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(Cyclobutadiene)tricarbonyliron Complexes: Formation of
1,3- and 1,2,3-Substituted Derivatives!
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Current methods available to modify or append alkyl groups to (cyclobutadiene)tricarbonyliron
limit its use and study. Using selective alkylations and rearrangements on diisopropyl squarate,
we have developed simple and efficient routes to specific 1,3-disubstituted (2) and 1,2,3-
trisubstituted (3) (cyclobutadiene)tricarbonyliron complexes. These methods represent the
first direct syntheses of these complexes and provide new entries into potentially novel

cyclobutadiene-derived synthons and complexes.

Introduction

The paucity of methods to synthesize specific 1,2-, 1,3-,
and 1,2,3-substituted cyclobutadiene complexes 1, 2, and
3, respectively, limit their study and potential application
assynthons in organic chemistry (ChartI). Thesyntheses
of the few known 1,3-disubstituted (cyclobutadiene)-
tricarbonyliron complexes involve many steps from the
parent cyclobutadiene complex 4. Examples of these
complexes include ([2.2]-1,3-cyclobutadienophane)bis-
(tricarbonyliron) (5),% [(1,8,9,10-p)bicyclo[6.1.1]-deca-
1(10),8-dien-2-oneltricarbonyliron (6),* (1,3-di-tert-bu-
tylcyclobutadiene)tricarbonyliron (7),° and (1-acetyl-3-
ethylcyclobutadiene)tricarbonyliron (8).6 Free cyclo-
butadiene can be generated from the parent (cyclobuta-
diene)tricarbonyliron by oxidation.” The extremely re-
active cyclobutadiene participates as a Diels-Alder partner’
and in this manner has been used in the construction of
strained caged compounds, for example, cubane? and caged
keto-sulfides.? Early methods tosynthesize disubstituted
cyclobutadiene complexes have involved thermal and
photochemical reactions to product suitably substituted,
4-membered ring precursors. Notable examples of these
reactions are the [2 + 2] thermal cycloadditions of
perhaloethylenes with alkylacetylenes!® and dibromoma-
leic anhydride,!! and {2 + 2] photochemical cycloaddition
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of vinylene carbonate with alkylacetylenes.!?2 The regio-
selectivity of these reactions generally leads to 1,2-
disubstituted products as components of complex mix-
tures. Such reactions are often plagued with undesired
dimerizations, low yields, and difficulties with product
isolation.” We recently reported new syntheses of 1,2-
disubstituted (cyclobutadiene)tricarbonyliron complex-
es;13however, the 1,3-regioisomers do not lend themselves
to facile synthesis through established thermal or pho-
tochemical reactions.

Results and Discussion

Our synthetic requirements for new, more desirable,
and rare 1,3-disubstituted cyclobutadiene complexes 2 led
us to investigate modifications of our reported 1,2-
disubstituted cyclobutadiene complex syntheses based on
diisopropyl squarate (9).1® A retrosynthetic analysis for
the preparation of 1,3-disubstituted cyclobutadiene metal
complexes is shown in Scheme 1. Selective Grignard
additions, selective hydrolyses, and selective carbonyl
reductions are used to furnish the 1,3-substitution pattern
in the sequence.

A number of groups have reviewed the history and
syntheses of substituted cyclobutenediones from squaric
esters.*19 We sought to utilize and extend our facile
preparative methodology for 1,2-disubstituted (cyclo-
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butadiene)tricarbonyliron compounds to form cyclobuta-
diene complexes from keto-esters 10.12 One requirement
for the generation of the final 1,3-disubstituted complexes
is retention of the cyclobutene unit. Selective addition of
an organolithium reagent to the carbonyl group of the
a,8-unsaturated ketone versus that of the o,8-unsaturated
ester in 10 establishes the desired 1,3-disubstitution
pattern (Scheme II).16-18 Qur initial investigations re-
vealed alcohol 11 (R}, R2 = n-butyl) to be labile to reduction
with lithium aluminum hydride. Alcohol 11 could be
reduced and rearranged to 12 when protected with tert-
butyldimethylsilyl chloride (TBDMSCI). Alternatively,
methylation of 11 with sodium hydride and methyl iodide
to produce 13 (R1,R2 = n-butyl) eliminated the expense
of using TBDMSCI as well as the decomposition of 11.
Reduction of 13 with lithium aluminum hydride or Vitride,
and subsequent rearrangement with HCl in one pot, gave
keto-alcohol 12. Reduction of 12 with LiAlH, led to
intractable mixtures. Reduction of 13 proceeded smoothly
tointermediate 14 in high yield (Scheme III). The crucial
step to retain protection of the alcohol in 14 and yet
rearrange the reduced ester was achieved by the selective
rearrangement of allylic alcohol 14 with a mixture of
trifluoroacetic anhydride and pyridine.l®* The mechanism
for conversion of 14 to ketone 15 presumably involves the

<

T
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Bromination of 16 with phosphorus tribromide gave 17,
the desired precursor required to generate the final metal
complex. Some reports indicate that a mixture of tri-
phenylphosphine and carbon tetrachloride can effect
chlorination of allylic alcohols.l” However, we found
phosphorus tribromide more convenient owing to the ease
of workup and subsequent complex formation. Dibro-
mides 17 were labile to chromatographic conditions and
were sufficiently pure to allow their direct conversion to
the corresponding iron complexes. Reductive elimination
and complexation of 17 with Fex(CO)s gave the corre-
sponding 1,3-disubstituted (cyclobutadiene)tricarbonyl-
iron complexes 2 (Table I).13

The reaction scheme was easily modified to allow
formation of a 1,2,3-trisubstituted (cyclobutadiene)tri-
carbonyliron complex (SchemeIV). The most appropriate
extension for this sequence was the addition of butyl-
lithium to ester 13¢ to give 18. Alcohol 18 rearranged
slowly when chromatographed on silica gel and could be
more conveniently rearranged with acetic acid to 19 prior
to workup. Reduction of 19 gave 20, which was slowly
brominated with PBr; to give 21. Reductive elimination
and complexation of 21 with Feo(CO)y gave 1,2,3-trisub-
stituted (cyclobutadiene)tricarbonyliron complex 22.

