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enthalpy and entropy, respectively. The negative activation
entropy indicates that the rate-determining step involves
formation of either 3 or 7.

Uncertainties in the interpretation of solvent effects make
it impossible to rule out 7 as an intermediate in the alky! iso-
cyanate reactions. At least two cases exist in which the for-
mation of a polar intermediate from less polar reactants will
not be reflected in solvent effects. A reaction which proceeds
through an electronically early transition state which does not
reflect the character of the intermediate will be solvent in-
sensitive.? A more likely consideration for the alkyl isocyanate
reactions is the possibility of offsetting solvent effects in AH*
and AS¥,10 a point which is difficult to probe because of the
stringent requirements on the precision of the rate constants.!!
The probability that the measured rate constants contain
contributions from-partitioning of 7 between starting mate-
rials and 3 has been discussed by Huisgen.!2

Experimental Section

Spectra were obtained from the following instruments; IR, Beck-
man IR20; NMR, Hitachi Perkin-Elmer R-20; MS, DuPont Instru-
ments 21-491. Melting points and boiling points are uncorrected.

N,N-Diethyl-2-methyl-3-(alkylimino)-2-propenamides 4a—c.
A solution of 0.03 mol of isocyanate and 0.03 mol of diethylamino-
1-propyne in 50 mL of dry carbon tetrachloride or benzene was al-
lowed to stand 3-5 days under nitrogen at room temperature. After
concentration under reduced pressure, the residue was distilled.

From methyl isocyanate 4a was obtained in 78% yield: bp 73-6 °C
(0.3 mm) [1it.®k bp 70 °C (0.2 mm)]; IR (CCly) 2010, 1615 cm™1; NMR
(CCly) 6 1.10 (t, 6 H), 1.73 (s, 3 H), 3.21 and 3.31 (overlapping s and
q, 7H).

From ethyl isocyanate 4b was obtained in 67% yield: bp 67-9 °C (0.3
mm); IR (CCly) 2010, 1615 cm~!; NMR (CCly) 6 1.09 and 1.27 (over-
lapping triplets, @ H), 1.73 (s, 3 H), 3.30 and 3.47 (overlapping quar-
tets, 6 H); mass spectrum, m/e 81 (B), 109, 167, 182. Anal. Calcd for
C1oH1sN20: C, 65.90; H, 9.95; N, 15.37. Found: C, 65.67; H, 9.90; N,
15.39.

From n-butyl isocyanate 4¢ was obtained in 51% yield: bp 89-91
°C (0.3 mm); IR (CCly) 2010, 1615 cm~1; NMR (CCly) 6 1.10 (t, 3 H),
0.9-1.7 (m, 10 H), 1.72 (s, 3 H), 3.29 and 3.42 (overlapping q and t, 6
H). Anal. Caled for C;5H2oN,0: N, 13.32. Found: N, 13.25.

N,N-Diethyl-2-methyl-3-(2,6-dimethylphenylimino)-2-pro-
penamide (4d). T'o a solution of 2.94 g (0.02 mol) of 2,6-dimethyl-
phenyl isocyanate in 10 mL of acetonitrile under nitrogen and in a
room-temperature water bath was added a solution of 2.72 g (0.02 mol)
of diethylamino-1-propyne in 10 mL of acetonitrile dropwise with
stirring over 20 min. The resulting solution was concentrated under
reduced pressure at 50 °C. The residue showed only product NMR
absorptions. Distillation gave a small forerun of unchanged isocyanate
and 1.8 g (35%) of the ketenimine: bp 144-9 °C (0.4 mm); IR (CCly)
2015, 1610 em~; NMR (CCly) 6 1.08 (t, 6 H), 1.90 (s, 3 H), 2.34 (s, 6
H, 3.36 (q, 4 H), 6.93 (s, 3 H). A large pot residue appeared to be
polymeric material. Anal. Caled for C1gH22N20: C, 74.38; H, 8.58; N,
10.84. Found: C, 74.17; H, 8.65; N, 11,02.

