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(Figure I).'112 The structure, which differs from that of ([HB-
(pz)3]Cu}2 and ([HB(3,5-Me2pz)3]Cu)213 because of the nonco-
ordinated pyrazolyl rings, is retained in solution (MW mea­
surements14 and 1H NMR at -50 °C, with intramolecular ex­
change of bound and unbound pyrazolyl groups evident from 
NMR peak broadening and coalescence at higher temperatures). 

Complex 1 afforded monomeric, pseudotetrahedral [HB(r-
Bupz)3]CuX species in the presence of added ligands [X = 
CH3CN (2), CO (3), or NO (4)]." Notably, treatment of a 
colorless solution of compound 1 or 2 in aromatic solvent at room 
temperature with NO (1 atm) yielded a deep red solution that 
deposited [HB(f-Bupz)3]Cu(NO)-«S (4-«S; S = toluene, n = 1; 
S = mesitylene, n = 0.5) as red prisms upon cooling to -20 0C.11 

Identification of 4 as the first example of a molecule containing 
a terminal nitrosyl ligand bonded to copper is based on observation 
of a strong absorption in its FTIR spectrum at 1712 cm"1 [v{ 15NO) 
= 1679 cm"1], hyperfine coupling of the unpaired electron to Cu 
and NO in the X- and S-band EPR spectra of 14NO and 15NO 
adducts,15 and a low-temperature (-101 0C) X-ray crystal 
structure determination (Figure 2).16 Like most other transition 
metal nitrosyls,17 the CuI-Nl distance in 4 is short [1.759 (6) 
A], indicating the presence of some degree of multiple bonding. 
Small but significant bending of the unique, electron-rich (CuNO)1' 
unit [CuI-Nl-Ol angle = 163.4 (6)°] suggests some occupation 
of antibonding ir-type orbitals, however.'7ac The overall geometry 
about copper is approximately tetrahedral [dihedral angles = 90 
(I)0], although intraligand angles between the pyrazole nitrogens 
(Npz) are less than 109.5° (average Npt-Cu-Npi = 93.0°), N l -
CuI-Np2 angles are greater than that value (average = 123.1°), 
and Nl resides 0.083 A from the normal of the plane defined by 
the Npz atoms. 

Solutions of 4 are stable for weeks when stored at -20 °C, but 
the UV-vis absorption features [Xmal (t): 356 (1870), 490 (940) 
nm] at room temperature bleached upon brief application of 
vacuum or purging with argon, signaling ejection of NO (identified 
by GC). Readdition of NO (1 atm) restored the original spectrum, 

(11) Analytical and spectroscopic data for compounds 1-4 are reported in 
the supplementary material. 

(12) Crystal data for 1-C4H10O, size 0.55 X 0.35 X 0.10, Mr = 963.91, 
space group P2{/n (No. 14), at-101 °C: a = 19.001 (8) A, b = 13.629(8) 
A, c = 21.490 (7) A, 0 = 113.01 (3)°, V = 5122 (8) A3, Z = 4, aalc6 = 1.250 
g cm"3. For a total of 8123 unique, observed reflections with / > 2a(I) and 
541 variable parameters, the discrepancy indices are R = 0.082 and Rw = 
0.075. Full tables of bond lengths, bond angles, and atomic positional and 
thermal parameters for 1-C4H10O are available in the supplementary material. 

(13) Mealli, C; Arcus, C. S.; Wilkinson, J. L.; Marks, T. J.; Ibers, J. A. 
J. Am. Chem. Soc. 1976, 98, 711-718. 

(14) MW found (calcd) = 940 (890) g mol"1 (Signer method: Burger, B. 
J.; Bercaw, J. E. In Experimental Organometallic Chemistry: A Practicum 
in Synthesis and Characterization; Wayda, A. L., Darensbourg, M. Y., Eds.; 
ACS Symposium Series 357; American Chemical Society: Washington, DC, 
1987; pp 80-98). 

