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Abstract: In CH;CN and other coordinating solvents, the tungsten—carbene complexes (CO)sW=C(OCH,CH,CH=
CHOCH;)C4H,-p-CH; (1rans- and cis-5) are stereospecifically converted to the cyclopropanes 1-(4-methylphenyl)-2-oxa-
6-methoxybicyclo{3.1.0Jhexane (exo- and endo-8) in >95% yield. This cyclopropanation follows clean first-order kinetics
in CH;CN (k = (2.64 £ 0.08) X 10*s™" at 42 °C for trans-5). This reaction is proposed to proceed via concerted formation
of an 18-electron, 7-coordinate metallacyclobutane that then reductively eliminates cyclopropane. In C¢D, and other non-
coordinating solvents, decomposition of either trans- or cis-5 leads to the nonstereospecific formation of cyclopropanes exo-8
(8%) and endo-8 (14-31%) and to the generation of the olefin metathesis product 5-(4-methylphenyl)-2,3-dihydrofuran, 10
(35~44%). Kinetic studies of the decomposition of § in C;D, revealed an initial induction period followed by a rapid autocatalytic

decomposition. The chelated tungsten—carbene—alkene complexes (CO) ,W=C(OCH,CH,CH=CHOCH;)C¢H 4-p-CH; (irans-
and cis-6) were generated by photolysis of 5 in CD,Cl, at -78 °C and were characterized spectroscopically at low temperature.
Decomposition of trans-6 occurred with a half-life of 1.3 h at 5 °C and led to the formation of cyclopropane endo-8 (22%)
and dihydrofuran 10 (46%), while decomposition of cis-6 occurred with a half-life of 2.7 h at 22 °C and produced endo-8
(18%) and 10 (49%). In C4D, the decomposition of 5 is proposed to proceed via the tungsten—carbene-alkene complex 6
which is suggested to cyclize to a 16-electron, 6-coordinate metallacyclobutane that subsequently fragments either to cyclopropane
or to a new tungsten—carbene—alkene complex in which dihydrofuran 10 is coordinated to the heteroatom-stabilized carbene
unit W==CHOCH,. Thus, the partitioning of a metallacycle between cyclopropane formation and olefin metathesis is controlled
by both the coordination number of the metallacycle and the stability of the tungsten—carbene complex produced upon olefin

metathesis.

The mechanisms most commonly proposed both for the met-
al-catalyzed cyclopropanation of alkenes' and for the olefin me-
tathesis? reaction involve the interconversion of metal—carbene-
alkene complexes and metallacyclobutanes. Several W(0)-
carbene-alkene complexes have been shown to be cyclopropane
precursors.’>  W(VI) and Ti(IV) metallacyclobutanes have been
isolated and shown to be involved in olefin metathesis reactions.®’
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We are interested in the factors which control whether the
reactions of alkenes with metal carbene complexes lead to cy-
clopropane formation or to olefin metathesis. We have generated
several chelated tungsten(0)—carbene—alkene complexes and have
shown that they are intermediates in intramolecular cyclo-
propanation reactions. For example, (butenyloxy)carbene complex
1 decomposed thermally to cyclopropane 3> The tungsten-
carbene—alkene complex 2 was observed as an intermediate by
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'"H NMR. Kinetic investigations showed an initial induction
period, during which decomposition of 1 was slow, followed by
a rapid autocatalytic decomposition. The induction period was
proposed to involve slow dissociation of CO from 1 leading to
tungsten—carbene—alkene complex 2. Autocatalysis was explained
by decomposition of 2 to cyclopropane and an unsaturated
“(CO),W” fragment which then reacted sequentially with two
molecules of 1 to generate two molecules of tungsten—carbene—
alkene complex 2 for each molecule of 2 converted to cyclopropane.
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No olefin metathesis products were seen in the decomposition
of 1. Fragmentation of the metallacycle to a second metal-
carbene—alkene complex would have produced a W=CH, unit
which is expected to be unfavorable since the carbene carbon is
not stabilized by an electron-donating group.

A more stable tungsten—aminocarbene—alkene complex, 4, was
isolated and characterized by X-ray crystallography.* Upon
thermolysis, 4 decomposed by first-order kinetics to a cyclopropane.
No olefin metathesis product was observed, presumably because
of the instability of the required W=CH, coproduct.
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In an effort to favor decomposition of an intermediate me-
tallacyclobutane to olefin metathesis products, we designed the
precursor carbene complex trans-8 which possesses a trans vinyl
ether side chain. We reasoned that a metallacycle formed from
trans-5 would be more likely to fragment to an alkene and the
heteroatom-stabilized carbene fragment W=CH(OCH,). We
felt that methoxy substitution would be sufficient to favor an olefin
metathesis-like fragmentation because Fischer had reported that
enol ethers react with tungsten(0) carbene complexes to give both
cyclopropanes and olefin metathesis products.®  Thus, the
methoxy-substituted metallacyclobutane intermediate 7 in Scheme
I might fragment to dihydrofuran 10 and a W=CH(OCH,;)
complex or undergo reductive elimination of cyclopropane 8.

Here we report that complex trans-5 undergoes thermal de-
composition both to cyclopropane 8 and to the olefin metathesis
product dihydrofuran 10 and that the product distribution and
the reaction kinetics are highly dependent on the coordination
number of the intermediate metallacycle. In coordinating solvents,
the decomposition of trans-5 is suggested to proceed via a 7-co-
ordinate metallacycle that decomposes selectively to cyclopropane
8. In noncoordinating solvents, decomposition is proposed to
proceed via a 6-coordinate metallacycle that partitions between
an olefin metathesis-like fragmentation and cyclopropane for-
mation.

Results

Synthesis of (CO)sW=C(OCH,CH,CH=CHOCH,)CH,-p-
CH,;) (5). The vinyl ether side chain of § was constructed from
4-methoxy-3-buten- 1-ol which was obtained as an 85:15 mixture
of ;razns:cis isomers in four steps from THF as shown in Scheme
11!

In earlier syntheses of alkoxycarbene complexes such as 1 from
(CO)sW=C(OCH;)C¢H,-p-CH; and commercially available
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alcohols, we had relied on base-catalyzed alkoxide exchange re-
actions using a 20-30-fold excess of the alcohols to obtain the
carbene complexes in 50-75% yields.®> Due to the more valuable
nature of 4-methoxy-3-buten-1-0l, we instead employed Sem-
melhack’s procedure which uses a more reactive acetoxycarbene
complex, (CO)sM=C(OACc)Ar, in an exchange reaction with 1.3
equiv of an alcohol.!* Reaction of W(CO)¢ with p-tolyllithium
followed by workup with NEt,*Br™ led to the isolation of
NEt,*[(CO)sWCOCH,-p-CH;]™ (11) in 74% yield. Acetoxy-
carbene complex 12, generated by treatment of acyl tungsten anion
11 with acetyl chloride in CH,Cl, at =15 °C, was reacted directly
with 1.3 equiv of an 85:15 mixture of trans-.cis-4-methoxy-3-
buten-1-ol at 0 °C. Evaporation of solvent and recrystallization
from hexane at —78 °C led to the isolation of carbene complex
trans-5 as a red powder in 47% yield. '"H NMR analysis showed
that the material contained about 5% of the carbene complex cis-5,
which has a cis vinyl ether side chain.

cis-5 was isolated as a red oil by preparative thin-layer chro-
matography of the mother liquors from the recrystallization of
trans-5. The two isomers were barely separable by TLC, and
samples of cis-5 were obtained containing 7-20% trans-S.

Carbene complexes trans-5 and cis-5 were characterized by 'H
and '*C NMR and by IR spectroscopy. In the 'H NMR spectrum
of trans-5, the protons of the methylene group « to oxygen appear
at 6 4.63; this substantial downfield shift relative to the corre-
sponding alcohol (& 3.33) is characteristic of alkoxycarbene
complexes. The vinyl resonances of trans-5at § 6.27 (d, J = 12.6
Hz) and 4.50 (dt, J = 12.6, 7.4 Hz) are shifted only slightly from
those of the alcohol (6 6.29, 4.53) and retain similar coupling
constants. The infrared spectrum shows four carbonyl absorptions
at 2064 (m), 1985 (m), 1957 (vs), and 1946 (vs) cm™!, charac-
teristic of a (CO)sW fragment.

Both trans-§ and cis-S are air-stable when pure but are ther-
mally unstable. They could be handled for short periods of time
at room temperature but were stored at -20 °C.

Cyclopropane Formation from S in Coordinating Solvents.
Stereospecific formation of cyclopropane from vinyl ether carbene
complex 5 was observed in coordinating solvents such as CH;CN
and THF. The thermal decomposition of a 0.07 M red solution
of carbene complex trans-5 (trans/cis = 95:5) in CD;CN was
monitored at 42 °C. After 4.9 h, "TH NMR analysis of the re-
sulting light orange solution showed the complete disappearance
of 5 and the formation of cyclopropanes exo-8 and endo-8 in 83%
and 12% yields, respectively. In a similar experiment, a 0.07 M
solution of predominantly cis-5 (cis/trans = 93:7) in CD,CN gave
cyclopropanes endo-8 and exo-8 in 84% and 16% yields, respec-
tively.