In our scheme, it was imperative to retain functionality
which could easily be transformed to a reducible group for
the final step in complex formation. Reaction of ester 13¢
with lithium aluminum hydride in THF reduced the double
bond while leaving the ring carbonyl group intact and gave
23, while reduction in ether gave the 1,2-reduced product
14¢ (Scheme V). The preparative nature of our desired
procedure using the formation of methyl ethers also
avoided the use of expensive reagents such as TBDMSCL
As expected, the rate of formation of dibromides 17 or 21
was slowed by large alkyl groups adjacent to the methoxy
group, and selective alkylation of the vinylogous ketone
over the vinylogous ester in 10 was decreased when tert-
butyl groups were appended. Unfortunately, phenyl
groups significantly hindered carbonyl reductions, in
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Table I. Preparation of 1,3-Dialkyl-Substituted Intermediates and Iron Complexes
yield (%)?
compd R! R? reduction method?® 11 13 14 15 16 17 2
a n-butyl CH;, 1 99 71 76 40 85 52 84
b n-butyl n-butyl 2 68 99 82 76 99 42 50
c tert-butyl CH; 2 70 92 95 55 78 40 47

¢ Yields refer to isolated, purified products. * Method 1 = Vitride/THF; method 2 = LiAlH,/ether. ¢ Yields refer to crude products.

agreement with earlier reports.l¢ We are continuing to
investigate methods which would allow incorporation of
these groups.

All compounds gave satisfactory proton, carbon, IR, and
exact mass analyses characteristic of (cyclobutadiene)-
tricarbonyliron complexes.®#13 NMR signals for ring
protons in cyclobutadiene are discernable near 4 ppm.
Carbon signals are observed near 214 ppm (CO), 85 ppm

(for the substituted ring carbon), and 60 ppm (for the
protonated ring carbon). The complexes and fragment
ions could be readily identified in the mass spectrum by
their characteristic sequential loss of three carbonyl groups
(M - 28, CO) and iron (M - 56). The susceptibility of the
complexes to air oxidation limits their exhaustive puri-
fication; such oxidation results in broadening of signals in
their NMR spectra. To obtain consistent NMR spectra,
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the samples were routinely filtered through adsorption
alumina immediately prior to analysis.

Conclusions

New approaches to the synthesis of pendant chain 1,3-
disubstituted(cyclobutadiene)tricarbonyliron complexes
allow choice in the placement of each chain and a greater
latitude in the syntheses of (cyclobutadiene)tricarbonyl-
iron complexes. The complexes were derived from readily
available diisopropyl squarate by using selective alkyla-
tions and rearrangements which yield specific 1,3-disub-
stituted (2) and 1,2,3-trisubstituted (3) (cyclobutadiene)-
tricarbonyliron complexes. Qur procedures allowsynthetic
chemists to study and utilize cyclobutadiene complexes
as viable and novel synthetic precursors. We are con-
tinuing to explore the potential of the cyclobutadiene
complexes made possible by the methods described herein.

Experimental Section

General Comments. All reactions were carried out under an
atmosphere of dry nitrogen or argon. Air- and/or moisture-
sensitive reagents were handled by using standard syringe transfer
techniques and flasks capped with rubber septa. Tetrahydro-
furan (THF), ether, and benzene were freshly distilled from
potassium benzophenone ketyl just prior to use. Chloroform
was washed twice with H;0, dried with MgS0,, and then distilled
from phosphorus pentoxide. Trifluoroacetic anhydride was also
distilled from phosphorus pentoxide. Anhydrous cerium(III)
chloride was prepared according to Imamoto immediately prior
touse.” Organolithium reagents were obtained from Aldrich or
prepared from their corresponding bromides® and titrated
according to Watson.22 All other solvents and reagents were
reagent grade and used without further purification. Reactions
were monitored by means of thin-layer chromatography on silica
gel plates (E. Merck Kieselgel 60 F254) and alumina (Alumin-
iumoxid 150 F254 neutral type T) with detection by UV or
phosphomolybdic acid. Preparative column or filtration chro-
matography used silica gel (J.T. Baker, 80-200 mesh) and
alumina (E.M. Science, 80-200 mesh). Substituted diones 10
were prepared from diisopropyl squarate according to published
procedures as noted.!¢1¢

High-field NMR spectra were recorded on a Varian XL-300
or a XL-400 superconducting FT spectrometer. *C NMR and

(20) (a) Imamoto, T. Pure Appl. Chem. 1990, 62, 747-752. (b) Imamoto,
T.; Kusumoto, T'; Yokoyama, M. J. Chem. Soc., Chem. Commun. 1982,
1042-1044, (c) Imamoto, T.; Kusumoto, T.; Tawarayama, Y.; Sugiura,
Y.; Mita, T.; Hatanaka, Y.; Yokoyama, M. J. Org. Chem. 1984, 49, 3904—
3912

(21) Wakefield, B. J., Ed. Organolithium Methods, Academic Press:
New York, 1990; pp 21-26.

68(22) Watson, S. C.; Eastman, J. F. J. Organomet. Chem. 1967, 9, 165~
168,
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IH NMR spectra were recorded at 75.43 and 299.94 MHz or 100.6
and 399.9 MHz, respectively. Chemical shifts are reported in §
units, parts per million downfield, CDCl; or TMS being used as
the reference signal. Infrared spectra were obtained with a
Perkin-Elmer 681 IR spectrometer and run as neat liquids on
NaCl plates. Owing to their sensitivity to oxidation and
decomposition, all iron complexes were further characterized by
their corresponding mass spectra data. EI mass spectra were
recorded on a VG T'S-250 mass spectrometer operating at 70 eV,
while FAB and exact mass determinations were recorded on a
VG ZAB-2SE HR-HM spectrometer. Melting points were
obtained on a Fisher-Johns melting point apparatus and are
reported uncorrected.

