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The preferential formation of the ci.s-2-alkenylcycloalkane-
carboxylic acids (entries 1-7) can be understood by examining 
the possible transition states for rearrangement of the ketene 
acetals obtained upon silylation of the assumed (Z)-lithio lactone 
enolates.12 Molecular models indicate the chairlike transition-state 
A to be much more strained than the boatlike transition-state B. 

R' = S IME 2 T-BU 

Transition-state A is accessible only when the diaxially bridging 
methylene chain becomes sufficient in length (« = 7, R = H). 
The preferential formation of the trans isomer from lactone 12 
(entry 8) can be similarly rationalized. In this case, the analogous 
boatlike transition state for the ketene acetal derived from lactone 
12 (not shown) ultimately leads to the trans carboxylic acid 16. 
This boatlike transition state is understandably less highly favored 
since the analogous chairlike transition state now has a less strained 
axial, equatorial bridging methylene arrangement. Finally, the 
exclusive (>98%) formation of the cw^T-ans-cyclopentane-
carboxylic acid 15 is a consequence of preferential rearrangement 
through boatlike transition state B (n = 1,R = Me) as opposed 
to the alternative boat conformer C (n = 1,R = Me) in which 
a serious A(1,3) type interaction14 between the endocyclic oxygen 
atom and pseudoaxial methyl group is encountered, thereby 
precluding the eventual formation of the cw.cw-cyclopentane-
carboxylic acid isomer. Similar relative asymmetric induction11 

is involved in the exclusive formation of the (.E)-olefin stereo­
chemistry in cyclopropanecarboxylic acid 13. 

The cyclopentanecarboxylic acid 15 is a useful substrate for 
the preparation of cyclopentanoid terpene lactones.15 Thus, 
stereoselective hydroboration (2 equiv of (C6Hn)2BH) of 15 with 
oxidative workup (NaOH, H2O2) directly provided the previously 
unsynthesized terpenes of Nepeta cataria (catnip oil),16 (±)-
dihydronepetalactone (17) and (db)-isodihydronepetalactone (18), 

R 19 20 
17 R 1 * , R2=H 

18 Ri=H, R2=ME 

a) (C6H11I2BH; H2O2, NaOH b) LAH c) Ac2O, pyr 

in a 93:7 ratio, respectively (75%).17 Alternatively, reduction 
(LiAlH4) of carboxylic acid 15 followed by acetylation provided 
the known acetate 19,18 which was identical (1H NMR, 13C NMR, 
IR) with an authentic sample.18 The acetate 19 has been converted 

(12) Molecular mechanics calculations predict the (Z)-enolate of macro-
lactones to be highly preferred over the (£)-enolate isomer.13 Highly ste­
reoselective kinetic alkylations of nine- and thirteen-membered lactone enolates 
support this prediction.13 Furthermore the (Z)-enolate is kinetically preferred 
even in acyclic ester enolizations.3 

(13) Still, W. C; Galynker, I. Tetrahedron 1981, 57, 3981. 
(14) Johnson, F. Chem. Rev. 1968, 68, 375. 
(15) For reviews see: (a) Taylor, W. I.; Battersby, A. R. "Cyclopentanoid 

Terpene Derivatives"; Marcell Dekker: New York, 1961. (b) Ap Simon, J. 
"The Total Synthesis of Natural Products"; Wiley-Interscience: New York, 
1973, Vol. 2, p 62. (c) Wagner, H.; Wolff, P. "New Natural Products and 
Plant Drugs with Pharmacological Biological or Therapeutical Activity"; 
Springer-Verlag: Berlin, 1977; p 137. 

(16) Wolinsky, J.; Dickerson, D.; Slabaugh, M.; Nelson, D.; Sakan, T.; 
Isoe, S.; Hyeas, S. B.; Katsumura, R. Tetrahedron Lett. 1965, 46, 4097. 

(17) The 1H NMR and IR spectra were identical with authentic spectra 
kindly provided by J. Wolinsky, Purdue University. 