Pure samples of cyclopropanes exo-8 and endo-8 were isolated
by preparative thin-layer chromatography followed by Kugelrohr
distillation. Their structures were assigned by correlation of their
"H NMR spectra in C4D; with that of the related cyclopropane
3.3 For exo-8, the resonance of the cyclopropyl proton « to the
methoxy group appears as a doublet at § 3.20 coupled to the other
cyclopropyl proton at § 1.85 with a small J,,,,, of 2.6 Hz. For

(13) (a) Semmelhack, M. F.; Bozell, J. J.; Salo, T.; Wulff, W.; Spiess, E.;
Zask, A. J. Am. Chem. Soc. 1982, 104, 5850-5852. (b) Semmelhack, M. F.;
Bozell, J. J. Tetrahedron Ler1. 1982, 23, 2931-1934.
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endo-8, the related resonance for the cyclopropyl proton « to the
methoxy group appears as a doublet at § 3.35 with a large J
of 7.5 Hz. In 3, the cyclopropyl protons show a J,,,, of 9 Hz and
a J, of 6 Hz. Since electronegative groups decrease coupling
constants to adjacent protons,'” the relative stereochemistry of
exo-8 and endo-8 is assigned with confidence.

The infrared spectrum of the thermolysis reaction mixtures
showed absorptions at 2068 (w), 1947 (vs), and 1931 (w) cm™!
due to (CO);W(CD,CN),'¢ at 1986 (vs) cm™' due to W(CO)q,
and an additional weak absorption at 2058 cm™. Absorptions
attributable to (CO),W(CD;CN), were not observed.

Kinetic studies of the conversion of carbene complexes trans-§
and cis-5 to cyclopropanes were performed by 'H NMR at 42
°C in CD4CN. Clean first-order kinetics were observed for the
disappearance of starting material. Both trans-5 and cis-5 de-
composed at essentially the same rate: for trans-§, kg = (2.64
% 0.08) X 107* s7L; for ¢is-5, kopq = (2.55 £ 0.16) X 1074571,
Added carbon monoxide (0.75 atm) did not inhibit the decom-
position of trans-5: kg = (2.95 £ 0.12) X 10 57! at 4] °C.
Dihydrofuran 10, a major product in noncoordinating solvents
(see below), was never detected (<5%) in the product mixture.
Tungsten-carbene-alkene complex 6, which can be generated
photochemically in noncoordinating solvents (see below), was not
observed at any time during the decomposition of 5§ in CD;CN.

Intramolecular Olefin Metathesis of 5 in Noncoordinating
Solvents. Dramatic changes in the kinetics and products of the
decomposition of 5 were observed in noncoordinating solvents. In
particular, the kinetic behavior of 5 in C¢Dg is characterized by
an induction period followed by a rapid autocatalytic decompo-
sition. Dihydrofuran 10, formed by an intramolecular olefin
metathesis reaction, is the major product. After 3 h at 22 °C,
a 0.07 M solution of trans-§ (trans:cis = 95:5) in C¢D¢ had almost
completely decomposed (6% of trans-5 remaining). The 'H NMR
spectrum of the reaction mixture showed the presence of cyclo-
propane exo-8 (8%) and cyclopropane endo-8 (12%). In contrast
to the observed stereospecific cyclopropanation in CD,CN, the
major cyclopropane formed in C¢Dg has the inverted stereo-
chemistry of endo-8. The major decomposition product observed
by '"H NMR was dihydrofuran 10 which was formed in 44% yield.
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Dihydrofuran 10 was identified in the product mixture by 'H
NMR and by GC-MS. The vinyl proton of 10 clearly appears
as a triplet at 6 5.15 (J = 2.8 Hz) in the 'H NMR spectrum. A
triplet at 6 4.16 (J = 9.4 Hz) for the methylene protons adjacent
to oxygen and a triplet of doublets at § 2.40 (/ = 9.4, 2.8 Hz)
for the allylic methylene of 10 are also present in the spectrum.
GC-MS of the reaction mixture showed two major peaks: the
faster moving peak had a molecular ion for dihydrofuran 10 (caled
for C,;H,,0 160.0888, found 160.0890): the slower moving peak
was due to cyclopropanes 8 (M™*, 204). Dihydrofuran 10 was
isolated from the reaction mixture by preparative gas chroma-
tography. Although the '"H NMR spectrum of this material was

(14) Fischer, E. O.; Selmayr, T.; Kreissl, F. R. Chem. Ber. 1977, 110,
2947-2955.
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New York, 1969.
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Chem. 1963, 2, 1023-1030.
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fully consistent with that of dihydrofuran 10, additional broad

resonances in the spectrum showed that some decomposition had
occurred during gas chromatography.

g P
o) ® 0%Na
0"™~"Pph,Br ———— !
110 °C
13

CHy I CH,

3 O

3

For comparison, an authentic sample of 10 was synthesized.
An intramolecular Wittig condensation!” of phosphonium salt 13
produced 10 as a waxy white solid (mp 28-34 °C) in 58% yield
after column chromatography. The 'H NMR and mass spectra
of this authentic sample were identical with those of the material
produced in the thermal decomposition of carbene complex trans-8.

The kinetics of the decomposition of trans-5 were much more
complex in C4Dg and CD,Cl, than in CD;CN and resembled the
kinetics previously discussed for the decomposition of carbene
Complcx 1, (CO)5W=C(OCH2CHzCH=CH2)C6H4-p-CH33
The rate of decomposition was slow during an initial induction
period: after 75 min at 22 °C in C¢Dg, 88% of trans-5 remained
in solution. However, after 135 min, the amount of :rans-5 had
dropped to 47% and after 195 min to 17%.

The product ratios observed during the induction period were
substantially different from those observed during the autocatalytic
period of the reaction. During the induction period (first 75 min),
the reaction was similar to decomposition in CD;CN: only cy-
clopropane exo-8 (5% yield) was observed; neither endo-8 nor
dihydrofuran 10 were observed at early times. Only during the
autocatalytic portion of the reaction (after 75 min) did di-
hydrofuran 10 (44%) appear as trans-5 rapidly disappeared. In
addition, cyclopropane endo-8 (12%) also appeared only during
the autocatalytic period and was formed at a faster rate than exo-8
(which increased from 5% to 8%). Isomerization of trans-5 to
cis-S prior to decomposition cannot account for the preferential
formation of endo-8 since buildup of the kinetically more stable
cis-5 (see below) was not observed.

Evidence for a tungsten—carbene—alkene complex as an inter-
mediate in the decomposition of trans-§ in C¢Dg was obtained by
'"H NMR spectroscopy. In addition to resonances for cyclo-
propanes 8 and dihydrofuran 10, many other signals appeared in
the spectrum during the course of the reaction. The complexity
of the reaction mixture made interpretation of these signals
difficult. However, as described below, carbene—alkene complex
trans-6 can be cleanly generated from trans-5 by photolysis at
low temperature. Comparison of the 'H NMR spectrum of this
material to the intermediate spectra obtained during the thermal
decomposition of trans-5 showed some resonances attributable
to alkene—carbene complex trans-6 rise and fall over the course
of the reaction. In particular, one aromatic doublet at 6 7.96 (d,
J = 8.3 Hz), built up to 8% after 135 min and gradually disap-
peared over the following 180 min. An olefinic doublet at § 5.69
(/ = 10.7 Hz) also appeared after the induction period and
disappeared by the end of the reaction.
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The decomposition of cis-5 in C4Dg also led to the formation
of a substantial amount of the intramolecular olefin metathesis
product, dihydrofuran 10. After 36 h at 22 °C, a sample of cis-§
(90:10 cis:trans) had completely decomposed to cyclopropanes
endo-8 (31%) and exo-8 (8%) and dihydrofuran 10 (35%). The
rate of disappearance of cis-5 is slower than that of trans-5. At
22 °C, 50% decomposition of trans-5 occurred in 2 h and complete
decomposition occurred in 4 h. In contrast, 50% decomposition
of cis-5 required 12 h and complete decomposition required 36
h. An intermediate, which we believe to be the tungsten-carb-

(17) (a) Hercouel, A.; Le Corre, M. Tetrahedron 1981, 37, 2855-2860.
(b) Hercouel, A.; Le Corre, M. Tetrahedron Let1. 1979, 5-6.



Reactions Of (C0)5W=C(OCHzCHzCH=CHOCH_;)C6H4“p'CH_;

ene—alkene complex cis-6, built up to a concentration of 20% after
18 h and then disappeared after 36 h. The 'H NMR spectrum
of the reaction mixture had an aromatic AB quartet at 6 8.11 and
7.22, an olefinic doublet at § 6.10 (J = 5.0 Hz), and a multiplet
at 6 4.65 (1 H). A downfield shift of the a-proton of vinyl ethers
upon complexation has also been seen in [Cp(CO),Fe-vinylether]*
complexes.!® In the present case, the resonance of the proton
of the vinyl ether shifts from § 5.62 downfield to § 6.10 upon
coordination. The tungsten—carbene—alkene complex cis-6 was
generated cleanly by photolysis of cis-5 at low temperature (see
below). Comparison of the 'H NMR spectrum of this material
to that of the intermediate in the thermal reaction confirms the
above assignment of cis-6.

Decomposition of trans-5 in Benzene with Added Trapping
Ligands. In principal, the dramatic difference in the kinetics and
products of the thermal decomposition of trans-5 in benzene
compared with acetonitrile could be attributable either to specific
coordinating ability of the solvents or to more general polarity
differences between the two solvents. To distinguish between these
possibilities, the decomposition of trans-5 was studied in benzene
containing low concentrations of added CH;CN and PPh; and
major changes were observed (Table I). In all cases, the dis-
appearance of trans-5 followed clean first-order kinetics and led
exclusively to formation of cyclopropanes exo-8 (85-90%) and
endo-8 (5%). The observed rate constant was independent of both
the nature and the concentration of the trapping ligand. Neither
dihydrofuran 10 nor carbene—alkene complex trans-6 were ob-
served at any time during the course of these reactions.