Preparation of 2-n-Butyl-4-hydroxy-4-methyl-3-(1-
methylethoxy)cyclobut-2-en-1-one (11a). To a solution of
3.693 g (18.8 mmol) of 4-n-butyl-3-(1-methylethoxy)cyclobut-
3-en-1,2-dione (10)4!5 in 75 mL of dry THF at ~100 °C under
nitrogen atmosphere was added 17.0 mL (18.7 mmol) of 1.1 M
methyllithium dropwise over 1 h. The solution was kept at =100
°C and monitored by TLC for the disappearance of starting
material. The reaction was quenched with 2 mL of saturated
aqueous NH,CI, transferred to a separatory funnel, and diluted
with 100 mL of diethyl ether. The organic layer was extracted
with 2 X 50 mL of saturated agueous NaCl, dried with MgSO,,
and concentrated under reduced pressure to give 11a as a pale
yellow oil: 3.940 g (18.6 mmol, 99% yield); R; = 0.20 (30% ethyl
acetate—hexane); 'H NMR (CDCls) é 4.92 (septet, 1 H), 2.03 (t,
2 H), 1.56 (s, 3 H), 1.44 (d, 3 H), 1.42 (d, 3 H), 1.30 (m, 2 H), 0.89
(t, 3 H); 13C NMR (CDCls) 5 195.32, 184.23, 124.55, 87.82, 29.10,
22.67, 22.52, 22.37, 21.65, 19.79, 13.57; IR (neat, cm-!) 3600-3100
s br, 2980 s, 2934 s, 2869 m, 1753 s, 1607 8, 1458 m, 1387 m, 1336
m, 1314 m, 1218 m, 1186 m, 1142 m, 1101 m, 946 m, 919 m, 850
m, 788 m, 763 m; MS m/z caled for Ci2Hy03 212.1412, obs
212.1404, 170, 169, 161, 151, 142, 133, 126, 113, 109, 100, 99, 95,
87 (100%), 81, 72, 71, 55.

The following compounds were prepared according to the
procedure for 11a.

2,4-Di-n-butyl-4-hydroxy-3-(1-methylethoxy)cyclobut-2-
en-1-one (11b): 68%; R; = 0.34 (30% ethyl acetate-hexane); 'H
NMR (CDC)y) 6 4.85 (septet, 1 H), 4.00 (s br, 1 H), 2.06 (m, 2 H),
1.90 (m, 1 H), 1.78 (m, 1 H), 1.49 (m, 2 H), 1.43 (d, 3 H), 1.41 (4,
3 H), 1.31 (m, 6 H), 0.90 (m, 6 H); 1*C NMR (CDCls) 6 194.32,
182.44,126.14,91.43, 76.53, 32.57,29.54, 27.25, 22.74, 22.67, 22.53,
22.01, 13.83, 13.66; IR (neat, cm™!) 3600-3100 s br, 2962 s, 2933
s, 2867 s, 1747 s, 1611 s, 1463 s, 1381 s, 1338 5, 1315 8, 1262 m,
1224 m, 1182 m, 1142 m, 1099 s, 1014 m, 974 m, 922 m, 804 m,
784 m, 761 m, 727 m; MS m/z caled for C,sH203 254.1882, obs
254.1881, 212,211,195, 184,169, 155, 142,141, 127,99, 85 (100%),
57.

2-tert-Butyl-4-hydroxy-4-methyl-3-(1-methylethoxy)-
cyclobut-2-en-1-one (11¢c). Thecrudeorange crystalline product
was recrystallized with boiling hexane. The crystals were isolated
by vacuum filtration and washed with cold hexane. The white
crystals were placed under vacuum (25 °C/6 mmHg) for 12 h to
remove remaining solvent. 1le: 70%; mp 126-126 °C; R; = 0.21
(30% ethyl acetate~hexane); 'H NMR (CDCl;) § 5.01 (septet, 1
H), 4.80 (s br, 1 H), 1.62 (s, 3 H), 1.42 (d, 3 H), 1.40 (d, 3 H), 1.15
(s, 9 H); 13C NMR (CDCl,) 6 193.94, 183.25, 133.04, 88.13, 77.09,
30.74, 28.07, 23.20, 22.84, 20.74; IR (KBr, cm™!) 3400-3100 m br,
2950 m, 2920 m, 2850 m, 1730 s, 1595 s, 1470 m, 1450 m, 1400
m, 1365 m, 1325 m, 1240 m, 1180 m, 1135 m, 1090 m, 920 m, 870
m; MS m/z caled for CsH,205 (M - C.Hjg) 156.0786, obs 156.0789,
142,127, 114 (100%), 86, 71, 67; MS m/z calcd for C12H;603 208,
obs (FAB+, thioglycerol) 213 (100%).

Preparation of 2-n-Butyl-4-methoxy-4-methyl-3-(1-
methylethoxy)cyclobut-2-en-1-one (13a). A mixtureof 1.5g
(40.0 mmol) of 60% NaH in oil was placed under nitrogen and
washed twice with 10 mL of dry THF. Then 100 mL of dry THF,
3.986 g (18.8 mmol) of alcohol 11a, and 10-20 mg of imidazole
were added to the flask. The system was allowed to stir for 30
min at room temperature, and then 3.6 mL of methyl iodide
(38.9 mmol) was added. The mixture was stirred an additional
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15min. The system was quenched with 1 mL of Hz0 and diluted
with 100 mL of diethyl ether. The mixture was extracted with
2 % 25 mL of saturated aqueous NaCl and the organic portion
dried with MgSO, and concentrated under reduced pressure.
" Chromatography of the oil on silica with 15% ethyl acetate—
hexane and concentration under reduced pressure gave 13a as
a pale yellow oil: 3.017 g (13.3 mmol, 71% yield); Ry = 0.66 (30%
ethyl acetate—hexane); 'H NMR (CDCls) § 4.82 (septet, 1 H),
3.30 (s, 3 H), 2.10 (t, 2 H), 1.48 (s, 3 H), 1.46 (d, 3 H), 1.44 (d,
3 H), 1.34 (m, 2 H), 0.91 (t, 3 H); 1*C NMR (CDCls) 5 192.93,
182.49,126.19,93.25,76.12,52.06, 29.12, 22.54, 22.28, 22.19, 21.60,
18.47,13.33; IR (neat, cm-!) 2966 s, 2932 s, 2875 m, 2864 m, 2830
m, 1757 s, 1718 m, 1618 s, 1458 m, 1442 m, 1386 m, 1342 m, 1317
m, 1272 m, 1179 m, 1149 m, 1002 m, 1067 m, 940 m, 919 m, 860
m, 842 m; MS m/z caled for C12H2005 226.1569, obs 226.1568, 212,
197, 184, 183, 169 (100%), 155, 139, 127, 113, 99, 95, 81, 67, 55.

