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Table II. Activation Parameters" for the Previtamin D -» Vitamin D Transformation 

substrate EA
b log Ac AG"1 AH*b AS"1 

5a (IS) 18.8 (±0.07) 8.5 (±0.03) 25.9 (±0.1) 18.1 (±0.1) -22.2 (±0.1) 
7a (U?) 19.1 (±0.5) 8.6 (±0.2) 26.1 (±0.7) 18.4 (±0.5) -21.7 (±0.6) 
previtamin D3 ' 19.1 (±0.5) 8.5 (±0.2) 26.3 (±0.7) 18.4 (±0.5) -22.2 (±0.6) 

"At 80.0 0C. The rate constants were determined over the temperature range, 60.55-87.70 0 C (±0.05 0C). *kcal/mol. CA in s"1. 'cal/mol K. 
'Data at 80.0 0 C from ref 3a. 

Scheme III" 

TMS TMS 

9a, X=H 10a, X = H 11a, X = H 12a. X = H 
h, X = D b, X = D b. X = D 1), X=I) 

U a - X = H 14a, X = H 5a, R 1 = O H ; R, = X = H 
b ' * = !> b. X=D I). K 1 =OH: R_,=H; X = I) 

7a, R1 = H, R , = O H ; X*H 
b, R 1 =H; R % O H ; X=D 

0I . TMS-CC-TMS/MeLi, LiBr, THF; 2. Benzoyl chloride (neat), 
-78 0C to RT, room temperature (10a, 91%; 10b, 86%); (ii) FVP, 
quartz tube with quartz chips, 480 0C, N2 flow, 5 mmHg vacuum 
(Ha, 51%; lib, 40%); (iii) MeLi/LiBr/THF; 12; HOAc/H20 (13a, 
71%; 13b, 79%); (iv) Lindlar catalyst, quinoline, benzene (14a, 89%; 
14b, 88%); (v) NaBH4, CeCl3, methanol (5a, 49%; 7a, 33%; 5b, 36%; 
7b, 28%). 

solutions of the previtamins in isooctane (10"3 molar) were pre
pared, and aliquots were introduced into capillary reaction vessels, 
which were then sealed and stored at -80 0 C. No detectable 
isomerization or decomposition of previtamin was noticed for 
samples handled in this manner. For the kinetic measurements, 
each sample during heating was removed at appropriate time 
intervals and was immediately cooled to -80 0C and later analyzed 
by analytical HPLC (10% ethyl acetate in hexanes, Waters Ra-
dial-Pak; calibrated silica cartridge column, UV detection at 254 
nm). Peak areas were integrated by using the cut and weigh 
method. The weights obtained were transformed into concen
trations by using the measured extinction coefficient at 254 nm 
for each of the species: 5a or 5b, e = 8900; 6a or 6b, e = 16 300; 
7a or 7b, e = 8200; 8a or 8b, e = 16 800. A plot of In [fraction 
of starting material remaining] versus time [s] (followed to a low 
20-30% conversion) afforded a straight line with slope -it rep
resenting the first-order rate constant. In one study, the product 
composition determined by 1H NMR integration (C-18 angular 
methyl group) proved identical (within ± 3%) with that determined 
by the HPLC integration method. 

The kinetic isotope effect data and activation parameters for 
5 and 7 are summarized in Tables I and II, respectively. The 
activation parameters for 5a and 7a, both of which bear C1-OH 
groups, are very similar to those previously reported for isomer
ization of the parent previtamin D3, which bears a C3-OH group. 
However, the isomerization of 5 and 7 to their corresponding 
vitamin D forms occurs with a primary kinetic isotope effect, 
kH/kD, of ~ 6 , nearly an order of magnitude smaller than that 
reported for previtamin D3. The kH/kD value of ~ 6 (80 0C) 
reported in this study is thus not particularly unusual in magnitude 
and only modestly larger than the values 2.6-4.0 (at 98.6 0C) 
recently reported by this laboratory for a [l,7]-sigmatropic shift 
in a different heptatriene system.8 The parent previtamin D3 