When the decomposition of trans-5§ in C¢Dg containing CH;CN
was followed by 'H NMR, the disappearance of resonances due
to carbene complex trans-S was accompanied by a decrease of
the CH;CN resonance at ¢ 0.67 and by the simultaneous increase
of resonances due to cyclopropane exo-8 and of a singlet at 6 0.24
assigned to (CO)sW(CH3CN). The IR spectrum of the product
mixture from the decomposition of ¢rans-5 (0.07 M) and CH,CN
(0.31 M) in benzene showed absorptions at 2085 (w), 1947 (s),
and 1929 (m) cm™ due to (CO)sW(CH,CN),'6 at 1985 (vs) cm™!
due to W(CO),, and at 2075 (w) cm™! (unassigned).

The disappearance of trans-5 and the appearance of cyclo-
propane exo-8 in the presence of PPh, were accompanied by the
disappearance of the free PPh; (6 7.01 and 7.40) and by the
simultaneous appearance of (CO)sW(PPh;) (8 7.05 and 7.45).
An IR spectrum of the product mixtures from the phosphine
reactions showed only the presence of (CO)sW(PPh;)!* [IR
(CHCl,) 2070 (m), 1985 (w), 1940 (vs) cm™!]. In a separate
experiment, a solution of ¢trans-5 (0.08 M) and PPh, (0.08 M)
in C¢D4 was heated at 45 °C for 6 h in a sealed tube and
(CO)sW(PPh;) was isolated in 79% yield as a yellow solid by
preparative TLC. It should be emphasized that (CO),W (PPh,),
was not formed in detectable amounts in the above reactions since
the IR unambiguously rules out its presence in the product
mixtures. (CO),W (PPh;), is the product expected from decom-
position of a tetracarbonyl carbene-alkene complex such as
trans-6. Previously we had observed (CO),W (PPh;), as a major
product in the thermal decomposition of aminocarbene-alkene
complex 4 in the presence of PPh,.*

s cry
(01, e S + (COIWiPPh,)
w —2 . PP
4 88°C rIJ \CHJ 0 32
4 H,C CHy
CH,

Solvent Dependence of the Rate of Cyclopropanation. Since
a plausible mechanism for the conversion of carbene complex
trans-5 to cyclopropane exo-8 involves an initial nucleophilic
addition of the vinyl ether to the carbene carbon via a zwitterionic

. (éS) (;uller, A.; Raghu, S.; Rosenblum, M. J. Organomet. Chem. 1974,
. 81-391,

(19) Magee, T. A.; Matthews, C. N.; Wang, T. S.; Woliz, J. H. J. Am.
Chem. Soc. 1961, 83, 3200-3203,
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Table I. First-Order Rate Consiants for Decomposition of i1rans-5°
at 42 °C in C¢D¢ with Added Ligands

[trans-5]p, M L Lo, M 10%K gpeq,? 571
0.06 CH,CN 0.09 1.03 % 0.03
0.07 CH,CN 0.31 1.24 + 0.08
0.07 PPh, 0.08 0.89 + 0.03
0.06 PPh, 0.16 0.85 % 0.04

¢ Trans:cis = 95:5. *Calculaled for firsi five dala points (firsl half-
life) only.

Table II. Firs1-Order Rate Constanis for 1the Decomposition of
trans-5 and 1 in Coordinating Solvents at 42 °C

104k0b§d? s71
solv trans-5%* 1% Kepans-siky
C¢D¢/PPh; 089 £ 0.03  0.26  0.02 3.411
THF-dg 1.52 £ 0.08 0.78 + 0.21 1.9:1
CD;CN 2.64 + 0.08 1.71 £ 0.11 1.5:1

¢ Trans:cis = 95:5. ®Calculated for first five data points or firsl
half-life only; initial concentration 0.07 M.

transition state such as 14 or metallacycle formation via a polar
transition state such as 15,2 we decided to investigate the rate
of cyclopropanation as a function of solvent polarity. If the
reaction involves a polar transition state, the rate would be expected
to be faster in polar solvents. In addition, the carbene complex
trans-5 with a vinyl ether side chain would be expected to be much
more reactive toward cyclopropanation than the carbene complex
1 with a simple alkene side chain. However, only minor solvent
rate effects were observed and trans-5 and 1 displayed similar
reactivity; polar transition states similar to 13 are apparently not
involved in cyclopropane formation.
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The first-order rate constant for conversion of trans-5 to cy-
clopropanes 8 increased by only a factor of 2.9 in changing from
benzene (with low concentrations of PPh; or CH;CN) to THF-dy
to acetonitrile (Table II). In the weakly coordinating solvent
THEF, trans-S (95:5 trans/cis) was converted mainly to cyclo-
propanes exo-8 (85%) and endo-8 (13%), although traces of di-
hydrofuran 10 were also detected by 'H NMR.

Carbene complex 1 was prepared by treating acyl anion 10 with
acetyl chloride and then with 3-buten-1-0l. The thermal decom-
position of 1 to cyclopropane 3 was followed by '"H NMR at 42
°C. First-order kinetics were observed in the coordinating solvents
CD;CN and THF-d; and in C¢Dg with 1 equiv of added PPh,
(Table IT). Cyclopropane 3 was produced in nearly quantitative
yield in all cases. As is seen for trans-5§, the rate of decomposition
of 1 showed only a small acceleration (6.6) upon changing from
benzene to acetonitrile. More importantly, the vinyl ether carbene
complex trans-S reacted only 1.9-3.4 times faster than carbene
complex 1 with a simple alkene side chain.

Photochemical Generation of Carbene—Alkene Complexes
trans-6 and cis-6. In an elegant study of the photochemistry of
(CO)sW=C(OCH,)C¢H; (16), Geoffrey reported the low-tem-
perature generation of the tetracarbonyltungsten—carbene-alkyne
complex cis-(CO),(PhC=CPh)W=C(OCH;)C,H; (17).2! Ir-
radiation into the ligand field transition of 16 led to CO disso-
ciation as the primary photochemical process. The tetracarbonyl
intermediate was then trapped by diphenylacetylene in solution
to give adduct 17 that was stable below -20 °C.

(20) (a) Brookhari, M.; Kegley, S. E.; Husk, R. G. Organometallics 1984,
3,650-652. (b) Casey, C. P.; Polichnowski, S. W.; Shusierman, A. J.; Jones,
C. R. J. Am. Chem. Soc. 1979, 101, 7282-7292.

(21) Foley, H. C.; Strubinger, L. M.; Targos, T. S.; Geoffroy, G. L. J. Am.
Chem. Soc. 1983, 105, 3064-3073.
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In an effort to cleanly generate tetracarbonyltungsten—carb-
ene-alkene complexes frans-6 and cis-6, we photolyzed carbene
complexes trans-5 and cis-5 in noncoordinating solvents (CD,Cl,
and toluene-dg) at —78 °C. Photolyses were performed in a
Rayonet photochemical reactor equipped with bulbs with maxi-
mum emission at 350 nm (¢trans-5 has ¢ = 5592 M1 cm! at 350
nm). Low-temperature 'H NMR spectroscopy (-25 °C) showed
that a new species, the chelated carbene~alkene complex trans-6,
had been formed cleanly. After photolysis for 26 h, the ratio of
trans-6:trans-5 in solution was 95:5.

OCH,4
4 HiC /)
0 h OF o
(CONW Dv3S0am_ e, w
-78°C
trons»i trans-6
CH: ~ CH:

The structure of the chelated metal—carbene-alkene complex
6 was established by 'H and 13C NMR and IR spectroscopy. In
CD,Cl,, the vinyl protons of trans-6 appear at § 6.47 (d, J = 10.7
Hz, CH=CHOCH,;) and 4.88 (multiplet), shifted only slightly
from the corresponding signals of trans-5 (6 6.51 and 4.90). The
change in the coupling constant from 12.6 to 10.7 Hz indicates
a change in hybridization upon coordination. In toluene-dy, an
upfield shift from 6 6.30 (d, J = 12.6 Hz) to 5.56 (d, J = 10.5
Hz) for the terminal vinyl proton occurs upon coordination. The
resonance for the internal vinyl hydrogen shows essentially no
change upon coordination, appearing at 8 4.41 in trans-6 and 6
4.24 in trans-5. All four protons of the -CH,CH,~ unit have
widely separated chemical shifts, indicative of chelate formation.

The 13C NMR spectrum of trans-6 in CD,Cl, at —40 °C
(trans-6:trans-5 = 4:1) showed four resonances for the inequivalent
CO’s at § 210.9, 210.6, 207.9, and 203.5. Two resonances for
trans-6 appear at 6 61.0 and 60.2 and were assigned as a CH group
(CH=CHOCH;) and a CH; group (OCHy,), respectively, by two
INEPT experiments. A 'H-1*C correlation experiment?? was
required to establish that the 13C resonance at § 128.2 was due
to the overlapping resonances of the terminal vinyl carbon
(CH=CHOCH,;, coupled to the vinyl proton at & 6.47 in the 'H
NMR) and of an aromatic CH (coupled to an aryl resonance at
8 7.21 in the 'TH NMR). Upon coordination of tungsten, both
carbon resonances of the alkene thus show substantial upfield
shifts: from § 148.1 and 95.7 in trans-5 to 6 128.2 and 61.0 in
trans-6.