(18) Wolinsky, J.; Gibson, T.; Chan, D.; Wolf, H. Tetrahedron 1965, 21, 
1247. 

to iridomyrmecin (2O),18 an insecticidal iridoid isolated from the 
Argentinian ant Iridomyrmex humilis. Therefore, this route 
constitutes a formal total synthesis of this cyclopentanoid terpene 
as well. 

In summary, the methodology described herein represents a 
general and stereocontrolled route to multisubstituted cycloalkanes. 
Additional stereochemical control by remote chirality seems 
possible. Moreover, the potential for extending this process to 
the synthesis of heterocycles clearly exists. These topics in addition 
to the application of this methodology in natural product synthesis 
are under investigation. 
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Metal carbonyl radicals are postulated intermediates in a variety 
of catalytic and stoichiometric chemical transformations.2 Al­
though the substitution lability of 17-electron organometallic 
radicals has been recognized,3,4 the precise mechanisms available 
are not well defined. For example, for the group 7 radicals 
M(CO)5- (M = Mn, Re) both dissociative3 and associative4 

substitution pathways have been proposed. Recent work favors 
an associative mechanism for substitution processes in Re(CO) 5

<4a 

and Mn(CO)3L2-
4* species. Part of the difficulty in quantitatively 

discerning reactivity patterns of these radicals lies in the inherent 

fNSF Predoctoral Fellow, 1980-1983. 
(1) (a) Lanzhou, University, People's Republic of China, (b) North­

western University. 
(2) (a) Brown, T. L. Ann. NY. Acad. Sci. 1980, 555, 80-89. (b) Collman, 

J. P.; Hegedus, L. S. "Principles and Applications of Organotransition Metal 
Chemistry"; University Science Books: Mill Valley, CA, 1980. (c) Kochi, 
J. K. "Organometallic Mechanisms and Catalysis"; Academic Press: New 
York, 1978. (d) Lappert, M. F.; Lednor, P. W. Adv. Organomet. Chem. 1976, 
14, 345-399. 

(3) (a) Kidd, D. R.; Brown, T. L. J. Am. Chem. Soc. 1978, 100, 
4095-4103. (b) Beyers, B. H.; Brown, T. L. Ibid. 1977, 99, 2527-2532. (c) 
Absi-Halabi, M.; Brown, T. L. Ibid. 1977, 99, 2982-2988. (d) Hoffman, N. 
W.; Brown, T. L. Inorg. Chem. 1978, 17, 613-617. 

(4) (a) Fox, A.; Malito, J.; Poe, A. J. J. Chem. Soc, Chem. Commun. 
1981, 1052-1053 and references therein, (b) Kidd and Brown (ref 3a) suggest 
an associative mechanism for replacement of CO in Mn(CO)4P(OC2Hs)3. (c) 
McCullen, S. B.; Walker, H. W.; Brown, T. L., submitted for publication. 
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Figure 1. Visible spectral changes during the reaction between 3.88 X 
10-" M V(CO)6 and 7.10 X 10"3 M PPh3 in hexane at 26 0C. 

instability of the M(CO)5- species of interest. Therefore, we have 
examined ligand substitution kinetics of vanadium hexacarbonyl, 
the only stable homoleptic metal carbonyl radical. Although 
V(CO)6 has been the subject of a number of physical5 and syn­
thetic6 investigations, herein we report the first quantitative kinetic 
study of ligand replacement in V(CO)6.

7 

Vanadium hexacarbonyl reacts cleanly with triphenylphosphine 
in hexane solution to give the monosubstitution product according 
to eq 1.6 The reaction can be conveniently monitored by observing 

V(CO)6 + PPh3 — V(CO)5PPh3 + CO (1) 

changes in the visible spectrum as a function of time as illustrated 
in Figure 1. Isosbestic points at 404 and 377 nm are maintained 
throughout the course of the reaction. Further substitution to yield 
V(CO)4(PPh3)2 is slow under the experimental conditions. The 
rate8 of eq 1 varies with the PPh3 concentration and temperature 
as in Figure 2. Substitution proceeds solely by a second-order 
process (k = 2.53 X 10"1 M"1 s"1 at 25 0C) according to the rate 
law given in eq 2. As can be seen from Figure 2, no ligand-in-

