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here preliminary studies of its reaction with various electrophiles 
"E" and its conversion into 4-lithio-l-(trimethylsilyl)butadiyne 
(2e), a nucleophilic butadiyne equivalent. 

Treatment of the lithium reagent 2c in DME at -72 0C with 
methanol furnished the (E)-methoxy enyne 3a [E = H; 1H NMR 

MeO E 
E \ / 

IS. -72°C,2-4h r - \ % 

SiMe3 

3 a - f 

(CCl4) 5 0.1 (s, 9 H), 3.45 (s, 3 H), 4.70 (d, / = 13 Hz, 1 H), 
6.75 (d, / = 13 Hz, 1 H)].11-12 As shown by the results in Table 
I, 2c also reacts readily with carbon electrophiles. For example, 
treatment of 2c (10 mmol) with a solution of methyl iodide (11 
mmol) in DME (1 mL) at -72 0C followed by maintaining the 
reaction mixture at this temperature for 4 h afforded, after 
quenching with methanol (1 mL) followed by workup, 78% of 3b; 
[E = CH3; 1H NMR (CDCl3) 5 0.17 (s, 9 H), 1.70 (d, J = 1.5 
Hz, 3 H), 3.67 (s, 3 H), 6.25 (q, J = 1.5 Hz, 1 H)].13'14 The 
synthetic utilities of the 2-substituted methoxy enynes 3 remain 
to be delineated. 

While the lithium reagent 2c is sufficiently stable at -72 0C 
to be trapped with electrophiles, at -40 0C it eliminated lithium 
methoxide to furnish the lithio diyne 2e15 together with 2a as a 
EjZ mixture. This result suggested that the synthetically im
portant nucleophilic butadiyne equivalent 2e16 should be directly 
accessible from 2a upon addition of 2 equiv of n-butyllithium. This 
was borne out by the observation that sequential treatment of 2a 
(10 mmol) in THF (10 mL) at -40 to -45 0C with n-butyllitium 
(21 mmol) in n-hexane followed by Me3SiCl (21 mmol)5 yielded 
80% of the bissilylated butadiyne 4c (E = SiMe3). Under similar 

2.1 n-BuLi , THF , . . „ „ „ „ . „ , E 
2a - — — ' „ „ „ » L i C s = C C = C S i M e , ». 

- 4 0 ° t o - 4 5 ° C 3 

30 min Op 

E C = C C = C S i M e 3 
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conditions, reaction of 2e with propanal as the electrophile fur
nished the diynol 4b (E = C2H5CHOH: 1H NMR (CCl4) 8 0.10 
(s, 9 H), 0.8-1.0 (UJ=I Hz, 3 H), 1.4-1.8 (m, 2 H), 1.85 (br 
s, 1 H), 4.20 (t, J = 1 Hz, 1 H)]. Diynols of this type serve as 
valuable precursors for the preparation of enyne allylic alcohols.17 

From the preliminary results reported herein it is evident that 
lithiation of the commercially available methoxy enyne la and 
its trimethylsilyl derivative 2a provides a convenient access to the 
nucleophilic butadiyne synthons l,4-bis(trimethylsilyl)-l,3-buta-
diyne (Id) and 4-lithio-l-(trimethylsilyl)butadiyne (2e) as well 
as to the potential nucleophilic aldehyde equivalent 2c. Clearly 
these intermediates should have considerable value as synthons 

(11) It is conceivable that the ethynyl carbon-SiMe3 bond in 3 may be 
elaborated into a variety of derivatives, thus providing an entry into the 
hitherto not readily accessible (£)-l-methoxy-l-buten-3-yne systems.12 

(12) (E)-I-Methoxybutenynes have been isolated from E-Z mixtures by 
sequential fractional distillation and gas chromatographic purification. 
Winter, M. HeIv. CHm. Ada 1963, 46, 1754. 

(13) The assignment of the E sterochemistry to 3b was based on the 
absence of a nuclear Overhauser effect (NOE) between the CH3 and the 
vinylic hydrogen. 

(14) The compound should be stored at low temperature since it slowly 
decomposes when kept at room temperature. 