The IR spectrum of trans-6 obtained at -78 °C showed four
carbonyl bands of approximately equal intensity at 2015, 1929,
1909, and 1884 cm™ in CH,Cl, and three bands at 2026 (m), 1945
(m), and 1918 (vs) cm™! in hexane, consistent with the presence
of a 6-coordinate cis-M(CO), fragment with C; symmetry.

f//—OCH3

HJC\O/:dFW
I Q PEl, 0
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-78—»=
€ty P
trans-6
— v CH, 8 tH,

Tungsten—carbene-alkene complex trans-6 was further char-
acterized by its reaction with PEt;. Addition of PEt; to a solution
of trans-6 at —78 °C followed by warming to room temperature
led to the formation of phosphine adduct 18 which was isolated
by chromatography as a red oil in 71% yield. The cis arrangement
of PEt; and the carbene ligand in 18 was established by IR
spectroscopy; 18 has four CO bands at 2016 (m), 1928 (s), 1921
(s), and 1894 (s) cm™ consistent with local C,, symmetry. This
spectrum is similar to that previously reported for cis-(CO),-

(22) Bax, A. J. Magn. Reson. 1983, 53, 517-520.
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(PEt;) W=C(OCH,CH,CH=CH,)C¢H,-p-CH,, the product of
carbene-alkene complex 2 and PEt;. In the 1*C NMR, 18 has
three carbonyl resonances at 6 212.8, 207.2 (d, Jpc = 17.7 Hz),
and 203.7 in a 1:1:2 ratio.

CH40
4 HyCO
(COIW hv—:’sgoino (coj, W
~78°C 4
c_ls;éQ ci_;éQ
CH,y CH,

Tungsten—carbene—alkene complex cis-6 was cleanly generated
by photolysis of cis-5 (cisitrans = 90:10) in CD,Cl, for 21 h at
-78 °C. The mixture of ¢is-5 and trans-5 was converted to a 80:10
mixture of cis-6:trans-6 in addition to 10% remaining starting
material. In the 'H NMR of tungsten—carbene-alkene complex
¢is-6 at —35 °C, coordination shifts the resonance of the vinyl
proton « to the methoxy group downfield to 6 6.92 (d, J = 5.2
Hz) in cis-6 from 6 6.09 (d, J = 5.9 Hz) in the uncomplexed
starting material ¢is-5. In contrast, coordination shifts the vinyl
proton 3 to the methoxy group upfield to 6 2.90 cis-6 from & 5.28
in cis-5. In [Cp(CO),Fe-vinyl ether]* complexes similar downfield
shifts of the a-protons and upfield shifts of the 8-protons of the
vinyl ethers have been reported.!® Like carbene—alkene complex
trans-6, cis-6 has four carbonyl resonances in the '*C NMR
spectrum at 6 214.0, 209.7, 201.0, and 199.6. The IR spectrum
of cis-6 in hexane is similar to that of trans-6: 2024 (m), 1931
(m), 1916 (vs) cm™.

Thermal Decomposition of Tungsten—Carbene—Alkene Com-
plexes. Solutions of trans-6 and cis-6 in CD,Cl, were indefinitely
stable at =78 °C and showed no signs of decomposition at —25
°C during spectroscopic characterization. Upon warming, both
isomers of the carbene—alkene complex decomposed to similar
mixtures of dihydrofuran 10 and cyclopropanes 8. At 5 °C,
trans-6 decomposed to dihydrofuran 10 (46%), cyclopropane
endo-8 (22%), and a trace of cyclopropane exo-8 (3%). Clean
first-order kinetics were observed when the reaction was monitored
by lTHNMR: k= (1.52£0.10) X 1057}, ¢, = 1.3hat 5°C.
cis-6 is more thermally stable than the trans isomer and decom-
posed at 22 °C to dihydrofuran 10 (49%), cyclopropane endo-8
(18%), and cyclopropane exo-8 (4%). Again, clean first-order
kinetics were observed when the reaction was monitored by 'H
NMR: k = (7.10 £ 0.23) X 10° s, 7,,, = 2.7 h at 22 °C.

The decomposition of trams-6 in the coordinating solvent
THF-dy was monitored by 'H NMR at 5 °C. A solution of
trans-6 was prepared by photolysis of trans-5 (10 mg) in CH,Cl,.
Evaporation of CH,Cl, at —15 °C under high vacuum and con-
densation of THF-dg produced a THF-dy solution of a 75:25
mixture of trans-6:trans-5. After 6.7 hat 5 °C, '"H NMR analysis
showed trans-6 had completely disappeared and cyclopropanes
exo-8 (5%) and endo-8 (39%) and dihydrofuran 10 (15%) had
been formed.

Discussion

The mechanism of the decomposition of tungsten carbene
complexes trans-5 and cis-5 is clearly very different in coordinating
solvents such as CD,CN than it is in noncoordinating solvents
such as C4Dg. In CD;CN, clean first-order decomposition oc-
curred and cyclopropane 8 was formed in nearly quantitative yield
and with high stereospecificity. In contrast, in C4Dg, a kinetically
complex autocatalytic decomposition led both to the formation
of olefin metathesis products and to the nonstereospecific gen-
eration of cyclopropanes.

The mechanism shown in Scheme IV for the conversion of
trans-5 to cyclopropane exo-8 in CD;CN is consistent with the
observed first-order rate law, stereospecificity of cyclopropane
formation, lack of CO inhibition, and formation of (CO)sW(C-
H,CN). In the rate-determining step, concerted cycloaddition
of the alkene to the metal-carbon double bond of trans-5 leads
to formation of metallacycle trans-19 with retention of stereo-
chemistry. Reductive elimination with retention of stereochemistry
produces cyclopropane exo-8 and (CO)sW. The (CO)sW is then
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rapidly trapped by solvent or added ligands to give the observed
(CO);W-L. In principle, olefin metathesis from the 18-electron
7-coordinate metallacycle trans-19 could occur by the microscopic
reverse of metallacycle formation, but this is apparently a higher
energy process than reductive elimination to give cyclopropane.
Similarly, breakdown of the metallacycle to a 20-electron met-
al-carbene—alkene complex is also a high-energy process.

Mechanisms for metallacycle formation involving buildup of
substantial positive charge at the terminal carbon of the alkene
in the transition state as in 15 or a zwitterionic intermediate such
as 14 were also considered, but we concluded that such processes
were not important in the dominant reaction-stereospecific for-
mation of cyclopropane. Decomposition of trans-5 was only 2.9
times faster in CD;CN than in C4D, containing PPh,, indicating
that the transition state leading to metallacycle trans-19 is not
much more polar than the starting material. Moreover, if positive
charge buildup at the terminal carbon of the alkene were im-
portant, then a substantial rate acceleration would have been
expected for trans-5, which has a vinyl ether side chain, compared
to 1, which has a terminal alkene side chain. Since cyclopropane
formation is only 2.6 times faster from trans-5 than from 1 in
CH;CN, little positive charge buildup is occurring in the transition
state for cyclopropane formation.

The above results can be contrasted with the reactions of enol
ethers with the electron-deficient alkene tetracyanoethylene
(TCNE) which give cyclobutanes via zwitterionic intermediates
such as 20.% Simple alkenes are inert toward TCNE, but enol

H CN \_ H CN
O I B & o)
CN CN CN )._1 CN
H;C CN HyC CN

20

e

ethers react rapidly at room temperature to give cyclobutanes.
Huge solvent effects were observed: for example, k(CH;CN)/
k(cyclohexane) = 10800 for the reaction of butyl vinyl ether with
TCNE.2¥ In polar solvents such as CH;CN and ethyl acetate,
some loss of alkene stereochemistry in the reaction of TCNE with
cis-1-ethoxy-1-butene was observed as the lifetime of the zwit-
terionic intermediate increased and bond rotation competed more
effectively with ring closure.??*<

The 8% loss of stereochemistry seen in the conversion of trans-§
to cyclopropane in CH;CN is difficult to explain. No isomeri-
zation of starting material was seen during decomposition, and
no variation in the ratio of cyclopropanes exo-8:endo-8 was de-
tectable over the course of the decomposition. The cyclopropanes
did not interconvert when the CD;CN reaction mixture was heated
at 43 °C for an additional 18 h after complete decomposition of
carbene complex trans-5. Although the above results indicate a
concerted, nonpolar mechanism for metallacycle formation as the
major reaction pathway, some competition from a polar mecha-
nism in CD;CN could account for the loss of stereochemistry.
Isomerization via rotation of the ring-opened dipolar intermediate
14 could account for the small amount of isomerization. Inter-
mediate 14 might be accessed directly from starting material or
via reversible ring opening of the metallacycle in the more polar
solvent CD3;CN.

(23) (a) Huisgen, R. Acc. Chem. Res. 1977, 10, 117124, (b) Huisgen,
R.; Sieiner, G. J. J. Am. Chem. Soc. 1973, 95, 5054-5055. (c) Huisgen, R.;
Sieiner, G. Ibid. 1973, 95. 5055-5056. (d) Steiner, G.; Huisgen, R. Ibid. 1973,
95, 5056~5058.
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A tetracarbonyl-chelated carbene—alkene complex cannot be
involved in the decomposition of trans-5 and cis-5 in coordinating
solvents. Loss of carbon monoxide from § is expected to be much
slower at 42 °C than the observed rate of cyclopropanation. The
half-life for CO dissociation from the related complex (CO)s-
W=C(OCH,)C¢H; (16) is 7 h at 77 °C.2* Moreover, decom-
position of the chelated tungsten—carbene—alkene complex trans-6
in THF led to nonstereospecific formation of cyclopropanes exo-8
(5%) and endo-8 (39%) and to the formation of olefin metathesis
product dihydrofuran 10 (15%).