The following compounds were prepared according to the
procedure for 13a.

2,4-Di-n-butyl-4-methoxy-3-(1-methylethoxy)cyclobut-2-
en-1-one (13b): 99% R;= 0.50 (30% ethyl acetate~hexane); 'H
NMR (CDCl;) 4 4.78 (septet, 1 H), 3.32 (s, 3 H), 2.13 (m, 3 H),
1.90 (m, 1 H), 1.74 (m, 1 H), 1.56 (m, 2 H), 1.42 (d, 6 H), 1.31 (m,
6 H), 0.92 (m, 6 H); 3C NMR (CDCl,) 4 193.11, 181.58, 127.63,
97.15, 76.27, 52.18, 31.99, 29.66, 29.58, 26.89, 22.80, 22.65, 22.54,
21.99, 13.76, 13.61; IR (neat, cm™') 2950 s, 2863 s, 2832 s, 1758
8, 1718 m, 1616 s, 1458 m, 1382 s, 1336 m, 1316 m, 1273 m, 1248
m, 1221 m, 1178 m, 1142 m, 1104 s, 1030 m, 975 m, 920 m, 851
m, 803 m, 750 m; MS m/z calcd for C;sHys0s 268.2038, obs
268.2035, 226, 225, 211, 197, 183, 161, 125, 95, 85, 84, 69 (100%),
57.

2-tert-Butyl-4-methyl-3-(1-methylethoxy)-4-methoxy-
cyclobut-2-en-1-one (13¢): 92%; Ry = 0.55 (30% ethyl acetate~
hexane); tH NMR (CDCls) 4 4.81 (septet, 1 H), 3.33 (s, 3 H), 1.54
(s, 3 H), 1.34 (d, 6 H), 1.19 (s, 9 H); 1*C NMR (CDCly) 6 191.31,
181.60, 135.40, 93.95, 76.55, 52.21, 30.92, 27.99, 23.29, 22.84, 19.79;
IR (neat, cm™) 2960 s, 2874 s, 2828 m, 1751 s, 1608 8, 1452 8, 1364
8,1280s, 1223 s,1176 8, 1176 s, 1098 s, 1065 8, 953 m, 925 m, 855

.m, 811 m, 776 m, 763 m, 747 m; MS m/z caled for C;3H0s

226.1569, obs 226.1567 (100%), 184, 169, 155, 141, 127, 113, 99,
95, 83, 67, 57.

Preparation of 2,4-Di-n-butyl-4-hydroxycyclobut-2-en-
1-one (12). Method 1. A solution of 0.342 g (1.3 mmol) of 14b
in 30 mL of CH;Cl; and 10 mL of 6 N HC] was stirred for 10 h.
The mixture was diluted with 100 mL of CH:Cl;, and the aqueous
layer was removed. The organic phase was vacuum filtered
through a pad of Na;SO,. The yellow solution was concentrated
under reduced pressure. Chromatography of the oil on silica
with 15% ethyl acetate—hexane and concentration under reduced
pressure gave 12 as a golden yellow oil: 0.187 g (1.0 mmol, 73%
yield).

Method 2. A solution of 0.519 g (1.4 mmol) of 1,3-di-n-butyl-
4-(tert-butyldimethylsiloxy)-2-(1-methylethoxy)cyclobut-2-en-
1-ol in 30 mL of CH:Cl; was stirred with 10 mL of 1 N HCI for
9h. The mixture was diluted with 100 mL of CH,Cl;, the mixture
shaken, and the aqueous layer removed. The organic phase was
vacuum filtered through a pad of Na;SO,. The yellow solution
was concentrated under reduced pressure. Chromatography of
the oil on silica with 15 % ethyl acetate—hexane and concentration
under reduced pressure gave 12 as a golden yellow oil: 0.192 g
(1.0 mmol, 70% yield); R; = 0.55 (30% ethyl acetete~hexane); 'H
NMR (CDCl,) 8 8.05 (s, 1 H), 3.50 (s, br, 1 H), 2.17 (¢, 2 H), 1.79
(t, 2 H), 1.51 (s, 2 H), 1.33 (m, 6 H), 0.91 (m, 6 H); *C NMR
(CDCl3) 6 198.11, 164.57, 159.10, 93.65, 33.78, 28.35, 26.95, 24.06,
22.78, 22.24, 13.79, 13.58; IR (neat, cm~?) 3600~3100 s br, 3067
m, 2962 s, 2934 s, 2867 s, 17564 s, 1603 m, 1469 m, 1382 m, 1329
m, 1259 m, 1235 m, 1182 m, 1143 m, 1103 m, 1058 m, 994 m, 922
m, 880 m, 837 m, 786 m, 762 m, 732 m; MS m/z caled for C1aH30,
196.1463, obs 196.1466, 179, 168, 162, 153, 139, 111 (100%), 97,
83, 69, 57, 55.

Preparation of 2-n-Butyl-4-methoxy-4-methyl-3-(1-
methylethoxy)cyclobut-2-en-1-0l (14a). To asolution of 0.764
g (3.4 mmol) of 13a in 30 mL of THF at 0 °C was added a solution
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of 0.5 mL (1.3 mmol) of Vitride (70% in toluene) in 2 mL of dry
THF over 18 h. The reaction mixture was quenched with 1 mL
of saturated NH,Cl and diluted with 150 mL of diethyl ether.
The mixture was extracted with 50 mL of saturated NaCl, and
the organic phase was dried with MgSO, and concentrated under
reduced pressure to give a yellow oil. Chromatography of the oil
onsilica with 5% ethyl acetate—hexane and concentration under
reduced pressure gave 14a as a colorless oil: 0.575 g (2.5 mmol,
76% yield); Ry = 0.29 (15% ethyl acetate—hexane); 'H NMR
(CDCls) 6 4.38 (septet, 1 H), 4.01 (s, 1 H), 3.41 (s, 3 H), 2.26 (d,
1 H), 2.10 (m, 2 H), 1.51 (m, 2 H), 1.36 (s, 3 H), 1.29 (d, 3 H), 1.23
«d, 3 H), 0.91 (t, 3 H); *C NMR (CDCly)  151.10, 117.57, 81.23,
73.37, 70.95, 52.80, 29.84, 25.13, 22.70, 22.41, 22.07, 17.12, 13.77;
IR (neat, cm™!) 3600-3200 s br, 2973 s, 29033 s, 2865 s, 2840 m,
1675 8, 1466 m, 1454 m, 1369 m, 1329 m, 1308 m, 1255 m, 1220
m, 1188 m, 1139 m, 1115 m, 1058 m, 960 m, 937 m, 847 m, 788
m, 762 m; MS m/z caled for C1oH2403 228.1725, obs 228.1724
(100%), 211, 197, 186, 171, 169, 168, 153, 137, 127, 111, 97, 88,
85, 83, 67, 59, 57, 55.