isomerization (2 —- 3) for which the large kH/kD of ~45 was 

reported clearly needs to be reevaluated.9 

Acknowledgment. This study was supported by NIH Grant 
DK-16595. Dr. Menso Rappoldt of Duphar, B.V. (Weesp, The 
Netherlands), generously provided starting materials. K.J.M. 
acknowledges receipt of a President's and N. T. Coleman un
dergraduate research awards. We are especially grateful to H. 
Y. Elnagar, Dr. G.-Y. Shen, and Dr. A. Palenzuela of this lab
oratory for valuable input. 

(9) During the review of this manuscript, Professors Y. Mazur and M. 
Sheves have kindly informed us that the kH value (1.2XlO"3 s_1 at 80 0C) 
utilized in their computation of kH/k0 (ref 5) is in error. We believe the kH 
value reported in ref 3a would have been more appropriate. 
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The surface chemistry of nitric oxide (NO) has been the focus 
of intense study due, in part, to its importance in environmental 
concerns.1 These investigations have emphasized the charac
terization of the molecular structure of NO on surfaces,2 dynamics 
of dissociation,3 factors (substrate geometry, presence of other 
adsorbates, temperature, etc.) affecting dissociation or activation,4 

and reaction with other adsorbates.5 Of relevance to these studies 
is the investigation of small metal cluster ions in the gas phase.6 

Techniques have been developed that allow both the size of the 
cluster and the presence of adatoms or molecules to be controlled 
and their effects on reactivity monitored. As an example we 
recently reported that Co2NO+ undergoes oxide transfer to CO, 
process 1, whereas Co2(CO)NO+, Co3NO+, and Co4NO+ are 
unreactive with CO.7 

'Summer Undergraduate Fellow. Current address: Department of 
Chemistry, Augustana College, Sioux Falls, SD 57197. 

(1) See, for example: (a) Kummer, J. T. / . Phys. Chem. 1986, 90, 4747. 
Egelhoff, W. F., Jr. The Chemical Physics of Solid Surfaces and Hetero
geneous Catalysis; Kind, D. A., Woodruff, D. P., Eds.; Elsevier: Amsterdam, 
1982; Vol. IV, p 397. 

(2) (a) Sung, S.-S.; Hoffmann, R.; Thiel, P. A. / . Phys. Chem. 1986, 90, 
1380 and references cited therein, (b) Root, T. W.; Fischer, G. B.; Schmidt, 
L. D. J. Chem. Phys. 1986, 85, 4687. (c) Conrad, N.; Scala, R.; Stenzel, W.; 
Unwin, R. Surf. Sci. 1984, 145, 1. 

(3) (a) Villarrubia, J. S.; Ho, W. J. Chem. Phys. 1987, 87, 750. (b) 
Villarrubia, J. S.; Richter, L. J.; Gurney, B. A.; Ho, W. J. Vac. Sci. Technol. 
A 1986, 4, 1487. (c) Thiel, P. A.; Weinberg, W. H.; Yates, J. T., Jr. Chem. 
Phys. Lett. 1979, 67, 403. 

(4) (a) Broden, G.; Rhodin, T. N.; Brucker, C. Surf. Sci. 1976, 59, 593 
and references cited therein, (b) Mason, R.; Roberts, M. W. Inorg. Chem. 
Acta, mi, 50, 53. 

(5) (a) Lesley, M. W.; Schmidt, L. D. Surf. Sci. 1985, /JJ, 215. (b) 
Dubois, L. H.; Hansma, P. K.; Somorjai, G. A. J. Catal. 1980, 65, 318. (c) 
Roberts, M. W.; Au, C. T. Proc. R. Soc. London A 1984, 396. 