-d[V(CO)6]/df = Ar[V(CO)6][PPh3] (2) 

dependent (i.e., dissociative) pathway exists under these conditions. 
In addition, carbon monoxide replacement by triphenylarsine, a 
poorer nucleophile than triphenylphosphine, is an order of mag­
nitude slower at 15 0C.9 The better nucleophile P(n-C4H9)3 

(5) (a) Ercoli, R.; Calderazzo, F.; Alberola, A. / . Am. Chem. Soc. 1960, 
82, 2966-2967. (b) Bratt, S. W.; Kassyk, A.; Perutz, R. N.; Symons, M. C. 
R. / . Am. Chem. Soc. 1982, 104, 490-494 and references therein. 

(6) Ellis, J. E.; Faltynek, R. A.; Rochfort, G. L.; Stevens, R. E.; Zank, G. 
A. Inorg. Chem. 1980, 19, 1082-1085 and references therein. 

(7) The half-life of CO exchange in V(CO)6 under 2 atm of CO pressure 
at 10 0C in heptane has been estimated to be 7 h by F. Calderazzo as cited 
in Basolo et al. (Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic 
Reactions", 2nd ed.; Wiley: New York, 1967; p 541). 

(8) Kinetic runs were conducted under pseudo-first-order conditions (with 
[PPh3] > 10[V(CO)6]) by observing the change in optical density at 440 nm. 
Since V(CO)6 is very air sensitive, all manipulations were carried out under 
an atmosphere of prepurified nitrogen. Hexane was dried (Na/benzophenone) 
and rigorously degassed prior to use. Reactions were carried out in 1.00-cm 
quartz cells in the thermostated cell compartment of a Perkin-Elmer 320 
spectrometer or in 4.00-cm Pyrex cells, constructed with an integral Dewar 
for temperature control, on a Cary 14. Plots of In (Am - At) vs. time were 
linear for more than 3 half-lives, and /c0bsd 

was obtained from the slope of this 
line by least-squares analysis. Rate constants were reproducible to ±5%. 
Infrared monitoring of the reaction mixture showed V(CO)5PPh3 (ceo 2050 
(m), 1930 (s) cm"1) to be the only detectable product; no intermediates were 
observed. See ref 6 for a complete discussion of the properties of V(CO)5PPh3. 

(9) V(CO)5AsPh3 (vCo 2051 (m), 1934 (s) cm"') forms as the initial 
product in the reaction of V(CO)6 with AsPh3. The infrared spectrum of 
V(CO)5AsPh3 is similar to that of V(CO)5PPh3. However, V(CO)5AsPh3 is 
thermally unstable at room temperature. Isosbestic points at 415 and 350 nm 
were observed when the substitution reaction was monitored by visible spec­
troscopy. At 15 0C, k2 = 1.8 X 10"2 M"1 s"1. V(CO)4(AsPh3)2 has been 
reported to be thermally unstable: Werner, R. P. M. Z. Naturforsch. B. 1961, 
16, 477. 

Figure 2. Plot of Ic^J-''' vs. PPh3 concentration (M) for the substitution 
of V(CO)6 by PPh3 in hexane solution: +,T = 26.0 0C; O, T = 20.0 
0C; • , T = 15.0 0C; A, T = 8.9 0C; X, T = 0.0 0C. 

substitutes CO about 200 times faster than PPh3. Thus, carbon 
monoxide substitution appears to take place by an associative 
(SN2) process. This is corroborated by the observed activation 
parameters: AH* = 10.0 ± 0.4 kcal/mol and AS* = -27.8 ± 1.6 
cal/(mol K). The relatively large, negative entropy of activation 
is similar to other CO-substitution reactions that proceed via a 
transition state of higher coordination number.10 A seven-co­
ordinate transition state seems reasonable since vanadium can 
expand its coordination sphere as evidenced by complexes of the 
type EV(CO)6, where E is a bulky polarizable electrophile.12 An 
alternative mechanism involving substitution of a 16-electron 
[V(CO)6]

+ intermediate formed by electron transfer" or by the 
action of trace oxidants may be eliminated on the basis of the 
highly reproducible kinetics observed and the fact that &obsd does 
not depend on the V(CO)6 concentration, added [V(CO)6]", or 
CO. Likewise the 18-electron [V(CO)6]" cannot be involved, 
because of its very slow rate of substitution (see below). 