In noncoordinating solvents such as C4Dg, the decomposition
of trans-5 and cis-8 proceeds by a different mechanism that leads
to olefin metathesis products as well as cyclopropanes. The kinetics
of the decomposition are characterized by an induction period
followed by rapid autocatalytic decomposition. The role of a
coordinatively unsaturated intermediate in the autocatalytic de-
composition is demonstrated by the dramatic change in products
and kinetics when the reaction is carried out in the presence of
ligands such as PPh; and CH;CN. Dihydrofuran 10, the product
of intramolecular olefin metathesis, was the major decomposition
product of both trans-S (41%) and cis-5 (35%) in C¢Dg. Cy-
clopropane endo-8 was formed preferentially from both enol ether
isomers of the carbene complex. trans-5 (95:5 trans:cis) gave 12%
endo-8 and 8% exo-8, while cis-5 (90:10 cis:trans) gave 31% endo-8
and 8% exo-8.

To explain these results, we propose the mechanism shown in
Scheme V. During the induction period, trans-5 slowly decom-
poses to cyclopropane exo-8 and W(CO); in a reaction analogous
to stereospecific cyclopropanation in CH;CN. However, in the
absence of trapping ligands, the unsaturated (CO)sW fragment
is proposed to abstract CO from the starting material to give
metal-carbene-alkene complex trans-6. Cyclization of trans-6
produces the 16-electron 6-coordinate metallacycle 7 which can
either decompose to cyclopropane and W(CO), or ring open to
form the new metal-carbene—alkene complex 9 from which the

(24) Casey, C. P,; Cesa, M. Organomelallics 1982, |, 87-94.
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dihydrofuran 10 can be released, Two critical features of this
system allow olefin metathesis to occur. The first is that di-
hydrofuran 10 is stabilized by complexation to tungsten. The
second is that cleavage of the metallacycle 7 converts the meth-
oxy-substituted terminal carbon of the vinyl ether into a hetero-
atom-stabilized carbene unit, W=CHOMe. As discussed pre-
viously, the related complex (CO);W=C(OCH,CH,CH=
CH,)C¢H,-p-CH; (1), which lacks an electron-donating group
at the terminal position of the alkene, did not undergo olefin
metathesis in noncoordinating solvents since this would have re-
quired cogeneration of an unstabilized W=CH, unit.}
Decomposition of tungsten—carbene—alkene complex 6 produces
the coordinatively unsaturated species W(CO), in conjunction with
cyclopropane formation and (CO),W=CHOMe in conjunction
with olefin metathesis. These unsaturated species are proposed
to abstract CO from starting material § to generate additional
amounts of metal-carbene~alkene complex 6. The CO abstraction
reaction, an important step in the chain decomposition, is envi-
sioned to proceed via bridged CO complexes such as 21,

J_//—OCHJ
L Ao
[CO} ,W—WICO},

0
21
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The intermediacy of the chelated tungsten—carbene—alkene
complexes trans-6 and cis-6 in the autocatalytic portion of the
decomposition of trans-8§ and cis-§ was established by independent
generation of these complexes. trans-6 and cis-6 were cleanly
generated by photolysis of trans-8 and cis-5 at =78 °C. Upon
warming to +5 °C, trans-6 gave endo-8 (22%) and dihydrofuran
10 (46%) in yields similar to those observed in the thermal reaction
of trans-5. The more stable cis-6 gave endo-8 (18%) and 10 (49%)
upon warming to 22 °C,

A mechanism for the decomposition of trans-6 and cis-6 has
to explain the preferential formation of endo-8 from both isomers.
Isomerization of trans-6 to cis-6 did not occur since buildup of
the kinetically more stable cis-6 was never observed during the
decomposition of trans-6. Cyclopropanes exo-8 and endo-8 are
configurationally stable under the reaction conditions. A possible
explanation for formation of isomerized cyclopropanes involves
interconversion of the metallacycles trans-7 and cis-7 via carb-
ene-alkene complex 9 as shown in Scheme V. If this metathesis
reaction is reversible, rotation about the tungsten—carbene carbon
bond in 9 followed by reclosure to metallacycle would accomplish
cis-trans isomerization of the metallacycles. Reductive elimination
of cyclopropane endo-8 from cis-7 must then be preferred over
elimination of exo-8 from trans-7. Reversion of the metallacycles
to the original carbene-alkene complexes must be slower than the
decomposition reactions since isomerization of trans-6 and cis-6
was never observed.

The results obtained here indicate that the competition between
olefin metathesis and cyclopropane formation in the reactions of
Fischer carbene complexes with alkenes is controlled both by the
coordination number of the intermediate metallacycle and by the
ability of substituents on the alkene to stabilize the new carbene
complex generated in an olefin metathesis reaction. Reactions
proceeding through 18-electron 7-coordinate metallacyclobutanes
yield only cyclopropanes regardless of alkene substituents. In this
case, formation of a cyclopropane and a monounsaturated metal
species such as W(CO)s is greatly favored over formation of a
new carbene complex and an uncoordinated alkene. In contrast,
reactions proceeding through 16-electron 6-coordinate metalla-
cyclobutanes can lead either to cyclopropanes and doubly un-
saturated species such as W(CO), or to olefin metathesis products
depending on the nature of the alkene substituents. The 16-
electron metallacycle can be converted to an 18-electron metal—-
carbene-alkene complex in which alkene formation is facilitated
by coordination to the metal. However, metal complexation of
the alkene is insufficient by itself to favor olefin metathesis. In
our work, the observation of olefin metathesis has also required
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stabilization of the metal carbene fragment by an electron-donating
methoxy group derived from a vinyl ether.

Early work by Fischer on the reactions of methoxy carbene
complex 16 with ethyl vinyl ether® can also be explained in this
manner. Fischer showed that cyclopropanation and olefin me-
tathesis could be controlled by external CO pressure: with no
added CO, metathesis dominated; under 100 atm of CO, cyclo-
propanation dominated.

(COlw o, ﬁoﬁ

1 50 °C CH, 0

100 atm €O ©§A\"OCH2CH3

General Data, All reactions were carried out in flame-dried glassware
under an atmosphere of dry nitrogen. Tetrahydrofuran, diethyl ether,
and C¢D¢ were distilled from purple solutions prepared from sodium and
benzophenone. Toluene was distilled from sodium, benzophenone, and
tetraglyme. CD,Cl, was distilled from P,05. CH;CN and CD;CN were
distilled from P,O5 and stored over CaH,, from which they were distilled
immediately prior to use.

'H NMR spectra were obtained on a Bruker WP-270 spectrometer.
When quantitative results were required, a 30-s pulse delay was used
between scans to minimize the effects of different relaxation times. '*C
NMR spectra were obtained on a JEOL FX-200 spectrometer, a Bruker
AM-360 spectrometer, or a Bruker AM-500 spectrometer. Infrared
spectra were recorded on a Beckman 1R-4230 spectrophotometer. Low-
temperature infrared spectra were obtained by using a Beckman-R1CC
VLT-2 variable-temperature cell. Mass spectra were obtained on a
Kratos MS-25 or a MS-80 spectrometer. GC-MS was performed on a
Carlo-Erba gas chromatograph equipped with a 30 m X 0.32 mm ca-
pillary column coated with 5% phenylmethyl silicone interfaced to a
Kratos MS-25 mass spectrometer.

Low-temperature photolyses were carried oul in a Rayonet Sriniva-
san-Griffin photochemical reactor equipped with Sylvania F8T5/BLB
bulbs (maximum emission at 350 nm). Samples were placed in an un-
silvered Dewar flask (Pyrex glass) containing a CO,~acetone bath (78
°C), and the flask was placed inside the Rayonet reactor.

N(CH,CH,),(CO)sWCOCsH,-p-CH;]" (11). n-BuLi (1.66 M, 12
mL, 20 mmol) was added to a stirred solution of p-bromotoluene (3.42
g, 20 mmol) in 50 mL of Et,O at 0 °C. The solution was warmed to
room temperature and transferred via cannula to a stirred suspension of
W(CO)s (7.05 g, 20 mmol) in 200 mL of Et,O at 0 °C. The resulting
red-orange solution was stirred 1 h at room temperature. Addition of
NEt,*Br~ (8.4 g, 40 mmol) in 100 mL of degassed water led to the
precipitation of 11 (8.48 g, 74%) as an orange solid which was dried
under vacuum: mp 97-98 °C; 'H NMR (acetone-dg) 6 7.46 (d, J = 7.8
Hz, 2 H, C¢H,), 7.09 (d, J = 7.8 Hz, 2 H, CH,), 3.45 (q, / = 7.3 Hz,
NCH,), 2.27 (s, ArCH3), 1.35 (tt, J = 7.3, oy = 1.9 Hz, NCH,CH;y);
13C NMR (50.1 MHz, CD;CN, 0.07 M Cr(acac);) § 278.1 (W==C),
209.1 (trans CO), 204.8 (cis CO), 156.1, 138.8 (ipso, para), 128.9, 126.6
(ortho, meta), 53.3 (NCH,), 21.2 (ArCHj;), 7.8 (NCH,CH3); IR (C-
H,Cl,) 2040 (m), 1940 (m), 1890 (vs), 1870 (sh) cm™. Anal. Calcd for
C, HpsNOgW: C, 44.00; H, 4.75; N, 2.44. Found: C, 43.96; H, 4.92;
N, 2.31.