(15) We have not established whether the organolithium reagent 2b or 2c 
is the actual precursor of 2e. For pertinent examples of /3-eliminations in
volving simple metalated vinyl ethers, see ref 3 and 9. 

(16) For an alternative preparation of 2e and its utilization for organic 
synthesis, see: Holmes, A. B.; Jennings-White, C. L. D.; Schultness, A. H.; 
Akinde, B.; Walton, D. R. M. / . Chem. Soc, Chem. Commun. 1979, 840. 
Holmes, A. B.; Jones, G. E. Tetrahedron Lett. 1980, 21, 3111. 

(17) Patrick, T. P.; MeIm, G. F. / . Org. Chem. 1979, 44, 645. Salaun, J.; 
OUivier, J. Now). J. Chim. 1981, 5, 587. Holmes, A. B.; Jennings-White, C. 
L. D.; Kendrick, D. A. J. Chem. Soc, Chem. Commun. 1983, 415. 
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for a wide variety of transformations, and many extensions of this 
work can be envisioned. 
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Controlling and understanding the complex reactivity of di
oxygen with homogeneous organotransition-metal species is a 
demanding task. The activations of O2

1 in homogeneous2 and 
heterogeneous3 oxidation processes, as well as in biological sys
tems,4 manifest the importance of investigating the reactions of 
this small molecule. Although considered an anathema in many 
organometallic transformations, dioxygen has recently been shown 
to exhibit some striking chemistry. Radical-based oxidative ad
ditions of alkyl halides to Pt(II) yield alkylperoxo species when 

i 

O2 is present5 and peroxymetallacycles of the type MOOCH-
(R)CH(R) have been generated.6,7 Although the insertion of 
dioxygen into main-group8 as well as transition-metal alkyls9 has 
been noted, few studies10 of this fundamental transformation exist. 
Reported herein are examples of O2 insertions into group 4 
metal-alkyl bonds, facile bimolecular methyl for methoxy ex
change reactions," and evidence that an M-R bond mediates an 
oxygen atom transfer from dioxygen. 

(1) Sheldon, R. A.; Kochi, J. K. "Metal Catalyzed Oxidations of Organic 
Compounds"; Academic Press: New York, 1981. 

(2) (a) Sheldon, R. A. J. MoI. Catal. 1983, 20, 1. (b) Martell, A. E. Pure 
Appl. Chem. 1983, 55, 125. 

(3) (a) Graselli, R. K.; Burrington, J. D. Adv. Catal. 1981, 30, 133. (b) 
Keulks, G. W.; Krenzke, L. D.; Notermann, T. M. Adv. Catal. 1978, 27, 183. 
(c) Kilty, P. A.; Sachtler, W. M. H. Catal. Rev—ScL Eng. 1974, 10, 1. 

(4) (a) White, R. E.; Coon, M. J. Amu. Rev. Biochem. 1980, 49, 315. (b) 
Groves, J. T.; Subramanian, D. V. J. Am. Chem. Soc. 1984, 106, 2177. (c) 
Groves, J. T.; Watanabe, Y.; McMurry, T. J. J. Am. Chem. Soc. 1983,105, 
4489. (d) Smegal, J. A.; Hill, C. L. J. Am. Chem. Soc. 1983, 105, 3515 and 
references therein. 

(5) Ferguson, G.; Parvez, M.; Monaghan, P. K.; Puddephatt, R. J. J. 
Chem. Soc, Chem. Commun. 1983, 267. 

(6) Broadhurst, M. J.; Brown, J. M.; John, R. A. Angew. Chem., Int. Ed. 
Engl. 1983, 22, 47. 

(7) (a) Mimoun, H. Pure Appl. Chem. 1981, 53, 2389. (b) Read, G. J. 
MoI. Catal. 1978, 4, 83. 

(8) (a) Bradley, D. C; Mehrotra, R. C; Gaur, D. P. "Metal Alkoxides"; 
Academic Press: New York, 1978. (b) Panek, E. J.; Whitesides, G. M. J. 
Am. Chem. Soc. 1972, 94, 8768 and references therein. 