(15) Estimated values from simulations of X- and S-band data are A(Cu1) 
= 65 G, A(Cu1) = 117 G, /1(14NO) = 34 G, and ,4('5NO) = 43 G (Antholine, 
W. E.; Ruggiero, C. E.; Carrier, S. M.; Tolman, W. B. Unpublished results). 
A full description of the EPR properties of 4 will be presented elsewhere. 

(16) (a) Crystal data for 4-0.5C9H12 (C25 SH40BCuN7O), size 0.60 X 0.50 
x 0.40 mm, M, = 535.00, space group FlJn (No. 14), at -101 0C: a = 10.28 
( I ) A , * = 17.40 (2), A, c= 16.12 (1) A, /3 = 90.0 (I)0 , V = 2882 (8) A3, 
Z = 4, Petal = 1.233 g cm"3. Although the cell dimensions suggested an 
orthorhombic unit cell, the Laue symmetry, 2/m, indicated a monoclinic cell. 
For 3399 unique, observed reflections with / > 2a(T) and 287 variables, 
least-squares refinement converged with unsatisfactory values for the dis­
crepancy indices R and R„ of 0.128 and 0.155, respectively, due to twinning 
that was estimated1311 to be 10-15% from the pattern of observed intensities 
of pairs of reflections hkl and h,k-l. In the absence of any untwinned crystals, 
refinements continued with the program CRYSTALS (Chemical Crystallography 
Laboratory, Oxford University, Oxford, England) using calculated structure 
factors that included contributions from the twin elements (see supplementary 
material for full description of procedure used). Least-squares refinements 
then converged smoothly to values for R and i?w of 0.052 and 0.065 for 2866 
reflections having / > 3<r(/) and 293 variable parameters, (b) Britton, D. Acta 
Crystallogr., Sect. A 1972, 28, 296-297. 

(17) (a) Feltham, R. D.; Enemark, J. H. In Topics in Stereochemistry; 
Geoffroy, G. L„ Ed.; Wiley: New York, 1981; Vol. 12, pp 155-215. (b) 
Michael, D.; Mingos, P.; Sherman, D. J. Adv. Inorg. Chem. 1989, 34, 
293-377. (c) The CuNO unit in 4 is described according to the (M(NO)J" 
formalism described in ref 17a, where n denotes the sum of metal d and NO 
TT* electrons. 

implicating reversible binding of NO to either 1 or 2. In contrast, 
displacement of NO from 4 by CO (1 atm) quantitatively (UV-
vis), rapidly, and irreversibly afforded 3. Complex 4 also im­
mediately reacted with O2 at room temperature to yield [HB(f-
Bupz)3]Cu(N03).
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Complex 4 provides the first unequivocal chemical precedent 
for NO coordination to isolated copper sites in proteins. Because 
of its pseudotetrahedral geometry and biomimetic triad of het­
erocyclic N donor ligands, the compound is a particularly suitable 
model for the A. cycloclastes NiR active site. Although it differs 
from the proposed enzymatic nitrite dehydration product with 
respect to oxidation level [(CuNO)'1 for 4 vs (CuNO)10 proposed 
for NiR],3 a species resembling 4 both in terms of structure and 
lability of coordinated NO may be envisioned to arise either upon 
one-electron reduction of the purported NiR nitrosonium inter­
mediate by the nearby type 1 copper center6 or upon binding of 
NO(g) to a previously reduced active site.19 Such a species may 
play a significant role in denitrification pathways,319 as well as 
in nitrogen oxide reactions with other copper proteins.4 Future 
studies of the chemistry of 4 and other related molecules20 will 
assess these possibilities. 
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(19) Free NO(g) is an intermediate in denitrification by some organisms; 

see ref 3 and the following: Braun, C; Zumft, W. G. J. Biol. Chem. 1991, 
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A number of polycyclic compounds possessing a cyclobutane, 
such as endiandric acids A (la),1 B (lb),1 and C (2),1 tri-
hydroxydecipiadiene (3),2 italicene (4a),3 and isoitalicene (4b),3 

have been found in nature (Chart I). Although several methods 
are available for the synthesis of cyclobutane derivatives having 
a high degree of ring strain, [2 + 2] photocycloaddition is the most 
common synthetic method for assembling the cyclobutane skel­
eton.4 Here we disclose a novel construction of polycyclic ring 

(1) Banfield, J. E.; Black, D. St. C; Johns, S. R.; Willing, R. I. Aust. J. 
Chem. 1982, 35, 2247-2256. Nicolaou, K. C; Petasis, N. A.; Zipkin, R. E.; 
Uenishi, J. J. Am. Chem. Soc. 1982, 104, 5555-5557. 