The following compounds were prepared according to the
procedure for 14a.

2,4-Di-n-butyl-4-methoxy-3-(1-methylethoxy)cyclobut-2-
en-1-ol (14b): 82% R0.50 (30% ethyl acetate-hexane); 'H NMR
(CDCls) 5 4.38 (septet, 1 H), 4.06 (s br, 1 H), 3.44 (s, 3 H), 2.40
(s, br, 1 H), 2.07 (m, 2 H), 1.83 (m, 1 H), 1.49 (m, 3 H), 1.35 (m,
6 H), 1.29 (d, 3 H), 1.23 (d, 3 H), 0.94 (t, 3 H), 0.93 (t, 3 H); 13C
NMR (CDCls) é 150.48, 118.10, 83.63, 71.02, 70.98, 53.06, 30.40,
29.99, 26.15, 25.37, 23.01, 22.81, 22.47, 22.21, 13.97, 13.85; IR
(neat, cm-*) 3600-3200 m br, 2900 s, 2850 s, 1660 m, 1440 m, 1360
m, 1276 m, 1245 m, 1210 m, 1170 m, 1060 s, 990 m, 920 m, 840
m; MS m/z caled for C¢H30Os 270.2195, obs 270.2199 (100%),
228, 227, 210, 195, 185, 167, 153, 139, 127, 125, 111, 101, 85, 69,
57, 55.

2-tert-Butyl-4-methoxy-4-methyl-3-(1-methylethoxy)-
cyclobut-2-en-1-0l (14c): 95%; Ry = 0.48 (30% ethyl acetate—
hexane); 'H NMR (CDCl; § 4.37 (septet, 1 H), 4.10 (s br, 1 H),
3.37 (s, 3 H), 1.80 (s, 1 H), 1.46 (s, 3 H), 1.24 (d, 3 H), 1.23 (d,
3 H), 1.11 (s, 9 H); 13C NMR (CDCly) & 150.54, 131.81, 84.18,
73.61,71.60,52.02, 28.94, 23.06, 22.61, 17.92; IR (neat, cm') 3600~
3200 m br, 2950 s, 2860 s, 2825 m, 1760 s, 1640 m, 1595 m, 1460
s, 1360 s, 1285 s, 1140 s br, 1060 &, 930 m, 880 m, 780 m, 740 m;
MS m/z caled for MS of Cy3H3,05 spontaneously rearranged to
intermediate C;0H160: 168.1150, obs 168.1148, 153, 125 (100%),
112, 93, 83, 77, 617, 57.

Preparation of 2-p-Butyl-4-methoxy-4-methylcyclobut-
2-en-1-one (15a). To a solution of 0.563 g (2.5 mmol) of 14a and
0.3 mL of pyridine (3.5 mmol) in 20 mL of dry THF at 0 °C was
added 0.5 mL of trifluoroacetic anhydride. The mixture was
stirred for 30 min, quenched with 1 mL of H;0, and then diluted
with 100 mL of diethyl ether. The organic layer was extracted
with 20 mL of saturated aqueous NaHCOQ3 and 20 mL of saturated
aqueous NaCl. The organic solution was dried with MgSO, and
concentrated under reduced pressure. Chromatography of the
oil on silica with 5% ethyl acetate-hexane and concentration
under reduced pressure gave 15a as a pale yellow oil: 0.166g (1.0
mmol, 40% yield); R; = 0.58 (15% ethyl acetate-hexane); 'H
NMR (CDCly) § 8.16 (t, 1 H), 3.27 (s, 3 H), 2.19 (td, 2 H), 1.54
(s, 2 H), 1.45 (s, 3 H), 1.34 (septet, 2 H), 0.92 (t, 3 H); 1*C NMR
(CDCly) 5 197.61, 165.95, 158.71, 95.80, 52.62, 28.33, 23.98, 22.19,
19.52, 13.51; IR (neat, cm-!) 3073 w, 2958 s, 2932 s, 2873 s, 2833
m, 1763 8, 1666 m, 1602 m, 1460 m, 1442 m, 1372 m, 1289 m, 1263
m, 1178 m, 1154 m, 1129 m, 1067 m, 937 m, 899 m, 879 m, 834
m, 811 m, 759 m; MS m/z caled for CioH;¢0: 168.1150, obs
168.1141, 153, 141, 137, 126, 125, 111, 109, 98, 97, 93, 88, 85, 83
(100%), 81, 79, 72, 67, 67, b6.

The following compounds were prepared according to the
procedure for 16a.

2,4-Di-n-butyl-4-methoxycyclobut-2-en-1-one (15b): 76%;
Ry = 0.59 (16% ethyl acetate~hexane); 'H NMR (CDCls) 6 8.15
(d, 1 H), 3.26 (s, 3 H), 2.20 (m, 2 H), 1.77 (m, 2 H), 1.54 (m, 2 H),
1.32 (m, 6 H), 0.92 (t, 3 H), 0.89 (t, 3 H); 3C NMR (CDCly) &
197.76, 165.01, 159.44, 99.36, 52.59, 33.24, 28.51, 26.90, 24.04,
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22.87, 22.30, 13.81, 13.60; IR (neat, cm~!) 3069 m, 2963 s, 2933 s,
2875 s, 2833 m, 1761 s, 1602 m, 1461 m, 1379 m, 1310 m, 1156
m, 1131 m, 1075 m, 975 m, 918 m, 876 m; MS m/z calcd for
C1aH20, 210.1620, obs 210.1621, 195, 168, 167, 153, 125 (100%),
113, 97, 86, 84, 79, 67, 57.