The substitution lability of V(CO)6 contrasts with the behavior 
of the isostructural13 (but not isoelectronic) analogues chromium 
hexacarbonyl and vanadium hexacarbonyl anion.14 Chromium 
hexacarbonyl substitutes CO very slowly even at elevated tem­
peratures.15 Indeed, extrapolation of high-temperature data15 

gives a second-order rate constant for CO replacement by tri-n-
butylphosphine of 10""9 M"1 s"1 at 25 0C. Associative substitution 
is about 1010 times faster in V(CO)6 than in Cr(CO)6. Similarly, 
V(CO)6" resists nucleophilic attack even under forcing conditions, 
and only photolytically induced substitutions of this anion have 
been reported.16 

These results show that oxidation of V(CO)6" to the 17-electron 
V(CO)6 radical results in an extraordinary enhancement in the 
rate of CO substitution. Recent work of Kochi and Hershberger17 

demonstrates that electrochemical oxidation of the substitution 
inert CpMn(CO)2(CH3CN) complex to the 17-electron Mn(II) 
cation results in facile replacement of the acetonitrile ligand by 

(10) (a) Basolo, F.; Pearson, R. G. "Mechanisms of Inorganic Reactions", 
2nd ed.; Wiley: New York, 1967. (b) Dobson, G. R. Ace. Chem. Res. 1976, 
P, 300-306. (c) Darensbourg, D. J. Adv. Organomet. Chem., in press, (d) 
Chang, C. Y.; Johnson, C. E.; Richmond, T. G.; Chen, Y. T.; Trogler, W. C; 
Basolo, F. Inorg. Chem. 1981, 20, 3167-3172. (e) Shi, Q.-Z.; Richmond, T. 
G.; Trogler, W. C; Basolo, F. Organometallics in press. 

(11) Electrochemically generated V(CO)6
+ is very unstable and decom­

poses with loss of CO (even at -78 0C) on the cyclic voltammetry time scale 
(seconds): Bond, A. M.; Colton, R. Inorg. Chem. 1976, 15, 2036-2040. 

(12) Davison, A.; Ellis, J. E. J. Organomet. Chem. 1972, 36, 113-130. 
(13) Bellard, S.; Rubinson, K. A.; Sheldrick, G. M. Acta Crystallogr., Sect. 

B 1979, B35, 271-274. 
(14) Wilson, R. D.; Bau, R. J. Am. Chem. Soc. 1974, 96, 7601-7602. 
(15) Graham, J. R.; Angelici, R. J. Inorg. Chem. 1967, 6, 2082-2085. The 

rate of CO dissociation from Cr(CO)6 at 25 0C is estimated to be 10"12 s"1. 
(16) (a) Wrighton, M. S.; Handeli, D. J.; Morse, D. L. Inorg. Chem. 1976, 

15, 434-440. (b) Davidson, A.; Ellis, J. E. J. Organomet. Chem. 1971, 31, 
239-247. 

(17) Hershberger, J. W.; Kochi, J. K. / . Chem. Soc, Chem. Commun. 
1982, 212-214. 



4034 J. Am. Chem. Soc. 1982, 104, 4034-4035 

nucleophiles.18 Interestingly, 19-electron organometallic radicals 
also appear to be substitution labile.19 

Our results provide a quantitative foundation for understanding 
the reactivity of 17-electron organometallic radicals and suggest 
that their substitution lability may result from the availability of 
low-energy associative reaction pathways.20 For octahedral d5 

complexes the hole in the bonding t2„ orbital set permits nu-
cleophilic attack on a triangular face of the octahedron. Further 
studies on the reactivity OfV(CO)6 with small molecules are in 
progress along with parallel mechanistic work on other stable 
organometallic radicals. 
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Registry No. V(CO)6, 14024-00-1; PPh3, 603-35-0; V(CO)5PPh3, 
72622-82-3. 