(6) (a) Alford, J. M.; Weiss, F. D.; Laaksonen, R. T.; Smalley, R. E. J. 
Phys. Chem. 1986, 90, 4480. (b) Jacobson, D. B.; Freiser, B. S. J. Am. Chem. 
Soc. 1984, 106, 5351. (c) Freas, R, B.; Campana, J. E. J. Am. Chem. Soc. 
1986, 108, 4660. 
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Co2NO+ + C O - * Co2N+ + CO2 (D 
A fundamental question in such studies concerns the structure 

of these CoxNO+ clusters (molecular nitric oxide versus dissociated 
nitride-oxide). Such information is required before processes such 
as 1 can be understood at the molecular level. Nitric oxide readily 
dissociates on a number of clean metal surfaces3,8 including a 
CO(OOQI) surface9 at low coverages with molecular chemisorption 
favored at higher coverages. In addition, the formation of metal 
cluster nitrides from transition-metal cluster-nitrosyl-carbonyl 
complexes is facile,10 and stable oxide-nitride-carbonyl metal 
clusters have been characterized.11 

In this report we investigate the structure of NO on Cox
+ (x 

= 2-4) by studying displacement reactions with 18O2. Pread-
sorption of 18O2 has been employed for investigating NO ad
sorption on a Pt(111) surface where thermal desorption yielded 
both NO16 and NO18.12 The dissociative adsorption of H2 on 
gaseous neutral Co and Nb clusters,13 Fe clusters,14 and cationic 
Nb clusters15 has been inferred. 

All experiments were performed on a Nicolet FTMS-IOOO 
Fourier transform mass spectrometer16 equipped with a 5.08 cm 
cubic trapping cell and a 3.0 T superconducting magnet.17 

Cox(NO)+ ions were generated by first allowing fragment ions 
formed from electron impact on Co(CO)3NO to react with Co-
(CO)3NO.18 Next, collisional activation (CA)19'20 was used to 
remove unwanted ligands, as exemplified by processes 2-4, fol-

Co2(CO)3NO+ • Co2NO+ + 3CO (2) 

CA 
Co3(CO)2(NO)2

+ • Co3NO+ -I- 2CO + NO (3) 

CA 
Co4(CO)NO+ Co4NO+ + CO (4) 

lowed by isolation of the desired ion by swept double resonance 
ejection techniques.16 Argon was used as the target for collisional 
activation (CA) at a pressure of ~ 1 X 10"5 Torr and also served 
to collisionally cool the CoxNO+ ions prior to study. The pressure 
of dioxygen was <5 X 10"8 Torr to ensure that the clusters were 
thermalized prior to reaction with dioxygen. 18O2 was obtained 
from MSD Isotopes with >98 atom% purity. 

Dioxygen reacts with all three CoxNO+ ions by reaction 5, 
exclusively, yielding the corresponding dioxide clusters.21'22 Both 

CoxNO+ + O2 — Cox(O)2
+ + NO (5) 

(7) Jacobson, D. B. J. Am. Chem. Soc. 1987, 109, 6851. 
(8) (a) Baldwin, E. K.; Friend, C. M. J. Phys. Chem. 1985, 89, 2576. (b) 

Joyner, R. W. Catalysis (London) 1982, 5, 33. (c) Harrison, B.; Wyatt, M.; 
Gough, K. B. Ibid. 1982, 5, 127. 

(9) Bridge, M. E.; Lambert, R. M. Surf. Sci. 1980, 94, 469. 
(10) Gladfelter, W. L. Adv. Organomet. Chem. 1985, 24, 41. 
(11) (a) Feasey, N. D.; Knox, S. A. R. / . Chem. Soc., Chem. Commun. 

1982, 1062. (b) Feasey, N. D.; Knox, S. A. R.; Orpen, A. G. Ibid. 1982, 75. 
(12) Gland, J. L.; Sexton, B. A. Surf. Sci. 1980, 94, 355. 
(13) Geusic, M. F.; Morse, M. D.; Smalley, R. E. J. Chem. Phys. 1985, 

82, 590. 
(14) Whetten, R. L.; Cox, D. M.; Trevor, D. J.; Kaldor, A. Phys. Rev. Lett. 