2-tert-Butyl-4-methoxy-4-methylcyclobut-2-en-1-one
(15¢): 55%; Ry = 0.46 (30% ethyl acetate-hexane); 'H NMR
(CDCla) 4 8.03 (s, 1 H), 3.26 (s, 3 H), 1.44 (s, 3 H), 1.18 (s, 9 H);
13C NMR (CDCly) 4 196.58, 167.24, 161.82, 95.06, 52.58, 31.52,
27.46, 19.54; IR (neat, cm™!) 3060 w, 2980 s, 2880 s, 2840 m, 1760
8, 1600 m, 1470 m, 1370 m, 1290 m, 1210 m, 1150 m br, 1070 m,
930 m, 880 m, 850 m, 780 m, 650 m; MS m/z calcd for C;oH;60:
168.1141, obs 168.1150, 153, 151, 125 (100%), 109, 93, 83, 77, 67,
57, 55.

Preparation of 2-n-Butyl-4-methoxy-4-methylcyclobut-
2-en-1-0l (16a). To a solution of 0.178 g (1.1 mmol) of 16a in 5
mL of absolute ethanol was added a solution of 0.8 g (2.1 mmol)
of CeCls7TH:0 in 10 mL of ethanol. This mixture was stirred for
15 min and then cooled to 0 °C; 0.25 g (6.6 mmol) of NaBH, was
added portionwise. The reaction was followed by TLC until
complete and then quenched with 2.0 mL of saturated aqueous
NH,Cl. The mixture was extracted with 100 mL of diethyl ether
and the aqueous layer removed. The organiclayer was extracted
with 50 mL of saturated aqueous NaCl, dried with MgSO,, and
concentrated under reduced pressure to give 16a as a pure
colorless oil: 0.154 g (0.9 mmol, 85% yield); Ry = 0.59 (30% ethyl
acetate—hexane); 'H NMR (CDCls) § 6.07 (s, 1 H), 4.18 (s, 1 H),
3.36 (s, 3 H), 2.75 (s br, 1 H), 2.08 (m, 2 H), 1.47 (m, 2 H), 1.35
(s, 3 H), 1.26 (m, 2 H), 0.91 (t, 3 H); *C NMR (CDCly) 4 158.13,
132.92, 80.75, 77.47, 51.49, 28.18, 27.35, 22.36, 19.27, 13.71; IR
(neat, cm™!) 3600-3100 m br, 3039 m, 2965 s, 2920 s, 2869 s, 2834
m, 1768 m, 1733 m, 1698 m, 1668 m, 1635 m, 1461 m, 1383 m, 1327
m, 1280 m, 1210 m, 1182 m, 1142 m, 1087 s br, 939 m, 899 m, 866
m, 841 m, 766 m, 731 m; MS m/z caled for C;oH;50; 170.1307,
obs 170.1304, 155, 141, 139, 128, 127, 123, 109, 99, 95, 88, 85, 81,
72, 67 (100%), 57, 55.

Preparation of 2,4-Di-n-butyl:4-methoxycyclobut-2-en-
1-0l (16b). To a solution of 0.108 g (0.51 mmol) of 15b in diethyl
ether at 0 °C was added 0.05 g (1.3 mmol) of LiAlH, portionwise.
The mixture was stirred for 30 min, quenched with 1 mL of
saturated NaCl, and then shaken with 100 mL of diethyl ether.
The organic phase was extracted with 25 mL of saturated aqueous
NaCl, dried with MgSO,, and concentrated under reduced
pressure to give 16b as a pure colorless oil: 0.108 g (0.51 mmol,
99% yield); Ry = 0.39 (15% ethyl acetate-hexane); 'H NMR
(CDCly) 6 6.09 (t, 1 H), 4.21 (s, 1 H), 3.33 (s, 3 H), 2.80 (s br, 1
H), 2.11 (m, 2 H), 1.70 (m, 1 H), 1.46 (m, 4 H), 1.33 (m, 6 H), 0.91
(t, 6 H); 13C NMR (CDCly) 6 159.02, 132.00, 83.31, 75.75, 51.58,
32.62, 28.27, 27.49, 26.71, 22.94, 22.44, 13.98, 13.78. IR (neat,
cm!) 3600-3100 m br, 3041 m, 2963 s, 2937 s, 2866 s, 2830 m,
1776 m, 1728 m, 1700 m, 1633 m, 1466 m, 1434 m, 1382 m, 1387
m, 1301 m, 1274 m, 1199 m, 1178 m, 1096 m, 1071 m, 1031 m, 999
m, 915 m, 840 m, 765 m, 732 m; MS m/z caled for C;3HyO:
212.1776, obs 212.1777, 185, 181, 169, 156, 155, 127, 125, 109, 108,
101, 95, 85, 81, 69, 59, 58 (100%).

Alcohol 16¢ was prepared according to the procedure for 16b.

2-tert-Butyl-4-methoxy-4-methylcyclobut-2-en-1-0l
(16¢): 78%, R; = 0.41 (30% ethyl acetate-hexane); 'H NMR
(CDCly) 6 6.01 (s, 1 H), 4.31 (s, 1 H), 3.36 (s, 3 H), 2.60 (s, br 1
H), 1.33 (s, 1 H), 1.09 (s, 9 H); 13C NMR (CDCls) 6 166.13, 129.95,
79.51, 76.31, 51.54, 32.47, 21.75, 19.26; IR (neat, cm') 3600-3100
s br, 2990 s, 28808, 2830 m, 1755 m, 1720 m, 1690 m, 1620 m, 1460
m, 1360m, 1290 m, 1100 m br; MS m/z calcd for CoHy50; 155.1072
(M - CHj), obs 155.1072 (100%), 123, 95, 88, 85, 73, 57.