(9) (a) Schwartz, J.; Labinger, J. A. Angew. Chem., Int. Ed. Engl. 1976, 
15, 333. (b) Jensen, F. R.; Kiskis, R. C. / . Am. Chem. Soc. 1975, 97, 5825. 
(c) Nishinaga, A.; Tomita, H. J. MoI. Catal. 1980, 7, 179. (d) Constantini, 
M.; Dromard, A.; Joffret, M.; Brossard, B.; Varagnat, J. J. MoI. Catal. 1980, 
7, 89. (e) Zucchini, U.; Albizatti, E.; Giannini, U. J. Organomet. Chem. 1971, 
26, 357. (f) Yasuda, H.; Nagasuna, K.; Asami, K.; Nakamura, A. Chem. Lett. 
1983, 955. 

(10) Blackburn, T. F.; Labinger, J. A.; Schwartz, J. Tetrahedron Lett. 
1975, 3041. 

(11) (a) Puddephatt, R. J.; Stalteri, M. A. Organometallics 1983, 2, 1400. 
(b) Schrock, R. R. J. Organomet. Chem. 1976, 122, 209. (c) Scott, J. D.; 
Puddephatt, R. J. Organometallics 1983, 2, 1643. 
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Table I. Comparative 1H and 13C(1H) NMR Data (C6D6) for HOCMe2CHCH2O and (tritox)2Zr(OMe)(OCMe2CHCH20) (12)° 
OC Me2 CH CH2 other 

3CI1HI, Sb 

HOCMe2CHCH2O 
12 

67.7 
77.3 

HOCMe2CHCH2O 

12 

25.1, 27.2 
27.8, 28.2 

0.96, 1.06 

1.24, 1.38 

58.7 
58.8 

43.8 
44.8 

1H, 6, J(HzY 

2.49 (dd, V, = 2.7, 2.45 (dd, V, = 2.7, 2.21 (dd, Vc = 3.9, 
V0 = 3.9) 2J = 5.3) V = 5.3) 

2.90 (dd, V, = 2.9, 2.52 (dd, V1 = 2.9, 2.87 (dd, Vc = 4.2, 
Vc = 4.2) 2J = 4.8) 2J = 4.8) 

33.5, 46.0, 
96.0 (tritox), 
60.1 (OMe) 

1.39 (OH) 

1.42 (tritox), 
3.90 (OMe) 

2AIl resonances considered singlets unless otherwise noted (300 MHz). "Referenced to C6D6 at S 128.0. ^Referenced to Me4Si. 

Treatment of (tritox)2MMe2 (M = Ti, 1; Zr, 2;12 tritox = 
((CH3)JC)3CO)13 with dry dioxygen afforded (>87%) the cor
responding white, crystalline, methoxy complexes (tritox)2M-
(OMe)2 (M = Ti, 3; Zr, 4),14 according to eq 1. In a similar 

(tritox)2MMe2 + O2 — (tritox)2M(OMe)2 (1) 
1, M = Ti 3, M = Ti 
2, M = Zr 4, M = Zr 

fashion, stoichiometric additions of O2 to (tritox)TiMe3 (5)12 

resulted in the formation of three different crystalline methoxides 
in 70-95% isolated yields (eq 2): orange (tritox)TiMe2(OMe) 

(tritox)TiMe3 + (n/2)02 — (tritox)Ti(CH3)3.„(OCH3)„ (2) 
5 6, n = 1 

l,n = 2 
8, n = 3 

(6), yellow (tritox)TiMe(OMe)2 (7) and white (tritox)Ti(OMe)3 

(8).15 

The observation that 5 incorporates only one oxygen atom of 
O2 in the formation of (tritox)TiMe2(OMe) (6) implicated the 
existence of bimolecular methyl for methoxy exchange processes." 
In accord with this proposal, 6 was formed quantitatively when 
equimolar amounts of 5 and 7 were mixed. Likewise, 6 and 8 
conproportionate to form 7, and 5 and 8 proceed to generate an 
approximate 1:1 mixture of 6 and 7. Upon monitoring the reaction 
of (tritox)TiMe3 (5) with V2O2 at -78 0C (via 1H NMR and color 
changes), 7 was observed to form initially; a subsequent con-
proportionation with unreacted 5 resulted in the conversion to 
(tritox)TiMe2(OMe) (6). 