(CO)sW==C(OCH,CH,CH==CHOCH;)C¢H,-p-CH; (5). Acetyl
chloride (0.21 mL, 3.0 mmol) in 10 mL of CH,Cl, was added to a stirred
solution of 11 (1.51 g, 2.6 mmol) in 100 mL of CH,Cl, a1 ~-15°C. After
45 min, 4-methoxy-3-buten-1-01>"2 (0.30 mL, 2.9 mmol, 85:15 1rans:cis)
in 10 mL of CH,Cl, was added. Afier 6 h at 0 °C, the CH,Cl, was
evaporated under vacuum and the residue was washed repealedly with
several milliliters of cold hexane until the exiracls were no longer red
(total volume 50 mL). The hexane extracis were conceniraled 10 10-15
mL and cooled to ~78 °C 10 precipilate 8. Cold filiration (-78 °C) gave
5(0.65 g, 47%) as a red solid which was dried under high vacuum and
stored at -20 °C. This material was a 95:5 mixture of trans and cis vinyl
ether isomers as shown by 'H NMR.

A sample enriched in the cis vinyl ether isomer was isolated from the
mother liquors oblained from a 7-mmol scale reaction. Preparative TLC
(95:5:4 hexane/ether/NEt;) gave the more rapidly moving cis-5 as a red
oil (R,0.68, 55 mg, 10% based on the cis isomer of 4-merhoxy-3-buten-
1-ol, 1.5% of mixture). This maierial was a 90:10 mixiure of cis and
1rans vinyl ether isomers as shown by 'H NMR.

Experimental Section
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For trans-8; '"H NMR (C¢Dg) 6 7.61 (d, J = 8.2 Hz, 2 H, C¢H,), 6.81
(d, J = 8.1 Hz, 2 H, C¢H,), 6.27 (d, J = 12.6 Hz, CH=CHOCH};), 4.63
(t,J = 6.4 Hz, OCH,), 4.50 (dt, J = 12.6, 7.4 Hz, CH=CHOCH,), 3.08
(s, OCHjy), 2.11 (dt, J = 7.4, 6.4 Hz, OCH,CH,), 1.90 (s, ArCH;);
BC{'H} NMR (50.1 MHz, CD,Cl,, 0.07 M Cr(acac);, ~45 °C) 6 313.8
(W==C), 203.4 (trans CO), 196.9 (cis CO), 149.8, 143.5 (ipso, para),
148.1 (CH=CHOCH;), 128.0 (ortho, meta), 95.7 (CH=CHOCH;),
83.2 (OCH,), 27.2 (OCH,CH,), 20.9 (ArCH3), not observed OCHj3. In
CD;CN at -8 °C, the OCHj resonance is observed at 8 56.1. A BC{'H}
INEPT experiment confirmed the assignments of the resonances at &
148.1, 128.0, and 95.7 as methine carbons. IR (hexane): 2064 (m), 1985
(m), 1957 (vs), 1946 (vs) cm™. UV-vis: Ay, 410 nm (¢ 11000 M~!
cm™), 355 (¢ 6100). HRMS: calcd for C,gH,s0,'%*W 528.037, found
528.041.

For cis-5: 'H NMR (C¢Dy) 7.65 (d, J = 8.0 Hz, 2 H, C¢H,), 6.81
(d,J =8.0,2 H, CiHy), 5.62 (dd, J = 6.2, 1.0 Hz, CH=CHOCH3), 4.76
(t, J = 6.6 Hz, OCH,), 4.25 (q, J = 6.7 Hz, CH==CHOCH;), 3.05 (s,
OCHy), 2.56 (qd, J = 6.7, 1.0 Hz, OCH,CH,), 1.90 (s, ArCH;); *C{'H}
NMR (50.1 MHz, CD;CN, 0.07 M Cr(acac);) 6 317.2 (W==C), 204.7
(trans CO), 198.2 (Jucssy = 127.3 Hz, cis CO), 152.7, 144.5 (ipso,
para), 149.5 (CH=CHOMe), 129.5, 128.8 (ortho, meta), 100.7 (CH=
CHOMe), 84.6 (OCH,), 60.0 (OCHj;), 24.7 (OCH,CH,), 21.4 (ArC-
H,); IR (hexane) 2066 (m), 1985 (w), 1952 (vs), 1946 (vs) cm’l,

1-(4-Methylphenyl) 2-oxa-6-exo -methoxybicyclo{3.1.0]hexane (exo-8).
A solution of 5 (80 mg, 0.15 mmol, 95:5 trans:cis) in 10 mL of CH,CN
decomposed at ambient temperature within 24 h. CH3;CN was evapo-
rated under vacuum, the residue was subjected to TLC (9:1 hexane/
ether), and the band at R, 0.36 was eluted with ether to give exo- and
endo-8 (>95:5). Distillation on a Kugelrohr apparatus gave exo-8 (12
mg, 37%) as a clear oil: bp 80 °C (7 mm); '"H NMR (C4Ds) 6 7.66 (d,
J =7.4Hz, 2H, CHy), 7.09 (d, J = 7.4 Hz, 2 H, CH,), 3.76 (td, J
= 8.3, 5.9 Hz, OCHH), 3.44 (td, J = 8.2, 6.3 Hz, OCHH), 3.20 (d, J
= 2.6 Hz, CHOMe), 2.89 (s, ArCH3), 1.85 (ddd, J = 6.7, 2.6, 1.4 Hz,
bridgehead H), 1.73 (ddt, J = 12.0, 8.1, 6.3 Hz, OCH,CHH), 1.53
(dddd, J = 12.0 7.5, 5.8, 1.4 Hz, OCH,CHH); '"H NMR (CD;CN) &
7.28 (d, J = 8.2 Hz, 2 H, C¢Hy), 7.13 (d, J = 8.3 Hz, 2 H, C¢H,), 3.98
(td, J = 8.5, 5.5 Hz, OCHH), 3.70 (q, / = 7.4 Hz, OCHH), 3.35 (d, J
= 2.6 Hz, CHOMe), 3.05 (s, OCH,), 2.31 (s, ArCH;), 2.19-2.32 (m,
OCH,CHH), 1.97-2.06 (m, OCH,CHH and bridgehead H); *C{'H}
NMR (50.1 MHz, CD,CN) 6 137.1, 135.2 (ipso, para), 73.9 (bridgehead
quaternary C), 71.1, 71.0 (OCH,, CHOMe), 58.1 (OCH3), 30.8, 30.0
(OCH,CH,, bridgehead H); HRMS calcd for C;3H,40, 204.1146, found
204.1152.

1-(4-Methylphenyl)-2-oxa-6-endo -methoxybicyclo[3.1.0]hexane
(endo-8). irans-6 was generated by photolysis (~78 °C, 28 h) of 1rans-5
(95:5 trans:cis, 300 mg, 5.7 mmol) in 20 mL of CH,Cl,. Solvent was
evaporated at ~15 °C under high vacuum, and THF (20 mL) was vac-
uum transferred into the flask. After the solution was stirred at +5 °C
for 24 h, THF was evaporated. A 'H NMR spectrum of the crude
reaction mixture showed cyclopropanes exo-8 and endo-8 present ina 1:1
ratio. Preparative TLC (75:25 hexane/ether) gave endo-8 as the faster
moving band (R, 0.54) and exo-8 as the slower moving band (R, 0.43).
Cyclopropane endo-8 was further purified by distillation on a Kugelrohr
apparatus and was isolated as a clear oil (12 mg, 10%): bp 80 °C (1
mm); 'H NMR (C¢Dg) 6 7.21 (d, J = 8.0 Hz, 2 H, C¢H,), 7.02 (d, J
= 8.0 Hz, 2 H, C¢H,), 4.14 (ddd, J = 9.8, 7.7, 5.0 Hz, OCHH), 4.07
(q,J = 7.7 Hz, OCHH), 3.33 (d, J = 7.4 Hz, CHOMe), 3.26 (s, OCHy,),
2.13 (s, ArCH3), 2.12 (dddd, J = 12, 8.6, 4.7, 0.9 Hz, OCH,CHH), 1.91
(ddt, J = 12, 9.5, 7.0 Hz, OCH,CHH), 1.65 (t, J = 7.0 Hz, bridgehead
H); '"H NMR (CD;CN) 6 7.13 (s, C¢Hy), 4.23 (ddd, J = 9.5, 7.5, 4.7
Hz, OCHH), 3.97 (dt, J = 8.6, 7.5 Hz, OCHH) 3.48 (d, J = 7.5 Hz,
CHOMe), 3.40 (s, OCHjy), 2.32 (dddd, J = 12.1, 9.5, 7.6, 6.4 Hz,
OCH,CHH), 2.29 (s, ArCHj), 2.16 (dddd, J = 12.1, 8.6, 4.7, 1.0 Hz,
OCH,CHH), 1.96 (ddd, J = 7.5, 6.5, 1.0 Hz, bridgehead H); 3C{'H}
NMR (125.76 MHz, CD;CN) 8 138.6, 136.9 (ipso, para); 129.7, 125.4
(ortho, meta}, 73.5, 69.9 (OCH,, CHOMe), 72.6 (bridgehead quaternary
C), 48.9 (OCHy3), 31.1, 27.0 (OCH,CH,, bridgehead CH), 21.0 (ArC-
H3); HRMS caled for C,3H,0, 204.1150, found 204.1138.