N-Alkyl-N',N’-diethyl-2- methylpropanedlamldes 5b and 5c¢.
The addition of 1.0 g of the ketenimine to 15 mL of cold, 6 M hydro-
chloric acid resulted in a clear solution which was extracted several
times with chloroform. The extracts were dried over anhydrous so-
dium sulfate and concentrated, and the residue was distilled.

The amide 5b was obtained in 50% yield: bp 85-90 °C (0.3 mm); IR
(CCly) 3340, 1675, 1635, 1530 cm~!; NMR (CCly) 6 1.07 (t), 1.16/(t),
1.31 (d) all overlapping (12 H), 3.0-3.5 (m, 6 H), 6.9 (broad s, 1 H).

The amide 5¢ was obtained in 75% yield as a waxy solid: bp 90-95
°C (0.3 mm); mp 43-5 °C; IR (CCly) 3340, 1675, 1632, 1530 cm™%;
NMR (CCly) 6 0.8-1.6 (m, 16 H),2.9-3.6 (m, 7 H), 7.2 (broad s, 1 H).
Anal. Caled for C1oHg4N2Os: C, 63.12; H, 10.59; N, 12.27. Found: C,
63.32; H, 10.80; N, 12.48.

N-(1-Butyl)- N-acetyl- N’,N'-diethyl-2-methylpropanediam-
ide (6¢). To a solution of 1.6 g (9.5 mmole) of ketenimine 4¢ in 10 mL
of CCls under nitrogen was added a solution of 0.57 g (9.5 mmol) of
anhydrous acetic acid in 5 mL of CCly, An exothermic reaction oc-
curred which was complete withiri an hour. The solution was con-
centrated and the residue was distilled giving 1.0 g of 4¢: bp 58-60 °C
(0.3 mm); IR (CCly) 1660 cm~!, unresolved band; NMR (CCly) 6 1.03
(t, 6 H), 1.50 (d, 3 H), 1.87 (s, 3H), 2.85 and 2.92 (overlapping s and
q,7 H), 4.13 (g, 1 H). Anal. Calcd for C1;HgeN20s: C, 57.87; H, 8.83;
N, 12.27. Found: C, 57.75; H, 8.80; N, 12.38.

Notes

Kinetics. Diethylamino-1-propyne was obtained from Columbia
Organic Chemicals and redistilled under nitrogen. Methyl isocyanate
was redistilled immediately before use: Solvents were reagent grade,
redried, and distilled. For 34 °C runs (ambient probe temperature
for the thermostated permanent magnet) 0.5 to 1 M solutions of the
two reactants were mixed at 34 °C and an aliquot in a NMR sample
tube was kept in the probe throughout the entire run. For high- or
low-temperature runs, the reaction was carried out in a constant
temperature bath (£ 0.2 °C) and aliquots were withdrawn periodi-
cally, The probe was maintained at the same temperature (£ 1 °C)
as determined by ethylene glycol or methanol calibration spectra.
Integrals were recorded as the average of four sweeps at 60 or 120 Hz

~ sweep widths and 1 Hz/s sweep times. The rf level was kept well below

saturation, generally 500 uV. The integrals were reproducible within
+4% and the instrument stability was such as to necessitate no re-
balancing of the integration circuit throughout the course of a run.
The peaks monitored were those of the C-methyl singlets of the
ynamine, ketenimine, and isocyanate. Trial runs indicated that the
ketenimine did not react with either the ynamine or the isocyanate
under the reaction conditions.

The rate constants reported in Table I are averages of three inde-
pendent runs. Second-order plots for the reactions in benzene were
linear through 75% completion. In other solvents, curvature was no-
ticeable after 50% completion.