1985, 54, 1494. 
(15) Alford, J. M.; Weiss, F. D.; Laaksonen, R. T.; Smalley, R. E. J. Phys. 

Chem. 1986, 90, 4480. 
(16) For reviews on FTMS methodology, see: (a) Comisarow, M. B. Adv. 

Mass Spectrom. 1980, 8, 1698. (b) Ghaderi, S.; Kulkami, P. S.; Ledford, 
E. B.; Wilkons, C. L.; Gross, M. L. Anal. Chem. 1981, 53, 428. (c) Gross, 
M. L.; Rempel, D. L. Science (Washington, D.C.) 1984, 226, 26. (d) Mar
shall, A. G. Ace. Chem. Res. 1985, 18, 316. 

(17) A complete description of the instrument will appear in a later pub
lication. 

(18) For a complete description of the condensation reactions for ionized 
Co(CO)3NO, see: Fredeen, D. J. A.; Russell, D. H. / . Am. Chem. Soc. 1986, 
108, 1860. 

(19) Cooks, R. G. Collision Spectroscopy; Plenum Press: New York, 
1978. 

(20) For discussions on collisional activation involving FTMS, see: (a) 
Mclver, R. T., Jr.; Bowers, W. D. Tandem Mass Spectrometry; McLafferty, 
F. W., Ed.; John Wiley and Sons: New York, 1983; p 287. (b) Burnier, R. 
C; Cody, R. B.; Freiser, B. S. J. Am. Chem. Soc. 1982, 104, 7436. (c) 
Jacobson, D. B.; Freiser, B. S. Ibid. 1983, 705, 736, 7484. 

" 0 1 2 3 
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Figure 1. Temporal variation OfCo2NO+ abundance, formed in reaction 
2, when trapped in the presence of 1.9 X 10~7 Torr O2. 

Co3NO+ and Co4NO+ react by pseudo-first-order kinetics with 
a rate constant for Co3NO+ of 6.4 ± 1.3 X 10"10 cm3 molecule"1 

s"1 (Langevin23 collision rate = 5.6 X 10~!0 cm3 molecule"1 s~'). 
However only 55% OfCo2NO+ reacts with dioxygen, as illustrated 
in Figure 1, suggesting at least two distinct Co2NO+ structures, 
one of which is reactive with dioxygen. Reactions of 18O2 with 
these CoxNO+ species are summarized in reactions 6-10. Absence 
of oxygen scrambling, process 6, strongly suggests that the reactive 

Co2NO+ + 

Co3NO+ + 1802 

C04N0* + 18 

02 — 
24% 

I 76V. 

37% 

63% 

Co2(18O)2
+ + 

Co3(18O)2
+ + 

COS18CD(16O) + 

Co4(
18O)2

+ + 

Co4(18O)(16O)+ 

NO 

NO16O 

+ N18O 

N16O 

+ N18O 

(6) 

(7) 

(8) 

(10) 

form of Co2NO+ consists of molecular nitric oxide bound to Co2
+. 

The unreactive portion of Co2NO+ may consist of NO dissocia-
tively attached to Co2

+ or to different bonding modes of NO to 
Co2

+24 that are unreactive with dioxygen. Both Co3NO+ and 
Co4NO+ yield substantial scrambling with 18O2, reactions 7-10. 
This scrambling can be rationalized by invoking initial dissociative 
attachment of dioxygen to a cluster-nitrido-oxide species gen
erating a trioxide-nitrido intermediate which subsequently elim
inates nitric oxide as either N18O or N16O. If both Co3NO+ and 
Co4NO+ consisted of molecular nitric oxide clusters, then little 
or no scrambling would be expected. A statistical distribution 
of label in the ionic products would yield a 2:1 ratio of Cox-
(18O)(16O)+ICox(18O)2

+. For Co3NO+ the ratio observed is 3.2:1 
with Co 3 ( 1 8O)( 1 6O)+ , the scrambled product, favored over the 

(21) Dioxygen has also been observed to displace multiple CO's from di-
and trimeric cobalt cluster carbonyl cations yielding dioxide species. See, for 
example: Jacobson, D. B.; Freiser, B. S. J. Am. Chem. Soc. 1986, 108, 27. 