[p-CH;-C¢H,CO,CH,CH,CH,P(C¢H;);]"Br~ (13). A solution of so-
dium 4-methylbenzoale (6.44 g, 40 mmol) and [BrCH,CH,CH,P-
(C¢Hy)3]*Br™ (8.46 g, 18 mmol) in 60 mL of acetone-water (5:1 by
volume) was refluxed for 24 h. Acetone was evaporated under vacuum,
and 50 mL of water and 50 mL of CHCI; were added. The CHClI, layer
was dried (MgSO,), and solvent was evaporaled under vacuum. The
resulting viscous oil was triturated with ethyl acetate to yield 13 (7.49
g, 88%) as a chalky white powder: 'H NMR (CDCl;) 6 7.7-7.9 (m, 11
H, ArH), 7.55-7.7 (m, 6 H, ArH), 7.19 (d, J = 8.3 Hz, 2 H, C¢H,), 4.61
(t, J = 6.3 Hz, OCH,), 4.0-4.25 (m, Ph;PCH,), 2.37 (s, ArCH,),
2.05-2.20 (m, PhyPCH,CH,); *C{'H} NMR (50.1 MHz, CDCl,) 5 166.2
(C=0), 143.8,127.2, 119.0, 117.3 (C4H,), 135.5 (Ph,P para), 133.7 (d,
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Jupc = 12.6 Hz, C¢Hy), 129.5 (d, Jaip_c = 28.6 Hz, Ph;P ipso), 63.5 (d,
Japc = 15.8 Hz, OCHy,), 22.0 (d, J3p¢ = 50.8 Hz, Ph,PCH,CH,), 19.9
(d, Jaip_c = 54.0 Hz, Ph;PCH,CH,); IR (CHCl;) »(CO) 1705 cm™.
Anal. Calcd for CogH,sBrO,P: C, 67.06; H, 5.43. Found: C, 66.97;
H, 5.31.

5-(4-Methylphenyl)-2,3-dihydrofuran (10). A slurry of phosphonium
salt 13 (2.95 g, 5.6 mmol) in 125 mL of toluene was dried by distillation
of 30 mL of toluene. Sodium zeri-amylate (0.70 g, 90%, 5.6 mmol) in
30 mL of toluene was added dropwise to the refluxing slurry. The
reaction mixture was filiered at room temperalure, and solvent was re-
moved on a rotary evaporalor. The residue was extracted with hexane,
and the concentrated hexane extract was chromatographed (98:2 hex-
ane/NEt,) to give 10 (0.52 g, 58%) as a colorless waxy solid, mp 29-34
°C, which decomposed even on siorage in a freezer; 'H NMR (C¢Dg)
67.65(d,J =8.0Hz 2 H, CiH,), 6.96 (d, / = 8.0 Hz, 2 H, C4H,), 5.15
(t, J = 2.8 Hz, C==CH), 4.16 (t, J = 9.4 Hz, OCH,), 2.40 (1d, J = 9.4,
2.8 Hz, OCH,CH,), 2.05 (s, ArCH3); 1*C{'H} (50.1 MHz, CD,CN) §
156.8, 139.2, 129.4 (C==CO, ipso, para}, 129.9, 126.9 (ortho, meta), 95.5
(C==C0), 70.6 (OCH,), 31.3 (OCH,CH,), 21.4 (ArCH;); HRMS calcd
for C,,H,;,0 160.0888, found 160.0889.

cis-(Et;P)(CO),W=C(OCH,CH,CH==CHOCH;)C¢H,-p-CH; (18).
Photolysis of trans-5 (60 mg, 0.13 mmol) in 8 mL of CH,Cl, for 24 h
at ~78 °C produced a solution of irans-6. Triethylphosphine (30 xL, 0.20
mmol) was added, and the solution was warmed to room temperature.
Solvent was evaporated under vacuum. 'H NMR showed an 80:20
mixture of 18/1rans-5. Preparative TLC (95:5:2 hexane/ether/NEt;)
gave 18 (50 mg, 71%) as a deep red oil: 'H NMR (C¢Dg) 6 7.51 (d, J
= 8.2 Hz, 2 H, C¢Hy), 6.91 (d, J = 8.3 Hz, 2 H, C¢H,), 6.31 (d, J =
12.7 Hz, CH=CHOCH3), 4.65 (dt, J = 12.7, 7.3 Hz, CH==CHOCH,),
4,55 (t, J = 6.4 Hz, OCHy,), 3.13 (s, OCH3), 2.27 (q, J = 6.5 Hz,
OCH,CH,), 1.98 (s, ArCH3), 1.37 (dt, Jaipiy = 7.6 Hz, Jiyiy = 7.6 Hz,
PCH,), 0.71 (dt, Japiy = 15.7 Hz, Jigay = 7.6 Hz, PCH,CH,); *C{'H}
NMR (50.1 MHz, CD;CN, 0.07 M Cr(acac);, 0 °C) 6 319.7 (W==C),
212.8 (1 CO), 207.2 (d, Jaipizc = 17.7 Hz, 1 CO), 203.7 (2 CO), 155.1,
141.3 (ipso, para), 155.0 (CH==CHOCH3), 128.8, 126.6 (ortho, meta),
98.2 (CH==CHOCH};), 83.0 (OCH,), 56.1 (OCH3;), 28.5 (OCH,CH,),
21.3 (d, Jup_iie = 21.0 Hz, PCH,), 8.0 (PCH,CH,). A C{'H} INEPT
experiment confirmed the assignment of 1he resonances at § 150.0, 128.8,
129.9, and 98.2 as methine carbons. IR (hexane): 2016 (m), 1928 (s),
1921 (s), 1894 (s) cm™.

Kinetics. All kinetic data were obtained by 'H NMR spectroscopy.
Degassed samples were sealed under vacuum and frozen at ~78 °C unil
placed in the preequilibrated probe of a 270-MHz specirometer. Spectra
were recorded periodically by using a 30-s delay between scans 10 min-
imize 1he effects of different relaxation times. Concentrations were
determined by integration vs. 1,4-bis(trimethylsilyl)benzene (8 0.24 (s)),
triphenylmethane (8 5.41 (s)), or tetramethylsilane as inlernal standards.
The following signals were monitored: for trans-§, CH==CHOCH,; (8
6.27 in C4Dg); for endo-8, CHOCH; (8 3.33 in C¢Dg) or OCHH (6 4.23
in CD;CNY); for 10, vinyl H (8 5.15 (1) in C4Dg) or OCH, (6 4.46, t, in
CD,Cl,); for 1rans-6, CH=CHOCH; (6 6.47 in CD,Cl,), and for cis-6,
CH=CHOCHj; (4 6.05 in C¢Dg). The preparalion of one sample is
described below. Others were prepared in a similar manner.

Decomposition of trans-5 with 0.08 M PPh;. A 5-mm NMR tube was
charged with zrans-8 (15 mg, 0.028 mmol), PPh; (8.8 mg, 0.034 mmol),
and 1,4-bis(trimethylsilyl)benzene (<1 mg, not weighed). C¢D; (0.38
mL) was distilled in10 1he tube under vacuum. The tube was cooled to
liquid-nitrogen temperature, sealed, and stored a1 =78 °C uniil used. The
sample was quickly warmed to room temperature to dissolve trans-5 (0.07
M) and PPh; (0.08 M) and was placed in the preheated (41.7 °C) probe
of the spectrometer. Spectra were recorded every 30 min beginning 15
min afier the sample had been placed in the probe. A plo1 of ~In (¢/cqy)
vs. time for zrans-5 gave an observed firsi-order rate consiani of (8.80
+ 0.36) X 1075 57! (corr = 0.997) for the first half-life.

Upon completion of the reaction, the tube was opened, C¢D4 was
evaporated under high vacuum, and the residue was dissolved in CHCl,.
An IR spectrum showed bands for (CO)sW(PPh,) a1 2070 (m), 1985
(w), and 1940 (vs) cm™. Analytical TLC (SiO,, hexane) vs. an inde-
pendently prepared sample of (CO)sW (PPh;) showed a spot at R;0.29
for both samples.

Photolysis of  trans-5: Generation of (CO),W==C-

(OCH,CH,CH=CHOCH;)C¢H,-p-CH; (trans-6). CD,Cl, (0.3 mL)
was distilled under vacuum into a 5-mm NMR tube coniaining trans-5
(10 mg, 0.019 mmol, 0.04 M). The 1ube was cooled 10 liquid-nilrogen
temperature and sealed. Photolysis for 27 h at -78 °C gave a 91:9
mixture of zrans-6 and trans-S as determined by 'H NMR speciroscopy.

For trans-6: '"H NMR (CD,Cl,, -35°C) 6 7.74 (d, / = 8.3 Hz, 2 H,
Ce¢Hy), 7.21 (d, J = 8.3 Hz, 2 H, C¢H,), 6.47 (d, J = 10.7 Hz, CH=
CHOCHy), 5.14 (ddd, J = 11.7, 5.3, 2.1 Hz, OCHH), 4.86 (m, 2 H,
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CH=CHOCH,;, OCHH), 3.58 (s, OCH3,), 3.05 (dt, J = 15.8, 5.4 Hz,
OCH,CHH), 2.36 (s, ArCH;), 1.06 (dtd, J = 15.8, 10.1, 2.2 Hz,
OCH,CHH).