Registry No.—la, 624-83-9; 1b, 109-90-0; Ic, 111-36-4; 1d,
28556-81-2; 2, 4231-35-0; 4a, 36277-29-9; 4b, 63815-28-1; 4¢, 83797-
98-8; 4d, 63797-99-9; 8b, 63798-00-5; 5¢, 63798-01-6; 6¢, 63798-02-
. :
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Cyclooctatetraeneiron tricarbonyl 12 has been extensively
studied as one of the earliest examples of the fluxional be-

havior of organometallic compounds.? Both protont and
carbon-135* NMR spectroscopic studies have unequivocally
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shown that simple 1,2 shifts are responsible for the fluxional
behavior of 1 and its analogues.> Complex 1 was first con-
verted, via protonation in etheral solution of fluoroboric acid,
into a tetrafluoroborate salt by Schrauzer and thought to be
cyclooctatrienyliron tricarbonyl cation 2.5 A year later, Dav-
ison, McFarlane, Pratt, and Wilkinson refuted structure 2 and
unequivocally presented structure 3 to be the actual cation
formed.” At even lower temperature (—120 °C), Brookhart and
co-workers were able to obtained the monocyclic ¢ycloocta-
trienyliron tricarbonyl cation 4 initially formed from 1 by
protonation in FSO3H-SOsF, solution.® Structure 4 was
confirmed by their proton NMR spectroscopic study. Fur-
thermore, upon warming the solution of 4 to —60 °C, cation
3 was quantitatively formed via a first-order electrocyclic
ring-closure reaction. ;

Our recent report of the *3C NMR study of o—7 complex
formation in strong acid solution® prompts us to describe the
13C NMR study of protonated cyclooctatetraeneiron tricar-
bonyl 1 under stable ion conditions.

Results and Discussion

13C NMR Spectroscopy Study of Protonated Cyclooc-
tatetraeneiron Tricarbonyl at —120 °C. Cotton% and
Giacometti® separately reported the 13C NMR spectra of
cyclooctatetraeneiron tricarbonyl 1 at various temperatures.
1 shows only a doublet at § 102.1 (Jcy = 160 Hz) and a car-
bonyl singlet at 6 213.5 at 0 °C. The doublet splits into four
doublets at § 128.8, 122.6, 92.5, and 63.7 at —120 °C, while the
carbonyl splits into two singlets at 6 214.0 and 211.7 in a ratio
of 2:1. Addition of the solution of 1 in SO,CIF to FSOsH-

1226 /25'3
288\ 1185 H .
N T 1294 g

; , FSO.H—SO,CIF
———————l
R5H—>, 1 -120 °C
P 1984 °
4 g
641 gg) 2117 1990 (c0),
(CO), 2140 2082

1 4

SO.CIF at —120 °C results in a light-yellow solution which
gives an 1H NMR spectrum identical with that reported by
Brookhart.?

The proton-decoupled 3C NMR spectrum of 4 in
FS03H-SO.CIF solution at —90 °C consists of eight carbon
resonances in the organic region and three in the carbonyl
region. According to the off-resonance 13C NMR spectrum,
the signal at 6 25.3 is a triplet which naturally can be assigned
to the methylene carbon Cg. The two lowest field shifts 6 118.5
and 129.4 (both are doublets) in the olefinic region can be
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attributed to Cg and C; since they resemble the olefinic carbon
(uncomplexed) atoms (C5-Cg) of 1. Cg should experience in-
ductive deshielding from the neighboring positive charge more
than C; does. The lower field shift at 6§ 129.4 is thus assigned
to Cg. The other five carbon shifts at higher field are divided
into three groups: 6 94.1 and 98.1 (both show Jcy ~ 174 Hz),
70.9 and 73.4 (Jcy ~ 160 Hz), and 105.7 (Jcg = 184.0 Hz).
These shifts are assigned to the five pentadienyl carbon atoms
(C1-Cs) since they are apparently complexing with Fe(CO);
which induces substantial shielding toward these carbon
atoms. This is clearly seen in the case of the open-chain ana-
logue 5 previously reported by us.® The terminal positions (C;
and Cs) in ion 5 show the smallest magnitude of /¢y (in Hz),
and the central position (Cg) shows the largest value of Jcp.
According to this order, chemical shifts are assigned to ion 4
as shown. The 3C NMR thus confirms 4 as the initially
formed ion from 1 and the former contains a methylene group
and an olefinic bond remaining intact by the iron tricarbonyl
group. Other structures such as 6 or 7 can be excluded.

