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We report results that indicate that monocyanogen (CN), 
adsorbed on Cu(111) in an ultrahigh vacuum (uhv) environment 
with the molecular axis parallel to the surface, is reoriented to 
terminally bonded CN, characteristic of CN" binding in elec
trochemical and bulk-phase systems, in the presence of preadsorbed 
atomic oxygen. 

Detailed information on adsorbate orientation as well as mo
lecular structure can be furnished by high-resolution electron 
energy-loss spectroscopy (HREELS). We have shown that CN 
as well as HCN and a variety of nitriles adsorb on Pd(II l ) , 
Pd(IOO), and Cu(111) with the CN group oriented "parallel" to 
the surface.2 This intriguing behavior stands in sharp contrast 
to the vibrational spectra of cyanide and nitriles at metal-solution 
interfaces obtained by using infrared and/or surface-enhanced 
Raman methods.3 Thus, several studies of CN" on gold, silver, 
and copper electrodes report intense C-N stretching bands with 
frequencies significantly higher than those for uncoordinated CN" 
(2080 cm"1).3 This is consistent with a bonding via the carbon 
atom by analogy with similar observations for bulk-phase cyano 
coordination.4 Similar behavior is also observed for benzonitrile 
adsorption at gold, silver, and copper electrodes, implying end-on 
nitrile coordination.5 Consequently, it is of interest to delineate 
the physical and/or chemical modifications to the molecularly 
simple metal-uhv interface that can induce a transformation from 
the "side-on" bonding geometry to the more usual "end-on" 
orientation. 

Figure la,b shows a typical HREELS spectrum of CN resulting 
from 100 langmuirs of NCC exposure (langmuir = 1 X 10"6 torr 
s), dissociatively adsorbed on Cu(111) at 300 K. Details of the 
HREELS instrument and the experimental arrangement are given 
elsewhere.2'7 Only two vibrational bands are observed, an intense 
loss at 195 cm"1 and a much weaker feature at 2045 cm"1. These 
are similar to corresponding peaks observed around 280 and 1980 
cm"1 for CN on Pd(II l ) and Pd(IOO)2*^ and are assigned to 
metal-CN and C-N stretching (vCN) modes, respectively. 

Markedly different cyano HREELS features are observed, 
however, if the Cu( I I l ) surface is predosed with oxygen. 
Spectrum c results from a 60-langmuir dosage of O2 on Cu(111) 
at 300 K. The oxygen coverage is around 0.1 under these con
ditions. The weak band at 238 cm"1 has been identified as a 
surface-oxygen vibration, involving a dissociated (atomic) oxygen 
layer.8 Spectrum d (magnified further in e) results from dosing 
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Figure 1. HREELS on CN on Cu(IIl); primary electron energy 1.5eV, 
8 = 55°. Scaling factors given for each spectrum are magnifications 
relative to the elastic peak intensity. Key to surface-dosing conditions: 
(a) and (b), 100 langmuirs of NCCN dosed at 300 K; (c), 60 langmuirs 
of oxygen at 300 K; (d) and (e), 20 langmuirs of NCCN, dosed after 
oxygen adsorption as in (c). Note that spectra b and e have the same 
magnification. 

subsequently with 20 langmuirs of NCCN at 300 K. The vCN 

band now occurs at a substantially higher frequency, ca. 2140 cm"1, 
and is considerably more intense than that obtained in the absence 
of adsorbed oxygen (compare b and e). The low-frequency peak 
is now much weaker and is obscured by the surface-oxygen mode. 
Exposing the surface to oxygen after preadsorbing cyanogen had 
essentially no effect on the HREEL spectra. 

This substantial (ca. 100 cm"1) upshift in the CCN frequency 
upon oxygen preadsorption is indicative of metal coordination via 
the carbon atom,4 therefore involving a vertical (or at least tilted) 
surface orientation. Also consistent with this interpretation is the 
markedly greater eCN intensity, since such a configuration will 
involve a larger dynamic dipole moment normal to the surface 
than for the parallel orientation. Indeed, in contrast to the 
2045-cm"1 feature, the 2140-cm"1 loss exhibits a marked inten
sity-angular dependence, verifying the occurrence of a surface 
dipole scattering mechanism consistent with a vertical or tilted 
adsorbate orientation. 

It has been speculated that cyanate (NCO) is formed from 
coadsorbed O and CN on Cu(II l ) under conditions similar to 
those considered here.9b However, the HREELS data render this 
possibility very unlikely. Thus NCO should yield a C-O stretch 
around 1300-1350 cm"1,10 which is entirely absent here (spectra 
d and e); also surface- as well as bulk-coordinated NCO" yields 
vCN frequencies, £2190 cm"1, that are higher than those observed 
here.10,11 (Incidentally, contamination by carbon monoxide is 
absent in the experiments reported here; CO does not adsorb on 
copper at room temperature.)12 

We also conducted experiments aimed at inducing the coad-
sorption of CN and water on Cu(111) in an attempt to provide 
a closer analogy to electrochemical systems. One difficulty, 
however, is that water adsorption on Cu(111) occurs only below 
175 K,13 which is close to the threshold temperature required for 
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NCCN dissociation on this surface. Initial dosing of CN onto 
Cu(II l ) at 300 K followed by water adsorption at around 150 
K yielded a band around 2050 cm"1 as before, suggesting that any 
tendency toward CN reorientation is kinetically hindered under 
these conditions. 