(2) Ghisalberti, E. L.; Jefferies, P. R.; Sheppard, P. Tetrahedron Lett. 
1975, 1775-1778. Greenlee, M. L. J. Am. Chem. Soc. 1981, 103, 2425-2426. 
Dauben, W. G.; Shapiro, G. J. Org. Chem. 1984, 49, 4252-4258. 

(3) Leimner, J.; Marschall, H.; Meier, N.; Weyerstahl, P. Chem. Lett. 
1984, 1769-1772. Honda, T.; Ueda, K.; Tsubuki, M.; Toya, T.; Kurozumi, 
A. J. Chem. Soc, Perkin Trans. I 1991, 1749-1754. 
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Chart I 
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Scheme I. Synthesis of Tricyclo[4.2.1.03'8]nonane'1 
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"(a) Li, liquid NH3, Bu1OH, then (CO2H)2, 53%; (b) H2, 10% Pd-
C, 64%; (c) PCC; (d) Ph3P=CHCO2Me, 64% for two steps; (e) 
TBDMSOTf, Et3N, 48%; (f) DIBALH, 83%; (g) Bun

4NF, 94%; (h) 
LHMDS, 39%; (i) ZnCl2, TMSCl, Et3N, 160 0C, then dilute HClO4, 
19%; (j) dilute AcOH, 51%. 

systems fused to a cyclobutane by tandem intramolecular Mic-
hael-aldol reaction of a,/3-unsaturated esters carrying a ketone 
function at an appropriate position. The methodology provides 
new approaches to various cyclobutane derivatives including the 
above natural products. 

The tandem reaction giving cyclobutane 7, a partial framework 
of 2, was investigated first. The starting material 6 of the key 
reaction was prepared from phenethyl alcohol 5 in four steps as 
shown in Scheme I. The (E)- and (Z)-isomers of 6, formed in 
a 15:1 ratio, were readily separated by chromatography. The 
desired cyclization was achieved by treatment with TBDMSOTf 
in the presence of Et3N.5,6 Thus, reaction of the (£)-isomer of 
6 using 4 equiv of TBDMSOTf and 7 equiv of Et3N in CH2Cl2 

at 20 0C for 1 h produced 7 in 48% yield. The same compound 
7 was obtained in a similar yield from the (Z)-isomer of 6 by the 
same treatment. This result indicates a stepwise process through 
a common intermediate. 

Reaction of 6 with LHMDS7 in THF at -78 to O 0C gave a 
3:1 mixture of the intramolecular Michael adducts 8 and 9, which 
were obtained in a 10:1 ratio by heating 6 with ZnCl2, TMSCl, 

Scheme II. Synthesis of Tricyclo[5.1.1.04'8]nonanea 
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"(a) 2-(2,6-Dioxanyl)ethylmagnesium bromide, CuBr-Me2S, 
TMSCl, HMPA, 68%; (b) NaBH4; (c) dilute HClO4; (d) Ph3P= 
CHCO2Me, 80% for three steps; (e) Dess-Martin periodinane," 90%; 
(O TBDMSOTf, Et3N, 20%. 