H
9 H H~\
G @
Fe(CO), Fe(CO)3
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Thermal Rearrangement of the Protonated Cyclooc-
tatetraeneiron Tricarbonyl. When the solution of proton-
ated cyclooctatetraeneiron tricarbonyl 4 was allowed to stand
at —60 °C, a clean transformation of the ion took place giving
the bicyclo[5.1.0]octadienyliron tricarbonyl cation 3.8 The
eight carbon resonances in the organic and three in the car-
bonyl region originally present in the 13C NMR spectrum of
4 are now replaced by five and three carbon resonances, re-
spectively. In the proton-coupled 13C NMR spectrum the two
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Table I

Notes

13C Chemical Shifts of Carbonyl Groups of Olefiniron Tricarbonyls and Their Related Ions

8 3C CO, ppm 3 4 5 10 11

12 13 14 15 16 17 18

210.0
196.3

206.2
198.4
199.0

206.0
197.3

209.0¢
209.0@

Apical or axial
Basal or
equatorial

218.3¢
218.3¢9

207.5 2081 2079 203.1 205.9° 2027 205.6
1981 1984 1982 196.0 204.6° 200.0 1913
198.5 199.2  205.50

@ Averaged shift at —90 °C in SOq solution. ¢ Interchangeable values.

high-field signals at 615c 35.8 and 47.0 are a doublet and a
triplet, respectively. These are assigned to the cyclopropane
ring carbons formed via a first-order electrocyclic ring closure
reaction.® They are substantially deshielded from other
neutral cyclopropane-ring carbons, obviously due to charge
delocalization into the three-membered ring. They do, how-
ever, show chemical shifts in the aliphatic region which con-
firm the assigned structure 3 for the observed ion. Otherwise
in a complexed homotropylium ion 8 both C; and C7 should
have chemical shifts of about d13c 100 (olefinic region). The
NMR data thus exclude the homotropyliumiron tricarbonyl
ion 8 structure. Using 5 as the model ion, the chemical shifts
for ion 3 are summarized as shown.

Study of the Carbonyl Absorptions. In recent carbon-13
NMR studies of the fluxional behavior of 1,3-dieneiron tri-
carbonyl complexes, only two resonances were observed in the
carbonyl region, even at temperatures below —90 °C, usually
in a ratio of 2:1, corresponding to the basal and apical carbonyl
groups, respectively.!? 1,3-Butadiene 10 and norbornadiene
11-iron tricarbonyls both undergo fast fluxional exchange and
even at —90 °C they only show a single averaged carbonyl shift
at d1s¢c 209.0 and 218.3, respectively.® Upon protonation, i.e.,
15 from 10 in excess acid, 16 (the neutral HCl adduct) from
HCl solution, and 18 from 11, the octahedral organoiron tri-
carbonyl cations show either two or three carbonyl absorptions
depending whether they are symmetrical or unsymmetrical.
For example, 15 and 16 are unsymmetrical and thus they show
one axial and two equatorial carbonyl resonances. The former
is found more deshielded than the latter. On the other hand,
the symmetrical ion 18 which undergoes fast equilibration
shows only one axial and one equatorial carbonyl absorption
in a ratio of 1:2.92 The symmetrical o-= complex ion 17 derived
from cyclobutadieneiron tricarbonyl via protonation also
shows two carbonyl resonances?®® (Table 1).

For organoiron tricarbonyl complex ions 3-5 and 12-14
which adopt tetragonal-pyramidal configuration, the possi-
bility arises of observing apical and both of the basal carbonyl
absorptions, which indeed was the case. This depends, how:
ever, on whether the complexed ions-are symmetrical or un-
symmetrical. The carbonyl shifts of these ions are summarized
in Table L.