An explanation for the oxygen-induced reorientation of adsorbed 
cyanogen is that the electronegative oxygen atoms generate rel
atively electron-deficient surface sites at which a coordination via 
the carbon should be favored relative to side-on bonding. Another 
factor may be steric hindrance to the flat CN orientation caused 
by coadsorbed oxygen. Although this is unlikely to be dominant 
at the moderate oxygen coverages encountered here, the presence 
of this electronic effect suggests a close proximity between the 
oxygen and cyanogen adsorbate. Methyl isocyanide, CH3NC, 
(but not acetonitrile, CH3CN) can also bind to P t ( I I l ) in an 
end-on configuration under some conditions.613 It would therefore 
appear that the usual preference for side-on CN surface coor
dination in uhv can be altered by relatively subtle changes in the 
system state, at least when the carbon atom is available for surface 
coordination. 

An apparent difference between the surface-uhv and electro
chemical systems is that CN adsorbs formally as a cyanogen 
radical and cyanide anion, respectively, in these two experiments. 
This distinction, however, is blurred and perhaps removed entirely 
by the adsorbate-surface charge sharing that will necessarily occur 
upon chemisorption. 

From the present evidence, the structural differences observed 
for adsorbed CN in these environments may arise from differences 
in the excess metal charge thus induced as well as from the effect 
of the diffuse-layer cations and solvent dipoles upon the charge 
distribution in the electrochemical case. The present results 
suggest that the first as well as the last factor may account for 
the interestingly disparate behavior of adsorbed CN in the 
metal-uhv and electrochemical systems. 
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The seven-membered unsaturated heterocycle borepin (1) is 
of substantial theoretical interest. To the extent that its sp2-hy-
bridized boron atom is able to accept 7r-electron density from 
carbon, borepin is the neutral boron analogue of tropylium 2.2,3 

C6H5 c e H 5 

I 3 I 
H 2 C6H5 

1 4 

Ab initio molecular orbital calculations indicate that borepin 
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"(a) HC=CSiMe3, Pd(PPh3)2Cl2, piperidine; (b) K2CO3, CH3OH; 

(c) Bu2SnH2, KOH/18-crown-6 ether/benzene; (d) MeBBr2, pentane. 

should be a planar although weakly conjugated system.4 Heavily 
substituted borepins5"8 such as 35 and 46 have been prepared.7'8 

The spectral properties of 3 and 4 suggest that they are aromatic.5'6 

Since it can be argued that heavy substitution may mask the 
intrinsic properties of the borepin ring system, an examination 
of less substituted derivatives would be desirable.9 We now wish 
to report on a synthesis of borepin 5 which bears only alkyl 
substituents (Scheme I). 

Our synthesis involves an extension of the van der Kerk method 
for the preparation of boron heterocycles from diacetylenes via 
organotin intermediates.5'10 The required starting diacetylene 
8 was prepared from the readily available 1,2-dibromocyclopentene 
(6)." Thus Pd"-catalyzed coupling of 6 with (trimethylsilyl)-
acetylene in piperidine gave 97% of l,2-bis[(trimethylsilyl)-
ethynyl]cyclopentene12 (7) which on treatment with K2CO3 in 
methanol afforded 35% of the labile 1,2-diethynylcyclopentene 
(8) as a colorless oil that quickly darkened on standing at 25 0C. 
Hydrostannation of 8 by dibutyltin dihydride catalyzed by pow
dered KOH/18-crown-6 ether in benzene at 25 0C13 gave 46% 
of l,l-dibutyl-4,5-cyclopentenostannepin (9) as a yellow oil. 
Fortunately, 9 can be obtained in high purity by washing with 
water, followed by filtration and solvent removal since attempted 
distillation at 110 0C resulted in decomposition to indane through 
the formal loss of dibutylstannylene. The reaction of the stannepin 
with methylboron dibromide in pentane at 25 0C gave 35% of the 
desired l-methyl-4,5-cyclopentenoborepin' which was isolated by 
Kugelrohr distillation at 86 0C (0.002 torr) as a colorless, air-
sensitive oil, mp 10-12 0C. High-resolution mass spectroscopy 
showed a molecular ion at m/z 144.1114 (calcd for 12C10

1H13
11B: 

144.1110). 
The UV spectrum (cyclohexane) of 5 consists of bands centered 
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