(22) Freas, R. B.; Dunlap, B. I.; Waite, B. A.; Campana, J. E. / . Chem. 
Phys. 1987, 86, 1276. 

(23) Su, T.; Bowers, M. T. Gas Phase Ion Chemistry; Bowers, M. T., Ed.; 
Academic Press: New York, 1979; Chapter 3. 

(24) Nitric oxide bonding to transition-metal complexes, clusters, and 
surfaces is quite complex with a number of bonding modes documented. See, 
for example, ref 2 for discussion of bonding of nitric oxide to surfaces. For 
discussion of bonding of nitric oxide to transition-metal complexes and clusters, 
see: (a) McCleverty, J. A. Chem. Rev. 1979, 79, 53. (b) Enemark, J. H.; 
Feltham, R. D. Coord. Chem. Rev. 1974, 13, 339. (c) Eisenberg, R.; Meyer, 
C. Ace. Chem. Res. 1975, 8, 26. (d) Connelly, N. G. Inorg. Chem. Acta 1972, 
6, 47. 
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statistical distribution of label. For Co4NO+ the ratio of Co4-
(180)(160)+:Co4(180)2 is 1.7:1. 

The isotopic distribution for Co3NO+ may have consequences 
rooted in the geometry of the Co3(N)(O)+ species where the nitride 
and oxide reside in positions above and below a triangular Co3 
nucleus I.25 In such a configuration, the preferential elmination 
of N18O upon reaction with 18O2 can easily be envisioned. 

O' 

The above results clearly show that nitric oxide undergoes 
dissociative chemisorption on Co3

+ and Co4
+ in analogy with 

surface chemistry.8,9 The effect additional NO and CO ligands 
have on dissociative chemisorption of nitric oxide on these small 
cobalt clusters is currently under investigation as well as their 
reactivity. These results will yield information on the molecular 
level for reactions of relevance to both surface chemistry and 
catalysis. In addition we are also probing the nature of the 
unreactive portion of Co2NO+ (with dioxygen) and studying a 
variety of other cluster-nitric oxide complexes. These limited 
results demonstrate that nitric oxide has a rich and varied 
chemistry with small gas-phase transition-metal cluster ions just 
as it has on metal surfaces and organometallic clusters. 

Acknowledgment is made to the donors of the Petroleum Re
search Fund, administered by the American Chemical Society, 
for support of this research. 

(25) Triangular, M3 clusters containing a triply bridging oxygen atom are 
known. See, for example: Cercotti, A.; Resconi, L. / . Organomet. Chem. 
1983, 249, C35 and reference cited therein. 
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Although impressive advances have recently been made in 
activating the carbon-hydrogen bonds of hydrocarbons,1 the ac
tivation of carbon-carbon bonds by soluble transition-metal 
complexes remains one of the most prominent challenges in or
ganometallic chemistry. Since classical approaches to hydrocarbon 
rearrangements involve acid-promoted carbocation chemistry, we 
have explored the possibility that highly Lewis acidic, early 
transition-metal alkyls and hydrides could effect C-C bond-
forming or -breaking processes for simple hydrocarbons. We 
report herein that a scandocene hydride complex catalyzes the 
reversible branching and cyclization of 1,4-pentadienes. The key 
feature responsible for this unusual reactivity is reversible olefin 
insertion//3-alkyl elimination. 