The O-O bond is severed in each of the insertion processes 
above. Although the nature of the initial insertion step has not 
been established, a plausible intermediate common to all of the 
transformations is a methylperoxy methyl (M(?j2-OOMe)Me) 
species.10'16 Subsequent transfer of an oxygen atom17'18 from the 

(12) Lubben, T. V.; Wolczanski, P. T.; Van Duyne, G. D. Organometallics 
1984, 3, 977. 

(13) (a) Syper, L. Rocz. Chem. 1973, 47, 433. (b) Hvoslef, J.; Hope, H.; 
Murray, B. D.; Power, P. P. J. Chem. Soc, Chem. Commun. 1983, 1438. 

(14) Anal. Calcd for 3, TiO4C28H60: C, 66.11; H, 11.89. Found: C, 
66.25; H, 11.87. 1H NMR (C6D6) 6 1.46 (s, tritox, 54 H), 4.02 (s, (OCH3)2, 
6H). Anal. Calcd for 4, ZrO4C28H60: C, 60.92; H, 10.96. Found: C, 60.84; 
H, 10.83. 1H NMR (C6D6) 5 1.41 (s, tritox, 54 H), 3.84 (s, (OCH3)2, 6 H). 

(15) Anal. Calcd for 6, TiO2C16H36: C, 62.32; H, 11.77. Found: C, 
62.20; H, Found: C, 62.20; H, 11.63. M, found: 316 (calcd 308). 1HNMR 
(C6D6) b 1.35 (s, tritox, 27 H), 1.08 (s, (CH3)2, 6 H), 4.06 (s, OCH3, 3 H). 
Anal. Calcd for 7, TiO3C16H36: C, 59.25; H, 11.19. Found: C, 59.39; H, 
11.05. 1H NMR (C6D6) 5 1.44 (s, tritox, 27 H), 1.08 (s, CH3, 3H), 4.12 (s, 
(OCH3)2, 6H). Anal. Calcd for 8, TiO4C16H36: C, 56.46; H, 10.66. Found: 
C, 56.64; H, 10.78. 1H NMR (C6D6) S 1.46 (s, tritox, 27 H), 4.13 (s, 
(OCH3)3, 9 H). 

(16) Mimoun, H.; Chaumette, P.; Mignard, M.; Saussine, L. Nouv. J. 
Chim. 1983, 7, 467. 

(17) (a) Mimoun, H.; Carpentier, R.; Mitschler, A.; Fischer, J.; Weiss, R. 
/ . Am. Chem. Soc. 1980,102, 1047. (b) Strukul, G.; Michelin, R. A.; Orbell, 
J. D.; Randaccio, L. Inorg. Chem. 1983, 22, 3706. 

(18) For other transition-metal O-atom transfer agents, see: (a) Andrews, 
M. A.; Cheng, C-W. F. J. Am. Chem. Soc. 1982, 104, 4268. (b) Diamond, 
S. E.; Mares, F.; Szalkiewicz, A.; Muccigrosso, D. A.; Solar, J. P. J. Am. 
Chem. Soc. 1982, 104, 4266. (c) Andrews, M. A.; Kelly, K. P. / . Am. Chem. 
Soc. 1981, 103, 2894. (d) Tovrog, B. S.; Mares, F.; Diamond, S. E. J. Am. 
Chem. Soc. 1980, 102, 6616. 

Scheme I 

10 11 

> l t r i t o x l 2 Z r 

12 

incipient methylperoxy linkage to a neighboring methyl provides 
the means by which the methoxy ligands are formed. Analogous 
bimolecular processes, such as those observed by Schwartz10 

(Cp2ZrCl(R) + V2O2 -* Cp2ZrCl(OR)), cannot be ruled out. 
In order to demonstrate the feasibility of this purported i]1-
methylperoxy intermediate, a substrate capable of accepting an 
oxygen atom other than a nearby M-R was sought. Since the 
coordination sphere of these species is similar to intermediates 
in Sharpless' Ti-catalyzed epoxidation,19,20 (tritox)2ZrMe-
(OCMe2CH=CH2) (10) was prepared from the 02-stable chlo
ride, 9 (eq 3).21 When 10 was exposed to excess dioxygen, the 