Scheme III. Synthesis of Tetracyclo[5.4.0.03'7.09'1!]undecane° 
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"(a) Pyrrolidine, PTSA, then CH2=CHCH2Br, 55%; (b) LDA; 
MoOPH,12 56%; (c) Pb(OAc)4, MeOH; (d) MeOH, NH4Cl, 70% for 
two steps; (e) KOH; (f) (COCl)2, pyridine; (g) CH2N2, 52% for three 
steps; (h) Cu, 83%; (i) dilute AcOH; (j) Ph3P=CHCO2Me, 74% for 
two steps; (k) TBDMSOTf, Et3N, 97%; (1) DIBALH, 99%. 

and Et3N8 in toluene in a sealed tube at 160 0C for 17 h, followed 
by treatment with acid. Reaction of 7 with dilute acetic acid at 
60 0C caused deprotection of the TBDMS group accompanied 
by a retro aldol reaction affording 9 as a single stereoisomer. The 
TBDMS group was removed, leaving the cyclobutane ring intact 
by reduction with DIBALH followed by treatment of 10 with 
tetrabutylammonium fluoride. Thus, 7 was transformed into diol 
11 in 78% overall yield. 

The tricyclo[5.1.1.04,8]nonane derivative 15 was assembled as 
summarized in Scheme II. Conjugate addition9 to enone 1210 

provided ketone 13, which was converted into ester 14 in four steps. 
Heating 14 with TBDMSOTf in the presence of Et3N in CH2Cl2 

under reflux for 1 h furnished, in 20% yield, the tricyclic compound 
15 having a similar framework to 1, 2, or 3. 

(4) Wong, H. N. C; Lau, K.-L.; Tam, K.-F. In Small Ring Compounds 
in Organic Synthesis I; de Meijere, A., Ed.; Springer-Verlag: Berlin, 1986; 
pp 83-163. 

(5) Emde, H.; Domsch, D.; Feger, H.; Frick, U.; Gotz, A.; Hergott, H. H.; 
Hofmann, K.; Kober, W.; Krageloh, K.; Oesterle, T.; Steppan, W.; West, W.; 
Simchen, G. Synthesis 1982, 1-26. Mander, L. N.; Sethi, S. P. Tetrahedron 
Lett. 1984, 25, 5953-5956. 
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1990, 112, 1164-1171. 
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Ihara, M.; Katogi, M.; Fukumoto, K.; Kametani, T. J. Chem. Soc, Chem. 
Commun. 1987, 721-722. 

(9) Horiguchi, Y,; Matsuzawa, S.; Nakamura, E.; Kuwajima, I. Tetra­
hedron Lett. 1986, 27, 4025-4028. 

(10) Agosta, W. C; Smith, A. B„ III. / . Am. Chem. Soc. 1971, 93, 
5513-5520. 

(11) Dess, D. B.; Martin, J. C. J. Am. Chem. Soc. 1991, 113, 7277-7287. 
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The framework of italicene (4a) was constructed by the se­
quence shown in Scheme III. Olefin 17, derived from cyclo-
hexanone (16), was transformed into 18 via addition of carbene.13 

The unsaturated ester 19 was prepared as a 1:7 mixture of two 
diastereoisomers, separable by HPLC. Treatment of both ste­
reoisomers of 19, separately with TBDMSOTf in the presence 
of Et3N in CH2Cl2 at 20 0C for 5 min gave rise to the tandem 
reaction and produced the tetracyclic compound 20 in 97% yield 
as a single product. The stereochemistry of 20 was determined 
by observations of NOE between CH2 at C(2) and H at C(11), 
and Bu1Me2SiO at C(I) and H at C(2) of alcohol 21, formed by 
reduction of 20. 

Thus, an efficient route to a variety of polycyclic compounds 
having a cyclobutane has been developed by the intramolecular 
Michael-aldol reaction conducted with TBDMSOTf in the 
presence of Et3N. 
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Because activation energies for Langmuir-Hinshelwood reac­
tions in heterogeneous systems are often larger than for desorption 
of reactants and products, alternative approaches are required for 
investigating the mechanisms of these reactions in an ultrahigh-
vacuum environment. One possibility is to use reactions of model 
compounds to form adsorbed intermediates of interest, after which 
their reactivity can be investigated to elucidate the energetics and 
mechanisms of elementary steps that would be otherwise unde­
tectable. Here, we address via allyl chloride (C3H5Cl) chemi-
sorption on Ag(110) the formation and stability of ir-allyl, r/3-C3H5, 
and its subsequent reactivity to form 1,5-hexadiene. 