Chemical shifts of the carbonyl carbons in transition-metal
carbonyls are sensitive to the electron density on the metal
atom.12 The less the positive charge on the metal atom, the
more carbonyl groups become shielded. The shieldings found
for the basal (tetragonal-pyramidal configuration) and
equatorial (octahedral configuration) carbonyl groups thus
indicate significant positive charge density on iron. Contri-
bution to the total shielding due to other factors (i.e., aniso-
tropic shielding from organic moiety) should also be consid-
ered. However, the neutral species 10, 11, and 16 which do not
bear formal positive charge on iron only display unchanged
carbonyl absorptions (relative to their parent neutral iron
carbonyl complexes). This indicates that the development of
positive charge density on iron arising from strong complex-
ation between the olefinic and iron tricarbonyl groups may
be the key factor toward the total shielding of the carbonyl
absorptions for organoiron tricarbonyl complexed ions.
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Experimental Section

Cyclooctatetraeneiron Trlcarbonyl 1 was prepared according
to the literature procedure.”

Protonation of Cyclooctatetraen(-lron Tricarbonyl (1) in
FSO3H-SO,CIF Solution at —120 °C. fon 4 was prepared by addi-
tion of 1 in SOLCIF solution to excess FSO3H-SOLCIF solution with
vigrous stirring at ethanol-liquid nitrogen hath temperature (ca, =120
°C) under dry-nitrogen atmosphere to give an approximately H% so-
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lution of 4. The yellow solution formed this way was then transferred
under dry nitrogen into a precooled NMR tube.

The Thermal Rearrangement of 4 to Bicyelo[5.1.0]Joctadien-
yliron Tricarbonyl Cation 3. When a solution of 4 was allowed to
warm up to —60 °C, 'H NMR signals due to ion 4 completely disap-
peared and were replaced by those of 3 formed quantitatively.

13C NMR Spectroscopic Study. The 13C NMR spectra were ob-
tained using a Varian XL-100-15 NMR spectrometer equipped with
FT accessory, spin decoupler, and a variable temperature probe. A
Varian 620L computer was used to accumulate data. An external lock
(fluorobenzene) was used and all chemical shifts are referred to the
13C signal of the enriched (5) Me4Si capillary.
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Recently, a relatively large quantity of the known ethyl
4-hydroxy-3-methyl-2-benzofurancarboxylate (1) was re-
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Scheme I
HO 0O
NaOEt
toluene
CH, A 4
OCH,COOEt .57.6%
/ 5
' EtOH NaOEt
A
CH,
(Eri @( -
COOEt OCH,COOH
2
31 4% 31%
HO ¢
:/L \)j i _CH,
4.2 % 6.9 %

quired. Repetition of Whalley’s! procedure in a modified form
afforded not only 1 in 31.4% yield, but three additional
products (see Scheme I). Two of these, (2-acetyl-3-hydroxy-
phenoxy)acetic acid (2) and 4-hydroxy-3-methylbenzofuran
(3) isolated in 31 and 6.9% yields, respectively, had been re-
ported by Whalley.! Compound 3 could also be formed from
2 when the latter was heated with acetic anhydride.! The
fourth product, identified as the hitherto unknown 6-hy-
droxy-1-benzoxepin-3,5(2H,4H)-dione (4), was isolated along
with 2 and 3 after silica gel column chromatography in 4.2%
yield. The assignment of structure to 4 was based on micro-
analysis, NMR, IR, UV, and mass spectrometry. Spectral
evidence supports the diketo form rather than the enolic in
both the solid state and in solution. Thus, the NMR spectrum
exhibits two ~CHy— peaks at 4 4.32 and 4.50 and one ex-
changeable proton at § 12.31. Similar conclusions have been
reported for the structure of 1-benzoxepin-3,5(2H,4H)-
diones.>> The pK, of 4 is 4.83—presumably representing
dissociation of the diketone function.

When ester 5 was allowed to react with sodium ethoxide in
dry toluene, 4 was obtained in 57.6% yield. However, similar
treatment of ethyl 2-(2-acetylphenoxy)acetate (6) gave only
the benzofurans 8 and 9, and no 1-benzoxepin-3,5(2H 4H)-
dione (7) was observed. It thus appears that the phenolic hy-
droxyl plays an essential role in the formation of the benzox-
epin 4. Compound 4 remained unchanged after heating at 65
°C in sodium ethoxide-ethanol. Thus, 4 is not an intermediate
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