(tritox)2ZrCl(OCMe2CH= 
9 

=CH2) 

(tritox)2ZrMe(OCMe2CH=CH2) (3) 
10 

epoxy alkoxide complex (tritox)2Zr(OMe)(OCMe2CHCH20) 
(12) was obtained (16 h, 25 0C) as a colorless oil in >90% yield 
(Scheme I). Although 12 decomposes over a period of days,22 

the spectral data obtained show characteristic epoxide resonances 

(13C and 1H NMR compared to HOCMe2CHCH2O,23 Table I) 
that clearly corroborate its formulation. From the 13C NMR data, 
it appears that the epoxide oxygen of 12 is not directly bound to 
the zirconium, yet substantial chemical shift differences (with 
respect to parent epoxy alcohol) are observed in the 1H NMR. 

(19) Sharpless, K. B.; Behrens, C. H.; Katsuki, T.; Lee, A. W. M.; Martin, 
V. S.; Takatani, M.; Viti, S. M.; Walker, F. J.; Woodard, S. S. Pure Appl. 
Chem. 1983, 55, 589. 

(20) (a) Sharpless, K. B.; Woodard, S. S.; Finn, M. G. Pure Appl. Chem. 
1983, 55, 1823. (b) Bach, R. D.; Wolber, G. J.; Coddens, B. A. J. Am. Chem. 
Soc. 1984,106, 6098. (c) Williams, I. D.; Pederson, S. F.; Sharpless, K. B.; 
Lippard, S. J. J. Am. Chem. Soc. 1984, 106, 6430. 

(21) Addition of LiOCMe2CH=CH2 to (tritox)2ZrCl2
12 produced 9 

""" Anal. Calcd for 9, ZrClO3C31H63: C, 60.99; H, 10.40; Cl, 5.81. 
Found: C, 60.76; H, 10.28; Cl, 5.65. 1H NMR (C6D6) S 1.39 (s, tritox, 
(CH3J2, 60 H), 5.97 (dd, - C H = , 1 H, V = 17, 11 Hz), 5.06 (dd, =CffH, 
1 H, V = 17 Hz, 2J < 1.5Hz), 4.83 (dd, = C H # , 1 H, V = 11 Hz, V < 1.5 
Hz). Anal. Calcd for 10 (77% yield), ZrO3C32H66: C, 65.13; H, 11.27. 
Found: C, 63.47; H, 10.57. 1H NMR (C6D6) b 1.38 (s, tritox, 54 H), 0.71 
(s, ZrCH3, 3 H), 1.40 (s, (CH3)2, 6 H), 6.02 (dd, - C H = , 1 H, V = 17.5, 
10.5 Hz), 5.07 (dd, =CHK, 1 H, V = 17.5 Hz, 2J = 1.2 Hz), 4.84 (dd, 
=CUH, 1 H, V = 10.5 Hz, 2J = 1.2 Hz); 13C(1Hi NMR (C6D6) S 33.5, 45.8, 
97.2(tritox), 27.3 (ZrCH3), 80.5 (OC(CH3)2), 31.2 (CHj)2, 147.1 ( - C H = ) , 
110.3 (=CH2). The 13C NMR indicated that less than 1.5% tritox containing 
impurities were present. 

(22) Morgans, D. J.; Sharpless, K. B.; Traynor, S. G. / . Am. Chem. Soc. 
1981, 103, 462. 



J. Am. Chem. Soc. 1985, 107, 703-704 703 

When subjected to H2O, the epoxy alcohol and (tritox)H are 
cleaved from the zirconium; the cleaved material was correlated 

with authentic HOCMe2CHCH2623via 1H NMR (300 MHz) 
and capillary GC. 