(IS) Chemical oxidation also induces unusual lability in organometallic 
systems. See, for example: Magnuson, R. H.; Zulu, S.; Tsai, W.-M., Giering, 
W. P. J. Am. Chem. Soc. 1980, 102, 6887-6888. 

(19) (a) Bezems, G. J.; Rieger, P. H.; Visco, S. J. Chem. Soc, Chem. 
Commun. 1981, 265-266. (b) Summers, D. P.; Luong, J. C; Wrighton, M. 
S. / . Am. Chem. Soc. 1981, 103, 5238-5241. 

(20) It should be noted the V(CO)6 differs somewhat from Mn(CO)5- and 
Re(CO)5-. The latter C4̂  species possess a stereochemically active odd elec­
tron. 
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Three-membered heterocycles containing two heteroatoms have 
been widely investigated, but the scope of this area of heterocyclic 
chemistry remains small compared to that of three-membered rings 
with one heteroatom.1 Oxaziridines are the most extensively 
studied two-heteroatom systems of this type. 

In 1976, the first example of a perfluorinated oxaziridine 

CF3NCF2O was reported.2 This very stable but highly reactive 
compound exhibits a reaction chemistry very similar to the com­
mercially important epoxide hexafluoropropene oxide (HFPO),3 

and it is attacked by a variety of nucleophiles exclusively at 
nitrogen.4 With the recent availability of a variety of per-
halogenated oxaziridines,5 the chemistry of these novel heterocycles 
warrants continued investigation. We report here some unusual 
cycloadditions, most of which have not been observed for HFPO 
and which do not appear to be duplicated in kind by nonfluorinated 
oxaziridines.6 

2-(Trifluoromethyl)-3,3-difluorooxaziridine (PFAPO)7 reacts 
with CF2=CFCl at 60 0C in glass to form 4-chloro-3-(tri-
fluoromethyl)perfluoro-l,3-oxazolidine8 (eq 1). Only a single 
regioisomer is formed, and other examples with CF2=CBr2 and 
CF2=CCl2 indicate that this reaction is regiospecific and support 

(1) Schmitz, E. Adv. Heterocycl. Chem. 1979, 24, 63. 
(2) Falardeau, E. R.; DesMarteau, D. D. / . Am. Chem. Soc. 1976, 98, 

3529. 
(3) Tarrant, P.; Allison, C. G.; Barthold, K. P.; Stump, E. C, Jr. Fluorine 

Chem. Rev. 1971, 5, 77. 
(4) Sekiya, A.; DesMarteau, D. D. Inorg. Chem. 1979, 14, 289. 
(5) Zheng, Y.; DesMarteau, D. D., to be submitted for publication. 
(6) Some organic oxaziridines have been shown to undergo cycloadditions 

with some heterocumulenes: Komatsu, M.; Ohshiro, Y.; Hotta, H.; Sato, M.; 
Agawa, T. J. Org. Chem. 1974, 39, 948. Kormatsu, M.; Ohshiro, Y.; Yasuda, 
K.; Ichizima, S.; Agawa, T. Ibid. 1974, 39, 957. 

(7) PFAPO stands for pentafluoroazapropene oxide after HFPO for hex­
afluoropropene oxide. 

60 X , C F 2 . 
CF3 — N CF2 + CF 2 =CFCI ~ ^ T CF3 N 0(78%) (1) 

\ / FCIC-CF2 

O 

the structural assignments as shown. The 19F NMR shows that 
all ring fluorines are nonequivalent with 27FF for carbons 2 and 
5 equal to 93 and 111 Hz, respectively. The nonequivalence of 
the ring fluorines is clearly due to the chiral center at C-4, since 
the related compound 3-(trifluoromethyl)perfluoro-l,3-oxazolidine 
does not exhibit similar properties.8'9 The mass spectrum (EI, 
70 eV) exhibits intense M - F + ions at 246 (35Cl) and 248 (37Cl) 
and similarly in CI (70 eV, CH4) at MH+ 266 and 268. The 
compound is a colorless liquid (bp 65.3 0C) with high thermal 
stability. 