Permethylscandocene alkyls, (775-C5Me5)2Sc-R, rapidly polym-

(1) For recent reviews see, for example: (a) Crabtree, R. H. Chem. Rev. 
1985, 85, 245. (b) Green, M. L. H. Pure Appl. Chem. 1985, 57, 1897. (c) 
Halpern, J. lnorg. Chim. Acta 1985, 100, 41. (d) Rothwell, I. P. Polyhedron 
1985, 4, 177. 
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erize ethylene but undergo preferential a bond metathesis with 
a olefins (eq I).2 Unfavorable steric interactions between the 

(jjs-C5Me5)2Sc-R + CH2=CHR' — 
(r,5-C5Me5)2Sc-CH= =CHR' + R-H (1) 

olefin substituent and an (r/5-C5Me5) ligand appear to prevent 
coordination of the olefin ir bond, so that attack at a vinylic C-H 
bond occurs to the exclusion of insertion. We have therefore 
prepared some less sterically hindered scandocene derivatives, 
including [Me2Si(j;5-C5H3CMe3)2]Sc-R, "DpSc-R", (R = H, alkyl, 
etc.) (Scheme I). The starting material, (DpSc-Cl)n,

3 is obtained 
in ca. 55% yield via treatment of ScCl3-(THF)3 (THF = tetra-
hydrofuran) with Li2[Me2Si(C5H3CMe3)2] in toluene. The tri-
methylsilylmethyl derivative, DpSc-CH2SiMe3, is prepared (60%) 
by treatment of (DpSc-Cl)n with trimethylsilyllithium. The 
dimeric hydride derivative (DpSc-H)2

4 is obtained (quantitatively, 
1H NMR; isolated 70%) by hydrogenolysis OfDpSc-CH2SiMe3. 

Butadiene, 1,4-pentadiene, 2-methyl-l,4-pentadiene, and 3-
methyl-l,4-pentadiene react with (DpSc-H)2 (most likely via the 
monomer, DpSc-H) to afford the allyl derivatives 1, 2, 3, and 
4 (Scheme I), which were independently prepared by treating 
(DpSc-H)2 with methylenecyclopropane isoprene, 2,3-di-
methylbutadiene, and 1,4-hexadiene.5 We tentatively interpret 
these results according to the mechanisms shown in Schemes II 
and III. Addition of the 1,4-pentadienes to the Sc-H bond of 
DpSc-H, followed by intramolecular olefin insertion affords cy-
clopropylmethyl- or cyclobutylmethylscandium intermediates. The 
methyl branch is introduced (or removed) by /3-alkyl elimination 
in the alternative sense. /3-H elimination and readdition to 
DpSc-H subsequently yields the stable allyl compound in each 
case. 

Both cyclopropylmethyl and cyclobutylmethyl intermediates 
are required to accommodate all of the observed rearrangements. 
The symmetry for 5c, 6a, and 6b precludes skeletal rearrangement, 
since /3-alkyl elimination may occur by only one pathway, namely 

(2) (a) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan, 
M. C; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am. Chem. Soc. 
1987,109, 203. (b) Burger, B. J.; Thompson, M. E.-, Bercaw, J. E., manuscript 
in preparation. 

(3) Of the two possible isomeric forms (meso and d,l), these procedures 
afford only meso. See Supplementary Material for 'H and 13C NMR data 
and elemental analyses. 

(4) Calcd for C20H31SiSc: C, 69.73; H, 9.07. Found: C, 69.80; H, 8.98. 
1H NMR (benzene-rf6, 90 MHz) S 0.21 (s, 3 H), 0.82 (s, 3 H), 1.21 (s, 18 
H), 6.27 (m, 2 H), 6.67 (m, 2 H), 7.33 (M, 2 H) (Sc-H not located, pre
sumably due to 45Sc quadrupolar broadening). MW (ebulliometry) = 717. 
Calcd for dimer 688. 

(5) On the basis of the discussion which follows, branching of 1,4-hexa
diene would be expected if addition of DpSc-H to the internal double bond 
occurs faster than isomerization to 2,4-hexadiene. However, monitoring the 
formation of 4 reveals that DpSc-H rapidly catalyzes isomerization of 1,4-
hexadiene to 2,4-hexadiene ("C and 1H NMR), presumably via [CH3CH-
(DpSc)CH2CH=CHCH3]. Formation of 4 from reaction of 2,4-hexadiene 
with DpSc-H occurs much more slowly. See footnote 13. 
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