The observations above complement the proposed mechanism20 

for Sharpless' epoxidation procedure.19 The presumed transient 
methylperoxy species (tritox)2Zr(??2-OOMe)(OCMe2CH=CH2) 
(11) as well as the zirconium alkoxy epoxide complex 12 models 
intermediates in the Ti-catalyzed process. Since the epoxidation 
above was carried out under rigorously anhydrous conditions, the 
premise that a Ti(?/2-00-?-Bu) and not a bound f-BuOOH species 
is responsible for the O-atom transfer step in the Sharpless system 
is further substantiated. The facile dioxygen insertion reactions 
are of potential relevance to heterogeneous oxidation processes; 
the results suggest that surface alkyls may react directly with O2, 
thus obviating the need for dissociative absorption of dioxygen.24 

Attempts to observe M-OOR complexes from the treatment of 
other (tritox)2(R'0)MR25 species with O2, further exploitation 
of the oxygen transfer mediation by early metal-alkyls, and 
mechanistic studies of the insertion and exchange processes are 
currently under way. 
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(24) (a) Che, M.; Tench, A. J. Adv. Catal. 1983, 32, 1. (b) Che, M.; 
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Cytidine-5'-triphosphate (CTP) synthetase from Escherichia 
coli catalyzes the following irreversible reaction:1,2 

Mg2+ 

UTP + ATP + NH3 • ADP + P1+ CTP 

(1) Abbreviations: ADP, adenosine 5'-diphosphate; ATP, adenosine 5'-
triphosphate; UTP, uridine 5'-triphosphate; CTP, cytidine 5'-triphosphate; 
EDTA, ethylenediaminetetraacetic acid; Tris, tris(hydroxymethyl)amino-
methane; Hepes, A,-(2-hydroxyethyl)piperazine-Ar'-2-ethanesulfonic acid; PIX, 
positional isotope exchange; • , 1^O. 

(2) (a) Anderson, P. M. Biochemistry 1983, 22, 3285-3292. (b) Koshland, 
D. E.; Levitzki, A. In "The Enzymes", 3rd ed.; Boyer, P. D., Ed.; Academic 
Press: New York, 1974; Vol. X, pp 539-599. (c) Scheit, K. H.; Linke, H. 
J. Eur. J. Biochem. 1982, 126, 57-60. 
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The lack of ATP/ADP exchange leads to the conclusion that 
ammonia attacks UTP (1) to form the carbinol amine 2, which 
is then phosphorylated by ATP. Subsequent release of phosphate 
from 3 yields CTP (4) (Scheme I, upper pathway).25 We present 
evidence that CTP synthetase catalyzes the direct phosphorylation 
of UTP by ATP in the absence of ammonia (Scheme I, lower 
pathway). 

One reason for the failure to observe ATP/ADP exchange could 
be that the catalytic reaction follows an ordered mechanism, in 
which the products (including ADP) are released only after the 
addition of all substrates (including ammonia). Therefore, we 
designed a positional isotope exchange (PIX) experiment to answer 
the question of whether ATP phosphorylates UTP (1). This 
experiment has an advantage over ATP/ADP-exchange experi
ments in that exchange of ADP between enzyme and solution is 
not necessary. The strategy for the PIX experiment is as follows. 

During the catalytic reaction of CTP synthetase, ATP is cleaved 
between the /3-7-bridge oxygen atom and the 7-phosphorus atom. 
The nucleophile accepting the phosphate group might either be 
the enzyme, UTP (1), or the carbinol amine 2. Cleavage in the 
absence of UTP and ammonia would provide evidence that a group 
on the enzyme becomes phosphorylated, whereas cleavage in the 
presence of UTP and absence of ammonia would likely result from 
the phosphorylation of UTP (Scheme I, lower pathway). For these 
experiments [7-18O4]ATP (6a) is used and in each case leads to 
[/3-18O]ADP (7). If the terminal phosphate group of 7 rotates 
fast, the 16O and 18O atoms have equal probability to attack the 
phosphorylated intermediate in the back reaction to reform ATP 
and UTP. The result is that [/3-18O^-18O3]ATP (6b) is produced 
(Scheme II). The relative amounts of the labeled ATP molecules 
6 are conveniently determined by NMR spectroscopy owing to 
the influence of 18O on the chemical shifts of the 31P nucleus.3 

©1985 American Chemical Society 