Reaction of PFAPO with acetone at 22 0C in glass yields 
5,5-difluoro-2,2-dimethyl-4-(trifluoromethyl)-1,3,4-dioxazoli-
dine1011 (eq 2). The stable colorless liquid exhibits intense parent 

22 -c -C F^ 
CF3 N CF2 + (CH 3 I 2C=O - j ^ - CF 3 -N 0 (75%) (2) 

\ / 0-C(CHj)2 

0 
ions in both EI and CI mass spectra at M+ 207 and MH+ 208, 
respectively. The 19F NMR is an A3B2 spin system [5A -68.8, 
m; 5B -68.2, m (internal CFCl3)] with JAB = 7.0 Hz. The 1H 
NMR is a singlet at 5 1.6 (external Me4Si). 

Reaction of PFAPO with (CH3)3SiCN in Teflon FEP at low 
temperature results in a high yield of OCF2 and l-(trifluoro-
methyl)-3-(trimethylsilyl)carbodimide12 (eq 3). It is reasonable 

0 

CF3N = C=NSi(CH3J3 (95%) + OCF2O) 

to propose that an intermediate cycloaddition occurs to form a 
A2-l,2,4-oxadiazolidine, which then undergoes loss of OCF2 and 
rearranges to form the observed product. The carbodiimide is 
characterized by IR (vNCN 2215, ws; 1485 cm"1, s), NMR (8 CF3 
-47.0, s; CH3 0.33, s), and mass spectra (M+ and MH+ at 182 
and 183, respectively, for EI and CI). 

Heating PFAPO with a small amount of SbF5 in glass results 
in an unusual self-cycloaddition (eq 4). The structure of this 

C F 3 - N CF2
 S b F ^ 5 ° ° C - dimer (70%) (4) 

\ / 
0 

dimer is not yet proven but all evidence supports a saturated 
six-membered dioxadiazine ring. The IR and Raman spectra are 
consistent with that expected for the saturated ring. The mass 
spectrum shows intense ions M+ and MH+ at 298 and 299, re­
spectively, in EI and CI and corresponding major fragments at 
M+/2 149 and (M/2 + H)+ 150. Vapor density molecular weight 
also confirms the dimer (found 298, calcd 298.06). The 19F NMR 
exhibits two CF3 multiplets (1:1) at S -66.5 and -69.0 and two 
sets of AB multiplets (1:1) at 8 -73.0 and -88.3 with /AB « 95 
Hz for both. The two AB patterns coalesce into two somewhat 
broad singlets at 100 0C, but it is not possible to equilibrate the 
two CF3 resonances or the two CF2 resonances with each other. 
The 13C NMR consists of two quartets and two triplets, all with 
very similar chemical shifts. These data provide strong proof for 

(8) Only one example of a perhalogenated oxazolidine has been reported: 
Banks, R. E.; Burling, E. D. J. Chem. Soc. 1965, 6077. 

(9) Lam, W. Y.; DesMarteau, D. D., to be submitted for publication. 
(10) We are not aware of any previously reported fluorinated analogues 

of this type, but a related perfluoro compound is known, 2,2,4,5,5-pentakis-
(trifluoromethyl)-l,3,4-dioxazolidine: Varwig, J.; Mews, R. Angew. Chem., 
Int. Ed. Engl. 1977, 16, 646. 

(11) A related reaction with HFPO has been reported: Sianesi, D.; Pasetti, 
A.; Tarli, F. French Patent 1 503 361; Chem. Abstr. 1969, 70, 4100a. 

(12) The only other reported analogue is CF3N=C=NCF3: Mitsch, R. 
A.; Ogden, P. M. J. Org. Chem. 1966, 31, 3833. 
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