Preparation of 1,3-Dialkyl-3,4-dibromocyclobut-1-enes 17.
To asolution of 0.147 g (0.86 mmol) of 16a in 15 mL of chloroform
at —60 °C was added dropwise 0.1 mL (0.55 mmol) of phosphorus
tribromide. The solution was stirred for 1 h and then refluxed
for 12 h. After cooling to room temperature, the solution was
quenched with 30 mL of ice cold saturated aqueous NaHCOs.
The mixture was extracted with 3 X 75 mL of CH;Cl,, and the
combined organic layers were washed with 50 mL of saturated
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aqueous NaCl, dried with MgSO,, and then-concentrated under
reduced pressure to give 17a as a crude dark oil: 0.127 g (0.45
mmol, 52% yield). Attempts to chromatograph the crude
dibromides were unsuccessful because of decomposition on SiO,
and A};OQ;. The dibromides were sufficiently pure for the iron
complex formation.

Preparation of (Cyclobutadiene)tricarbonyliron
Complexes: Tricarbonyl[(1,2,3,4-9)-1-n-butyl-3-methyl-1,3-
cyclobutadiene)iron (2a). To a 50-mL 3-neck round-bottom
flask, with attached condenser and nitrogen inlet, was added
0.125 g (0.4 mmol) of dibromide 17a, 40 mL of dry benzene, and
0.5 g (1.4 mmol) of Fe;(CO)s. The system was warmed to 65 °C.
After1h,0.5 g (1.4 mmol) of Fe;(CO)p was added, and the mixture
was stirred an additional 2 h. The dark solution was allowed to
cool to room temperature and then filtered through a pad of
silica, followed by a diethyl ether wash. Concentration of the
filtrate under reduced pressure gave a dark green oil. Chroma-
tography of the oil on alumina with ether and concentration under
reduced pressure gave 2a as a yellpw oil: 0.098 g (0.37 mmol,
84 % yield); Ry = 0.64 (5% chloroform-hexane); 'H NMR (CDCly)
4§ 4.05 (s, 1 H), 1.98 (t, 2 H), 1.75 (s, 3 H), 1.35 (m, 2 H), 1.26 (m,
2 H), 0.90 (t, 3 H); 1*C NMR (CDCly) 6 215.55, 84.02, 80.72, 65.68,
29.70, 26.74, 22.44, 13.78, 13.03; IR (neat, cm-1) 2965 s, 2929 s,
2860 s, 2072 m, 2037 8, 1956 8, 1863 m, 1765 m, 1735 m, 1670 m,
14565 m, 1380 m, 1312 m, 1277 m, 1190 m, 1105 m, 1047 m, 1028
m, 826 m; MS m/z caled for C;2H140sFe 262.0292, obs 262.0293,
234, 206, 178 (100%), 176, 175, 148, 136, 134, 125, 110, 96, 56.

The following compounds were prepared according to the
procedure for 2a.

Tricarbonyl[(1,2,3,4-n)-1,3-di-n-butyl-1,3-cyclobutadiene}-
iron (2b): 50%; R; = 0.63 (15% chloroform-hexane); 'H NMR
(CDCls) 6 4.08 (s, 2 H), 2.00 (t, 4 H), 1.36 (m, 8 H), 0.90 (¢, 6 H).
13C NMR (CDCls) 6 215.65, 85.27, 64.55, 31.77, 26.71, 22.44, 13.79;
IR (neat, cm-1) 2950 s, 2925 s, 2850 s, 2025 s, 1960 s br, 1460 m,
1420 m, 1370 m, 625 s; MS m/z caled for CisHzoFe 304.0762, obs
304.0765, 276, 248, 220 (100%), 178, 162, 148, 136, 134, 121, 110,
96, 79, 55.

Tricarbonyl[(1,2,3,4-n)-1-tert-butyl-3-methyl-1,3-cyclo-
butadieneliron (2¢): 47% R;=0.68 (30% ethyl acetate—hexane);
'H NMR (CDCls) & 4.00 (s, 2 H), 1.82 (s, 3 H), 1.02 (s, 9 H); 3C
NMR (CDCly) 6 215.77, 83.85, 62.95, 31.13, 30.26, 12.87; IR (CCL)
2980 s, 2940 s, 2866 s, 2040 s, 1965 s br, 910 m, 6256 s; MS m/z
caled for C;oHi14OsFe 262.0292, obs 262.0292, 234, 206, 178, 162,
147, 138, 123, 95, 84 (100%), 57.

Preparation of 2-n-Butyl-3-tert-butyl-4-methoxy-4-
methyleyclobut-2-en-1-one (19). A solution of 1.079 g (4.8
mmol) of 13¢ in 30 mL of dry THF at —78 °C was treated with
5.0 mL (6.5 mmol) of 1.3 M n-butyllithium dropwise over 15 min.
Thereaction was quenched with 1 mL of saturated aqueous NH,-
Cl and diluted with 50 mL of diethyl ether. The organic layer
was extracted with 25 mL of saturated aqueous NaCl, dried with
MgSO0,, and concentrated under reduced pressure to give 18 as
a crude pale yellow oil. Chromatography of 18 on silica with §%
ethyl acetate-hexane and concentration under reduced pressure
resulted in partial rearrangement of 18 to 19. The oil was diluted
with a mixture of 20 mL of CH2Cl; and 5 mL of glacial acetic acid.
The solution was stirred for 2 h, and the aqueous phase was
removed. The organic phase was washed with 2 X 25 mL of
saturated aqueous NaHCO; and 25 mL of saturated aqueous
NaCl, dried with MgSQ,, and then concentrated under reduced
pressure to give 19 as a colorless oil: 0.971 g (4.3 mmol, 91%
yield); Ry = 0.62 (30% ethyl acetate-hexane); 'H NMR (CDCls)
6 8.24 (s, 1 H), 2.01 (m, 2 H), 1.62 (q, 2 H), 1.43 (m, 2 H), 1.40
(s, 3 H), 1.23 (s, 9 H), 0.97 (¢, 3 H); 1*C NMR (CDCly) 4 196.186,
178.84,158.37,95.54, 52.04, 32.45,29.51, 28.10, 27.44, 23.33,18.98,
13.62; IR (neat, cm-!) 2950 s, 2820 s, 2810 m, 1740 s, 1610 m, 1450
m, 1360 m, 1290 m, 1265 m, 1195 m, 1125 s, 1055 m, 910 m, 845
m, 770 m, 750 m, 725 m; MS m/z caled for C,H2(0; 224.1776,
obs 224.1776 (100%), 209, 181, 168, 167, 153, 139, 125, 108, 95,
83, 69, 57.