A sample of trans-6 for *C NMR analysis was prepared by photolysis
of a CD,Cl, (1 mL) solution of trans-5 (40 mg, 0.076 mmol) in a 10-mm
septum-capped NMR tube for 42 h at ~78 °C under N, purge. Cr-
(acac); (32 mg, 0.07 M) was then added, and the tube was sealed under
high vacuum: "C{'H} NMR (50.1 MHz, -45 °C) 6 311.2 (W=C),
210.9, 210.6, 207.9, 203.1 (CO), 148.7, 143.1 (ipso, para), 128.3 (ortho,
meta, CH=CHOCH;), 80.4 (OCH,), 61.0 (CH=CHOCH,), 60.2
(OCH,), 28.6 (OCH,CH,), 21.2 (ArCH;). A '*C{'H} INEPT experi-
ment (90.56 MHz, ~35 °C) confirmed the assignment of resonances at
6 128.2, 128.0 (unresolved in 50.1 MHz spectrum above), and 61.0 as
methine carbons. A two-dimensional *C~'H correlation spectrum (de-
coupled in F1 and F2)? was obtained on a Bruker AM-360 spectrometer
at =35 °C. The spectrum showed the 13C signal at 4 128.2 consisted of
two resonances: an aromatic CH coupled to the proton at 6 7.21 and the
vinyl ether carbon CH==CHOCH,; coupled 10 the vinyl H at 3 6.47 in
the 'H NMR spectrum.

An IR spectrum of a 0.011 M solution of 1rans-6 in CH,Cl, (gener-
ated by photolysis of 1rans-5 at ~78 °C for 20 h) was obtained at -78
°C: 2015 (s), 1929 (s), 1909 (s), 1884 (s) cm’!. An IR sample in hexane
was prepared by evaporation of CH,Cl, from a sample of trans-6 (pre-
pared by photolysis of trans-§ at =78 °C for 31 h) at ~15 °C under high

vacuum and addition of hexane at ~78 °C. The sample was warmed to
-15°C and an IR spectrum was obtained at =78 °C: 2026 (m), 1945
(m), 1918 (s) cm™.

Photolysis  of  cis-5: Generation of (CO),W=C-

(OCH,CH,CH==CHOCH;)C¢H,-p-CH; (cis-6). CD,Cl, (0.3 mL) was
distilled under high vacuum into a 5-mm NMR tube containing cis-5 (12
mg, 0.023 mmol). Photolysis at ~78 °C for 21 h generated a (9:1)
mixture of ¢is-6 and cis-5 as determined by 'H NMR.

For cis-6: 'H NMR (CD,Cl,, =35 °C) 6 7.94 (d, J = 8.3 Hz, 2 H,
CeH,), 727 (d, J = 8.1 Hz, CHy), 6.92 (d, J = 5.2 Hz, CH=
CHOCH;), 5.46 (ddd, J = 10.8, 4.6, 2.8 Hz, OCHH), 4.31 (td, J = 10.9,
2.8 Hz, OCHH), 3.83 (s, OCHj;), 2.90 (dt, J = 8.3, 5.2 Hz, CH=
CHOCH;), 2.66 (ddt, J = 13.6, 5.3, 2.9 Hz, OCH,CHH), 2.36 (s,
ArCH,;), 2.20 (tdd, J = 13.0, 8.6, 4.7 Hz, OCH,CHH); '*C NMR
(125.76 MHz, -80 °C) 8 318.2 (W==C), 214.0, 209.7, 201.0, 199.6,
197.4 (CO, cis CO of remaining ¢is-5), 148.3, 144.1 (ipso, para), 129.3,
128.7 (ortho, meta), 128.5 (CH=CHOCH;), 82.6 (OCH,), 61.0 (C-
H=CHOCHj;), 56.7 (OCH3), 23.7 (OCH,CH,), 21.5); IR (hexane)
2024 (m), 1931 (m), 1916 (s) cm™.
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Abstract: 8-Deuterium secondary kinetic isotope effects (3-D KIEs) on the alkaline hydrolysis of the p-nitrophenyl esters
of acetic, propanoic, butanoic, and pentanoic acids in pH 10.70, 0.20 M carbonate buffer at 25 °C tend to increase with increasing
chain length of the esters up to the pentanoate. The 3-D KIEs are respectively 0.975 + 0.004, 0.960 = 0.002, 0.940 & 0.001,
and 0.948 &+ 0.004. The activation energies of the esterolyses of the isotopically light esters follow a similar pattern, as do
the '*C NMR nuclear shieldings in CDCI, of the isotopically light parent carboxylic acids (20.9, 27.4, 35.9, and 33.8 (ppm))
and C NMR one-bond isotope shifts produced by disubstitution of deuterium for hydrogen at the a-carbons of the acids
(0.45,0.55, 0.60, and 0.59 (ppm)). Correlation of nuclear shieldings and isotope shifts is known from previous work. The
possibility is considered that all of the kinetics-based and NMR relationships are linked through the operation of a common

ground-state feature of the ester and acid alkyl chains.

The chemical literature contains a growing number of theo-
retical and experimental studies of NMR isotope shifts resulting
from the substitution of deuterium for hydrogen on carbon.!
These studies complement a substantial literature concerning
secondary kinetic isotope effects on organic reactions.? The
possibility of a correlation between kinetic and NMR isotope
effects has been mentioned.’”> To the best of our knowledge,
however, no experimental study of this kind has been done. Thus,

(1) (a) Forsyth, D. A.; Botkin, J. H.; Osterman, V. M. J. Am. Chem. Soc.
1984 106, 7663-7666. (b) Wesener, J. R.; Moskau, D.; Guniher, H. J. Am.
Chem. Soc. 1985, 107, 7307~7311. (c) Forsylh, D. A.; Lucas, P.; Burk, R.
M. J. Am. Chem. Soc. 1982, 104, 240-245. (d) Forsyih, D. A.; Botkin, J.
H. J. Am. Chem. Soc. 1984, 106, 4296-4297. (e) Hansen, P. E.; Nicolaisen,
F. M.; Schaumburg, K. J. 4m. Chem. Soc. 1986, 108, 625-629. (f) Jameson,
C.J..Osten, H. J. J. Chem. Phys. 1984, 81, 4293-4299, (g) Jameson, C. J.
In Specialist Periodical Reports; The Royal Sociely of Chemisiry: London,
1981; “NMR Spectroscopy”, Vol. 10, p 13. (h) Arrowsmith, C. H.; Kresge,
A.J. J. Am. Chem. Soc. 1986, 108, 7918-7920.

(2) (a) Shiner, V. J. ACS Monogr. 1970, No. 167, Chapler 2. (b) Sunko,
D. E; Borcic, S. ACS Monogr. 1970, No. 167, Chapler 3. (c) Melander, L.;
Sanders, W. H., Jr. Reaction Rates of Isotopic Molecules; Wiley: New York,
1980; Chapter 6. (d) Sunko, D. E.; Hehre, W. J. Prog. Phys. Org. Chem.
1983, 14, 205-246. (e) Sunko, D. E.; Szele, L.; Hehre, W. J. J. Am. Chem.
Soc. 1977, 99, 5000~5004. (f) DeFrees, D. J.; Hehre, W. J,; Sunko, D. E.
J. Am. Chem. Soc. 1979, 101, 2323-2327. (g) DeFrees, D. J.; Taagepera,
M.; Levi, B. A.; Pollack, S. K,; Summerhays, K. D.; Taf1, R. W.; Wolfsberg,
M.; Hehre, W. J. J. Am. Chem. Soc. 1979, 101, 5532-5536.

having determined the S-deuterium secondary kinetic isotope
effects (3-D KIEs) on the alkaline hydrolysis of the p-nitrophenyl
esters (NPEs) of the C,—C; normal alkanoic acids, we were in-
terested in comparing them with NMR isotope shifts at a-carbon
of the esters. Technical difficulties prevented determination of
the shifts for the esters, but we were able to measure the nuclear
shieldings, isotope shifts, and C-D coupling constants at the
a-carbons of the parent acids. Here we report these kinetic and
NMR investigations.

Results

Second-order rate constants for the alkaline hydrolysis of NPEs
of the homologous C,~Cs normal alkanoic acids and their a-
deuteriated versions are given in Table I, as are the 3-D KIEs.
The value k;y/k;3p of 0.975 £ 0.004 found in this study for the
acetate is identical within experimental error to the 0.970 + 0.009
reported by Kovach and co-workers.>*

(3) Kovach, I. M;; Elrod, J. P.; Schowen, R. L. J. 4m. Chem. Soc. 1980,
102, 7530-7534.

(4) The apparent second-order rale conslants of Table I were oblained by
dividing 1he pseudo-firsi-order rale conslanis by agy, a procedure thal ignores
contributions of 1he rale of hydrolysis by nucleophilic buffer species. The
similarily of k;y/k;p for p-nitrophenyl acelale found by us (0.20 M bi-
carbonale/carbonale buffer) and by Kovach and co-workers® (unbuffered
solution, ionic strength 1.0 M (KCl)) indicaies that contributions 10 calalysis
by buffer nucleophiles do nol have a measureable effecl on 1he 3-D KIEs.
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