The role of ij3-C3H5 in propylene combustion on silver is con­
troversial: Madix and co-workers propose it as the reactive in­
termediate formed in the rate-limiting step,12 whereas Carter and 
Goddard argue that alternative reaction pathways are energetically 
more favorable than combustion via 773-C3H5.

3 Propylene and 
oxygen coadsorption experiments fail to resolve this controversy, 
since the initial Langmuir-Hinshelwood step limits the overall 
combustion rate,1 precluding the isolation of stable intermediates. 

(1) Barteau, M. A.; Madix, R. J. /. Am. Chem. Soc. 1983,105, 344-349. 
(2) Solomon, J. L.; Madix, R. J.; Stohr, J. J. Chem. Phys. 1990, 93, 

8379-8382. 
(3) Carter, E. A.; Goddard, W. A. J. Catal. 1988, 112, 80-92; Surf. Sci. 

1989, 209, 243-289. 
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Figure 1. High-resolution electron energy loss vibrational spectra col­
lected after (a) a submonolayer exposure (5 X 10"7 Torr s) of the clean 
Ag(110) surface at 110 K to allyl chloride; (b) an exposure sufficient to 
saturate the monolayer (>2 X 10"6 Torr s), followed by momentary 
annealing at 180 K; and (c) heating of sample b to 300 K. Schematic 
diagrams of the chemisorbed species identified in each circumstance 
accompany the spectra. Spectrum d was recorded after exposure of the 
chlorinated surface at 120 K to 2 X 10"6 Torr s of 1,5-hexadiene. 

More substantial evidence verifies the critical role of TT3-C3H5 in 
the partial oxidation of propylene to acrolein over oxide catalysts,4 

and IJ 3 -C 3 H 5 has been shown to dimerize to 1,5-hexadiene on 
bismuth oxide5 and a homogeneous palladium compound.6 

Although rj3-C3H5 has not been isolated previously in studies of 
this type, the structural homologue ir-2-methylallyl, r;3-CH3C-
(CH2)2, has recently been identified as a product of isobutylene 
oxidation on Ag(IlO).7 

A submonolayer exposure (5 X 10~7 Torr s) of the Ag(IlO) 
surface to allyl chloride at 110 K yields the high-resolution electron 
energy loss (HREEL8) vibrational spectrum of Figure la. AU 
features agree well with the major infrared bands of either gas-
phase or matrix-isolated allyl chloride,9 indicating that initial 
adsorption is molecular and is mediated by weak donor interactions 
at the C = C bond and possibly a Cl lone electron pair, as depicted 
schematically with spectrum a. Aliphatic and/or olefinic CH2 

stretching modes are evident at 3075 and 2980 cm"1; the skeletal 
modes *<(C=C) and v(C—Cl) appear near 1620 and 750 cm"1, 

(4) Driscoll, D. J.; Campbell, K. D.; Lunsford, J. H. Adv. Catal. 1987, 35, 
139-186 and references therein. 

(5) Swift, H. E.; Bozik, J. E.; Ondrey, J. A. /. Catal. 1971, 21, 212-224. 
(6) Krause, J.; Bonrath, W.; Porschke, K. R. Organometallics 1992, 11, 

1158-1167. 
(7) Ayre, C. R.; Madix, R. J. Surf. Sci. 1992, 262, 51-67. 
(8) A description of the apparatus and experimental techniques used for 

these measurements can be found in the following; Frederick, B. G.; Apai, 
G.; Rhodin, T. N. Surf. Sci. 1991, 244, 67-80. 

(9) Barnes, A. J.; Holroyd, S.; George, W. O.; Goodfield, J. E.; Maddams, 
W. F. Spectrochim. Acta 1982, 3SA, 1245-1251. 

(10) Carter, R. N.; Apai, G.; Anton, A. B. In preparation. 

0002-7863/92/1514-4410S03.00/0 © 1992 American Chemical Society 