Preparation of 3-n-Butyl-2-tert-butyl-4-methoxy-4-
methyleyclobut-2-en-1-0l (20). To a solution of 0.970 g (4.3
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mmoles) of 19 in 20 mL of ether was added portionwise 0.025 g
(0.66 mmol) of LiAlH,, and the mixture was stirred for 15 min.
The reaction was quenched with 1 mL of saturated aqueous NH-
C1 and diluted with 50 mL of ether. The mixture was extracted
with 20 mL of saturated aqueous NaCl, dried with MgSO,, and
concentrated under reduced pressure to give 20 as a colorless oil:
0.913 g (4.0 mmol, 93% yield); R; = 0.47 (30% ethyl acetate—
hexane); 'H NMR (CDCls) 6 4.20 (s br, 1 H), 3.37 (s, 3 H), 2.20
(d, 1 H), 2.12 (m, 2 H), 1.45 (m, 2 H), 1.34 (s, 3 H), 1.13 (s, 9 H),
0.91 (t, 3 H); 13C NMR (CDCls) 6 154.35, 145.63, 81.02, 76.45,
52.10, 33.19, 30.99, 29.02, 26.42, 23.24, 18.09, 13.83; IR (neat,
cm-1) 3600~3200 m br, 2920 s, 2850 s, 1450 m, 1355 m, 1260 m,
1185 m, 1100 s, 1030 g, 935 m, 895 m, 860 m, 820 m, 725 m; MS
m/z caled for C14Hz602 226.1933, obs 226.1932, 211, 195, 179, 169,
168,151,141, 187,123, 114, 109 (100%), 95, 85, 84, 83, 81, 67, 57.
Preparation of 3,4-Dibromo-2-n-butyl-1-tert-butyl-3-
methyleyclobut-1-ene (21). Toasolutionof 0.183g (0.81 mmol)
of 20 in 20 mL of carbon tetrachloride at —20 °C was added
dropwise 0.1 mL (0.55 mmol) of phosphorus tribromide. The
solution was stirred for 3 h and then was allowed to warm to 25
°C, The solution was quenched with 10 mL of saturated aqueous
NaHCOj; and extracted with 8 X 50 mL of CClL;. The combined
organic layers were washed with 2 X 25 mL of saturated aqueous
NaHCO; and 25 mL of saturated aqueous NaCl, dried with
MgSO,, and concentrated under reduced pressure to give 21 as
acrudedark oil: 0.195g (0.58 mmol, 71% yield). The dibromide
was sufficiently pure for the iron complex formation.
Preparation of Tricarbonyl[(1,2,3,4-1)-2-n-butyl-1-tert-
butyl-3-methyl-1,3-cyclobutadieneliron (22). In a 100-mL
3-neck, round-bottom flask, with attached condenser and nitrogen
inlet, was placed 0.195 g (0.58 mmol) of 21, 20 mL of dry benzene,
and 1.0g (2.8 mmol) of Fez(CO)s. The system was slowly warmed
to 65 °C and stirred for 1 h. To the mixture was added 0.5 g (1.4
mmol) of Fes(CO)s, and the system was stirred for an additional
2 h. The solution was cooled and concentrated under reduced
pressure. Chromatography of the oil on alumina with ether and
concentration under reduced pressure gave a crude dark yellow
oil. Chromatography of the oil on silica with 5% chloroform—
pentane and concentration under reduced pressure gave 22 as a
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yellow oil: 0.120 g (0.38 mmol, 65% yield); Ry = 0.44 (15%
chloroform-hexane); *H NMR (CDCly) § 3.97 (s, 1 H), 2.20 (m
1 H), 2.00 (m, 1 H), 1.82 (s,.3 H), 1.43 (m, 2 H), 1.23 (m, 2 H),
1.07 (s, 9 H), 0.94 (t, 3 H); 1)C NMR (CDCl;) § 216.33, 93.49,
87.28, 84.99, 60.63, 32.39, 31.06, 30.55, 26.99, 22.92, 13.87, 11.68;
IR (neat, cm™!) 2930 s, 2850 8, 2005 s, 1940 s br, 1450 m, 1355 m,
1200 m, 610 s; MS m/z caled for C,sH2OsFe 318.0918, obs
318.0887, 290, 262, 234 (100%), 218, 192, 190, 176, 162, 151, 148,
136, 134, 122, 110, 96, 83, 69, 57.

Preparation of 4-tert-Butyl-2-methoxy-2-methyl-3-(1-
methylethoxy)cyclobutanone (23). To a solution of 1.499 g
(6.6 mmol) of 18¢ in 50 mL of anhydrous THF cooled to -40°C
was added over 1 h 0.27 mL (7.1 mmol) of LiAlH, suspended in
20 mL of dry THF. The reaction mixture was quenched with 2
mL of saturated 10% HC], diluted with 150 mL of diethyl ether,
and allowed to warm to 25 °C. The mixture was extracted with
2 X 50 mL of saturated aqueous NaCl, dried with MgSO,, and
concentrated under reduced pressure to give a yellow oil.
Chromatography of the oil on silica with 15% ethyl acetate-
hexane and concentration under reduced pressure gave 23 as a
colorless oil: 1.398 g (6.1 mmol, 93% yield); Ry = 0.54 (30% ethyl
acetate—hexane); '"H NMR (CDCl;) 6 3.85 (d, 1 H, J = 7.76), 3.756
(septet, 1 H), 3.47 (s, 3 H), 3.20 (d, 1 H, J = 7.76), 1.27 (s, 3 H),
1.24 (d, 3 H), 1.22 (d, 3 H), 0.99 (s, 9 H); 13C NMR (CDCly) &
211.29, 90.22, 75.67, 75.37, 72.22, 54.42, 31.50, 27.62, 23.03, 21.51,
16.82; IR (neat, cm-!) 2950 8, 2880 s, 2840 m, 1775 s, 1470 m, 1370
m, 1330 m, 1280 m, 1260 m, 1220 m, 1190 m, 1120 (s, br), 1050
8,980 m, 940 m, 790 m, 750 m; MS m/z caled for C1sH1403 228.1725,
obs 228.1717, 213, 186, 172, 141, 130 (100%), 115, 101, 97, 88, 85,
57.
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