nomena. 

Different explanations have been offered previously. Toro-
manoff concluded that axial attack on cyclohexenones is preferred 

(1) (a) UCLA, (b) Wisconsin; address correspondence to Stanford 
University. 

(2) (a) Wu, Y.-D.; Houk, K. N. J. Am. Chem. Soc. 1987,109, 908. Houk, 
K. N.; Wu, Y.-D. In Stereochemistry of Organic and Bioorganic Transfor­
mations; Bartmann, W., Sharpless, K. B., Eds.; VCH Verlagsgesellschaft 
mbH: Weinheim, 1987; pp 247-260. (b) Cieplak, A. S. J. Am. Chem. Soc. 
1981,103, 4540 and references therein, (c) Cherest, M.; Felkin, H.; Prudent, 
N. Tetrahedron Lett. 1986, 2201, 2205. 

Cyclohexanone 2-Cyclohexenone 

Figure 1. Newman projections along the C2C1 bonds for cyclohexanone, 
1, and 2-cyclohexenone, 2, and for the transition structures for the axial 
and equatorial attack of hydride on cyclohexanone, 3 and 5, and 2-
cyclohexenone, 4 and 6. The drawings are constructed with the modified 
MM2 model described in the text. 

because this maintains continuous overlap of the forming bond 
with the -tf system.3 Baldwin proposed that the approach vector 
of nucleophiles on enones was different from saturated ketones 
and caused greater steric preference for axial attack.4 

Alkynyllithium reagents typically give axial selectivities of about 
6-8:1 with saturated ketones6 but greater than 20:1 with enones.5 

Metalated acetonitriles show typical axial preferences with con-
formationally rigid cyclohexanones of 5-7:1 but greater than 20:1 
with the corresponding enones.7 

We have previously reported a modified M M 2 model which 
reproduces ratios of attack of LAH upon the axial and equatorial 
positions of cyclohexanones.2a For cyclohexenones, the only new 
parameters required define the torsional energies for rotation about 
the C1C2 bond. The V2 torsional parameters for dihedral angles 
O = C - C = C and O = C - C s p 2 — H ( C ) are set to 2.0 mdyn/deg. 
This causes the enone to be approximately coplanar in transition 
states. When these parameters are reduced to zero, thus removing 

(3) Toromanoff, E. In Topics in Stereochemistry; Allinger, N. L., Eliel, 
E. L., Eds.; Interscience: New York, Vol. 2, p 157. 

(4) Baldwin, J. E. J. Chem. Soc, Chem. Commun. 1976, 738. 
(5) Stork, G.; Stryker, J. M. Tetrahedron Lett. 1983, 24, 4887. Also, see: 

Kienzle, F.; Mayer, M. HeIv. Chim. Acta 1978, 61, 2609. 
(6) Hennion, G. F.; O'Shea, F. X. J. Am. Chem. Soc. 1958, 80, 614. 

Akhrem, A. A.; Kamernitskii, A. V.; Prohoda, A. M. Zh. Org. Khim. 1967, 
3, 50. Rocquet, F.; Bettioni, J. P.; Capman, M.-L.; Chodkiewiz, W. CR. 
Hebd. Sciences Acad. Sci., Ser. C. 1969, 268, 1449. Findlay, J. A.; Desai, 
D. N.; Lonergan, G. C; White, P. S. Can. J. Chem. 1980, 58, 2827. Caine, 
D.; Smith, T. L„ Jr. J. Am. Chem. Soc. 1980, 102, 7568. Kuwajima, I.; 
Nakamura, E.; Hashimoto, K. Tetrahedron 1983, 39, 975. Fleming, I.; 
Terreth, N. K. J. Organomet. Unem. 1984, 264, 99. 

(7) Trost, B. M.; Florez, J.; Jebaratnam, D. J. J. Am. Chem. Soc. 1987, 
109, 613. 

(8) Allinger, N. L.; Yuh, Y. QCPE, 1980, 12, 395. Burkert, U.; Allinger, 
N. L. Molecular Mechanics; American Chemical Society, Washington, DC, 
1982. 

(9) Binkley, J. S.; Whiteside, R. A.; Raghavachari, K.; Seeger, R.; De-
Frees, D. J.; Schlegel, H. B.; Frisch, M. J.; Pople, J. A.; Kahn, L. R. GAUSSIAN 
82, Carnegie-Mellon University, Pittsburgh, PA 1982. 

0002-7863/87/1509-5560S01.50/0 © 1987 American Chemical Society 


